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Abstract 

The present thesis has been devoted to the investigation of self-organised InAs quantum 

dots (QD) on four high-index substrates: GaAs(113)A, B and GaAs(2 5 11)A, B. The 

samples were prepared by molecular beam epitaxy, and characterised by in situ scanning 

tunneling microscopy (STM), electron diffraction and photoluminescence (PL). 

The Stranski-Krastanow (SK) growth mode occurs on all investigated surfaces. The 

symmetry of the QDs derives from the bulk-truncated substrate that proves epitaxial 

growth during and after the SK transition. The QD ensembles on the B faces exhibit a 

narrower size distribution (SD) and larger density than those on respective A faces. 

InAs QDs on GaAs(113)A are given by {110}, (111)A and {2 5 11}A bounding facets 

and a rounded region due to a stacking of vicinal (001) surfaces. Later in the growth this 

shape alters by an elongation with a size reduction of the (111)A facet, induced by the 

flattening of the rounded region with {113}B facets. An undulating morphology of the bare 

GaAs(113)A and of the wetting layer (WL) accounts for a broad QD SD and low density. 

InAs QDs on GaAs(113)B evolve with a central steep part sitting on a flat base. The 

shape of the central part is given by {110} and (111)B bounding facets, and a (001) 

rounded region. High-index {135}B and (112)B facets are derived for the flat base. The flat 

morphology of bare GaAs(113)B is retained in the InAs WL. The QDs grow 

simultaneously with an equal rate everywhere that results in a narrow SD and high density. 

A remarkable feature of GaAs(2 5 11)A is the formation of GaAs(011) step bunches 

found on nominal and vicinal substrates. STM images from vicinal GaAs(2 5 11)A reveal 

3D InAs islands, sitting on the step bunches with a very broad SD, that is believed to be 

characteristic for incoherent islands. It is confirmed by a low PL emission intensity. On 

nominal GaAs(2 5 11)A, the islands grow with narrow and broad SD. The latter stem from 

the islands appearing on the (011) step bunches. The narrow SD is ascribed to the coherent 

QDs which exhibit the same shape as those on GaAs(113)A except for a missing mirror 

symmetry. However, the PL shows similar spectra for vicinal and nominal GaAs(2 5 11)A. 

The GaAs(2 5 11)B surface, which structure has been determined in this thesis for the 

first time, yields a uniform InAs QD ensemble with a high density. The shape of the QDs is 

mainly the same as that on GaAs(113)B, except for the missing mirror symmetry. The QD 

PL peak exhibits similar intensity as reference InAs QDs on GaAs(001), but with smaller 

energy and linewidth, indicating a smaller sized and more uniform QD ensemble. A red 

shift of the emission energy has been achieved by using a modified preparation. 
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Kurzzusammenfassung 

Die vorliegende Dissertation ist der Untersuchung der selbst-organisierten InAs 

Quantenpunkte (QD) auf vier Substraten, GaAs(113)A, B und GaAs(2 5 11)A, B, gewidmet. 

Die Proben wurden mit Molekularstrahlepitaxie präpariert, und mit in situ 

Rastertunnelmikroskopie (STM), Elektronenbeugung und Photolumineszenz (PL) untersucht. 

Der Stranski-Krastanow Wachstummodus tritt auf allen untersuchten Oberflächen auf. 

Die Symmetrie der QDs ergibt sich durch die Symmetrie des Substrates und beweist damit 

das epitaktische Wachstum. Die QD Ensembles auf B Flächen zeigen schmalere 

Grössenverteilungen (GV) und grössere Inseldichten als die QDs auf B Flächen. 

InAs QDs auf GaAs(113)A werden durch {110}, (111)A und {2 5 11}A Facetten und 

einen gerundeten (001) Bereich begrenzt. Diese Form wird später durch eine Verlängerung 

unter Reduzierung der (111)A Facette, verändert. Dabei tritt eine Abflachung des gerundeten 

Bereichs durch {113}B-Facetten auf. Die wellige Morphologie von GaAs(113)A und von der 

InAs-Benetzungsschicht (WL) erklärt die breite GV und niedrige QD Inseldichte. 

InAs QDs auf GaAs(113)B wachsen mit einem steileren zentralen Teil, der auf einem flachen 

Sockel sitzt. Die Form des steilen Teils wird durch {110} und (111)B Facetten und einen 

(001)-vizinalen Bereich gegeben. Die {135}B- und (112)B-Facetten rahmen den flachen 

Sockel ein. Die flache Morphologie von GaAs(113)B bleibt in der InAs WL erhalten. Deshalb 

wachsen die QDs überall gleichzeitig und erbringen eine schmalle GV und hohe Inseldichte. 

GaAs(2 5 11)A wächst unter Bildung von (011) Stufenbündeln. Nach Aufbringen von 

InAs zeigen STM Bilder von vizinalen GaAs(2 5 11)A Oberflächen 3D Inseln, die genau 

auf den (011)-Stufenbündeln sitzen. Ihre sehr breite GV ist typisch für die inkoherente 

Inseln und wird durch eine niedrige PL Intensität bestätigt. Auf dem nominalen Substrat 

zeigt die GV einen schmalen und einen breiten Anteil. Der letztere stammt von den Inseln 

auf den Stufenbündeln. Der schmale Anteil wird den koherenten QDs zugeschrieben, die 

nahezu die gleiche Form wie die QDs auf GaAs(113)A aufweisen. Jedoch zeigt die PL 

ähnliche Spektren für vizinale und nominale InAs/GaAs(2 5 11)A Systeme. 

Die GaAs(2 5 11)B-Oberfläche, deren atomare Struktur zum ersten Mal in dieser Arbeit 

bestimmt wurde, ergibt ein homogenes InAs QD Ensemble mit einer hohen Inseldichte. Die 

Form der QDs ist dieselbe wie für die QDs auf der GaAs(113)B Oberfläche bis auf die fehlende 

Symmetrie. Die PL Spektren von InAs QDs auf GaAs(2 5 11)B und GaAs(001) weisen ähnliche 

Intensitäten aber kleinere Werte für Emissionsenergie und Linienbreite für GaAs(2 5 11)B auf. 

Eine Rotverschiebung der Emission wurde durch geänderte Wachstumsparameter erzielt. 
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1 Introduction  

Our nowadays life cannot be imagined without semiconductor devices that have solidly 

come to it since the beginning of the 1970s. Among all these devices, the semiconductor 

heterostructures play an important role. They are used in the medicine, natural and material 

sciences. But also in everyday life we are surrounded from them, hearing the music, 

working with a computer or just collecting our goods from the supermarket strip after a 

saleslady has read off the bar codes. 

The principal advantage of application of semiconductor heterostructures originates from 

a quantum size effect: One creates a physical object with a size below the de Broglie 

wavelength for an electron in one, two, or three directions. One embeds epitaxial this object 

made up from a semiconductor with a low band gap (e.g., InAs) in a semiconductor with a 

larger band gap (e.g., GaAs). This leads to an electronic localisation, or “confinement”, 

producing quantised energy levels in these directions. Furthermore, the reduction of the 

dimensionality of the electron gas modifies the density of the energy levels, which moves 

from the square-root function for the bulk material to the δ-like function for the object with 

completely confined electrons. If object dimensions are about 10 nm in all three directions, 

one gets in principle a big “artificial” atom with confined electrons, quantised energy 

spectra and infinitely sharp energy levels. One creates a new physical object among the 

semiconductor heterostructures that is called quantum dot (QD). The QDs are very 

promising for the production of laser diodes, single electron transistors, or cellular 

automata. Electrons, excited in the QD, can loose their energy through a recombination 

process with holes and can emit photons with only one certain energy. Particularly 

important is to use the QDs as active media in injection lasers emitting light with a 

wavelength range of 1.28-1.32 µm for datacom applications, where the optimum 

transparency window for glass fibers is reached [Gru02]. Currently, two approaches are 

competing to cover this and a longer wavelength range: InGaAsN quantum wells and InAs 

QDs embedded in a GaAs matrix. We are working on fundamental aspects in the latter 

field. 

In order to prepare a very tiny QD, different techniques have been employed [see, e.g., 

Bim99 and references therein]. In principle the lithographic patterning [Sch86, For88] 

widely used in the semiconductor industry or etching of quantum well structures [For88] 

allow the fabrication of small nanostructures that can confine the carriers in all three 

dimensions. However, the utilisation of these complex methods yields highly damaged 
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QDs with low density and many defects, which are seen by a small value of integrated 

photoluminescence (PL) intensity. Nowadays, a self-organisation concept is mainly 

employed, where nature governs the QD formation by itself. Due to the mismatch in lattice 

constants of about 7 % between InAs and GaAs, the former grows epitaxial on GaAs 

substrates (wafers) via a Stranski-Krastanow (SK) growth mode [Str37]: Firstly the layer-

by-layer mode is realised, and then after the deposition of a certain InAs amount three-

dimensional (3D) InAs islands suddenly appear on top of the 2D InAs layer (=wetting layer 

(WL)). The size of the islands is fortunately exactly the one required for the QDs 

applications, with the large separation of quantised energy levels that are not populated by 

electrons at room temperature. After an overgrowth of these InAs islands with the GaAs 

material, they become completely embedded in the larger band gap GaAs matrix, and can 

be used for several types of devices. 

It is known that the reconstruction and orientation of the substrate play a key role in 

InAs/GaAs heteroepitaxy: QDs form by means of the SK growth mode on GaAs(001) 

[Leo94, Bim99], GaAs(113)A, B [Hen97, For98], and GaAs(114)A, B [For98], whereas 

InAs grows in the 2D layer-by-layer growth mode with introduction of dislocations on 

GaAs(110) [Bel97], GaAs(111)A [Yam96] and GaAs )111( B [Hoo93]*. The differences 

in growth mode have not been explained yet. Presumably, the atomic reconstruction of 

different substrates provides different chemical potentials for the deposited species and 

affects the kinetics of adsorption, migration, and desorption, producing specific QD sizes 

and size distributions [Hen97, San00]. Furthermore, the substrate orientation may induce 

certain bonding facets on the QDs and therefore, determine their shape [Mar01, Suz02]. 

One of the main points of the present thesis is to compare the formation and development 

of InAs islands on substrates of different orientations. Since on the low-index substrates 

InAs QDs grow only on GaAs(001), we have employed high-index substrates for the 

comparison, which all yield QD ensembles after the SK transition. In this work we 

investigate the InAs deposition on GaAs(113)A, B and GaAs(2 5 11)A, B surfaces. Their 

reconstructions exhibit many differences, e.g., they are As or Ga terminated, have one or 

zero symmetry plane, flat or undulating morphology, etc., and therefore, allow an 

extraction of substrate features affecting the QD evolving. 

                                                 
* To simplify matters we will call in the following the (111)B surface (and all others B faces) as (111)B 
without indication of bars over the Miller index.  
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Another very important point for application of QDs is their shape. It is known from 

quantum mechanics, that the position of energy levels and therefore, the optical parameters 

are largely dependent on the spatial geometry of the material, which confines the charge 

carriers. In order to understand the growth process in more detail and to design the shape 

and size of QDs, a direct imaging of their atomic structure is required. The structural 

characterisation is usually performed from buried QDs, as they are used in optical devices. 

For this purpose the semiconductor substrate is cleaved perpendicular to the epitaxial layers 

and then the cleavage surface is imaged by high-resolution electron microscopy (HREM) 

or cross-section scanning tunneling microscopy (XSTM) [see, e.g., Gru02 and references 

therein]. These powerful techniques have achieved many exciting results, however, they 

are either very complex (XSTM) or yield ambiguous QD shapes because of a superposition 

of the lattice plane images with local strain contrast (HREM). Our way of approaching this 

problem is to interrupt the preparation process on GaAs surfaces after the SK transition and 

to look at the unburied InAs QDs in situ by top-view STM. Using this technique the 

bounding facets can be identified from the atomically resolved reconstruction on the facets 

and their geometrical orientation. Although it is likely that the QD shape alters during 

following overgrowth, our approach delivers structural information on islands evolving in 

the first step of self-organisation, that largely influences QD shape, size and size 

distribution. 

It has been reported already that on GaAs(001) the shape of the InAs QDs exhibits two 

mirror symmetry planes which are the same as on the bulk-truncated (001) substrate. From 

reflection high-energy electron diffraction (RHEED) observations, (136) facets were 

proposed earlier [Lee98]. Later four (137) bounding facets were derived from scanning 

tunneling microscopy (STM) [Mar01]. These facets, which frame nearly the whole QD, 

grow with equal rates because of the same reconstruction and elastic energy density. On 

high-index substrates the symmetry is lower and, e.g., GaAs{113} surfaces exhibit only 

one symmetry plane normal to the surface. Therefore, only two planes are expected with 

equivalent indices and growth rates. As two planes alone cannot frame a 3D islands, other 

surfaces with different growth rate may develop. Thus, preferential migration of In atoms 

among the different bounding facets from the slower to the faster growing facets should be 

taken into account in order to understand the QD growth kinetics. 

In this work self-organised InAs QDs are grown by molecular beam epitaxy (MBE) on 

four high-index substrates: GaAs(113)A, B and GaAs(2 5 11)A, B. The two latter 

substrates have been employed for heteroepitaxy for the first time. The structural 
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parameters like shape, size, and size distribution of the QD are determined on all surfaces. 

The development of the unburied InAs islands has been followed by means of the top-view 

STM technique from the atomic structure of the bare substrate through the InAs WL stage 

to the determination of the facets of 3D islands.  

The thesis is organised in the following manner: After a short description of theoretical 

and experimental basics of the QD growth and used instruments in chapter 2, each next 

chapter is devoted to one of four InAs/GaAs systems. In chapter 3 we consider the InAs 

QDs on GaAs(113)A, starting from the unusual substrate morphology that significantly 

influences the onset of the SK transition and therefore, the QD size distribution. The QDs 

are found to be in different growth stages. This allows us to retrace their growth kinetics 

from the small nuclei to the mature elongated islands. The opposite side of the same (113) 

wafer i.e., GaAs(113)B surface, remains flat until the SK transition, as described in chapter 

4. The InAs QDs appear on it with a narrow size distribution that is quite different from the 

GaAs(113)A case. As they start to grow simultaneously on the whole GaAs(113)B surface, 

the different growth shapes are not observed. Since the InAs/GaAs(113)B system is 

interesting for applications, we also present experiments on the influence of the sample 

temperature on the QD size and shape. We have also used the stable GaAs(2 5 11)A and B 

substrates located within the stereographic triangle and, therefore, exhibiting no mirror 

symmetry. The InAs islands grown on vicinal and nominal GaAs(2 5 11)A surface are 

described in chapter 5. The surface exhibits well-pronounced step bunches that reveal fairly 

large areas of the GaAs(011) surface. The InAs islands appear mostly on these step 

bunches presumably with incorporation of dislocations and, therefore, with a very broad 

size distribution. The incoherent nature is confirmed with PL spectra, which exhibit very 

low integrated intensity of the islands in the QD energy range. Finally, the atomic structure 

of the GaAs(2 5 11)B substrate is determined for the first time in this thesis and described 

in chapter 6. After InAs deposition the surface yields an ensemble of InAs QDs with a 

narrow size distribution and a completely asymmetrical shape. The GaAs(2 5 11)B PL 

spectra are found to be mainly identical to those on GaAs(001) except for the smaller 

linewidth on GaAs(2 5 11)B. A small red shift of the emission energy can be achieved by 

using some special tricks. Finally, chapter 7 contains the general conclusions, where the 

common and different points of QD evolving are extracted. 
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2 Background 
 

2.1 Electron counting rule 

In order to understand the influence of the GaAs substrates on the structural and optical 

properties of InAs QDs it is useful to give the main concepts, associated with the structural 

changes when a substrate surface forms. Compound semiconductors such as GaAs or InAs 

have a crystal structure, which is similar to that of diamond. However, their lattice contains 

two different types of atoms. This structure is referred to as zinc blende lattice, named after 

the zinc blende (ZnS), and belongs to the face centered cubic (fcc) lattices. Each atom in 

GaAs crystal is tetrahedral surrounded from four atoms of the other type and has four 

covalent bonds with them. Ga exhibits three valence electrons and gives 3/4 of electron per 

bond; As exhibits five valence electrons (5/4 of electron per bond). Therefore, each of four 

bonds is filled with two electrons. 

 

Energy, eV
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sp3
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Ga

VB

Atom Bulk material

CB

-5

-10

-15

EF

 
 

Figure 2.1 [Har79] The energy state diagram for a GaAs surface. The energy states for the 

sp3 hybrids are derived from the energies of the s and p orbitals of Ga and As atoms. The 

dangling bond energies are above the conduction band (CB) minimum for Ga and below 

the valence band (VB) maximum for As. 

 

The electronic states of As and Ga atoms become sp3 hybridised in GaAs bulk material as 

shown in Fig. 2.1. Two hybridised orbitals, sp3 from Ga and As atoms, combine to form 

bonding and antibonding orbitals, which are spread out to the conduction (CB) and valence 
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(VB) bands in the solid state GaAs. When a surface forms, some hybrid orbitals cannot 

form bonds. Without a reconstruction, partially filled sp3 dangling bonds (DB) would 

remain on the surface. The energy states of the Ga and As DBs derived from the energies 

of the s and p atomic states are compared with the CB minimum and VB maximum in Fig. 

2.1. A semiconductor exhibits a completely filled VB and an empty CB, and no states in-

between. The energy state of the As DB is placed in the VB and should therefore be filled; 

that of the Ga DB is in the CB and should be empty. In order to achieve this, electrons 

should transfer from the Ga DBs to the As DBs. This is the principle of the electron-

counting rule (ECR) [Har79, Pas89]. It requires that the number of available electrons in 

the surface states fill exactly all DB states in the VB, leaving those in the CB empty. If this 

condition is satisfied, the surface is semiconducting; otherwise, partially filled DBs may 

lead to a metallic surface. Note, that the ECR is just only a “rule” but not a law. The law is 

the minimisation of the surface free energy. 

 

2.2 Atomic structure of low-index GaAs surfaces 

We will now apply the ECR to some low-index surfaces, which reconstructions will 

appear on InAs QD facets, as described in chapters 3-6. Figure 2.2(a) shows a top and side 

view of the non-polar (110) cleavage plane of the GaAs crystal. It is the only one known 

GaAs surface, which reaches a new equilibrium low-energy configuration through a pure 

motion of atoms in the surface normal direction. This process is called surface relaxation 

[see, e.g., Duke96 and references therein]. The unit cell of GaAs(110) exhibits one As and 

one Ga DB. The Ga DB supplies 3/4 of electron but needs zero electron (excess charge 

+3/4 el); the As DB supplies 5/4 of electron, but needs 8/4 (a charge deficit of –3/4 el). 

Therefore, the electrons from Ga DBs transfer to As DBs and the ECR is fulfilled. As a 

consequence, the Ga atoms adopt an sp2 planar configuration and is moved onto the surface 

plane; the As atoms adopt an s2p3 configuration and expand out from the Ga atom by about 

0.69 Å as shown in Fig. 2.2(a). The length of the unit cell vectors for (110) is equal to 5.65 

Å (6.06 Å) and 4.0 Å (4.29 Å) for GaAs (InAs) along [001] and [110] directions, 

respectively. 

In contrast to GaAs(110), the GaAs{111} surfaces are polar. A surface with threefold 

coordinated Ga atoms on top is assigned to (111)A; that with threefold coordinated As 

atoms is (111)B. On the A face only the Ga-vacancy-buckling model is found at both As 

and Ga-rich preparation conditions. It is shown in Fig. 2.2(b). The bulk-truncated unit cell, 

 13



marked by a dotted line, exhibits a rhombic shape with a vector length of 4.0 Å (4.29 Å) 

along [011] and [110] directions and comprises one single Ga DB, i.e., it violates the ECR 

and is unstable. A (111)A-(2x2) unit cell [Ton84, Cha84] is four times larger and exhibits 

one missing Ga atom, which sets three As DBs free. This atomic rearrangement, that 

introduces a change in the surface periodicity with the simultaneous atom relaxation, is 

called surface reconstruction. The three As and Ga DBs yield charge neutrality and make 

the surface semiconducting. Note that the Ga atoms are moved onto the surface and the 

reconstruction reveals to be flat, see the side view in Fig. 2.2(b). The unit cell vectors of the 

(111)A - (2x2) reconstruction are both equal to 8.0 Å (8.58 Å). 

(a)

[110]
[112]

[112]

[110]

[110]
-

[110]
-

Ga As

[011]

[110]
[112]

[112]

[110]

[011]

(b) (c)

 
 

Figure 2.2 Top (above) and side (below) views of the structural models of reconstructed (relaxed) 

(a) GaAs(110), (b) GaAs(111)A and (c) GaAs(111)B surfaces. Atoms below the figure plane are 

depicted with smaller circles. Shaded parallelograms and dotted lines mark the unit cells of the 

reconstructed (relaxed) and the bulk-truncated surfaces, respectively. The As DBs are depicted by 

gray (filled) ovals, those of Ga - by open (empty) ovals. 

 

Two stable reconstructions are found on the GaAs(111)B surface. At the As-rich 

conditions a (2x2) reconstruction occurs, consisting of As trimers as shown in Fig. 2.2(c) 

[Tho94, Set98]. Since the bulk-truncated surface is terminated by the threefold coordinated 

As atoms, which do not move onto the surface to get a planar configuration, the (2x2) 

reconstruction is more complex than that on GaAs(111)A. The unit cell of the 

reconstructed surface is four times as large as that of the bulk-truncated surface and 
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exhibits three adsorbed As atoms sitting on three As DBs underneath. The As atoms in the 

trimers are connected to each other. The GaAs(111)B - (2x2) unit cell exhibits 4 As DBs (-

3 el) and 6 As-As bonds (each As-As bond requires two electrons, but supplies 10/4 of 

electrons, therefore 6 As-As bonds yield a excess charge of +3 el). Thus, the ECR is 

fulfilled. A ( 19 - 19 ) reconstruction develops on GaAs(111)B at the Ga-rich conditions 

[Ran77, Bie90]. This remarkable structure fails to fulfil the ECR, but nevertheless does 

appear not only on the nominal GaAs(111)B surface, but also on the facets on InAs QDs as 

we will show in chapter 3. The model for this complex reconstruction is given in [Bie90]. 

 

2.3 Step bunching 

Growing crystal surfaces always exhibit atomic step systems or steps of multiple heights 

as a natural consequence of the growth process and an off-orientation of the surface that is 

never equal to zero. Schwoebel [Sch66] pointed out that the atomic steps on a surface 

might interact repulsively or attractively depending on the manner in which adsorbed atoms 

are captured at steps. A barrier might form at the step-edge on the GaAs surface, hindering 

either the As and Ga atoms from the lower terrace to attach at the step and making it easier 

for the atoms arriving from the upper terrace or vice versa. The former case corresponds to 

a negative Schwoebel barrier and is shown in Fig. 2.3. Let us assume a GaAs surface with a 

sinusoidally distributed atomic potential on upper and lower terraces (see Fig. 2.3(a)). This 

potential may be lowered at the step-edge due to, e.g., sp2 planar relaxation of Ga atoms. It 

will result in the incorporation of the atoms at the step-edge from the upper terrace rather 

than from lower one. It results in the steps moving with different velocities over the 

surface: The steps on the larger terraces collect more atoms and move faster catching up the 

steps on the smaller ones. The morphology of such a surface consists of large extended 

terraces with multiatomic steps in-between. The effect of steps, bunching together in the 

multiatomic steps, is called step bunching. 

Being a kind of step-flow growth, the step bunching requires a fulfillment of two 

conditions: the large diffusion length of the cations and the existence of the negative 

Schwoebel barrier at the step-edges. Since the diffusion length of Ga atoms by usual MBE 

conditions (T=560 °C) is reported to be about 1µm [Hat90], the steps should bunch on, e.g., 

GaAs(001) surface already at an off-orientation angle of 0.15°, which is close to a limit, 

provided by wafer manufacturers (0.1°). Therefore, the second condition is more important, 

and is dependent on the direction of the step, i.e., its atomic structure. 
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Figure 2.3 (a) The diffusion potential with a negative Schwoebel barrier at the step-edge between 

upper and low terraces. (b-d) The development of step bunching: (b) the initial surface before the 

growth process;(c) the fluctuations of the terrace width (the arrows show different growth velocities 

of the steps; (d) the formation of multiatomic steps. 

 

Figure 2.3(b-d) shows schematically the development of the step bunching. The initial 

surface before the GaAs growth consists of equally spaced steps with a monatomic height, 

see Fig. 2.3(b). When the growth is initiated, small fluctuations of the terrace width may 

appear due to a random distribution of atoms. The larger terraces may now get more atoms 

which will result in a faster enlargement of the terraces, because the step velocity is 

proportional to the number of collected atoms, and thus to the terrace width, see Fig. 2.3(c). 

Finally, the steps of large terraces will catch up those of the small terraces, and will bunch 

together, producing multiatomic steps, see Fig. 2.3(d). Note, that the topography of the 

surfaces, on which steps are bunched, is usually similar to faceted surfaces [see, e.g., 

Noe94]. However the underlying mechanism is completely different. Step bunching is a 

result of anisotropic diffusion over the step-edges, while faceting is driven by differences 

of the surface free energies of the substrate and facets. 
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2.4 Growth modes 

The QDs belong to semiconductor objects that are acquired by self-organisation through 

the heteroepitaxial growth. In general, there are three modes of the heteroepitaxial growth 

from the vapor phase: Frank-van der Merwe (FM) [Fra49, published in 1949], Volmer-

Weber [Vol26, 1926) and Stranski-Krastanow [Str37, 1937]. They represent two-

dimensional (2D) layer-by-layer growth (FM), 3D islanding (VW), and an intermediate 

growth mode, at which firstly 2D layer-by-layer growth is realised, and then after a certain 

critical thickness of the deposited material, the 3D island start to grow on the remained 2D 

layer (see Fig. 2.4). 

 

Frank-van der Merve Volmer-Weber Stranski-Krastanow  
 

Figure 2.4 The three growth modes observed by the heteroepitaxial deposition of material (light 

gray and white) onto a substrate (dark gray).  

 

If lattice constants of the deposited material A and substrate B are equal (or near equal, as 

for AlAs and GaAs), the growth mode is determined by the relation between the surface 

energies of γA and γB and the energy of their interface γAB. Thereby, if γA + γAB < γB, the 

deposited material B wets the substrate and grows in the FM mode (Fig. 2.4). An opposite 

relation γA + γAB > γB results in the VW growth mode, where 3D islands made from the 

material A are directly formed on the substrate B. 

In the heteroepitaxial systems with lattice constants i > g as shown in Fig. 2.5(a) and the 

lattice mismatch 
g

gi )( − ·100 % > 2 % (e.g., InAs/GaAs (7.2%) or Ge/Si (4.2%)) the 

deposition of the material with a smaller surface energy (InAs upon GaAs, or Ge upon Si) 

initially proceeds in the FM growth mode. The epilayer grows pseudomorphic with 

compressive strain, i.e., it is stressed in the horizontal plane. A thicker layer accumulates 

larger strain energy and can lower it by forming isolated islands (see Fig. 2.5(b)), in which 

strain can partially be relaxed inside the islands. Thus, the SK growth mode occurs. In the 

InAs/GaAs system, explored in the present thesis, this scenario is realised on GaAs(001) 

[Leo94, Bim99], GaAs(113)A, B [Hen97, For98] and GaAs(114)A, B [For98] substrates. 

However, there is also another way to reduce the compressive strain without formation of 
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3D islands – incorporation of dislocations at the interface between the materials A and B, 

as shown in Fig. 2.5(c). 1D crystalline line defects, which often form a 2D network, appear 

somewhere at the interface and the depositing material A continues to grow in the FM 

mode further. This scenario occurs on the GaAs(110) [Bel97], GaAs(111)A [Yam96] and 

GaAs(111)B [Hoo93] substrates. So far, an atomistic explanation of this remarkable 

difference is not found. It should be related to a different cation diffusion length on the 

substrate reconstructions and, therefore, to a different size of a critical nucleus, whose 

formation allows the growth of a stable island. The evidence for this may be found in a 

recent paper from Wasserman et al. [Was03] that showed the appearance of the InAs QDs 

on GaAs(110) covered with a thin film of AlAs prior to the InAs deposition. AlAs 

decreases the cation diffusion length [Vor00], and the InAs QDs appear, although with a 

very small density. 

 
 

Figure 2.5 Two different ways of the reduction of compressive strain by the epitaxial deposition of 

mismatched materials with lattice constants i for a deposit (light gray and white) and g for a 

substrate (dark gray). (a) Materials in solid state before the growth. (b) Stranski-Krastanow 

transition: white - 3D islands, dark gray - substrate, light gray - wetting layer (WL). (c) Layer-by-

layer growth mode with introduction of dislocations, which are surrounded with translation 

vectors.  
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2.5 Coherent and incoherent islands 

It was for a long time believed that the islands formed in the SK growth mode are 

dislocated (incoherent), i.e., a dislocation line or even network is incorporated at the 

interface between the island and WL, of the WL and substrate (see Fig. 2.6). However, the 

pioneer experiments on InAs/GaAs(001) [Gol85] and on Ge/Si(001) [Moy90] have 

demonstrated the formation of coherent (dislocation-free) strained islands due to the strain 

relieve in their volume and at their step-edges. 

 

Coherent  QDs Incoherent  islands  
 

Figure 2.6 Dislocation-free (coherent) and dislocated (incoherent) islands, appeared after the SK 

transition on the substrate. 

 

The absence of the dislocations in the QDs is particularly important for applications, as 

the dislocations are good traps for charge carriers and can suppress radiative recombination 

that produces lasing light. The nature, forming the QDs through self-organisation, offers 

another surprise: a narrow size distribution for the coherent QDs that allows them to emit 

the light with almost one certain energy. As has been shown for the Ge/Si system [see, e.g., 

Jes98, Sha99] and the InAs/GaAs system [Leo93, Nab95, Suz03, Tem03], strain energy, 

produced by lattice mismatch, acts to reduce the QD size, to increase the density of islands, 

and to significantly narrow their size distribution to nearly uniformly sized QDs. After the 

islands have relaxed by misfit dislocations, the island sizes increase (without limitation) 

and the island size distribution becomes broader [Sha99]. This results in a bimodal size 

distribution with a very narrow and intense peak for the coherent QDs, and the broad and 

low peak for the incoherent islands*. Since both types of islands appear mainly in a faceted 

                                                 
* We generally speak about islands (coherent and incoherent) and about QDs, if the islands are coherent. 
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form, the self-limitation is associated with coherently strained growth of QD facets that we 

now consider in detail (after Jesson et al. [Jes98], deduced mainly from the Ge/Si system). 

The model of facet growth is shown in Fig. 2.7(a-b). We assume a QD to have a 

pyramidal shape with a half base length s and four bounding facets inclined at an angle θ to 

the substrate. The 3D island grows via the nucleation of a 2D embryo of height a on the 

facet surfaces (see Fig. 2.7(b)). The embryo starts growing at the bottom left hand corner of 

the facet in Fig. 2.7(a). We assume that the embryo shape is dominated by surface energy 

considerations such that the step energy γβ is a minimum for a direction in the facet plane, 

inclined at an angle φ to the base of the island. 

If the adatom diffusion length is large on the scale of the spatial extent of the island strain 

field then the energy to form an embryo with length at the base l, is: 

∆G = a · l · Г + a · ζ(R)·dR¸       (1) ∫
embryo

where Г = γf · sin φ · csc δ + γβ· sin η · csc δ + γf · cot θ - γs · csc θ,  if l >> a.  The surface 

energies γf and γs correspond to the island facet and substrate (or the WL) energies, so that 

the first term in (1) simply reflects the additional surface energy created. The second term 

involves the elastic relaxation of the material comprising the embryo where ζ(R) is the 

elastic energy density at the surface of the embryo minus the elastic energy density of the 

planar strained WL. R is a 2D vector in the facet plane as shown in Fig. 2.7(a). 
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Figure 2.7 [Jes98] (a) Schematic view of the strained facet growth. An embryo emerges from the 

bottom left hand corner of the facet and expands across the facet. (b) The embryo of height a 

increases the basal dimension of the island as shown in cross section. (c) Formation energy of the 

embryo ∆G as a function of its size l (solid line) for the geometry shown in (a). The first and second 

terms of equation (1) are represented with the dotted and dashed lines, respectively. The misfit is 

2% and s=400 Å. Elastic constants used in the calculations are: Young’s modulus E=102 GJ/m3 

and Poison’s ratio v=0.27. {105} facets were assumed to bound the QDs with θ=11.3°, φ=51.5°, 

a · csc θ =5.54 Å, and Г=3.8 meV/Å2. 
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The elastic energy density at the surface of a pyramidal island can be calculated by finite 

element analysis (FEA). The elastic energy density ζ(R)  can be integrated over the surface 

of the embryo and evaluated the total energy change ∆G using equation (1) as a function of 

the embryo dimension l, as shown in Fig. 2.7(c). Clearly, the energy increases initially and 

reaches a maximum value of ∆G* at a critical nucleus size l*. Hence, there is an energy 

barrier to complete the strained facet. 
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Figure 2.8 [Jes98] (a) Elastic energy density associated with half the triangular facet of a 

pyramidal island (s=400 Å) at 2% misfit. Different grey scales represent the elastic energy density, 

which decreases from 96 MJ/m3 (dark scale) at the base to 18 MJ/m3 (white scale) close to the 

peak. The calculation involves one-quarter of an island containing a nonuniform mesh of 5600 

elements. The island is situated 100 Å from the sidewall of the substrate which is 200 Å deep. The 

substrate is vertically constrained at the bottom and the side facets are compressed to the 

appropriate displacement for the misfit. (b) Energy barrier to complete the facet ∆G* as a function 

of island size s and misfit strain. 

 

The physical origin of this barrier can be deduced from the FEA of the elastic energy 

density displayed in Fig. 2.8(a). The elastic energy density of the WL corresponds to the 

third gray scale starting from the island bottom in the figure. Material in the proximity of 

the island peak is therefore relaxed relative to the WL, but a significant stress concentration 

occurs at the base of the pyramid. To grow the facet it is necessary to cover the surface 

with a monolayer of material, which is initially strained as the WL. In order to cover the 

 21



highly strained levels close to the base, this material has to be further compressed to values 

between the first and second gray scale starting from the island bottom. This will initially 

cost energy until the embryo can expand into more relaxed regions of the surface. 

Eventually, this reduction in elastic energy dominates the positive surface energy 

contribution in equation (1), as shown in Fig. 2.7(c), which is the physical origin of the 

energy barrier. 

The magnitude of the stress concentration at the base of the island increases with 

increasing misfit strain. Furthermore, the spatial extent of the stress concentration 

increases, as the islands grow larger. The energy barrier to complete the facet will therefore 

also increase with increasing s and misfit strain as shown in Fig. 2.8(b). Since the island 

growth rate R ~ exp(-∆G*/kT), this implies a strong self-limiting growth effect in which 

large islands will grow more slowly than smaller islands. Smaller islands must then catch 

up to the larger islands in size, which will narrow the island size distribution. Such models 

are particularly applicable to high misfit systems > 4%. 

We now turn to the remarkable phenomenon of island shape elongation during strained 

layer epitaxy, which was reported for Ge island on Si(001) [Moy90] or for InAs islands on 

GaAs(113)A [Hen98]. Ge islands were found to elongate along elastically soft [100] giving 

rise to a so-called “hut cluster shape”, those of InAs were elongated along [33 2 ] and 

revealed a more complicated arrowhead like shape. If the growth of a square-based 

pyramidal island shown in Fig. 2.7(a) is limited by the nucleation of new layers on the 

facets, elastic interaction with neighboring islands or steps will produce a variation in 

energy barrier across the islands. It will result in a difference in the elastic energy 

distribution of some facets, leading to a anisotropic growth. Once an island is elongated, 

the time for a freshly nucleated layer to complete extended facets becomes increasingly 

significant compared with the time between nucleation events. This is because the basal 

stress concentration, which acts as a barrier for adatom diffusion, restricts the growth of 

extended facets more than for short ones. Therefore, the diffusion-limited growth will 

contribute to the further elongation. The islands will adopt a clearly elongated shape. 

It is also clear that incorporation of a dislocation at the interface will completely disturb 

the distribution of elastic energy density shown in Fig. 2.8(a). The basal stress located near 

the interface and produced the diffusion barrier to complete the facet will relax to the value 

of the island peak. The embryo will expand on the whole facet even faster than on the small 

coherently strained QDs. It will significantly increase the growth rate of incoherent islands, 
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which can now act as a sink for adatoms attracting the atoms from the QDs too. Since the 

appearance of dislocated islands through, e.g., coalescence of some QDs, is a local 

dependent event, they start to grow on the surface at different time and grow without 

limitation caused by elastic strain. This leads to the reported broad size distribution with the 

low intense peak. 

 

2.6 Experimental setup 

The ultra-high vacuum (UHV) facility used in this work has been designed and built in 

the Prof. Dr. K. Jacobi group by technician Peter Geng and two generations of PhD 

students: Juan Márquez , Lutz Geelhaar and Jutta Platen, Carsten Setzer. The instrument is 

described in more detail in [Gen00] as well as in the PhD theses (in German) available in 

our homepage under http://w3.rz-berlin.mpg.de/pc/ElecSpec. Our task has mainly been in 

performing the maintenance work consisted of installations and repairs of the Knudsen cell 

evaporators, RHEED screens, etc. We briefly recall main units of our facility, which are 

MBE, STM and analysis chambers. All the chambers are connected with an UHV transfer 

mechanisms as shown in Fig. 2.9 that allows the preparation and investigation in situ. 
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Figure 2.9 [Gen00] Schematic view of the UHV facility. Samples are introduced via the loading 

chamber, prepared with MBE and investigated in situ by STM, RHEED and LEED. 
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The compact MBE growth chamber, shown schematically on the left hand side of 

Fig. 2.9, is equipped with three solid state evaporation Knudsen cells loaded with As, Ga, 

and In. The capacities of the crucibles are 250 cc for the As cell (DCA, Valved Cracker 

MBS-250-35-11 As), 2 cc for the In cell (DCA, Hot Lip Crucible Miniature K-cell 2CC-3-

00), and 0.5 cc for the Ga cell (Oxford Instruments, Miniature K-Cell). The sample is held 

facing downwards by a manipulator allowing motion in x, y, and z direction as well as 270° 

rotation about the axis normal to the sample surface. Sample heating is made by thermal 

radiation from a filament that is mounted on the sample manipulator above the backside of 

the sample. The sample temperature is monitored with an IR-pyrometer (Kleiber, Pyroskop 

202). Temperatures up to 620 °C are reachable with this arrangement. The growth rate and 

the surface quality during growth are monitored with a 15 kV RHEED system. Epitaxial 

layers of 20–4000 Å are typically grown at growth rates between 0.1 and 1.5 Å/s as can be 

calibrated with oscillations of the specular spot acquired from the RHEED screen. The 

pressure produced by the evaporation cells at the sample position is measured with a 

movable ion gauge. The chamber has a base pressure of ~10-10 mbar achieved with an ion-

getter pump (MECA 2000, PID 200, 200 l/s) and a Ti sublimation pump (Balzers, USP 

034). In addition, there are cryopanels installed, which are filled with liquid nitrogen during 

MBE growth to keep the background pressure below 5·10-9 mbar. 

The surface analysis chamber houses a low-energy electron diffraction (LEED) system 

(VSI, ErLEED). In addition, there are a 0.5–2 keV sputtering ion gun for sample cleaning 

and a mass spectrometer. The latter is used for leak checking in the entire system after bake 

out procedure. A pressure below 5·10-11 mbar is established in this chamber by a 

magnetically suspended turbomolecular pump (Balzers, TPU 180, 170 l/s). 

The scanning probe microscope is mounted in a small chamber with a 140 mm view port 

on top in order to have free vision towards the STM. The chamber is pumped by an ion-

getter pump (Varian, Noble Diode, 135 l/s), which provides a base pressure below 1·10-10 

mbar. The UHV-STM/AFM (atomic force microscope) machine was manufactured by Park 

Scientific Instruments (Autoprobe VP2). The vibration isolation in this STM is achieved by 

a two-stage coil-spring suspension with eddy current dampers. The weight of the sample 

carrier (55g) made from tantalum produce, on the other hand, an additional fixing of the 

sample unnecessary. It is held just by its own weight on a U-shaped stainless steel holder, 

which is insulated against the sample stage. There is a tip storage facility for six tips in the 

STM chamber. Since STM tip contamination occurs quite often when measuring GaAs, the 

application of the STM is limited by the lifetime of the tips that are available. 
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Our STM tips were clipped from 0.5 mm thick tungsten wire. The tip handling linear-

rotary feed through line was in vacuum used to position the tip in front of a filament. The 

tip was connected to ground and the filament was biased negatively. Electrons flowed 

towards the tip and heated it, yielding the sublimation of the tungsten oxide.  The removal 

of the oxide layer was indicated by a pressure increase. This procedure provides good tips 

and can also be used when the tip was contaminated by arsenic. 

The transfer between the MBE and the analysis chamber is performed by a 1.4 m long 

magnetically coupled linear rotary transfer rod (Huntington, VFC-169-36). It is driven with 

two direct-current motors, allowing precise and fast sample movement. Moreover, the 

motors are remote controlled and thus only one person can operate the transfer. After 

growth the samples can be moved out of the growth chamber within 30 s and afterwards 

cooled down to room temperature in another chamber.  

 

2.7 STM 

Scanning tunneling microscopy (STM) is a powerful technique for imaging surfaces with 

extremely high resolution (below 0.1 Å). This technique was invented in 1981 by two 

researchers in Zurich, Switzerland - Gerd Binnig and Heinrich Rohrer [Bin82]. In 1986, 

they were awarded a Nobel Prize for their invention. To understand why their instrument 

was so good, we have to think about how people imaged surfaces before that time. 

Conventional optical microscopes, which are still in use today, use light and lenses to 

magnify a tiny piece of a surface. With stronger lenses, it is possible to see smaller features. 

However, there is a limit to how small one can get - namely, the wavelength of the light we 

see - which is about 500 nm. Features smaller than the wavelength of light cannot be seen. 

500 nm may seem small, but even the big QDs are more than one order of magnitude 

lower. The distance between the atoms is only about 0.5 nm, i.e., three orders of magnitude 

lower than the resolution of the optical microscopes. To image individual atoms, one needs 

a microscope which operates on an entirely different principle. This is where the STM 

comes into play. 

The principle of the STM technique is shown in Fig. 2.10(a). STM uses a sharpened, 

conducting tip with a bias voltage applied between the tip and the sample. Both the tip and 

the sample must be conductors or semiconductors. When the tip and the sample are brought 

within 10 Å, their electron wave functions can overlap, and the electrons from the sample 

begin to tunnel through the 10 Å gap into the tip or vice versa, depending upon the sign of 

the bias voltage. The resulting tunneling current I varies with the tip-to-sample spacing d as 
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following: I ∝ 
d
U · exp (-Kd φ ), see, e.g., [Fow28], where K is a constant, φ  is the 

avarage work function of the tip and sample. So, the tunneling current is an exponential 

function of distance. If the separation between the tip and the sample changes by 10% (on 

the order of 1 Å), the tunneling current changes by an order of magnitude. This exponential 

dependence gives the STM technique its remarkable sensitivity. Taking into account, that 

90% of the current flow inside the lateral dimension of the downmost tip atom (see 

Fig. 2.10(a)), STM can image surfaces with sub-angstrom precision vertically and atomic 

resolution laterally. 
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Figure 2.10 (a) Schematic of the tip and sample interaction for STM; (b-c) Comparison between 

the constant-current and constant-height mode for STM. 

 

The STM technique can scan a sample in either of two modes: constant-current mode 

(see Fig. 2.10(b)) or constant-height mode (see Fig. 2.10(c)). In constant-current mode, 

STM uses feedback to keep the tunneling current constant by adjusting the height of the 

scanner at each measurement point. When the system detects an increase in tunneling 

current, it adjusts the voltage applied to the piezoelectric scanner to increase the distance 

between the tip and sample, and the current remains constant. In this mode, the motion of 

the scanner reproduces the data set, e.g., the surface topography. If the system keeps the 

tunneling current constant to within a few percent, the tip-to-sample distance will be 

constant to within a few hundredths of an angstrom. 

In constant-height mode, the tip moves in a horizontal plane and the tunneling current 

varies depending on topography and the local surface electronic properties of the sample. 

The tunneling current measured at each location on the surface reproduces the data set. 

The constant-height mode is applicable only for smooth surfaces; its big advantage is a 

fast scanning velosity. Constant-current mode allows to measure corrugated surfaces, e.g., 
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with 3D QDs. Therefore, we always apply this mode to acquire topograpy and error signals 

of our samples containing large 3D objects, e.g., InAs QDs. 

The topography signal generates an image of the sample’s electronic states using the 

voltage signal that is applied to the scanner when the feedback is enabled. The voltage 

signal causes the scanner to extend or retract in response to a change in tunneling current. 

The error signal generates an image using the error signal of the feedback loop. With 

feedback enabled, an image acquired using this option represents the error signal that is 

sent to the feedback loop at each point in a scan. This type of image gives a measure of 

how well the feedback loop is tracking topography. A large error excursion indicates poor 

surface tracking, where edges are accentuated in the image. Depending on the tip 

sharpeness, both topography and error signal can be used for representation of sample 

surface features. 
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Figure 2.11 Schematic of quantum-mechanical tunneling between a metal tip and a semiconductor 

surface a distance d apart. The tunneling barrier is determined by work functions of the surface and 

the tip φ S and φ T, respectively, and the bias voltage applied between the both, e·U. For the left-

hand side of the figure, surface positive with respect to the tip, electrons tunnel from bands below 

the Fermi level of the tip to those above the Fermi level of the surface. An opposite case is shown 

on the right-hand side. Evac, Ec and Ev are energy states for the vacuum level, conduction band 

minimum and valence band maximum, respectively. 

 

The tunneling current depends not only on the separation between the tip and the sample, 

but also on their surface electronic states that overlap within the energy range e·U for 

which tunneling can occur (see Fig. 2.11). When a positive bias voltage is applied to the 

sample (or a negative voltage to the tip, see the left-hand side of Fig. 2.11) electrons in 
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occupied states on the tip can elastically (without losing energy) tunnel in the empty states 

of InAs or GaAs surfaces. As has been shown in chapter 2.1 the Ga (or In) derived DBs 

will be imaged in this case. An opposite sample bias (see the right-hand side of Fig. 2.11) 

allows electrons occupying filled states on the semiconductor surfaces to tunnel into empty 

states of the tip. This will image the As derived DBs. Therefore, for the GaAs (InAs) 

surfaces the electronic structure should be taken into account in order to correctly interpret 

the surface topography. 

 

2.8 Photoluminescence of InAs QDs 

Photoluminescence (PL) is one of the most commonly used methods to investigate the 

optical properties of the heteroepitaxial nanostructures, like InAs QDs. The basics of the 

PL can be explained with Fig. 2.12, where a simplified band structure of the GaAs bulk 

material as well as discrete energy levels for electrons and holes of the capped InAs QDs 

are shown. 
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Figure 2.12 Schematic representation of the photoluminescence technique on the example of InAs 

QDs embedded in a GaAs matrix. The level structure of the InAs QDs is calculated with eight-band 

k·p theory for the InAs pyramid islands on GaAs(001) with {110} facets and a 136 Å long base. 

Energies are given in millielectronvolts. The band gap of unstrained GaAs and InAs materials is 

equal to 1518 and 400 meV, respectively. 1098 meV corresponds to the ground state electron-hole 

recombination. 1206, 1222 and 1283 meV is the allowed recombination of the excited states, which 

only appears when charge carriers saturate the ground state. The 1450 meV is energy for 1ML 

thick InAs wetting layer (after [Bim99] and [Hei97a]). 
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The PL technique involves three stages. First one is called generation of charge carriers. 

An incident photon with an energy originating from the excitation source (e.g., laser light) 

hits an electron in the GaAs valence band. The photon is annihilated and transfers its 

energy to the electron that is excited to the GaAs conduction band. Due to energy 

conservation, the photon energy has to be equal or larger than the band gap for the 

unstrained GaAs material (1518 meV) in order to ensure light absorption. Note that 

electron excitation is vertical in k -space since the momentum of a photon is negligible and 

thus only optical transitions with ∆k≅ 0 are allowed. Electron excitation leaves an empty 

state in the valence band that is called hole, having a positive charge. The second stage is 

called thermalisation of charge carriers. The electrons and holes in the conduction and 

valence bands undergo an energy relaxation due to non-radiative phonon scattering. This 

process takes time of few tens of picoseconds. As a result, the excited electrons and holes 

reach lowest energy levels (ground state) in the InAs QDs. Since both band extremes are at 

the same point in the Brillouin zone for the direct semiconductors like InAs or GaAs, i.e., 

k =0, optical recombination can occur in which the conduction band electrons annihilates 

the valence band hole. This is the third stage of the PL. The recombination time is usually 

some orders of magnitude larger than the thermalisation time. For the same reason as for 

the excitation process, the recombination is vertical in k -space according to ∆k≅ 0 and 

produces photons with energies corresponding to the ground and excited states in the InAs 

QDs, as shown in Fig. 2.12. The emitted photons are collected by a spectrometer and thus 

the electronic structure of the QDs can be detected. 

 

2.9 Sample preparation 

All samples used in this work were cut from single crystal GaAs wafers (500 µm thick 

and 2” in diameter, Si-doped, n-type, double polished). The main properties of the GaAs 

substrates are listed in Table 2.1. A typical size of the samples, investigated by STM and 

PL, was about 10×10 mm2. They were glued on a massive (55g) Ta sample holder with 

liquid In and cleaned with He gas. After oxide desorption at a temperature T ~ 600 °C, the 

samples were treated with several ion-bombardment and annealing (IBA) cycles. The 

annealing was carried out under As2 flux at 530-580 °C. The temperature was measured by 

a pyrometer that was calibrated against the GaAs(001)-c(4×4) to β2(2×4) transition at 465 

± 10 °C. Subsequently, GaAs buffer layers 200-4000 Å (see Table 2.1) were grown by 

MBE at the rates between 0.1 and 1.5 Å/s as was calibrated with RHEED oscillations of the 
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specular spot acquired during epitaxial growth of GaAs on GaAs(001). During annealing 

and growth, the surface periodicity and quality was monitored by RHEED. An As2 : Ga 

beam equivalent pressure (BEP) ratio was set to 7 - 20. 

 

Orientation of 

GaAs substrate 

Carrier  

concentration, 

x 1018 cm-3 

Manufacturer / 

growth method 

Off - 

orientation  

GaAs 

buffer 

layer, Å 

(113)A 1.4 – 4.8 Wafer Technology / VGF* ± 0.2° 500 

(113)B 1.4 – 4.8 Wafer Technology / VGF ± 0.2° 500 

vicinal (2 5 11)A 1.0 – 4.8 Wafer Technology / VGF  1.0° 200–4000 

(2 5 11)A > 1.0 MaTecK / LEC** ± 0.2° 200–2000 

(2 5 11)B > 1.0 MaTecK / LEC ± 0.2° 200–2000 

(001) undoped Wafer Technology / VGF ± 0.1° 2000 

 

Table 2.1 Properties of the supplied GaAs wafers as well as the thickness of the MBE grown GaAs 

buffer layers. 

 

Then the samples were cooled down to a growth temperature between 435 - 490 °C (see 

Table 2.2) and InAs was deposited at a growth rate of 0.05 - 0.075 Å/s and an As2 : In BEP 

ratio of 40 - 50 at an As2 pressure of 4 - 7×10−7 mbar. The growth rate of InAs was 

calibrated with RHEED oscillations of the specular spot acquired during epitaxial growth 

of InAs on InAs(001). The sample heater, the In- and As-Knudsen cells were shut off 

immediately, as soon as the RHEED pattern clearly changed from streaky to spotty, 

indicating an onset of the 3D growth mode. As can be seen from Table 2.2 the SK 

transition occurs on the GaAs(001) surface at about 1.5 ML, which is slightly below the 

reported values of 1.6 - 1.8 ML for similar preparation conditions except for the InAs 

growth rate [see, e.g., Has98, Mar01]. However, the RHEED estimation of the SK 

transition is fairly rough because it is dependent on the sensitivity of operator eyes. The SK 

transition on all substrates except GaAs(113)B is circa equal to that on GaAs(001). 

                                                 
* Vertical gradient-freeze method of the growth of GaAs single crystals with an etch pit density (EPD) below 
1000 per cm2. 
** Liquid encapsulated Czochralski method of the growth of GaAs single crystals with an EPD below 50000 
per cm2. 
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For the STM measurements, the samples were quickly (within 30 s) transferred to the 

STM chamber without breaking vacuum (in situ) immediately after the onset of the 3D 

growth. STM images were acquired from unburied InAs islands at room temperature at 

negative sample biases of -2.5...-4.0 V (filled states were imaged) and tunneling currents of 

0.01-0.7 nA. 

Orientation of 

GaAs substrates 

Sample 

temperature, °C 

InAs 

thickness, Å 

InAs thickness in 

ML of GaAs(001) 

InAs growth 

rate, Å / sec 

(113)A 450 ±10 4.6 ± 0.6 1.5 ± 0.2 0.075 

(113)B 435 ±10 4.6 ± 0.3 1.5 ± 0.1 0.05 

(113)B 450 ±10 2.9 ± 0.5 1.0 ± 0.2 0.05 

(113)B 470 ±10 3.9 ± 0.3 1.3 ± 0.3 0.05 

(113)B 490 ±10 4.4 ± 1.4 1.5 ± 0.5 0.05 

vicinal (2 5 11)A 450 ±10 5.0 ± 0.5 1.7 ± 0.2 0.075 

(2 5 11)A 450 ±10 5.0 ± 0.5 1.7 ± 0.2 0.075 

(2 5 11)B 450 ±20 4.5 ± 0.4 1.5 ± 0.1 0.075 

(001) 450 ±20 4.5 ± 0.5 1.5 ± 0.2 0.075 

 

Table 2.2 InAs deposition on different GaAs substrates. 

 

The photoluminescence (PL) measurements were performed at Technical University at 

Berlin in the group of Prof. Dr. D. Bimberg. PL was conducted on the GaAs(2 5 11)A, B 

and GaAs(001) substrates. The InAs islands were overgrown with 50 nm of GaAs. The first 

10 nm were grown at the sample temperature of 450 °C, and then it was raised to 520 °C in 

order to improve the quality of the GaAs cap layer. PL was performed in a closed cycle He 

cryostat at 10 K using the 514.5 nm line of an Ar+ laser for excitation and a cooled Ge pin 

diode for detection. Excitation densities were set between 5 W/cm2 (less than one exciton 

per QD) and 5000 W/cm2 (more than one exciton per QD).  PL was spectrally dispersed by 

a 0.3 m monochromator and detected using lock-in techniques. Note, that the STM 

measurements require highly doped GaAs substrates, whereas for the PL measurements 

one usually uses semi-insulating GaAs in order to reduce the background signal from the 

doping levels. Since our group specializes in the STM technique, doped substrates have 

been mainly in funds, which resulted in high background intensity in the PL spectra. 

 

 31



3 InAs quantum dots on GaAs(113)A* 
 

3.1 Introduction 

From all known high-index GaAs surfaces, the (113)A is the ’’oldest’’ one: first surface 

structure investigations on it are dated in the middle of the Eighties.  Such a long history 

can be explained by its rather complicated reconstruction as well as its possibility to serve 

as a substrate for different low-dimensional heterostructures. Low defect and dislocation 

density for InAs/GaAs(113)A interfaces has already been reported from 

photoluminescence measurements [Xuh99, For98, San98]. The structural properties of the 

QDs were investigated using atomic force microscopy (AFM) [Xuh99] or ex situ STM 

from decapped samples [Hen98]. An arrowhead-like shape has been observed and 

attributed to faceting of the GaAs(113)A surface [Hen98]. However, the Miller indices of 

the QD bounding facets have not yet been determined, and there was no report on any in 

situ STM investigations for QDs on GaAs(113)A. Here we prepared InAs QDs on 

GaAs(113)A by molecular beam epitaxy (MBE) and acquired in situ atomically resolved 

STM images of  the QDs. A motivation for this work was to show the evolution of the 

InAs QDs with atomic resolution and to find another explanation for the observed 

nonconventional shape of the islands, because recent experiments of our group [Gee99, 

Jac02] had demonstrated the stability of the GaAs(113)A substrate. 

 

3.2 Geometry of the bulk-truncated GaAs(113)A surface 

The top view of the bulk-truncated (113)A surface is shown in Fig.3.1(a). The surface 

exhibits twofold-coordinated As atoms and threefold-coordinated Ga atoms in the topmost 

layer. A primitive unit cell is rhombic. However, experimental findings are better described 

with a rectangular unit cell that is twice as large as the rhombic one. The lengths of the unit 

cell vectors for the latter are given for the GaAs (InAs) (113)A surface as 4.0 Å (4.3 Å) 

along  [110] and 13.3 Å (14.3 Å) along [3 3 2]. The ideal (bulk-truncated) (113)A surface 

also exhibits a (110) symmetry plane. The side view of the model is shown in Fig.3.1(b). 

The spacing between (113) planes for GaAs (InAs) is equal to 1.70 Å (1.82 Å). (The 
                                                 
* Generally, our definition of the A and B faces will be: A surface in the vicinity of (111)A (with threefold 
coordinated Ga atoms) is an A face, and a surface in the vicinity of (111)B (with threefold coordinated As 
atoms) is a B face. 
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GaAs(113)B surface has the same geometry with exchanged positions of Ga and As 

atoms.) 

Ga

As

(b)
(113)A

(113)B

(a)

___

[110]
[113]

[332]
__

_

[110]

[113]

[332]
__

_

_

 
Figure 3.1: Structural ball and stick model of the ideal GaAs(113)A surface viewed from (a) top, 

and (b) side. The dashed rhombus indicates the primitive unit cell and shaded rectangles the 

rectangular unit cell used in this work. The (-1,1,0) plane running perpendicular to the figure plane 

divides the surface into two symmetrical parts, i.e., is a surface mirror plane. 

 

Interestingly, each As surface atom has one Ga neighbor. Since the atoms are differently 

coordinated, the ECR yields a charge deficit of –3/4 electrons per unit cell. Chadi [Cha85] 

calculated the atomic and electronic structures of the relaxed GaAs(113)A-(1x1) surface 

using the tight binding approximation and found that its surface structure is metallic with 

partially filled surface bands. Also a simple dimerization of the twofold-coordinated As 

atoms would result in an excess charge of +1 electron per unit cell, which is expected to be 

of high surface free energy and not stable as well.  Therefore, the GaAs(113)A surface 

should find another more complicated reconstruction to reach a minimization of the total 

surface energy.  

 

3.3 The reconstructed GaAs(113)A surface: a literature survey 

According to the available publications, the following very contradictory results on 

GaAs(113)A prepared under typical MBE growth conditions have been reported: 1) The 

GaAs(113)A surface is faceted with a period of 32 Å and a height of 10.2 Å; 2) the 

GaAs(113)A surface and the AlAs/GaAs(113)A interface are flat; 3) the GaAs(113)A 

 33



surface exhibits an (8x1) reconstruction with a period of 32 Å and a height of only 3.4 Å; 

and 4) no long-range ordered reconstruction is observed. 

1) Based on the results mostly derived from the RHEED measurement Nötzel et al. 

claimed the formation of macrosteps on the GaAs(113)A surface comprised of two sets of 

{331} facets oriented along the [33 2 ] direction [Noe91, Noe95, Noe00, Led03]. The 

lateral periodicity of 32 Å (8 times the length of the unit cell along [110], cf. Fig.3.1(a)) 

was determined from the splitting of the zeroth-order streak observed along [33 2 ] into 

sharp satellites and the height of the steps of 10.2 Å from the splitting along its length. The 

GaAs(113)A surface was composed of periodical short (113) terraces (4 Å width) and the 

two sets of (313) and (13 3 ) facets corresponding to upwards and downwards steps of 10.2 

Å height, which the authors claimed to confirm by cross section high resolution 

transmission electron microscopy (HRTEM) [Noe92]. The breaking of the flat 

GaAs(113)A surface was used for the synthesis of corrugated AlAs/GaAs(113)A 

superlattices, which exhibit optical properties characteristic for quantum wires. The strong 

optical anisotropy shown by means of photoluminescence (PL) and photoluminescence 

excitation (PLE) spectra was claimed to be induced by the interface corrugation.  

2) The RHEED and HRTEM measurements performed by Brandt et al. [Bra93] showed no 

corrugation on GaAs(113)A. The authors did not find the vertical splitting of the main 

streak in the RHEED pattern and observed a growth mode different from layer-by-layer 

growth mode of GaAs and AlAs reported by [Noe91]. The PL spectra were also found to 

be unpolarized with respect to a rotation in the surface plane. Hsu et al. [Hsu94] confirmed 

the results by Brandt et al. and showed with RHEED and cross section TEM a smooth two-

dimensional crystal growth, realized on GaAs(113)A, and sharp and flat heterointerfaces. 

The authors supposed that the appearance of Nötzel corrugations might stem from the 

arsenic deficiency during the growth process. However, any model for the stable, smooth 

GaAs(113)A surface that would obey the ECR, was not proposed in both referred papers.  

3) A new structural model that fulfils the ECR, was proposed by Wassermeier et al. 

[Was95] using in situ RHEED and STM (the latter was really a brilliant instrument in that 

case that could solve such a complicated task.) The first-order bulk diffraction spot showed 

up the shadow edge of the 16th diffraction streak with a lateral periodicity of 32 Å 

perpendicular to the [33 2 ] direction. In contrast to the Nötzel observation, no clear 

splitting along the streaks was found. An STM filled-state image revealed a (8x1) 
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reconstruction with a corrugation of only 3.4 Å and with zigzag chains of As dimers on the 

upper layers. Many other publications confirmed the Wassermeier model, e.g., the 

kinematical RHEED simulation of different structures on GaAs(113)A performed by 

Braun et al. [Bra96]. Platen et al. [Pla99] reported on the ab initio-total energy calculation 

for the (8x1) reconstruction and extracted a very low value for the surface energy of 47 

meV/ Å2, which is well comparable with the known low-index surfaces [cf. appendix 1.1]. 

By means of LEED and surface core-level spectroscopy, Setzer et al. [Set99] found good 

agreement of the results with the Wassermeier model and no agreement with the Nötzel 

model. Vorob´ev et al. [Vor00] also confirmed the occurrence of (113)A-(8x1) on both 

GaAs and AlAs surfaces by RHEED and found, by HRTEM, a strong modulation in the 

thickness, related to a wavy morphology of GaAs(113)A. We will return to this point later.  

4) Moriarty et al. [Mor97] investigated the decapped GaAs(113)A surface using both 

STM and synchrotron radiation photoemission. Core-level photoelectron spectra supported 

the As dimers to be the main part of the reconstruction. The STM results revealed the 

unbroken As dimer rows extended over much shorter length scales than reported by 

Wassermeier et al., though. A (8x1) reconstruction was not observed. Instead, the local-

ordered 3x, 5x, and 2x periodicity along [110], failing to confirm the ECR, was reported. 

Periodic faceting of the GaAs(113)A did not also occur. Interestingly, Lubishev et al. 

[Lub98] investigated the InAs(113)A surface (grown as a thick buffer layer on 

GaAs(113)A) and found, by in situ RHEED, two stable structure, namely (2x15) and (1x5). 

Ex situ LEED and STM measurements revealed the surface consisting of the As dimer 

rows with the above-mentioned periodicity. Neither a Wassermeier nor a Nötzel 

reconstruction was observed. 

Being rather complicated on the microscopic scale the GaAs(113)A surface also shows 

unusual anisotropic roughness on mesoscopic areas. Nötzel et al. [Noe94] observed by 

scanning electron microscopy controlled step bunching during MOVPE growth. This led to 

a one-dimensional array of facets oriented along [33 2 ] with a lateral periodicity tunable 

upon growth temperature and layer thickness. The facets were built up from asymmetric 

quasiperiodic step arrays. The phenomenon of step bunching was attributed to differences 

in the incorporation of adatoms at the step edges. On MBE prepared GaAs(113)A 

Wassermeier et al. [Was95] found by large-scale STM images that the highly anisotropic 

surface roughness of 5 monolayers was actually typical for this surface. This might give 

rise to an anisotropy in the exciton confinement and interface roughness scattering, 
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reported by Nötzel et al. [Noe91]. Pristovsek et al. [Pri98] observed on the MOVPE 

prepared GaAs(113)A surface by AFM a wavy morphology with the average lateral 

distances between the waves in the [110] direction of about 400 Å after the IBA treatment 

of samples to the 800 Å after buffer layer growth. The waves, pointed along [33 2 ], 

exhibited a tilt angle to the substrate of 1° to 10°. Geelhaar et al. [Gee99] found by STM 

one-dimensional islands extended along [33 2 ] that also fulfill the ECR by propagation. 

The authors suggested that the growth on GaAs(113)A-(8x1) took place mostly by the 

propagation along [33 2 ] which was in agreement with the strong azimuthal dependence of 

RHEED oscillations on InAs(113)A, reported by Lubishev et al. [Lub98]. Finally, Jacobi et 

al. [Jac02] found by STM a remarkable waviness along [110] direction on GaAs(113)A. 

After growth of about 1800 Å of GaAs buffer layer the surface consisted of arrowhead-like 

depressions pointed along [33 2 ], which were 20 Å deep and ~3000 Å long. The walls of 

the depressions were built up from a (3 7 15)A surface identical to staggered zigzag chains 

of the (8x1) Wassermeier reconstruction. 

2

 

3.4 The reconstructed GaAs(113)A surface: our own results 

After the deposition of the 500 Å thick GaAs buffer layer as described in chapter 2.9, the 

GaAs(113)A surface shows the (8x1) reconstruction reported in reference [Was95]. The 

variation of temperature from 400 °C to 600 °C for samples under As2 flux does not affect 

the surface structure. Characteristic RHEED patterns of this reconstruction during 

preparation (in the annealing stage) are shown in Fig.3.2(a, b). The electron beam is 

incident along [110] and [33 ], reflecting the periodicity of the rectangular unit cell in 

perpendicular directions in real space. The RHEED patter in the [110] direction yields a 

period equivalent to ~6.6 Å in real space, which corresponds to a half of the length of the 

bulk-truncated unit cell along [33 2 ]. Note that due to the face-centered unit cell only the 

even reciprocal-lattice-rods contribute to the RHEED pattern [Set99, Mar02]. Therefore, 

the reconstruction exhibits a 1x periodicity along [33 2 ] in real space. A 8x periodicity 

(32 Å) can be measured from Fig.3.2(b). However the super structure reflexes there are 

rather weak. The images acquired at room temperature after preparation (without As2 

supply) are shown in Fig.3.2(c, d). The splitting of the zeroth-order streak along [33 2 ] is 

not observed in both cases. The RHEED patterns during and after preparation are identical, 
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except for the background intensity. This clearly indicates that the (8x1) reconstruction 

does not change during quenching process, and the subsequent growth of heterostructures 

occurs on the same surface that can be viewed by room temperature STM. It is evident that 

GaAs(113)A is much better ordered along [33 2 ] than along [110], and exhibits many 

periodicity interruptions (e. g. steps) along [110]. However, the RHEED measurements 

clearly show only one reconstruction, that is (8x1). 

(b)

(d)

3 3

          

(a)
2020

[110] 
00 0202

[332] 

(c)
00 2020 [110] [332] 00 0202

 
Figure 3.2: RHEED patterns of the GaAs(113)A-(8x1) reconstruction acquired (a),(b) during 

preparation at a sample temperature of 450 °C and As2 flux and (c),(d) after preparation at room 

temperature without As2 supply. The vertical lines at the top of the images indicate the diffraction 

streaks of the zero-ordered Laue circle. The specular spot in numbered as 00. The angle of electron 

incidence is smaller for the RHEED pattern during preparation. The length of the marker in Fig. 3.2(b) 

corresponds to the reciprocal lattice constant of bulk GaAs. The acceleration voltage is 10 kV. 

 

Zigzag chains of As dimers extending along [3 3 2] are characteristic elements of the 

GaAs(113)A-(8×1) Wassermeier reconstruction as depicted schematically in Fig.3.3(a). 

The reconstruction comprises three atomic layers with an overall corrugation of 3.4 Å and 

exhibits the largest unit cell among the known GaAs reconstructions: 32.0 Å along [110] 

and 13.3 Å along [3 3 2]. The zigzag chains in the top and the middle layer are phase 

shifted by a quarter of the unit cell in the [ 2] direction. Between the middle zigzag 

chains in the (8×1) unit cell there is a trench containing As and Ga dangling bonds (DBs) 

from the third layer. The ECR applied to GaAs(113)A-(8x1) yields 16 Ga DBs, 

corresponding to an excess charge of +12 el, 20 As DBs (-15 el), and 6 As-As dimer bonds 

(+3 el). The sum is equal to zero. Thus, the structural model fulfills the ECR, and the 
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Figure 3.3 [Tem03b]: (a) Top view of the structural model for GaAs(113)A-(8 × 1). Atoms in the 

second and third layers are depicted with smaller circles. The As atoms in dimers are connected 

with black bars. The zigzag chains of As dimers are depicted with dotted lines; (b) atomically 

resolved STM image of GaAs(113)A-(8 × 1): the size of the image is (90 × 80)  Å2, sample bias 

voltage U = −2.5 V, sample current I = 0.24 nA. In the overlay As dimers are depicted with black 

circles and connected by dotted lines in accord with the structural model; (c) side view sketch of the 

structural model with {3 7 15}A surfaces arising on both sides of the (8x1) reconstruction. The 

horizontal black thick bars are assumed to contain both As dimers and Ga DBs from the same 

atomic layer. 

surface has a semiconducting ground state. The bulk-truncated (113) surface exhibits (110) 

as symmetry plane, but the (8×1) reconstruction suspends this symmetry. A small area 

STM image of GaAs(113)A is presented in Fig.3.3(b). We succeeded at the first time in 

atomically resolving the As dimers in the zigzag chains, i.e., the As dimers are imaged as 

two separated white clouds*. The overall corrugation measured from STM images is 

3.0±0.4 Å and the length of unit cell vectors is 32.5±0.5 Å and 13.0±0.5 Å, which nicely 

confirms the (8×1) reconstruction. Note that the surface, formed by continuously stacking 

of zigzag chains from middle to top to next top and so on, results in a (3 7 15)A surface 

[Gee02], two of which are schematically shown in Fig.3.3(c). Thus, not {331} surfaces 

tilted by 40.5° to (113)A but flatter {3 7 15}A surfaces tilted by only 9.7° contribute to the 
                                                 
* Because of the filled state STM imaging As derived features appear bright. 
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surface reconstruction. The (3 7 15)A-(1x1) reconstruction as well as its flat wafer will be 

considered in more detail in chapter 5. 

In reference [Jac02] it has been shown that GaAs(3 7 15)A and GaAs(2 5 11)A surfaces 

appear as side facets of arrowhead-like depressions, surrounded by the (8×1) 

reconstruction. This could not be reproduced in the present study. (The difference may be 

due to the buffer layer that was 1800 Å in the former studies compared to 500 Å in this 

work.) Under the preparation conditions used here the surface consists of fairly small (8×1) 

terraces with many islands 8±4 Å in height and (120±50 Å)×(400±200 Å) in lateral 

dimensions, which are seen in Fig.3.4(a) as large white hills elongated in the [3 3 2] 

direction (one of them is marked by a black arrow). The stripes along [3 3 2] are due to the 

As-dimer zigzag chains. The density of the hills is (3.7 ± 1.5)×1010 cm-2, which is of the 

same order of magnitude as the density of subsequently grown InAs QDs. Thus, these 

GaAs islands may act as nucleation centers for the InAs QDs: For the first few layers of 

InAs overgrowing the GaAs islands, strain relaxation on top of the island is more efficient 

than in a homogeneous InAs layer. This effect is similar to the strain-induced vertical 

stacking of InAs QDs on GaAs(001) surface [Eis99], where the lattice of the embedding 

material is expanded around the buried dot. Therefore, the QDs in the next layer of the 

stack prefer to form at these areas of expanded substrate lattice. 

A magnified STM image of a typical GaAs island is shown in Fig.3.4(b). On both sides 

of the island, {3 7 15}A facets develop along [3 3 2] by stacking of (8×1) As-dimer zigzag 

chains. A high-resolution STM image of one of the facets is shown in Fig.3.4(c). The facet 

is inclined to the (113)A substrate by 9±3° and exhibits the unit cell vectors a1=13.2±0.3 Å 

and a2=11.0±0.5 Å. (The geometrical values for the GaAs(3 7 15)A-(1×1) reconstruction 

projected onto the (113) plane are 9.7°, 13.3 Å and 10.5 Å, respectively.) The size of each 

facet is up to 100 unit cells. As the islands have a triangular shape, facets other than 

(3 7 15)A should develop as bounding facets. The {137}A* and {2 5 11}A** surfaces, 

whose intersection lines with the (113)A surface are tilted against [3 3 2] by 16.8° and5.7°, 

fulfil this requirement and were actually found in this region, as shown in Fig.3.4(d). 

However, no long-range ordered areas of these surfaces were observed. 

                                                 
* The reader can find the model for this surface in [Mar01] and its surface free energy calculation in appendix 
1.1 and 1.2. 
**In chapter 5 we will consider this recently discovered surface [Gee01] in detail.   
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Figure 3.4 [Tem03b]: (a) Overview STM image of GaAs(113)A-(8×1): (2620 × 2620) Å2 , U = −2.5 

V, I = 0.16 nA; (b) High-resolution STM image of GaAs(113)A-(8×1) with a 3D GaAs island: 

(685×685)Å2 , U = −2.5 V, I = 0.16 nA; (c) High-resolution STM image of the GaAs(3 7 15)A-(1×1) 

facet on the GaAs islands with the unit cell vectors: (74×74)Å2 , U = −2.5 V, I = 0.16 nA; (d) High-

resolution STM image of the spike of a GaAs island on GaAs(113)A-(8×1): (230 × 230)Å2 , U = 

−2.7 V, I = 0.2 nA. 

 

The appearance of high-index GaAs{3 7 15}A, {137}A, and {2 5 11}A surfaces on 

GaAs(113)A can not be explained by the surface free energy, because under As-rich 

conditions the respective values of 55 meV/ Å2, 56 meV/ Å2 and 52 meV/ Å2 [cf. appendix 

1.2] are greater than the value of 47 meV/ Å2, which was calculated for the GaAs(113)A-

(8×1) reconstruction [Pla99]. Probably, the shape of the GaAs islands is influenced by 

growth kinetics that was found to be very anisotropic on {113} surfaces [Was95, Gee99, 
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Lub98]. Finally, STM images in Fig.3.4 can account for the observed RHEED patterns in 

Fig.3.2. The periodicity of the As dimers in the zigzag chains along [33 2 ] in Fig.3.4(b) 

extends over several hundred of angstrom, whereas it is difficult to find the unperturbed 8x 

periodicity on the scale up to 100 Å. It is reflected in the much better order of RHEED 

pattern along [110] than along [33 2 ]. Also, the small 3D GaAs islands may contribute to 

the additional dispersion of electron beam, giving rise to rather diffusive GaAs(113)A 

patterns. The 3D GaAs islands are considered to be small in size to cause the appearance of 

clearly spotty RHEED pattern that is characteristic for mature large QDs. 

 

3.5 InAs (or InxGa1-xAs) QDs on GaAs(113)A grown by MBE: a literature survey 

The initial stage of InAs growth on GaAs(113)A was studied by Ilg et al. [Ilg93]. In situ 

RHEED showed the morphology of the surface to transform from corrugated (reported by 

the same group [Noe91]) to flat during InAs deposition of only 0.06 monolayer (ML) of 

InAs(001) . Thereby, the satellite peaks (splitting) of the zeroth-order streak were no longer 

visible, only the bulk streaks remained. From that study the authors assigned GaAs(113)A 

to be a very appropriate substrate for the production of low-dimensional heterostructures: if 

one deposits AlAs, the surface remains corrugated, resulting in the quantum wires; but if 

one deposits InAs, the surface becomes flat and can be used for self-organized In-

containing structures, like QDs. Contrary to that result, an increasing roughness of 

GaAs(113)A appeared by In0.5Ga0.5As deposition as reported by Vaccaro et al. [Vac96, 

Vac97]. The surface observed by AFM showed corrugated nanostructures like quantum 

wires along the [33 2 ] direction with a period of 350 Å. However, the temperature 

dependence of the radiative recombination time indicated that excitons were confined not 

in a 1D but in a 0D potential (QDs). The authors attributed this to the lack of uniformity 

along the wire-like structure that might produce a potential modulation large enough to 

confine carriers in zero dimensions. In addition, a delay of the SK transition (beyond which 

3D QDs appeared) on GaAs(113)A as compared to the (001)-oriented samples by the 

deposition of the same amount of In0.5Ga0.5As was reported. 

In0.5Ga0.5As QDs of superior quality with a full width at half maximum (FWHM) of the 

photoluminescence signal of only 13 meV were observed in references [Hay98, Pol98, 

Sto98]. The dot size was between 50 and 80 Å with a dot density of 4·1011 cm-2 as 

measured by AFM. 
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Henini et al. [Hen97] noticed a very broad InAs island size distribution by deposition of 

1.7 ML of InAs on GaAs(113)A. Multimodal sizes with a mean value of 358 Å and a 

deviation of 97 Å was observed using ex situ STM and was reflected in the structured PL 

spectrum, whose integrated intensity was comparable with the QDs on commonly used 

GaAs(001). In contrast, Fortina et al. [For98] showed a very narrow (~25 meV) FWHM by 

the 1.7 ML InAs QDs. The emission energy of such QDs was higher than for (001) 

reference dots, reflecting the smaller QD size. As the amount of deposited InAs was 

increased to 2.2-2.7 ML, the PL efficiency dropped by as much as 100 times with 

simultaneous broadening of PL spectra. It was assumed, that the QDs could reach a 

maximum size before the onset of coalescence between dots with formation of grain 

boundaries and dislocations able to reduce the number of luminescent dots. 

Henini et al. [Hen98] found that 1.7 ML InAs QDs exhibited a nonconventional, faceted, 

arrowhead-like shape, aligned in the [33 2 ] direction (however without determination of 

this shape). A scenario of QD formation was proposed in the same paper based on the 

corrugated model for GaAs(113)A reported by [Noe91]. By measuring the polarization 

dependence of the optical transitions the authors showed that the QDs acted as polarized 

emitters with a ~13 % fraction of the total intensity polarized along [33 2 ]. Such an effect 

made the InAs QDs on GaAs(113)A promising candidates for polarization sensitive 

applications as magneto-optic disc memory devices. 

On the contrary to almost all above-mentioned papers Lobo and Leon [Lob98] reported 

on InAs QDs with a low density of only 7.4·108cm-2 after deposition of 18 Å (6 ML) of 

In0.6Ga0.4As. By means of AFM the small islands were determined to be lens shaped, while 

the large ones were faceted and elongated along [33 2 ]. The authors concluded that both 

types of islands might be incoherent. In contrast to this, Xu et al. [Xuh98] demonstrated, 

not only by means of AFM but also by the linear dependence of PL intensity on the 

excitation power, high crystal quality and defect-free nature of InAs QDs on GaAs(113)A. 

Opposite to the QD ensemble reported in reference [For98], Xu et al. showed a quite broad 

size distribution for 1.5 ML InAs QDs, which was actually bimodal.  

Important information was provided by Sanguinetti et al. [San99] by means of ex situ 

STM and PL. The authors showed that a stable and reproducible polarization of the 

emission from InAs/GaAs QDs could be obtained only using (113)A oriented substrates. 

On others surfaces polarization fluctuation, both in magnitude and direction, had been 

observed. Moreover, on (113)A, the polarization ratio and direction was independent on the 
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coverage, i.e., on the dot size. An estimate of the mean size of 1.7 ML InAs QDs gave a 

length of 300 Å along [33 2 ], a height of 50 Å, and a width of 100 Å along [110]. These 

data clearly indicated, that the observed polarization ratio ρ=(I1-I2)/(I1+I2)=0.12±0.03, 

where I1 and I2 corresponded to the PL intensity along [33 2 ] and [110], respectively, was 

only possible on the QDs with a significant larger length than a width. In a later paper 

[San00] this group did not observe the SK transition using AFM and ex situ STM following 

In0.5Ga0.5As deposition on GaAs(113)A, which disagreed from earlier results [Vac96, 

Vac97, Hay98, Pol98, Sto98]. 

As can be seen from this literature survey, the faceted shape of the InAs (or InxGa1-xAs) 

QDs has not been discovered, because nobody has used for this purpose in situ STM. The 

elongation, observed by several groups, is explained mainly with the Nötzel model for 

GaAs(113)A [Noe91], that was shown in the chapter 3.4 to be incorrect, at least under the 

preparation conditions, used in this study. We note that nearly simultaneously with our 

paper [Tem03] (but a month later) the group of G. Salamo (USA) [Wan03] submitted a 

paper to Applied Physics Letters, whose results on the shape of InAs QDs were in broad 

agreement with ours, presented in the next section.  

 

3.6 InAs QDs on GaAs(113)A : our own results 

Preparation conditions for the InAs deposition are described in chapter 2.9. In contrast to 

[Ilg93] we state that the GaAs(113)A surface becomes more corrugated and even 

disordered when depositing InAs. The large-area STM image of the InAs wetting layer 

(WL) on GaAs(113)A in Fig.3.5(a) reveals that the large white hills elongated along [3 3 2] 

still remain, but that the density decreases to < 1010 cm-2 and the height and lateral 

dimensions are less well defined. An atomically resolved STM image in Fig. 3.5(b), 

acquired from the WL between the white hills, shows the disappearance of any flat region 

on the surface. Poorly ordered small 3D arrowhead-like hills develop instead of the original 

(8×1) reconstruction. The large and small 3D hills are pointing along [3 3 2] with walls 

built up from a mixture of {3 7 15}A, {2 5 11}A, and {137}A surfaces.* (In Fig.3.5(c) a 

(137)A facet is shown.) The reason for the strong undulation of the WL is probably that the 

strain in InAs is partially relaxed at the 3D hills so that a surface rich of hills may be 

                                                 
* A similar behavior of the WL was observed by depositing In0.5Ga0.5As onto GaAs(113)A [Vac96]. The QD 
like 0D potential reported there might be caused by these large hills since the arrowhead shape limits them. 
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favorable for the growth of an InAs adlayer. Also, from the surface-energy point of view, 

covering the GaAs surface by InAs is favorable since the surface free energy of 

InAs(3 7 15)A, (2 5 11)A, and (137)A is 42, 41, and 44 meV/ Å2, respectively, i.e., lower 

then the respective values for GaAs [cf. appendix 1.2 and 1.3]. This property certainly 

favors, at least at the beginning, a smoothly following of every substrate roughness. 

However, no long-range ordered areas of these surfaces were observed after InAs 

deposition. Overall, the WL exhibits a rather chaotic morphology. 

 

   

(137)

 
Figure 3.5 [Tem03b]: STM images of the InAs WL on GaAs(113)A. The thickness of deposited 

InAs is 1.1 ML; (a) (4000 × 4000) Å2, U = −3.0 V, I = 0.5 nA; (b) (1000 × 1000) Å2, U = −3.0 V, I 

= 0.2 nA; (c) turned by 90° with respect to (a) and (b) (480 × 165) Å2, U = −3.0 V, I = 0.2 nA.  

 

Fig. 3.6(a) shows an STM image with InAs QDs grown on GaAs(113)A. The critical 

thickness at which the 3D QDs are formed (established with RHEED) at 450 °C is 1.5 ± 0.2 

ML. The fairly broad size distribution (shown in Fig. 3.6(b)), the arrowhead-like shape of 

many islands, and the large number of nuclei are apparent. The measured QD length along 

[33 2 ] lies between 300 and 600 Å, with a peak of 35 % at 375±25 Å. The mean height is 

60 Å and the overall number density is 9.5x109 cm-2. The highly disordered, undulating 

morphology on the (113)A surface before the SK transition exhibits a very inhomogeneous 
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strain distribution. The large hills protruding from the WL, observed in Fig. 3.5(a), can be 

considered as QD nucleation places since in the 3D structures InAs can better relax than in 

such a 2D film. As these hills exhibit largely varying lateral dimensions, the strain relieve 

may be different, implying different times for nuclei formation. This is evidently seen in 

Fig. 3.6(a), where side by side with mature QDs small nuclei emerge. In addition to that, 

the QD growth process may proceed with different rates on different places, because of the 

non-uniform strain and therefore, non-uniform flux of InAs from the WL to the islands. 

Thus, the morphology of the bare GaAs substrate and subsequently grown InAs the WL 

may account for the observed broad size distribution of QDs. Since the nucleation and 

growth processes occur inhomogeneously, the GaAs(113)A substrate offers an unique 

opportunity to retrace the kinetics of the QD growth from the nucleus through an 

intermediate size to the final elongated QDs. 
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Figure 3.6 [Tem03] (a) Overview STM image with InAs QDs grown on GaAs(113)A. White circle 

indicates a nucleus. The size is 1 µm × 1µm. U = −3 V, I = 0.1 nA; (b) Column diagram of the 

length of the InAs QDs along [3,3, -2] distributed to different QD number densities. 

 

Figure 3.7(a) shows an STM image of a typical nucleus (its 2D version is presented in 

Fig. 3.7(b)). The exact azimuthal directions on the substrate were determined from the 

atomically resolved wetting layer as well as from wafer manufacturer data. The nuclei have 

a triangular shape elongated towards [3 3 2] with the height up to 13 Å. The bounding 

facets are inclined to the substrate by 8±4° and exhibit the stripe-like structure with the 

width of three As dimers, that is characteristic for the {2 5 11}A surfaces [Gee01] (the 
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geometric angle between {2 5 11} and (113) planes is 10.0°). However, the {2 5 11}A 

facets coexists with the (137)A areas, as wider stripes up to six As dimers are also seen on 

the nucleus in Fig. 3.7(a). Thus, the QDs start to grow with very flat, low-energy surfaces, 

e.g., {2 5 11}A or (137)A. Since the later developing QDs are elongated along the opposite 

[33 2 ] direction a shape transition should occur with appearance of facets different from 

that on the nuclei. 

 

 
Figure 3.7 [Tem03b] (a) 3D STM image of a QD nucleus grown on GaAs(113)A: (440×440) Å2, U 

= −3.0 V, I = 0.1 nA. The stripes of {2 5 11}A facets are indicated by the bars at the nucleus foot; 

(b) 2D version with two nuclei, indicated by white arrows: (750×750) Å2, U = −3.0 V, I = 0.184 nA. 

 

It is fascinating, how perfect crystalline islands form on a disordered WL on the 

GaAs(113)A surface shown in Fig. 3.5(b). Figure 3.8(a) presents an STM image of a 

typical InAs QD with a height of 45 Å. This QD adopts an intermediate size between the 

nucleus and the elongated island in the final growth state (see below). The QD exhibits 

mirror symmetry with respect to the )101(  plane perpendicular to the (113)A substrate 

plane along ]233[  as the bulk-truncated substrate. The island comprises two symmetrical 

facets 1, a frontal facet 2, two small facets 3 on the summit and a rounded region 4. 

The facets 1 shown in Fig. 3.8(b) are identified to be {110} planes from following STM 

measurements: The facets are inclined to the (113)A substrate by 29 ± 4° and exhibit the 

unit cell vectors u1 = 3.8 ± 0.2 Å and u2 = 5.5 ± 0.2 Å. The geometrical values for the 

InAs(GaAs){110} surface projected to (113) are 31.5°, u1=3.9 (3.6) Å and u2=5.8 (5.4) Å, 
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Figure 3.8 [Tem03] Atomically-resolved STM images (error signal ≡ constant height mode) of (a) 

a QD on GaAs(113)A with four characteristic regions: (283 × 283) Å2, U = − 3V, I = 0.322 nA; (b) 

the (011) or (101) facet: (37 × 37) Å2, U = −3.1 V, I = 0.135 nA; (c) the (111)A-(2x2) reconstructed 

facet: (98 × 98) Å2, U = −3V, I = 0.322 nA, and (d) {2 5 11}A-(1 × 1) reconstructed facets on the 

summit of the QD: (110 × 110) Å2, U = −2.5V, I = 0.33 nA. 
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respectively. It is interesting to note that on the left facet 1 in Fig. 3.8(a) (on the (101) 

surface) a 2D embryo one ML high expands from the middle of the facet to the bottom. A 

nucleation site at the bottom edge was calculated to be of the highest strain energy, so that 

the InAs material must be strongly compressed before incorporation into the QD crystal 

[Jes98, Mol98]. This quite general model obviously does not apply here. The observation 

of such an island further indicates that the (110) facets grow rather slowly otherwise a full 

facet layer would have been developed during shutting off the Knudsen cells. 

The triangular facet 2 shown in Fig. 3.8(c) is a (111)A-(2×2) reconstructed surface as 

derived from following measurements: It is inclined to (113)A by 26±4° and exhibits a 

rhombic unit cell with the vector u=8.0±0.4 Å. Geometrical values for the In(Ga) vacancy 

buckling model of the (111)A-(2×2) reconstruction [Ton84, Cha84] are 29.5° and u=8.6 

and  7.8 Å (8.2±0.4 Å in the following) (7.6±0.4 Å, GaAs). The filled state STM image in 

Fig.3.8(c) is also very similar to that acquired from the planar GaAs(111)A-(2×2) surface 

[Oht01].The facets 3 on the summit of the island (Fig.3.8(d)) are {2 5 11}A reconstructed 

surfaces as extracted from the following measurements: The angle to the substrate and the 

lengths of the unit cell vectors are 7±3°, u1=11.5±0.5 Å and u2=21.7±1.0 Å, respectively. 

The geometrical values for the InAs(GaAs) {2 5 11}A-(1×1) reconstruction [Gee01, 

Gee02] are 10.0°, u1=11.3 (10.5) Å and u2= 20.2 (18.8) Å. The small {2 5 11}A facets are 

residual elements that vanish when the QD achieves the final elongated shape.  

The region 4 in Fig. 3.8(a) exhibits a complex structure that on the intermediate-size 

islands appears to be rounded. From geometrical considerations, the (001) surface, that is 

inclined to (113)A by 25°, should develop in this area. The sphere-like shape of the region 

4 may be caused by the preferential migration of In atoms from all directions, i.e., from the 

slower growing {110} and (111)A facets and the (113)A substrate to the faster growing 

(001) surface [Yam99, She95, Noe96] that might develop at some initial moment during 

the formation of the island. Then the (001) surface transforms into the symmetrical vicinal 

(001) stacking giving rise to the round shape, that prevents us from acquiring atomically 

resolved STM images. 

Sanguinetti et al. [San98, San99] concluded by the measurement of the PL polarization 

emission that the InAs QDs retained the same length/width ratio (about 3) while changing 

the size. This could not be reproduced in our study. Figure 3.9(a) shows a length/width 

ratio distribution of the InAs QDs measured from STM images with atomic resolution. The 

quite broad distribution exhibits a maximum of ~34 % for the ratio equal to 1.3. This peak 
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we assigned to the intermediate size of the QDs (one of them is shown in Fig. 3.8(a)). All 

other islands tend to be elongated, achieving the length/width ratio of 1.4-2.4 and adopting 

a final shape shown in Fig. 3.9(c) (with ratio equal to 2.3). In comparison to the 

intermediate size QDs there is a drastic reduction in size of the (111)A facet (the length of 

the edge between (111)A and (113)A decreases from (116±30) Å for the intermediate size 

QD to (60±20) Å for the elongated QDs). The islands with the atomically resolved rounded 

region 4 undergo in addition a partial flattening with appearance of (113)B facets. Such a 

development means that − from one moment on − In and As are incorporated mainly at 

(111)A so that (111)A becomes smaller owing to geometrical reasons while long {110} 

surfaces are formed on both sides of the island. Also, the {2 5 11}A facets expected at the 

summit are largely reduced in size. Note that our elongated islands did not reach a ratio of 

3, reported for the coherent QDs in [San99], i.e., they are expected to be coherent as well. 

Why is an elongation scenario realized instead of proportional growth of the intermediate 

shape shown in Fig. 3.8(a)? We believe that generally the (001) facet grows with the largest 

rate as reported in experiments of simultaneous growth of low-index surfaces on patterned 

GaAs substrates [Yam99, She95, Hir99, Kis00], whereas other facets on the QDs on 

GaAs(113)A grow rather slowly. The growth rate of the rounded region is certainly further 

increased by the high step density on the vicinal (001) surface*. When the islands adopt the 

final shape elongated along [33 2 ] (Fig. 3.9(c)), the vicinal (001) region partially 

transforms in two flat surfaces, that were identified to be B)131(  and B)311( . They are 

well connected with the {110} facets as shown in Fig. 3.9(b). The B)131(  or B)311(  

surface is inclined to (113)A by 40±5° and exhibits the unit cell vectors u1=4.1±0.2 Å and 

u2=13.0±0.3 Å. The geometrical values are 35.1°, u1=3.9 (3.6) Å and u2=13.7 (12.8) Å. 

Note that these values correspond to the bulk-truncated InAs(GaAs) B)311( -(1×1) 

surface (with respect to the face-centered rectangular unit cell). However, the (2×1) 

reconstruction with In dimers on the surface instead of the (1×1) reconstruction cannot be 

excluded, because the In dimers should be invisible in filled-state images. 

 

 

 

                                                 
* Actually, the elongation of the QDs (beyond the ratio 1.3) can also proceed by the growth of only (001) 
region but in that case the size of the (111)A facet would not diminish. 
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Figure 3.9 [Tem03] (a) Column diagram for the ratio of the length along [3,3,-2] divided to the 

width along [-1,1,0] in percent of all measured InAs QDs on GaAs(113)A; (b) the border between 

the (011) and the (-1,1,3)B-(1×1) facet: (63×63) Å2, U = −3.1 V, I = 0.135 nA; (c) 3D STM image 

of an elongated InAs QD grown on GaAs(113)A: U = −2.5V, I = 0.33 nA. 
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Opposite to the epitaxy on GaAs(001), where the As2 molecules can adsorb without being 

dissociated, i.e., can be incorporated as As dimer [Kra02], for the growth of GaAs(113)B, 

the As2 molecules must always be dissociated [Suz02]. Very likely, the occurrence of 

(113)B facets decreases the growth rate at the rounded region strongly since breaking As-

As bonds requires some additional energy. Furthermore, the {110} and (113)B surfaces 

seem to fit very smoothly at the edge between them (see Fig.3.9(b)) that may decrease the 

probability to form an embryo in this region and therefore, may also decrease the growth 

rate of the {110} facets. Owing to the − with respect to ]101[  − larger diffusion length in 

the ]233[  direction [Noe97] the In atoms are then incorporated mainly at the (111)A facet 

whose edge with the (113)A substrate also allows the incorporation of As2 molecules 

without dissociation. This is indicated schematically in Fig. 3.10: In our model two In 

atoms are adsorbed at the edge whereby an As-dimer bond is broken. These two In atoms 

together with two In atoms from the (111)A facet can bond an As2 molecule without 

dissociation as a new dimer. This dimer may be broken up by further In atoms and a new 

layer on the (111)A facet starts to grow. During further growth the (111)A facet decreases 

in size and induces even faster growth rate due to the reduction of energy barrier to 

complete the facet [Jes98]: As shorter the length of the edge between (113)A and (111)A as 

smaller is the strain and as easier is the growth of the next layer of the (111)A facet. The 

QD adopts the elongated shape*. 

We note that very large {2 5 11}A facets were observed on top of the InAs QDs on 

GaAs(113)A by Wang et al. [Wan03]. We believe that this only difference with our results 

is in the different As2 pressure, which was larger by an order of magnitude in [Wan03]. The 

surface free energy of the InAs(110) cleavage plane (41 meV/ Å2, cf. [Wan99]) is 

independent of the chemical potential of As2 whereas the surface energy of the GaAs(2 5 

11)A-(1x1) reconstruction increases towards Ga-rich conditions (cf. appendix 1.3). This 

means that — similar to the GaAs surfaces — the difference between energies of both 

surfaces was larger in the present study and therefore, the InAs(2 5 11)A facets vanished 

from the QDs leaving behind the InAs{110} facets. Our results support the idea that both 

kinetics and thermodynamic energetics control the growth of the QDs. 

                                                 
* Note that this mechanism may account only for the elongation of the QDs but not for the broad size 
distribution. After the island becomes elongated it can further grow with the rates depending on the 
inhomogeneous strain distribution in WL, which then results in the broad size distribution. 
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Figure 3.10 [Tem03b] Ball-and-stick model of one corner of the InAs QD grown on GaAs(113)A. 

The As atoms are marked in different gray scales: black for the (113)A substrate, dark gray for the 

(111)A facet of the QD and light gray for the (101) facet of the QD. A first growth nucleus at the 

edge between the (113)A substrate and the (111)A facet is drawn. The edges between (111)A and 

{110} facets are depicted by dotted lines. 

 

3.7 Conclusion 

Our results are summarized in Fig.3.11. Depending on growth stage, we observe two QD 

shapes, which differ in relative facet sizes but not in symmetry and azimuthal orientation. 

In the early stage of the growth, the shape of the InAs QDs is given by {110} and (111)A 

bounding facets, {2 5 11}A facets at the summit and a rounded region, probably due to a 

stacking of vicinal (001) surfaces (see solid line). Later in the growth, the QDs become 

elongated along [33 2 ] with a size reduction of the (111)A facet induced by a partially 

flattening of the rounded region (see dotted line) by (113)B facets which obviously slow 

down the growth rate in this region. Thus, we do not attribute the arrowhead-like shape to 

faceting of the GaAs(113)A surface [Hen98] but to facet growth kinetics. 

The morphology and atomic structure of the wetting layer seems to have an important 

influence on the QD formation process. The intrinsic undulation of the GaAs(113)A 

surface becomes much more pronounced with depositing InAs. As the roughness exhibits 

largely varying lateral dimensions, the strain relieve is different implying different times  
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Figure 3.11 [Tem03] Shape of InAs QDs on GaAs(113)A derived from STM measurements. The 

solid line represents the QD shape briefly after the SK transition; the dotted line shows elongated 

QDs after further growth. 

 

for nuclei formation. The QD growth process after the SK transition may also proceed with 

different rates on different places, because of the non-uniform strain and therefore, non-

uniform flux of InAs from the WL onto the islands. Thus the morphology of the bare GaAs 

substrate and the subsequently grown InAs WL is responsible for the observed broad size 

distribution of QDs. Since the nucleation and growth processes occur inhomogeneously on 

GaAs(113)A we can retrace the elongation kinetics of the QDs as well as show that the 

islands start to grow with the very flat {2 5 11}A and (137)A facets. 

Generally, it is interesting to note that low-index facets develop on high-index 

GaAs(113)A and vice versa on low-index GaAs(001) [Mar01]. Also, the symmetry of the 

QDs derives directly from the ideal unreconstructed substrate, which unambiguously 

proves epitaxial growth. Taken at all, the GaAs(113)A is not an excellent substrate for 

producing of the QDs because of their broad size distribution and a simple turn of the (113) 

wafer from the A-to the B-side can yield much better QD ensembles as will be shown in 

next chapter. 
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4 InAs quantum dots on GaAs(113)B 
 

4.1 Introduction 

Early publications of our group based on in situ STM observations have shown that the 

GaAs(113)B surface is not a simple mirroring of the surface structure known from 

GaAs(113)A [Mar00, Mar02, Jac02]. Firstly, for the B face one should distinguish between 

As and Ga rich reconstructions; secondly, the morphology of GaAs(113)B is rather smooth 

for both reconstructions and differs largely from those on the A face, shown, e.g., in 3.4. 

The latter means that GaAs(113)B is a suitable substrate for QD growth. Indeed, the 

community has reported on InAs (or InxGa1-xAs) QDs grown on GaAs(113)B with even 

better optical properties than on the commonly used GaAs(001) substrate, e.g., with smaller 

PL linewidth (FWHM) and larger integrated intensity [Nis96, Pol98a, For98]. In addition, 

an ordering alignment of InxGa1-xAs QDs with In content x<0.5 occurs only on 

GaAs(113)B but not on other stable surfaces [Xuh99, Kaw99]. All these facts make an 

attempt to study QD formation on the B face very important. InAs QDs have been 

investigated using atomic force microscopy [Nis96, Guo98, Guo99] or ex situ STM from 

decaped samples [Hen97, San99]. A more or less rounded shape has always been observed. 

Thus, the intrinsic faceting of the QDs that occurs on all substrates has not been established 

for this system, and Miller indices of single bounding facets of the InAs QDs on 

GaAs(113)B have not been reported before our paper. Also, to our knowledge there is no 

report on any in situ STM investigation for (113)B substrates until now. We prepared here 

InAs QDs on GaAs(113)B MBE  and acquired in situ atomically resolved STM images of  

the QDs. A motivation for this work was to compare the development of islands on A and 

B faces with atomic resolution and to obtain an important information, that is still missing 

in the literature, namely the dependence of the shape, size and size distribution of InAs/ 

GaAs(113)B QDs on sample temperature. Note that the leading author for this investigation 

has been Dr. Takayuki Suzuki. 

 

4.2 The bare GaAs(113)B surface and InAs (or InxGa1-xAs) QDs on it: a literature survey 

The atomic structure of the B-polar (113) GaAs surface prepared by ion bombardment 

and annealing (IBA) was investigated by Stiles and Kahn [Sti85] with LEED. The B face 

was found to be stable at about 600 °C and exhibited a (1x1) atomic geometry. The authors 

chose the simple primitive unit cell to explain the experimental findings. Chadi [Cha85] 
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concluded that the surface electronic structure of the relaxed (1x1) surface was metallic 

with the Fermi level located above the bulk valence band minimum. Using IBA as well as 

MBE from a single GaAs Knudsen cell Scholz et al. [Sch94] confirmed for GaAs(113)B 

the (1x1) LEED patter at the preparation conditions reported in [Sti85]. Platen et al. [Pla99] 

prepared GaAs(113)B by MBE and reported also on a (1x1) surface stabilized for As-rich 

conditions by means of spot-profile analysis LEED, AFM and scanning electron 

microscopy. The energy calculation revealed a very low value of only 43 meV/ Å2 for the 

As terminated (1x1) bulk-truncated structure that became greater at more Ga-rich 

conditions. Setzer et al. [Set99] showed by means of LEED and photoelectron spectroscopy 

that (113)B decayed onto (111)B and (110) facets after MBE treatment. 

To the contrary to all above-mentioned papers Márquez et al. [Mar00] found a well-

ordered  (8x1) reconstructed (113)B surface under Ga-rich preparation, and proposed a 

model by simple exchanging of Ga and As atoms in the model for GaAs(113)A [Was95]. 

In situ atomically resolved STM and LEED revealed the surface composed of Ga dimers 

forming zigzag chains in two atomic levels. The morphology of the GaAs(113)B-(8x1) 

surface was rather smooth and did not show the typical roughness known for the 

GaAs(113)A-(8x1) surface. In the later work [Mar02] the authors considered in detail an 

important As-rich GaAs(113)B surface structure, because the InAs QDs evolve mainly at 

As-rich preparation conditions. By means of in situ RHEED and STM the As-rich structure 

represented a remarkable case intermediate between a stable singular and an unstable 

facetted surface: locally As adatoms and dimers created a 1x and 2x periodicity but long-

range order did not exist. Nevertheless, the surface comprised large terraces that were 

separated by well-developed monatomic steps. Finally, we reported on the growth kinetics 

of the stable Ga-rich (8x1) reconstruction based on the STM analysis of the surface defects 

[Suz02].  

Let us consider the most important publications of InAs heteroepitaxy on GaAs(113)B. 

Nötzel et al. [Noe94, Noe94a] described the self-organized formation of box-like 

microstructures during an interrupted epitaxial growth of strained InGaAs/AlGaAs 

multilayer structures. The samples grown at 800 °C in a MOVPE reactor revealed arrays of 

well-ordered microcrystals, composed of InxGa1-xAs islands. Increasing the nominal In 

content x and decreasing the nominal InxGa1-xAs layer thickness d allowed to alter the 

average size of the islands from 1500 Å for x=0.2 and d=100 Å down to 300 Å for x=0.5 

and d=30 Å as measured by scanning electron microscopy. Despite of the rather large 

lateral dimensions the islands exhibited excellent crystal quality as well as 3D exciton 
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confinement as indirectly concluded from the measured integrated PL intensity in 

comparison to the InxGa1-xAs quantum well grown on GaAs(001). 

In(Ga)As self-assembled QDs on GaAs(113)B were prepared by Nishi et al. [Nis96] 

using MBE. Improved uniformity of islands on the (113)B face relative to those on 

GaAs(001) was confirmed by AFM observation. PL measurement showed a reduced 

linewidth (by a factor of 3) from (113)B samples, that even at room temperature was as 

small as 41meV. The reason for the narrowed width was concluded to stem from the 

improved uniformity of QD ensemble, which might have been achieved by the high surface 

adatom mobility. PL integrated intensities were comparable for the QDs on GaAs(113)B 

and (001), while the PL peak for the later substrate was red shifted indicating a larger 

average QD size. From RHEED and AFM observation, the authors could not derive any 

bounding facets on the islands except for the flat (001) facet inclined by 25.2° to (113)B.  

Fortina et al. [For98] also reported on the PL peak shift of about 0.2 eV for InAs QDs on 

GaAs(113)B compared to those on GaAs(001) due to the smaller size on the former 

substrate. In contrast to InAs QDs on GaAs(113)A there was almost no drop in the PL 

efficiency for the 1.7, 2.2 and 2.7 ML of deposited InAs. This fact indicated an absence of 

QD degradation due the introduction of grain boundary dislocations and the possibility to 

tune the QD emission energy from 1.3 eV for 1.7 ML to 1.2 eV for 2.7 ML of InAs. 

Polimeni et al. [Pol98, Pol98a] measured for 11.3 Å of In0.5Ga0.5As a narrowest reported 

FWHM of about 11.4 meV at 4.2 °K, which was explained in terms of an in plain coupling 

of the islands. The QD size on the B face was larger than on the A face prepared under the 

same conditions. The authors also showed a bright room temperature electroluminescence 

signal from a p-i-n device with the intrinsic region containing In0.5Ga0.5As QDs on 

GaAs(113)B emitting light with energy ~1.27 eV. 

Lobo and Leon [Lob98] observed by AFM nonfaceted lens-shaped islands by MOCVD 

deposition of In0.5Ga0.5As. The SK transition took place up to a thickness of 15 Å (5 ML), 

beyond which the density of QDs decreased due to the coalescence. 

Spontaneously alignment of MBE grown InxGa1-xAs QDs with low In content x~0.3 has 

been observed by Xu et al. [Xuh99, Xuh99a] with AFM. The ordering alignment became 

significantly deteriorated by increasing the In content to above 0.5 or by using (001) and 

(113)A substrates. Similar results with ordered In0.4Ga0.6As QDs with the density of 109-

1011 cm-2, fabricated by atomic-hydrogen assisted MBE, were reported by Kawabe et al. 

[Kaw99]. The growth temperature between 460 °C and 520 °C largely changed the density 

and the dot size. In sharp contrast to InAs deposition, where no ordering was detected and 
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coalescence of the dots occurred beyond a thickness of 2.4 ML, the In0.4Ga0.6As QDs were 

in contact with each other covering almost 100 % of the WL. It implied the existence of a 

lateral coupling between the dots, that was thought to stem from the inhomogeneous 

vertical distribution of In and Ga in the islands. 

Jiang et al. [Jia00, Jia01] concluded from AFM images and from PL spectra that 

In0.5Ga0.5As QDs grown with MBE on high-index surfaces (including (113)B) were smaller 

in size than those on the (001) substrate. In contrast to reference [Nis96] the reason 

proposed by Jiang et al. was an expected high density of steps on (n11) surfaces* (n=3,5), 

implying small adatom mobility compared to the atomically flat (001) surface. This 

explanation in turn contradicted the STM observation from Márquez et al. [Mar02] that 

showed atomically smooth but disordered As-rich GaAs(113)B. The authors also found a 

smaller FWHM for the QDs grown on (113)B than on the (113)A, indicating a more 

homogeneous QD ensemble. Finally, Gong et al. [Gon03] showed by means of AFM that 

the morphology of the (113)B surface remained flat before island nucleation by MBE 

deposition of In0.35Ga0.65As. Beyond the SK transition the (113)B surface developed a 

matrix of cells with average height modulation of 10 Å. Upon further growth the height of 

the cells increased gradually from 15 Å to 25 Å. The area density of the cells remained 

unchanged indicating a transition of the QDs from flat to steep shapes, which was also 

confirmed by the continuous shift of the PL peak from 1.43 eV to 1.32 eV corresponding to 

the flat and steep islands. 

 

4.3 Shape, size, and number density of InAs QDs grown on the GaAs(113)B surface at 

different temperatures: our own results 

The GaAs(113)B substrate, prepared as described in chapter 2.9, exhibits a well-ordered 

(8×1) reconstruction (8×1 with respect to the face-centered unit cell) consisting of zigzag 

chains of Ga dimers in the top and middle layers [Mar02], obviously in an identical 

arrangement as the As dimers on the (113)A face for the As-rich (8×1) reconstruction**. 

The GaAs(113)B-(8×1) surface is prepared by keeping the sample at the growth 

temperature of 500 °C for 15 min with the As2 Knudsen cell shut off, i.e., under Ga-rich 

conditions. It can be recognized from Fig. 4.1(a), that the mesoscopic morphology of the 

                                                 
* This is a typical make-believe of many authors, used for years, that high-index surfaces are not stable but 
decayed into stepped low-index ones.  
** The ECR applied to GaAs(113)B-(8x1) yields 16 As DBs (-12el), 20 Ga DBs (+15el), and 6 Ga-Ga dimer 
bonds (-3 el). Thus, the ECR is fulfilled. 
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GaAs(113)B-(8×1) surface differs strongly from that on the A face (cf. Fig.3.4), as large 

terraces are observed and not any tendency to form other high-index facets is seen. This 

may be related to a presumably high energies of (3 7 15)B, (2 5 11)B, and (137)B surfaces 

which have, however, not been calculated up to now. 

  

   

L

S

(a)

 

Figure 4.1 [Tem03b] (a) Overview STM image of GaAs(113)B-(8 × 1): (2500 × 2500)Å2, U = −2.8 

V, I = 0.15 nA; (b) Overview STM image of the InAs wetting layer on GaAs(113)B before the SK 

transition: (4000 × 4000)Å2, U = −2.55 V, I = 0.1 nA. The thickness of deposited InAs is 0.8 ML. 

 

At ~490 °C under As2 flux, the GaAs(113)B surface undergoes a transition to the less-

ordered (2×1)+(1×1) structure by incorporating As atoms and rearranging Ga dimers, thus 

filling up the trenches [Mar02, Suz03]. So, at 435-490 °C – the growth temperature of the 

InAs QDs – the GaAs(113)B surface exhibits this mixed (2×1)+(1×1) structure consisting 

of locally ordered As ad-atoms and dimers on the bulk-truncated (113)B surface. Thus, the 

surface reconstruction on the GaAs(113)A and GaAs(113)B substrates is not the same 

before the InAs deposition. Furthermore, with the transition to the As-rich phase, the 

GaAs(113)B surface does not change its morphology [Mar02]. STM images of the InAs 

WL (cf. one example in Fig. 4.1(b)) exhibit terraces up to 1000 Å wide and separated by 

mostly monatomic steps, i.e., the (113)B substrate remains very flat before the growth of 

InAs QDs starts. Moreover, near to the SK transition, the morphology is very similar to that 

on (001) [Hei97]: small (S) and large (L) 2D monatomic islands and small 3D clusters (C) 

up to 4 ML113 in height (potential precursors for the InAs QDs) are seen in the STM image. 
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One may suppose that a very large similarity of the wetting layers and a rather 

homogeneous SK growth may be mirrored in the similarly favorable optical properties 

found for InAs QDs grown on GaAs(001) and GaAs(113)B substrates [Nis96, Jia00]. 

As has been shown in chapter 3.6 the InAs QDs on GaAs(113)A are observed in different 

growth states. The behavior of the QDs on the B face prepared at the same conditions is 

remarkably different. The wetting layer is much more smooth and the ensemble of dots 

much more uniform as seen from Fig. 4.2(a). Besides the normal QDs, only a small number 

of elongated islands is observed. One of them is marked with an arrow in Fig. 4.2(a). 

Above all, the absence of any nuclei on the B face is remarkable, implying the 

simultaneous SK transition because of the flat WL. Also, any alignment of the islands is 

not seen; they are statistically arranged on the surface. 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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Figure 4.2 [Tem03b] (a) 3D overview STM image with InAs QDs grown on GaAs(113)B. The white 

arrow indicates a large elongated island. The size is (5000 x 5000) Å2, U = −3 V, I = 0.1 nA; the 

sample temperature was 450 °C and the InAs thickness 1.0 ML; (b) Column diagram of the length 

of the InAs QDs along [3,3,-2] distributed to different QD number densities. 

The critical thickness at which the 3D QDs are formed at 450 °C (established with 

RHEED) is 1.5±0.2 ML for the A face and 1.0±0.2 ML for the B face. The delay in the SK 

transition on the A face can be explained by the partial relaxation of InAs at the 3D hills 

observed already on the wetting layer, because in the 3D structures InAs can better relax 

than in the 2D film. A similar delay of QD formation was found for In0.5Ga0.5As grown by 

the MBE on GaAs(113)A compared to GaAs(001) under otherwise identical preparation 

conditions [Vac96]. 
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The difference in the size distribution can be seen from comparison between Fig. 3.6(b) 

and Fig. 4.2(b). On the (113)A surface, the measured lengths at the base along [33 2 ] are 

distributed between 300 to 600 Å with the peak of 35 % at 400 Å whereas on the (113)B 

surface values between 200 to 400 Å with the peak of 45 % at 300 Å are found. The large 

elongated islands on GaAs(113)B contribute to a second broad peak starting for lengths 

above 400 Å. Therefore, we assign these islands to be incoherent with dislocations at the 

interfaces, i.e., their size development is not restricted by strain. The number density on 

GaAs(113)B of 3×1010 cm-2 is higher than the one of 9.5×109 cm-2 on GaAs(113)A. Thus, 

the InAs QDs on the GaAs(113)B surface are smaller in size and larger in density than 

those on GaAs(113)A and GaAs(001) [For98, Jia00]. 

Let us now consider the atomic structure of the presumably coherent islands. Figure 4.3 

exhibits 3D STM images of a typical QD viewed along (a) [33 2 ] and (b) 2]33[ . Since we 

have atomically resolved the WL, we can determine the azimuthal orientation of the dot. 

Similar to the (113)A case the QD is mirror symmetric with respect to the (110) plane 

normal to the surface. (The (110) plane is also a plane of mirror symmetry on the bulk-

truncated (113)B surface.) The QD comprises a steep main part terminated by regions 1, 2, 

and 3, and a flat base consisting of the facets 4 and 5. The flat base, that was not observed 

on the InAs QDs on GaAs(113)A, is an intrinsic part of the InAs QDs on GaAs(113)B, that 

appears not only during growth, but still exists after annealing treatment of the samples. 

  

[110]

 

Figure 4.3 [Suz02] 3D STM images of an InAs QD; (420 × 420) Å2, U = –3 V, I = 0.1 nA. The 

bounding facets are numbered. 
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Figure 4.4(a-d) shows high-resolution STM images of QD facets. The facets 1 are {110} 

planes as derived from the following facts: Each facet is inclined to the (113)B surface by 

29±2° and the lengths of the unit-cell vectors on the facet are u1=5.6±0.1 Å and 

u2=3.9±0.2 Å; these values agree with the geometric angle of 31.5° between the )110(  or 

)101(  and (113)B planes and with the lengths of the InAs (GaAs) )110(  unit-cell vectors 

projected onto (113)B which are u1=5.8 (5.4) Å and u2=3.9 (3.6) Å. The STM image in 

Fig. 4.4(a) is also very similar to that acquired on a GaAs(110) surface [Fee87]. 

The facet 2 is (111)B oriented as concluded from the following facts: It is of triangular 

shape which is a structural feature of the {111} surface; also, it is inclined to (113)B by 

28±1° which agrees with the geometric angle of 29.5° between (111)B and (113)B. Rings 

of 8.6±0.8 Å in diameter, indicated by arrowheads in Fig. 4.4(b), are observed on the facet 

2, which is considered to be the same kind of structural feature observed on the 

GaAs(111)B( 1919 × ) surface [Bie90, Tho98]. Although the rings are not ordered with 

respect to the ( 1919 × ) unit cell, this is not necessarily excluding our interpretation, 

since such a disordered array of rings was also reported on the flat GaAs(111)B surface (for 

example cf. Fig. 3 in [Tho98]) and well ordered 1919 × domains may not easily form on 

a small facet. 
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Figure 4.4 [Suz02] (a-d) Atomically-resolved STM images of the four facets (U = –3 V, I = 0.1 nA). 

The image sizes are (a)(43 × 43) Å2, (b) (96 × 96) Å2, (c) (86 × 86) Å2 and (d) (78 × 7.8) Å2. 

(e) Schematic drawing of the InAs QD shape on GaAs(113)B. The solid line is a contour of the 

steep part, the dotted line-of the flat base. 
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The facet 5 on the base of the QD is the (112)B orientation from the following facts (see 

Fig. 4.4(c)): The intersection lines of facet 5 with (113)B and also with (111)B are parallel 

to 10]1[  which indicates that the facet 5 has Miller index )( khh  with 1<k/h<3; also, the 

facet 5 is inclined to (113)B by 11±2° which agrees with the geometric angle of 10.0° 

between (112)B and (113)B. Although it is difficult to recognize the exact unit cell, rows of 

humps are seen which can be connected by lines of a given separation u3=9.2±0.3 Å in 

accordance with 10.3 (9.6) Å, the geometric length of a (112)B unit-cell vector 

perpendicular to 10]1[  and projected onto (113)B. However, it has been reported that the 

GaAs(112)B surface on a flat wafer is not stable and is facetted into other low-index 

surfaces [Pla97, Gee99]. Therefore, the assignment of the (112)B facet is fairly doubtful.  

The facets 4 enlarged in Fig. 4.4(d) are considered to be of (135)B orientation from the 

following facts: These facets are inclined to (113)B by 13±1°, the lengths of the unit-cell 

vectors are u1=10.1±0.4 Å and u2=9.4±0.4 Å, and the angle between u1 and u2 is 89±2°. 

These values agree with the geometric angle of 14.5° between (135)B and (113)B, with the 

unit-cell vectors of the (135)B-c(2×2) surface projected onto (113)B that are u1=11.2 (10.5) 

Å and u2=10.7 (10.0) Å, and with the angle of 92° between the (135)B unit-cell vectors 

projected onto (113)B. Moreover, an angle between 10]1[  and an intersection line of the 

facet 4 with the facet 5 is 67±1°. This value agrees with the geometric angle of 67.5° 

between 10]1[  and ]16 35 [13 , the intersection line between (135)B and (112)B, projected 

onto (113)B. The intersection line is parallel to the unit vector u1 on the facet 4 as seen in 

Fig. 4.4(c), or 4(d) also in accordance with a feature of the (135)B surface. Our recent 

experiments on the flat GaAs(135)B surface have shown that the surface is not stable and 

faceted onto stable (2 5 11)B and )101( surfaces, but becomes flat and stable by the InAs 

deposition, i.e., under tensile strain on the GaAs substrate [Suz04a].  

From pure geometrical considerations, the center part of the rounded region 3 in Fig. 4.3 

consists of )100(  which is inclined to (113)B by 25°. The rounded region 3, which is not 

shown in detail here, does not exhibit an ordered surface structure. Similar to the QDs on 

GaAs(113)A the sphere-like shape may stem from migration of In atoms from all 

directions, i.e., from the slower growing {011} and (111)B facets to the faster growing 

stepped )100(  surface. In addition, the only region of InAs QDs on GaAs(113)B where the 
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As2 molecules can be incorporated without being dissociated is )100( *, therefore, its 

growth is further accelerated. We believe that the )100(  region overgrows the flat base, 

which does not exists between the rounded region and (113)B substrate. More generally, 

difficulties with the incorporation of As2 molecules may also be responsible for the 

observed small size of the QDs on the GaAs(113)B substrate as well as for the absence of 

the elongation through the growth of (111)B facets which edge with the (112)B (or (113)B) 

surface does not supply As2 incorporation sites.  

The shape determination is summarized in Fig. 4.4(e). The main part of the QD sits on 

the flat base composed of (135)B, (315)B, and probably (112)B high-index surfaces. Note 

that on the coherent QDs we do not observe straight edges between {135}B facets and 

(113)B substrate. Together with the (001) region it fashions the rounded overall shape, 

observed by the community with AFM [Nis96, Lob98]. The shape of the main part of the 

QD is given by )110( , )101( , and (111)B facets and a rounded region that is considered 

to be composed of )100(  and its vicinal surfaces. If we assume that the growth of 

In0.35Ga0.65As and InAs QDs is identical, then, following Gong et al. [Gon03], the flat base 

comprised {135}B and (112)B facets should rise at first. It may remain unchanged whereas 

the main steep part evolves on the top of the base. However, due to the rather simultaneous 

SK transition, the (113)B substrate does not leave any trace of growth and, on the contrary 

to (113)A, we could not retrace the QD growth kinetics. 

Because the InAs QDs on GaAs(113)B yield a dense and uniform ensemble, i.e., could be 

used equally with those on GaAs(001) as active layer in laser diodes, we have performed 

some additional experiments on the influence of sample temperature on QD size and 

density. Fig. 4.5(a-d) shows overview STM images of InAs QDs grown at different 

temperatures between 435–490 °C. The number densities are 6×1010, 3×1010, 1×1010

                                                

 and 

3×109 cm-2 for 435, 450, 470 and 490 °C, respectively. However, as the deposited amount 

of InAs is not the same for all four growth temperatures, the number densities are 

considered to be only a rough measure**. Two types of 3D islands are clearly seen in all 

STM images. There are many relatively small islands of remarkably uniform size 

 
* Because of the high-symmetry the (001) surface can actually be either an A or B face depending on the 
preparation conditions. Since the QDs are deposited at As-rich conditions, the (0,0,-1) surface is equivalent to 
(001).  
** The InAs deposition was stopped as soon as the change from 2D to 3D RHEED pattern was recognized by 
eye on the fluorescent screen. The nominal amount of deposited InAs could not be kept accurately constant in 
the present study. This variation is considered to be in part due to differences of the 2D to 3D transition on 
growth temperature and in part also to the sensitivity of the operator. 
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(presumably coherent QDs) and some larger islands that vary significantly in size 

(presumably incoherent islands). The QDs seem to be more round at the interface, while 

the larger islands exhibit some elongation along ]233[ . The size and the height 

distributions of the QDs and the larger islands will be discussed in detail below. However, 

from the overview STM images it is already obvious that the size of the QDs increases and 

the number density decreases, as the growth temperature increases. 

 

    
 

Figure 4.5 [Suz03] Overview STM images of InAs QDs grown on the GaAs(113)B surface at (a) 

435 °C, (b) 450 °C, (c) 470 °C and (d) 490 °C (the size is (1×1) µm2, U = –3 V, I = 0.1 nA). The 

nominal amount of deposited InAs is (a) 1.5 ML, (b) 1.0 ML (c) 1.3 ML and (d) 1.9 ML. 
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Figure 4.6 [Suz03] High-resolution 3D STM images of InAs QDs grown on GaAs(113)B at 

different temperatures (U = –3 V, I = 0.1 nA). The size is (a) (280 × 280) Å2, (b) (360 × 360) Å2, (c) 

(420 × 420) Å2, (d) (650 × 650) Å2. 

 

Large-magnification 3D STM images of the QDs grown at indicated temperatures are 

shown in Fig. 4.6(a-d). For all images except (d), atomic resolution is achieved which 

allows determining the orientation of the bounding facets. It is obvious from these images 

that the shape of all four QDs is the same: A main part with steeper facets sits on a flat base 

with flatter facets. From the images, it is evident that the shape of the QDs does not change 

significantly for growth temperatures between 435 and 490 °C. 
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One may ask whether the flat base is stable or induced by growth kinetics. In order to 

answer this question we performed post-annealing experiments for InAs QDs grown at 

435 °C. Fig. 4.7(a) shows an overview STM image and Fig. 4.7(b) a 3D STM image of a 

single QD post-annealed for 1 minute. Comparing the overview STM image with 

Fig. 4.5(a) one recognizes that there is no significant change: there are many QDs and some 

larger islands. However, the size of the QDs increases slightly and the number density 

(2×1010 cm-2) decreases which is considered to be due to creation of additional large islands 

by coalescence and little growth of the QDs at the expense of some of them [Ren97]. Also 

the shape of the QDs does not change significantly as seen in Fig. 4.7(b). The flat base 

composed of the high-index facets still exists as well as the main part which suggests that 

the flat base is not a frozen-in transitory structure appearing only during growth, but is an 

intrinsic part of the InAs QDs on GaAs(113)B. 
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Figure 4.7 [Suz03] (a) STM image of InAs QDs after growth at 435 °C (U = –3 V, I = 0.1 nA), 

post-annealed by 1 min., and (b) 3D STM image of a single QD after the same procedure. The 

nominal amount of deposited InAs is 1.6 ML. The size is (a) (1×1) µm2 and (b) (370 × 370) Å2. 

 

Only 4 % of all islands on GaAs(113)B adopt a somewhat elongated shape shown in 

Fig. 4.8(a). Contrary to the elongated QDs on GaAs(113)A there is no reduction of the 

GaAs(111)B facet size. The length of the edge between the (111)B and (112)B facets even 

increases from 105±15 Å for the QDs to 120±15 Å for the elongated islands. This 

behaviour indicates that the elongation probably proceeds by the growth of the )100(  

rounded region in the ]233[  direction. Similar to the QDs on the A face, the {113}A facets 
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should develop on the (001) vicinal region. Since these facets can grow with the 

introduction of As2, the {113}A facets may not (strongly) decrease the growth rate at the 

rounded region. With this scenario the elongation could be explained as consequent 

development of some rounded QDs to the elongated QDs similar to the (113)A case. 

However, no flattening of the rounded region was observed in the STM images of the 

elongated islands. In addition, owing to the geometric reasons the growing )100(  region 

should increase in size and may, therefore, induce the lower growth rate [Jes98] that should 

limit the elongation. We observed the very broad size distribution of the elongated islands 

with the lengths along ]233[  from 400 up to 850 Å (e.g., in Fig. 4.2(b) for the QDs grown 

at 450 °C). There is also no report about the polarization anisotropy from the elongated 

QDs on GaAs(113)B. These facts suggest that these islands are incoherent, i.e., have one or 

several dislocations incorporated at the substrate interface which relieve the strain.  
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Figure 4.8 [Tem03b] (a) 3D STM image of an elongated InAs QD grown on GaAs(113)B: (420 × 

420) Å2, U = −3V, I = 0.1 nA; (b) shape of presumably coherent (solid line) and incoherent (dotted 

line) InAs islands on GaAs(113)B derived from STM measurements. 

 

Incorporation of a dislocation requires surmounting an energetic barrier and is achieved 

only in few cases (for 4 % of all islands). After the dislocation has been formed, the )100(  

region grows with the largest rate without limitation caused by elastic strain present in the 

QDs, as reported for simultaneously growing low-index surfaces on patterned GaAs 
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substrate [Yam99, Hir99]. The islands become elongated along ]233[ . In Fig. 4.8(b) the 

model for the QDs and elongated islands on GaAs(113)B is sketched. Note that the shape 

for incoherent and coherent islands is largely similar. This is quite different from 

GaAs(001) substrates, for which the incoherent islands exhibit irregular shapes [Moi94, 

Leo94, Joy01]. 

Figure 4.9 shows the growth-temperature dependence of (a) the size and (b) the height of 

the QDs. Triangles at 435 °C in (a) and (b) indicate those values measured from samples 

post-annealed for 1 min. The size and the height increase with temperature monotonously 

from 250 to 540 Å and from 35 to 98 Å, respectively. The post-annealing increases the size 

and the height by about 30 %. A similar dependence on growth temperature has been found 

for the growth of InAs QDs on GaAs(001) [Mad94, Sol95, Guo98, Chu99, Kis00].  
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Figure 4.9 [Suz03] Temperature dependence of QD size (a) and height (b). Triangles at 435 °C in 

(a) and (b) indicate size and height, measured from samples, post-annealed by 1 min. Error bars 

are given. 

 

The dependence of the QD size and number density on the growth temperature has been 

explained so far by kinetics. The QDs are formed when a critical thickness of the deposited 

InAs layer is achieved. After the nucleation, larger strain concentration at the edge of the 

larger QDs makes it more difficult for the incoming adatoms to be attached to the larger 

QDs than to the smaller ones, which explains the rather uniform size distribution in terms 

of kinetics [Che96, Bar97, Jes98]. In this scheme, one nucleation site collects InAs material 

from a circular area whose radius is proportional to the diffusion length of the In atoms. 

Therefore, when the growth temperature (and the diffusion length of the In atom) increases, 
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the average size of the QDs increases and the density of the QDs decreases. In kinetics, the 

shape of the QDs is mainly determined by the growth speed of each bounding facet 

[Che63, Jes98]. However, no theoretical calculation or confirmation of the shape of the 

QDs in kinetics has been reported so far. This explanation seems to be quite 

straightforward, but a closer look reveals a severe problem: As recognized from Fig. 4.5 the 

mutual distances between the QDs exhibit a rather large distribution. This indicates that the 

distance between the QDs is not dominated by a diffusion zone, out of which the material is 

collected for each dot. Instead, our observation makes it likely that the site distribution of 

the islands is governed by the statistics in developing growth nuclei. The increase in QD 

size with temperature may, therefore, indicate a decrease of the number density of critical 

nuclei, in line with well-known fact that the size of the critical nucleus increases with 

temperature. The amount of material in the second InAs layer is then distributed quite 

equally among the given nuclei including some probability for the growth of larger 

incoherent islands. 

Meanwhile, the QD formation was also modeled on thermodynamic ground [Peh97, 

Wan99]. Here, the QDs are supposed to be in thermal equilibrium. The QD size is 

calculated from a balance between reduced strain energy and enhanced surface energy, 

which explains the uniform size of the QDs. The shape of the QDs could also be derived by 

energetics. It was found that mainly the surface energy of each bounding facet determines 

the shape [Peh97]. However, we note that the shape of the QDs on the GaAs(001) surface 

calculated in energetics was composed largely of the {011} and the {111} facets [Mol96], 

which is inconsistent with a recent experimental result of our group in which {137} 

bounding facets were observed [Mar01]. Moreover, the average QD size, calculated by 

energetics, decreases as the growth temperature increases due to entropy contribution 

[Mei01]. It was shown by the same authors that the size distribution, immediately after 

growth, is controlled by kinetics, whereas the size distribution changes to thermal 

equilibrium after long-time annealing [Mei01]. However, the authors considered a 2D 

islands at submonolayer coverage which is far away from the real 3D QDs. We note, that 

the real situation in the experiment is even more complex as post-annealing usually induces 

decomposition of the QDs. Whether the growth mechanism is governed by kinetics or 

energetics is still an open question. The discussion of further results concerning this topic 

can be found in a recent paper [Pol00]. From the present and other experimental results 

described above we believe that both kinetics and thermodynamic energetics contribute to 

the growth mechanism. 
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4.4 Conclusion 

Comparison between the InAs QDs on GaAs(113)A and GaAs(113)B yields remarkable 

similarities and differences. The symmetry of the islands and orientation of the main 

bounding facets are found to be equal on both GaAs(113)A and B surfaces. The QDs on 

GaAs(113)A exhibit )101(  as symmetry plane, {110} and (111)A bounding facets, and a 

rounded region of the vicinal (001) surfaces. The latter region becomes steeper with the 

appearance of the (113)B surfaces in a later growth state giving rise to a shape elongated 

along ]233[ . The QDs on GaAs(113)B also exhibit the )101(  symmetry plane, }011{  and 

(111)B bounding facets, and a rounded region of vicinal }100{  surfaces, which does not 

have flat parts. Contrary to the QDs on GaAs(113)A, a flat base of the high-index (112)B 

and {135}B surfaces develops at the foot of the QDs on GaAs(113)B. The differences in 

shape are attributed to facet growth kinetics associated with As2 dissociation. 

The morphology and atomic structure of the wetting layer also seem to have an important 

influence on the QD formation process. The undulation of the GaAs(113)A surface 

becomes much more pronounced with depositing InAs. The result is also a very 

inhomogeneous strain distribution that may inhibit a simultaneous SK transition on the 

whole surface. It induces a broad size distribution of the InAs QDs. 

The behaviour on the GaAs(113)B surface is quite different. The flatness of the 

GaAs(113)B surface also remains after InAs deposition. Therefore, the QD growth starts 

simultaneously at the SK transition and the QDs grow with equal rates resulting in a 

homogeneous size distribution. Since the SK transition is rather short in time, we are 

unable to observe any nuclei. Additional experiments also reveal that the shape of the QDs 

does not change significantly for the growth temperature between 435 and 490 °C. Post-

annealing increases the size and the height by about 30 % and decreases the number 

density, but does not change the QD shape. The incoherent islands have a similar shape as 

the QDs. The size and the height of the QDs increase monotonously from 250 to 540 Å and 

from 35 to 98 Å, respectively, whereas the number density decreases, as temperature 

increases. This is attributed to a decreasing number density of critical QD nuclei with 

temperature. 

Taken at all, the InAs QDs on GaAs(113)B are interesting for possible application in 

optoelectronics since they yields a uniform and dense QD ensemble with tuneable upon the 

temperature QD size (and therefore, tuneable emission wavelength); those on GaAs(113)A 

are interesting for basic understanding of the QD growth kinetics. 
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5 InAs quantum dots on vicinal and nominal GaAs(2 5 11)A 
 

5.1 Introduction 

One of the most important results of our group has been a discovery of a new hitherto 

unknown stable GaAs atomic geometry - (2 5 11) [Gee01, Jac02, Gee02]. First, there are 

only few stable GaAs (or InAs) orientations found in material science, actually only five: 

(001), (110), (111), (113) and (114); therefore, each new orientation will significantly 

contribute to a deeper understanding of the stability of zinc-blende-type surfaces verifying 

common principles, such as the ECR or the minimisation of dangling bond density. 

Furthermore, facets of (2 5 11)A orientation have been observed to form naturally on InAs 

QDs grown on GaAs(113)A [Tem03] and GaAs(315)B [Suz04], that is GaAs (or InAs) 

(2 5 11)A and B may play an important role in crystal growth and epitaxy. The third 

motivation for the study of these high-index surfaces is their potential as substrate for 

growth of heteroepitaxial low-dimensional semiconductor devices, like InAs QDs*. A 

number of questions arises here right away, among which first is the morphology change 

by the mismatch epitaxy, e.g., does the SK transition occur by InAs deposition on 

GaAs(2 5 11)A and B similar to other high-index GaAs substrates. Also, conclusions about 

the symmetry of the QDs, the form modification like elongation due to the facet growth 

kinetics, or narrower size distribution of islands on the B face than on the A face shown in 

chapters 3 and 4 can be verified by using GaAs(2 5 11)A or B substrates. All above-

mentioned issues have been the motivation to study the atomic and morphologic structure 

of bare GaAs(2 5 11)A and B surfaces, as well as InAs epitaxy on them. 

 

5.2 Surface structure of GaAs(2 5 11)A 

For graphic representation of the location of different GaAs orientations one usually 

works with a stereographic projection of the orientation vector onto a plane, rather than 

with the three-dimensional vector itself. Because of the crystallographic symmetry of fcc 

materials, some orientations are equivalent. Therefore, it is sufficient to restrict this 

projection to the triangle whose corners are marked by the three low index surfaces (001), 

(011), and (111) as shown in Fig. 5.1. A physical interpretation of the representation using 

the stereographic triangle (ST) can be given if we assume that surface atoms remain at their 

bulk positions. In this case, we can think of a surface of arbitrary orientation as being built 
                                                 
* We assume, that only stable surfaces are appropriate substrates for receiving a homogeneous ensemble of 
statistically distributed QDs suitable for further applications.  
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up from atomic-scale units of basic orientations (001), (011), and (111). A surface with 

orientation at an edge of the ST is composed of the two low-index surfaces at the respective 

corners. All other surfaces are thought to be composed from all three low-index surfaces, 

and therefore, are more complex. We will show that for a stable singular surface like 

GaAs(2 5 11)A the above composition is merely a hypothetical concept. 

 

                                   
 

Figure 5.1 [Gee02] Stereographic triangle with the GaAs orientations reported in the literature. 

Stable surfaces are depicted as bold text. The location of (2 5 11) is shown with a cross.  

 

So far, only few GaAs surfaces on the edges of the ST have been found stable: 

GaAs(001) [Lab99, Kra02], GaAs(011) [Kah94, Duk96], GaAs(111)A and B [Bie90, 

Duk96], GaAs(113)A and B [see literature survey in chapters 3 and 4] and GaAs(114)A 

and B [Shi93, Pla98, Mar01]. Most of the reconstructions on them are confirmed by first-

principles energy calculations. GaAs(112)A [Noe91, Pla99], GaAs(112)B [Pla99, Gee99], 

GaAs(122)A [Wei89], GaAs(133)A and B [Wei89, Noe92, Hor89], GaAs(012)A [Noe92] 

are unstable. Surfaces that are located within the ST, such as GaAs(137)A [Gee00], 

GaAs(3 7 15)A [Tem02], GaAs(136)A and GaAs(125)A [Tem04], and GaAs(135)B 

[Suz04a] have faceted as well. There is up to now only one stable surface within the ST 

that does not undergo faceting upon annealing or epitaxial growth, that is GaAs(2 5 11)A. 

This is a rather unexpected result, since such surfaces exhibit no symmetry in contrast to 

those on the edges, and are thought to be of the high energy and unstable. 
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A LEED image of the GaAs(2 5 11)A surface, prepared as described in chapter 2.9, is 

shown in Fig. 5.2(a). The spots are arranged in an oblique net and are sharp, which 

indicates a high surface quality. In contrast to LEED images of other stable high-index 

GaAs surfaces [Pla98, Gee99, Mar00], almost all the spots are visible. Two different unit 

meshes are marked in Fig. 5.2(a). Unit mesh B* fulfils the rigorous crystallographic 

convention that the basis vectors should be as short as possible. However, in course of the 

present study it turned out that the surface structure is better described by unit mesh A*. 

Since the areas of both unit meshes are equal, the two unit meshes are equivalent. Thus in 

the following we refer mostly to unit mesh A*. 

The reciprocal surface net is depicted schematically on the left-hand side of Fig. 5.2(b). 

The corresponding surface net in real space is constructed on the right-hand side of this 

figure. Note that none of the real-space basis vectors is parallel to any of the reciprocal 

space basis vectors, because the surface net is oblique. From the LEED data it was 

calculated that the lengths of the basis vectors of unit mesh A* are in real space 

(11.1 ± 0.5) Å and (21.0 ± 1.0) Å, and the enclosed angle is (68±2)°.  

Characteristic RHEED images of GaAs(2 5 11)A are presented in Fig. 5.2(c). These 

images appear if the electron beam is aligned along the three directions of high crystal 

symmetry that correspond to the basis vectors of the two unit meshes in real space. Thus 

one-dimensional cross sections of the reciprocal space surface net are acquired that are 

oriented perpendicular to the electron beam. The images were collected at room 

temperature. During growth, RHEED patterns were basically identical but the background 

intensity was higher. For each direction, two RHEED images are shown that were taken at 

two different angles of incidence of the electrons. The specular streak is not necessarily the 

brightest one, and the intensities of the other streaks are not symmetrically distributed with 

respect to the specular streak. The latter observation indicates that the reconstruction is not 

symmetrical with respect to the plane defined by the electron beam and the surface normal. 

The diffraction streaks of the zero-order Laue circle are more pronounced for the greater 

angle of incidence. However, the relative intensities of the streaks within this circle are 

different to those in the image for the smaller angle. This is most apparent in direction 

[23 1]. At different angles of incidence the Ewald sphere intersects the rods of the 

reciprocal net at different heights. The change in the relative intensities implies that the 

intensity varies along different rods perpendicular to the surface in a different way. 
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Figure 5.2 [Gee02] (a) LEED image of GaAs(2 5 11)A. E=121 eV. (b) Schematic of the surface net 

in reciprocal space (left-hand side) and in real space (right-hand side). (c) RHEED images of 

GaAs(2 5 11)A. The vertical lines at the top of the images mark the positions of the diffraction 

streaks of the zero order Laue circle. The longest line is located for each image above the specular 

streak. The respective orientations of the electron beam are indicated on the left-hand side of the 

images. The angles of incidence are specified next to the uppermost images. The acceleration 

voltage is 10kV. 

 

A high-resolution (200 × 200) Å2 three-dimensional STM image of the GaAs(2 5 11)A 

surface is shown in Fig.5.3. The surface consists of stripes along [23 1] marked by dashed 

lines on the image border. The stripes are composed of little series made up from three 

white humps due to As dimers. There are also stripes consisting of series of two humps 
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(indicated by arrows in Fig. 5.3). This deviation from the periodicity is a typical feature of 

the GaAs(2 5 11)A surface that we will discuss later. The dimer series in neighbouring 

stripes are phase shifted, i.e., they are not aligned, but each series in the next stripe is 

situated between the series in the previous stripe. Narrow dark trenches separate the stripes. 

 

            

50 Å
[231]

[453]

[311]

 
 

Figure 5.3 [Tem02] High-resolution STM image of the GaAs(2 5 11)A surface presented in three-

dimensional form. Dashed lines at the image border indicate the trenches between the dimer 

stripes. The arrows between some of the dashed lines mark two-dimer stripes or a coexistence of 

two- and three-dimer stripes. Unit meshes A and B are depicted as white parallelograms. 

U= −2.5 V,  I = 0.097 nA. 

 

Quite intuitively two unit meshes can be found which are labelled A and B in Fig.5.3. 

They correspond to the unit meshes A* and B* in reciprocal space in Fig.5.2. The lengths 

of the vectors for unit mesh A are 10.6 Å and 20.0 Å, and the enclosed angle is 67.8°, the 

respective values for mesh B are 10.6 Å, 18.9 Å, and 80.7°. The vectors of mesh A are 

directed along [453 ] and [23 1]; those of mesh B along [311] and [2 3 1]. All these 

directions also play a key role in the morphology of the step structure on the 

GaAs(2 5 11)A surface. 

The STM image of the (2 5 11)A surface depicted in Fig. 5.3 contains two terraces. The 

step exhibits one kink. The straight parts of the step are directed along [453 ]. The surface 
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shown in Fig. 5.3 is very perfect and clean: there are only two pieces of contamination 

likely due to adsorbed As2 in a (200 × 200) Å2 area. Vacancies or other defects are not 

observed. This is different from the well-known GaAs(001) surface and underlines the very 

high stability of the GaAs(2 5 11)A surface.  

In order to gain more insight into the surface structure a ball-and-stick model is presented 

in Fig. 5.4. The model has been derived by Geelhaar et al. [Gee01] from STM observations 

and ab initio total energy electronic structure calculations. Ga atoms are depicted as white, 

As atoms as black or grey balls. The (1 × 1) unit meshes A and B are indicated. They 

correspond to the bulk-truncated surface onto which two As atoms were adsorbed that are 

depicted as grey balls. The As-As bonds of the As dimers are indicated by black bars. On 

the filled-states STM image in Fig. 5.3 the dimers are seen as humps. The dimers are 

arranged in a series along [121] that is inclined with respect to the surface plane such that 

the right-hand side lies higher than the left-hand side (cf. cross section in Fig. 5.4(b)). The 

three dimers in the unit mesh form the so-called three-dimer series. Each series is shifted 

along [23 1] with respect to neighbouring one. Between the series there are trenches along 

[23 1] which comprise empty Ga DBs (one of them is marked by number 9 on the right-

hand side of Fig. 5.4(a) and therefore, appear as dark lines in the STM images.  

For the sake of simplicity we will consider only the unit mesh A whose vectors lie along 

[453 ] and [2 3 1]. The directions [311] and [2 3 1] form the second unit mesh B that is 

equivalent to A. The reconstructed (1 × 1) unit mesh contains 9 As DBs (-27/4 electrons,), 

7 Ga DBs (+21/4 electrons) and 3 As-As bonds (+6/4 electrons). The structural model 

fulfils the ECR; i.e., the surface has a semiconducting ground state. 

Dimer series, that neighbour in direction [23 1], form stripes of the orientation (137)A 

(cf.  cross section in Fig. 5.4(b)). These stripes are easily recognizable on the STM image 

in Fig. 5.3. The (137)A stripes are not the result of nanofaceting, either, as will be 

explained in the following. First, the spherical depressions studied in [Gee00] also 

contained regions of the mean orientation (137)A. However, no stable surface was found 

there. Second, GaAs(137)A reconstructed according to the stripes on GaAs(2 5 11)A would 

violate the ECR (the resulting unit mesh is indicated by the dotted parallelogram in 

Fig. 5.4(a)). It is reflected in the higher surface energy of GaAs(137)A-(1x1) compared to 

the GaAs(2 5 11)A-(1x1) reconstruction, as can be seen in appendix 1.2 independent on the 

As chemical potential. Indeed, the stability of the reconstructed GaAs(2 5 11)A surface is 

the result of the balance between GaAs(137)A stripes of a certain width and the trenches in 
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Figure 5.4 [Gee02+Tem02] Ball-and-stick model of the reconstructed GaAs(2 5 11)A surface. 

Shaded parallelograms mark the unit meshes A and B. The size of the circles representing the 

atoms was chosen according to their vertical distance from the uppermost atom. To arrive at the 

reconstructed surface, the lighter shaded As atoms have to be added to the bulk-truncated surface. 

(a) (1x1) reconstruction, top view. The numbers near the As and Ga atoms show which atomic layer 

they belong to, counting from the top. Within the unit mesh A, the As atoms are depicted with black 

(filled) DBs, the Ga atoms with white (empty) DBs; (b) (1x1) reconstruction, side view; (c) (1x1) 

reconstruction, perspective view; (d) bulk-truncated GaAs(2 5 11)A, perspective view. 

 

between: In the trenches there is one Ga DB per unit mesh (labelled with 9 in Fig. 5.4(a)). 

The charge contributed by this DB is exactly necessary to make the complete structure 

fulfil the ECR. However, the difference in the surface energy at As-rich conditions is not 

very large (appendix 1.1): 56 vs. 53 meV/Å2 for GaAs(137)A and GaAs(2 5 11)A, 

respectively. It becomes even smaller for the InAs surfaces: 43 vs. 41 meV/Å2. 

Furthermore, the surface stresses on coherently strained InAs QDs on GaAs substrates can 

change the surface energy, as reported by [Mol98] and [Wan00], or as could be seen from 

{135}B facets that appeared as the flat base on InAs QDs on GaAs(113)B (see chapter 4.2) 

but do not exist as the planar nominal (135)B surface [Suz04a]. All these facts may account 

for a recent very remarkable result, revealed bounding facets on InAs QDs on GaAs(001) 

to be composed of the (137)A-(1x1) reconstructed surface [Mar01]. In addition, the 
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{137}A facets are often observed on the growth nuclei before the formation of mature QDs 

on the A substrates.  

A model of the bulk-truncated (ideal) GaAs(2 5 11)A surface is shown in Fig. 5.4(d). In 

every atomic layer there is an equal number of Ga and As atoms. Thus the surface is 

stoichiometric. All stoichiometric GaAs surfaces automatically fulfil the ECR. However, 

there are several atoms with two DBs each, which is energetically very unfavourable. 

Hence it is unlikely that this structure is stable. The differences between the reconstructed 

surface Fig. 5.4(a-c) and the bulk-truncated surface Fig. 5.4(d) are that two As atoms were 

added and that the number of DBs was reduced by dimerization of neighbouring As atoms. 

The addition of two As atoms in the model is in agreement with the fact that the 

experimental surface preparation was As rich. The dimerization is in accord with the 

general principle that the number of DBs at a surface should be small. The periodicity of 

the reconstruction remains (1x1) as observed by LEED and RHEED. (Because of the large 

bulk-truncated unit mesh, on some high-index surfaces bonds can be created and broken 

without a change of the periodicity.) Neither bulk-truncated nor (1x1) reconstructed 

GaAs(2 5 11)A surface exhibits any symmetry plane. 

For the following discussion of step structures, the vertical positions of the surface atoms 

are required. An atom is defined as belonging to the surface if it is in a configuration 

different from that in the bulk. Because of the high Miller indices, the spacing between the 

horizontal atomic planes (through lattice points) of the GaAs(2 5 11)A surface is only 

0.23 Å. This value is quite small in comparison to those of low-index surfaces (e.g., to 

2.00 Å for the GaAs(110) and 2.83 Å for the GaAs(100) surfaces). In the right hand half of 

Fig. 5.4(a) the GaAs(2 5 11)A surface atoms have been labelled with numbers according to 

the atomic layers they are part of, starting with the topmost atom (the numbers of different 

atomic layers are given separately for As and Ga atoms). For this purpose, relaxation from 

the bulk position has been neglected. The grey As atoms, which are added to form two of 

the three As dimers in the (1 × 1) reconstruction, occupy the highest positions within the 

unit mesh. From the third atomic layer on there are one Ga and one As atom in each plane, 

as the bulk-truncated GaAs(2 5 11)A surface is stoichiometric (cf. also Fig. 5.4(d)). The 

reconstruction comprises nine atomic layers. Nevertheless, the actual height difference 

between the top and the bottom surface atom, as calculated in [Gee02], is only 2.1 Å. 

Beginning from the tenth layer the atoms have bulk-like bonds. If relaxation is considered, 

the surface structure is even more complex. Note that – both from experiment and from 
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simulation – the As dimer consisting of As atoms 1 and 4 (dimer 1-4) as marked in 

Fig. 5.4(a) is higher than the As dimer 2-5 which in turn is higher than the As dimer 3-6. 

Hence, we will call the As dimer 1-4 the highest dimer, and the one 3-6 the lowest dimer. 

Since all As (or Ga) atoms are situated in different atomic layers, the height difference 

between the terraces on GaAs(2 5 11)A must be measured between equivalent elements on 

each terrace, for example between the highest As dimers. For the construction of step 

models it is sufficient to refer to the bulk layers that the atoms belong to. 

We have been able to improve slightly a resolution of the STM image of GaAs(2 5 11)A 

presented Fig. 5.3. Two high-resolution (200 × 200) Å2 STM images of the GaAs(2 5 11) 

surface are shown in Fig. 5.5(a-b). One recognizes that the surface consists of stripes along 

[23 1]. Narrow dark trenches, marked by black lines on the image borders, separate the 

stripes. The stripes are composed of little series made up from three pairs of white dots, 

two bright pairs and a darker one. The pairs are best identified in the left-hand side of 

Fig. 5.5(b). From the separation of the dots in the pair and the location of the pair in the 

unit cell, the two dots of one pair seem to belong to one As dimer. So, each single dimer 

may be imaged as a pair of well separated dots. The spatial resolution is better than for the 

image in Fig. 5.3 and is much more clearer than that known for the STM images of 

GaAs(114)A α2-(2x1) [Mar01], and GaAs(001) β2-(2x4) [Bar02], which exhibit rows of 

As dimers on their reconstructions.  

The images in Fig. 5.5(a) and (b) were acquired from the same area of the sample and with 

the same scanning parameters. Only the scanning direction was rotated at 90° in the image 

in (b) which can also be recognized by the change in the direction of the noise. These 

figures are shown in order to demonstrate that we do not have a double tip producing a 

doubling of structures in one direction. 

It is also interesting to note a change in resolution during acquiring the image shown in 

Fig. 5.5(b). In the left-hand side of the image the surface exhibits very clear dimer 

constructions made up in perfect ordered stripes along [23 1]. In the middle part the atomic 

resolution disappears. The dimers are imaged as whole integral dots that are still ordered in 

stripes along [23 1]. This resolution can be most frequently seen in STM images of GaAs 

surfaces [Gee01, Gee02, Lab99]. In the right hand side of Fig. 5.5(b) the atomic resolution 

appears again but it is not so clear as in the left hand side. The whole image was acquired 

with the same sample bias, current and scan rate. It means that the atomic resolution is a 

matter of tip sharpness that may change during scanning by loosing or picking up of atoms. 

 79



 

 H
ei

gh
t 

Å[
]

 H
ei

gh
t 

Å[
]

 Distance along c Å[ ]

1

15

0.6

0.8

c

d

(d)

(b)

(c)

 Distance along d Å[ ]

(a)

d

c

A

    _
[453]

   _
[231]

(e)

(f)

 
Figure 5.5 (a) Atomically resolved STM image of the GaAs(2 5 11)A surface. U = − 2.5 V,  

I = 0.097 nA. X scans (fast) in horizontal direction from right to left and Y scans from top to 

bottom; (b) The same area imaged along the perpendicular direction. U = −2.5 V,   I = 0.097 nA. 

Fast scan direction is the vertical direction (Y). X scans from right to left and Y scans from bottom 

to top; (c) Height profile c from top to bottom across two As atoms within one As dimer in (a); (d) 

Height profile d from left- to right-hand side across three As atoms within one series of As dimers 

in (a); (e-f) Experimental and simulated STM images of GaAs(2 5 11)A. The white parallelogram 

indicates the unit mesh, and the white-black lines at the bottom mark the trenches between the 

three-dimer stripes. The black and gray balls mark the As atoms in the dimer. (a) Experimental, 

filled states.  U = −2.5 V,  I = 0.097 nA. (b) Simulated, filled states. The local density of states was 

integrated for an energy interval that extended from the valence band top to − 2.5 eV below. 
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The As dimer series are tilted approximately along [453 ] as can be seen in image 

depicted in Fig. 5.5(a): The brightness of each of the three As dimer lines within one stripe 

decreases from the right to the left-hand side. For clarity, two height profiles are depicted in 

Fig. 5.5(c) and (d) elucidating the height changes of the As atoms. Here the line labelled c 

in Fig. 5.5(a) is directed along [23 1] and displays the different heights of As atoms within 

a single As dimer. The line labelled by d is oriented along ]112[  and shows the different 

heights of As dimers within a dimer series with respect to the surface plane. The peaks of 

the height profiles are numbered according to the labels of the As atoms in Fig. 5.4(a). The 

mean separation of the As atoms within the dimer was measured as 3.8 Å and the height 

difference as 0.2 Å. The respective values of the ab-initio calculation are 2.5 Å and 0.4 Å 

[Kra02a]. From measurements similar to the one shown in Fig. 5.5(d) the mean spacing 

between As dimers within one series (As atoms 1 and 3) was determined as 15.0 Å laterally 

and 0.4 Å vertically. This compares to the simulated values of 13.5 Å and 0.5 Å, 

respectively. 

In order to understand deviations between distances measured from experimental, filled-

state STM images and ab-initio calculations, a simulated filled-state STM image was 

generated using the calculated structure of the GaAs(2 5 11)A surface. Both images are 

presented in Fig. 5.5(e) and (f). In Fig. 5.5(e) the unit cell comprises six well ordered 

separated features. The pairs of these features neighboring in direction ]345[  are separated 

by the black trenches that run down and connect with excellent agreement the trenches in 

the simulated image. The series of As dimers neighboring in direction [23 1] in the 

simulated image exhibit additional features between the dimers that are not present in the 

experimental image. These features correspond to the As DBs from the seventh, eighth and 

ninth atomic planes in Fig. 5.4(a). This fact may indicate that the STM tip has not correctly 

displayed low-laying As DBs 7-9 and the STM current from them has been probably 

overlapped with the current from the As DBs 1-3. This has led to a decrease of the height 

and increase of the separation between the As DBs in the dimers compared to 

corresponding calculated values. The images in Fig. 5.5 clearly show a gap between the 

best-resolved structure of the GaAs surfaces and the actual positions of the atoms. 

As we have seen, GaAs(2 5 11)A is a stable compound semiconductor surface located 

within the ST and exhibits a very original (1x1) reconstruction, which is far away from 

simple faceting or composition of low-index surfaces. 
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5.3 Step structure on the 1° vicinal GaAs(2 5 11)A surface 

Getting ahead of the story, we should tell that the InAs heteroepitaxy is extremely 

sensitive on the morphology (step structure) of the GaAs(2 5 11)A surface. We will 

consider firstly the 1° vicinal surface, because historically we have started with this case 

and in addition, some results on nominal GaAs(2 5 11)A will repeat the results on vicinal 

GaAs(2 5 11)A. 

The nominal orientations of the GaAs wafers (n-type, Si-doped, carrier concentration 

1.1−4.8×1018 cm-3, Wafer Technology) were (113)A off-oriented by 9.7° and 10.2° in 

direction [ 1 10] (manufacturer’s specification); i.e., (3 7 15)A, and (19 47 99)A 

(Fig. 5.6(a)), or (2 5 11)A off-oriented by 1.0° in direction [19 10 8 ], and by 1.0° in 

direction [21 40 22 ], respectively (Fig. 5.6(b)). In contrast to [2 5 11], the directions 

[3 7 15] and [19 47 99] lie in the plane formed by [ 1 10] and [113], i.e., in the [33 2 ] zone. 

The direction [33 2 ] was marked on the wafers by the manufacturer. The angle between 

[33 2 ] and (2 5 11)A is about 1°. The projection of [33 2 ] onto the (2 5 11)A plane as well 

as the off-orientation directions are given in Fig. 5.6(b) together with the three unit cell 

directions [453 ], [31 1 ] and [2 3 1] that are known from the previous chapter. For some 

STM images shown in the following, [33 2 ]proj is noted which allows to determine the 

absolute directions on the (2 5 11)A surface. Because of the small angle of 0.6° between 

(3 7 15)A and (19 47 99)A, their surface morphology exhibits identical step structures. 

 

 a)

      
[113]      [3 7 15]

      
[19 47 99]

[332]

[110]

b)
      
[2 5 11]
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[21 40 22]

[453]
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[19 10 8]

[311]

[231]

[22 11 1]

 
 

Figure 5.6 [Tem02] (a) Sketch of the [3,3,-2] zone. [2 5 11] lies about 1° below; (b) Sketch of the 

[2 5 11] zone containing the three step directions characteristic for vicinal GaAs(2 5 11)A surfaces. 

 82



 

Therefore, in the following we will not distinguish between these wafer orientations. The 

majority of the studied samples was of the nominal (3 7 15)A orientation, however, planar 

regions of a (3 7 15)A surface were not observed. This is in accordance with an 

investigation of a spherical depression, prepared on a GaAs(113)A wafer, which allowed to 

investigate GaAs surfaces vicinal to (113)A with a continuous range of off-orientation 

angles up to 11.5° in all azimuth directions [Gee00]. In addition, GaAs(3 7 15)A violates 

the ECR, and its surface energy was calculated to be greater than that of GaAs(2 5 11)A 

(cf. appendix 1.1+1.2). Thus, (3 7 15)A is not a stable surface, as opposed to the nearby 

(2 5 11)A one. Consequently, in the simplest case one expects the studied samples to form 

the morphology sketched in Fig. 5.7(a). Steps separate terraces of reconstructed 

GaAs(2 5 11)A (dark grey flats) and continuously decline in one direction in order to 

compensate the off-orientation. For isotropic step energies, the step edges should extend 

perpendicular to the direction of the off-orientation [19 10 8 ] and [21 40 22 ], i.e., along 

[2 3 1] and [21 40 22 ] for (3 7 15)A and (19 47 99)A, respectively. 

In order to gain a first overview of the surface morphology, a (1 × 1) µm2 large STM 

image is shown in Fig. 5.7(b). It is clear that the situation is more complex than sketched in 

(a). Across the whole image steps decline from the upper left to the lower right. The 

average direction of the steps, followed across the whole image, is approximately 

perpendicular to the projected [33 2 ] direction, which is in agreement with the off-

orientation. The image shown in Fig. 5.7(b) looks like typical STM or AFM images of 

vicinal low-index surfaces with a step structure compensating a slight off-orientation 

[Hat97, Tej99]. The steps are running along the three characteristic directions marked by 

dashed white lines and numbers 1 to 3. Steps of type 1 are very straight and extend up to 

several thousand Å in some areas. This type is similar to step bunch structures with large 

heights between the terraces. Steps of type 2 are not so straight as steps of type 1. Such 

steps extend seldom by more than 1000 Å, and their typical height is small. Contrary to 

steps of type 1 and 2, the steps of type 3 are rough, and occur with small step height only. 

Note that step of type 3 is close to the simple case shown in Fig. 5.7(a). Steps of type 1 and 

2 lie on both sides of steps of type 3 and are straighter and more pronounced. They seem to 

be energetically more favourable. 
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Figure 5.7 [Tem02] (a) Schematic of a step morphology for GaAs(3 7 15)A. The angle between 

[3,3,-2]proj and [19, 10, -8] is 16.5°. The (2 5 11)A plane is depicted as a dark grey and (3 7 15)A as 

a light grey flat; (b) Overview STM image of GaAs(2 5 11)A. The three characteristic step 

directions are indicated by dashed lines and labelled 1, 2, and 3. (1 × 1) µm2, U = −2.5 V, 

I = 0.089 nA. 

 

The (1000 × 1000) Å2 large STM image shown in Fig. 5.8(a) allows determining the 

directions of the steps of type 1, 2, and 3. At such a resolution the stripes of the As dimers 

running from the top right-hand side to the bottom left-hand side are already visible as 

white rows separated by trenches between the dimers stripes, and even the single dimer 

series can be recognized. Thus, crystallographic directions can be extracted from the 

atomic structure and determined with respect to the projected [33 2 ] direction. The surface 

decreases in height from the left lower corner to the right upper one and forms mainly three 

(2 5 11)A terraces called as upper, middle and lower. The steps of type 1 form the step 

bunches running along [31 1 ]. They extend across the entire image and have few kinks in 

this area. In Fig. 5.8(a) two neighbouring steps can be seen, a phenomenon, that occurs 

quite often (see Fig. 5.7(b)). Steps of type 2 run along [453 ] being sometimes straight, but 

exhibiting many kinks otherwise. Steps of type 3 run along [2 3 1], are rough, and mostly 

are not parallel to the trenches between the As dimers rows. Steps of type 2 and 3 usually 

have the same height. In contrast, steps along [31 1 ] are usually of greater and variable 

height. In spite of the fact that the steps are sometimes rough, all three types can be clearly 

recognized on the surface for a wide range of preparation conditions. Therefore, we will 

consider them in more detail. 
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Figure 5.8 [Tem02] (a) High-resolution STM image (error signal≡constant height mode) of the 

1.0° vicinal (2 5 11)A surface (1000 × 1000 Å2, U =−2.5 V, I = 0.097 nA); (b) Small area STM 

image of a GaAs(2 5 11)A surface containing a step along [3,1,-1]. The upper and lower terraces 

are labelled U and L, respectively (200 × 200 Å2, U = −3.0 V, I = 0.099 nA). 

 

5.3.1 Steps along [31 1 ] 

A high resolution (200 × 200) Å2 STM image of a step along [31 1 ] is presented in 

Fig. 5.8(b). The upper and the lower (2 5 11)A terrace exhibit stripes of As dimers imaged 

as white humps. The step runs across the whole image from the lower left-hand to the 

upper right-hand side. The step wall consists of well-ordered rows of bright dots, which are 

most likely due to As-related states because of the negative sample bias (tunneling from 

filled states) and the As-rich preparation conditions. The distance between the rows is 

(5.5 ± 1.0) Å and the separation between the bright dots in each row is (4.0 ± 1.0) Å. These 

values are in excellent agreement with the unit mesh of the GaAs{110} surface 

(5.65 × 4.00) Å2. The angle between the step wall and the (2 5 11)A terraces as determined 

from STM images is (20 ± 5)°. This value is in good accord with the geometrical angle of 

22.5° between (2 5 11) and (011). Also, the intersection line between these planes is along 

[31 1 ]. Therefore, we conclude that the walls of the steps along [31 1 ] have the orientation 

(011), and that each bright dot on the step wall in Fig. 5.8(b) corresponds to one As DB. 

The appearance of (011) areas as step walls is not surprising because the surface energy of 

GaAs(110) is low: It is 52 meV/Å2 for the stoichiometric (cleavage) surface and 

45 meV/Å2 for the highly As-rich surface for which Ga is replaced by As (cf. appendix 

1.1). Our STM images indicate that we probably observe the stoichiometric variant. 
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The upper terrace in Fig. 5.8(b) also exhibits a rough step along [23 1] whereas there is 

not any additional step on the lower terrace. This means that the step along [31 1 ] does not 

have a fixed height. Taking into account all STM observations of steps along [31 1 ], the 

difference in height between the respective (2 5 11)A terraces varied from 3 Å to 17 Å. 

These values correspond to lengths on the step wall of about 10 Å and 51 Å (along the 

[01 1 ] direction). 

In order to build a structural model of the step we have to know the atomic configuration 

at the step edges. In general, it is more difficult to resolve lower step edges by STM than 

upper ones, because at the lower step edge the tunneling current is also influenced by the 

separation between tip and step wall. Thus, only few STM images have been acquired with 

clearly resolved lower step edges. 

In Fig. 5.9(a) an upper step edge formed by the intersection between the (011) step wall 

and the (2 5 11)A terrace is shown. The As dimers on the (2 5 11)A terrace are imaged as 

big humps and the As atoms on the (011) step wall as small dots. The upper (2 5 11)A 

terrace ends with the highest dimers. At each of these dimers, one of the downward 

directed rows of As atoms starts on the step wall. Between these rows, there are two 

additional rows of As atoms. Along the upper step edge, two different features are observed 

between the highest dimers: in some places there is an extended white cloud (C in 

Fig. 5.9(a)), on other places there is a black depression (D in Fig. 5.9(a)). These two 

features may alternate in direction [31 1 ], but a long-range periodicity was not found. Thus, 

there are two different modifications of the structure of the upper step edge. 

 

40 Å
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Figure 5.9 [Tem02] (a) (195 × 62) Å2 cutting out of an STM image of GaAs(2 5 11)A showing an 

upper step edge along [3,1,-1] (U = −2.5 V,  I = 0.097 nA); (b) (137 × 69) Å2 cutting out of an STM 

image of GaAs (2 5 11)A containing the upper and lower step edge along [3,1,-1]. The upper and 

the lower terrace are labelled U and L, respectively. U = −2.5 V,  I = 0.097 nA. 
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A lower step edge is presented in Fig. 5.9(b). On this STM image, the upper step edge 

can also be seen. Here the step height is only ~3 Å, which is the smallest value observed. 

At the lower step edge, the highest dimer of the (2 5 11)A dimer series nearest to the step 

(labelled as HT) is located between the As atom rows 3 and 1’. The lower dimer at the 

lower step edge (labelled as LO) is located between the rows 2 and 3 that start from the 

cloud or depression at the upper step edge. It should be noted that only two lower step 

edges with an overall length of about 200 Å could be imaged and that the resolution was 

not good enough to state different modifications of the step edge. 

Based on the STM image in Fig. 5.9(b), we propose in Fig. 5.10 a ball-and-stick model 

for the step along [31 1 ]. In order to better distinguish between the upper and the lower 

(2 5 11)A terraces and the (011) step wall, we have decreased the size of the sticks and 

balls on the step wall from the upper to the lower terrace. The height difference between 

equivalent As or Ga atoms along the (011) rows, i.e., in direction [01 1 ], is 1.39 Å, which 

corresponds to six GaAs(2 5 11)A atomic layers. The lower (2 5 11)A terrace lies fourteen 

atomic layers lower than the upper terrace. (Compare Ga atoms from thirteenth atomic 

layer of the upper and of the lower terraces.) The height difference is 3.23 Å, which is in 

good accord with the experimental value. 

As two different modifications C and D of the upper step edge were observed by STM, 

two different unit meshes C and D were constructed in the structural model in Fig. 5.10. In 

both cases, there is one As dimer on the upper terrace corresponding to the lowest dimer of 

the GaAs(2 5 11)A reconstruction in the right-hand corner of the unit meshes. Also, in both 

cases the (011) zigzag rows 1 and 3 on the step wall end at As dimers, while row 2 ends at 

a Ga atom that has one DB and that is rebonded to another Ga atom. The length of row 2 is 

different in unit meshes D and C: there is one extra As and one extra Ga atom in unit mesh 

C, i.e., in unit mesh C row 2 is longer by one periodicity length of the (011) surface. 

However, the number and the type of DBs is the same for both configurations. The As and 

Ga DBs at the upper step edge in unit mesh D, that belong to lower zigzag rows of the 

(011) surface (elements in dotted circles in Fig. 5.10), are saturated by extra As and Ga 

atoms with DBs in unit mesh C, that are from the upper zigzag row 2. As in unit mesh C 

the location of the Ga-Ga bond and of the preceding As DB from row 2 is higher with 

respect to the (2 5 11) plane than the location of the As DB in the dotted circle and the 

Ga-Ga bond from row 2 in unit mesh D, these elements in the unit mesh C have to be 
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imaged brighter. Hence, configuration C corresponds to the white cloud in the STM 

images, and configuration D to the black depression. 

At the lower step edge, the (011) rows 1 and 3 end at the highest and the lowest As 

dimer, respectively. The row 2 ends with a Ga-Ga bond. The highest and the lowest dimer 

at the lower step edge are situated between the rows of As DBs 1 and 3, and 3 and 2, 

respectively. That is in agreement with the STM image in Fig. 5.9(b) where As related 

states are imaged. 
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Figure 5.10 [Tem02] Ball-and-stick model of the step along [3,1,-1]. The upper and the lower 

terrace are labelled U and L, respectively. The zigzag rows of As and Ga surface atoms in the (011) 

facet, forming the step wall, are numbered in a sequence from 1 to 3 from left to right. Double lines 

at model borders outline the position of the terraces and of the step. The balls and sticks of the 

lower terrace are drawn with the same size as the ones of the upper terrace. Two different unit 

meshes D and C, corresponding to the different configurations for the upper step edge, are 

indicated by the dashed parallelograms. 

 

For the analysis of semiconductor surface structures the ECR is of great help. The ECR 

has also been applied to step structures already before [Pas89, Mcc96, Gee99]. For steps it 

is problematic to define the area in which the electrons are counted. Unit meshes of the 

periodicity along the steps are not equal to the unit meshes of the periodicity on the 

(2 5 11)A terraces. The step unit meshes were chosen such that, if the step is removed, the 

upper terrace fits to the lower terrace without breaking the periodicity that is characteristic 

for the (2 5 11)A surface. In this case the ECR can be applied to the steps, since on the 
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terraces the rule is fulfilled. Note that generally for the construction of models, Ga and As 

atoms with two DBs were ruled out, since they are energetically unfavourable. Both unit 

meshes, C and D, fulfil the ECR: They contain 14 As DBs (−42/4 electrons), 14 Ga DBs 

(+42/4 electrons), 2 As-As bonds (+1 electron), and 2 Ga-Ga bonds (−1 electron). The As-

As and the Ga-Ga bonds, which compensate each other, are located at the upper and lower 

step edge independent of step height. Therefore, the step height can increase stepwise by 

adding one Ga and one As atom with one DB each to the (011) rows on the step wall 

without influencing the charge compensation as one Ga and one As DB compensate each 

other. As mentioned above, adding a pair of Ga and As atoms corresponds to a change in 

height by 1.39 Å. 

As shown in [Kim01a] the average terrace width and step height of the steps, bunching 

on the 2° vicinal GaAs(001)surface, strongly depends on the thickness of the grown GaAs 

buffer layer. Under the preparation conditions used in this study the average terrace width 

and step height were about 1000 Å and 8 Å, respectively, by the minimal buffer layer 

thickness of 200 Å. This values are in good agreement with the step bunches observed on 

vicinal GaAs(001). With increase of the buffer layer thickness, the terrace width and the 

step height increase on GaAs(2 5 11)A. However this effect is not so much pronounced as 

in [Kim01a], probably because of the arbitrary off-orientation direction of the vicinal 

(2 5 11)A surface and therefore, of the existence of the steps running in different from 

[311] directions. 

Although it is a matter of a theoretical study, the presence of many Ga atoms on the upper 

step edge that move into a surface by a sp2 planar relaxation, may decrease the surface 

potential comparing with that away from the step. Therefore, we speculate that the (011) 

step wall may be formed due to a negative Schwoebel barrier on the step-edges, i.e., due to 

the preferred attachment of atoms from the higher terrace [Sch66]. As can be seen in 

Fig. 5.8(a) the steps on the bunched (011) surface run mainly along the zigzag chains (i.e., 

along the [011] direction). These steps are generally favoured by the homoepitaxial growth 

on GaAs(110) when As2 is used [Hol01]. Therefore, we speculate, that the (011) step wall 

may grow simultaneously and independently, whereas the (2 5 11)A surface may grow 

through the propagation of other steps, which are not bunched, e.g., steps along [453 ] or 

[23 1]. It means, that, if the (011) step wall is once formed, it may not vanish and may 

increase in size with the increase of the buffer layer thickness. 
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5.3.2 Steps along [4 5 3 ] 

The three-dimensional STM image shown in Fig. 5.3 contains a step along [453 ] with 

one kink directed along [2 3 1]. A geometrical consideration reveals that the (113)A plane 

intersects the (2 5 11)A plane along [453 ]. However, Fig. 5.3 shows that the 

GaAs(113)A-(8×1) reconstruction with its (32.0 × 13.3) Å2 wide unit mesh does not form 

at the step wall. Two steps along [453 ] can be seen in the high-resolution (100 × 100) Å2 

STM image in Fig. 5.11(a). For clarity, white arrows mark the space between step edges. In 

contrast to steps along [31 1 ], the height of the steps in (a) is fairly small. Most remarkable, 

in all acquired STM images the same height of (2.0 ± 0.5) Å was measured for all steps 

along [453 ]. Thus, the structure of the GaAs(2 5 11)A surface seems to permit only a fixed 

step height for this step type. 

The STM images in figures 5.3 and 5.11(a) reveal that the complete series of three As 

dimers of the GaAs(2 5 11)A unit mesh A occur at the step edge both on the upper and on 

the lower terrace. Equivalent dimers on neighbouring terraces, like the ones labelled by 1 

and 2 in Fig. 5.11(a), are shifted with respect to each other by (3.0 ± 0.5) Å in direction 

[453 ]. This shift is obvious when one looks at the dotted line: The line passes through the 

uppermost dimers on the middle terrace, but is located between dimers on the upper and the 

lower terrace. The distance between As dimer 1 and 2 is (12.2 ± 1.5) Å. 

On the basis of the experimental data we propose a structure model for the step along 

[453 ] as shown in Fig. 5.11(b). When the step is approached from the lower terrace, there 

is no atom in a configuration other than found in the GaAs(2 5 11)A reconstruction. When 

the step is approached from the upper terrace, there are additional As and Ga atoms with 

one DB each below the Ga atoms that the As dimers in the GaAs(2 5 11)A reconstruction 

are bound to. The height difference between the two terraces is nine atomic layers, i.e., 

2.08 Å. (Along the [1 1 0] direction each atom lies three layers lower than the previous 

one). The shift in direction [453 ] and the distance between equivalent dimers is 2.9 and 

12.0 Å, respectively. These values are in good accord with the STM data and support our 

model. The unit mesh of this step contains 12 As DBs (−36/4 electrons), 9 Ga DBs 

(+27/4 electrons) and 3 As-As bonds (+6/4 electrons). Hence, there is a charge deficit of 

−3/4 electrons per unit mesh, and the step along [453 ] violates the ECR. 
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Figure 5.11 [Tem02] (a) Small area STM image of GaAs(2 5 11)A containing three terraces that 

are separated by steps along [4,5,-3]. White arrows near the image border indicate the steps. The 

dotted line elucidates the shift of equivalent dimers on different terraces, like the ones labelled 1 

and 2. U = −2.5 V,  I = 0.18 nA; (b) ball-and-stick model of a step along [4,5,-3]. The upper and 

the lower terrace are labelled U and L, respectively. The balls and sticks of the lower terrace are 

drawn with the same size as the ones of the upper terrace. The grey parallelogram indicates the 

unit mesh of the step structure. Double lines at model borders outline the position of the terraces 

and of the step. 

 

The model presented in Fig. 5.11(b) may be modified by adding one Ga or As adatom at 

the position marked by the circle. This would decrease the number of DBs by two and 

would yield an excess charge of only +1/4 electron per unit mesh. However, such 

combinations are not confirmed experimentally. The STM image in Fig. 5.11(a) and its 

error signal (not shown here) exhibit no additional elements between the step edges. 

However, it should be noted that also on the (2 5 11)A terraces no element of the 

reconstruction apart from the dimers is resolved either. Thus, it is unclear whether such an 

adatom does exist or not. 

Although the model for the step along [453 ] depicted in Fig. 5.11(b) violates the ECR, 

most likely it does not have an excessively high energy, because there are not any atoms in 

unfavourable binding configurations (like twofold coordinated atoms), and the overall 

structure is very similar to that of the reconstructed terrace. 
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5.3.3 Steps along [2 3 1] 

Three different types of steps are observed along [23 1]. The first one corresponds to the 

already mentioned two-dimer stripe that is visible, e.g., in Fig. 5.3. Such an element 

coexists with the usual three-dimer stripes. The (1000 × 1000) Å2 STM image in 

Fig. 5.12(a) permits to estimate the length and the density of two-dimer stripes. They are 

imaged as dark rows running from the upper left to the lower right up to a length of 

1000 Å. Sometimes these stripes cross steps along [453 ] over three or four terraces. Since 

height measurements from STM images are rather difficult for this step, let us go the 

opposite way by starting with a model and coming back to the experiment later. 

As can be seen in Fig. 5.3, besides the reduced number of dimers, the two-dimer stripe 

differs from the regular three-dimer stripe only in width. Thus, the construction of the 

corresponding model is fairly easy on the basis of the known GaAs(2 5 11)A 

reconstruction. The top view of the model is depicted in Fig. 5.12(b). Starting at the left-

hand side with a complete three-dimer series, the upper (2 5 11)A terrace U ends with the 

lowest dimers (4) of the anticipated second three-dimer series which actually is only a two-

dimer series. The lower terrace L begins with the lowest dimers (6) of a new three-dimer 

series shifted one dimer row to the left. In Fig. 5.12(c) the side view of the model is shown, 

in which the As dimers are depicted in the four uppermost atomic layers. It can be seen that 

the atoms on the lower (2 5 11)A terrace are located one atomic layer lower than the 

equivalent atoms on the upper terrace. 

The model in Fig. 5.12 shows how the two-dimer stripe is located between the three-

dimer stripes on the upper and the lower terrace. A step wall is formed that is inclined by 

only 1.0° with respect to the (2 5 11)A plane. On the planar GaAs(2 5 11)A surface, there is 

a height difference of two atomic layers within a three-dimer stripe between dimers 1 and 

3, which is compensated by the same height difference between the dimers 3 and 4 that are 

located on neighbouring stripes. Within the two-dimer stripe, there is only a height 

difference of one atomic layer between the dimers 4 and 5 instead of two before the height 

change of two atomic layers downwards between the dimers 5 and 6. Thus, dimer 6 lies 

one atomic layer lower than the equivalent dimer 1. Therefore, the two-dimer stripe is 

connected with a step. It exhibits the smallest possible step height on GaAs(2 5 11) of 0.23 

Å, i.e., it is a step by one atomic plane and we call it mono-plane step in the following. The 

unit mesh of the monoplane step (dashed parallelogram in Fig. 5.12(b)) contains 6 As DBs  
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Figure 5.12 [Tem02] (a) Large area STM image of GaAs(2 5 11)A with the steps along [2,-3,1] (U 

= −2.67 V, I = 0.1 nA); (b) ball-and-stick model of the mono-plane step along [2,-3,1]. The upper 

and the lower terrace are separated with dashed lines and labeled U and L, respectively. The 

parallelogram indicates the unit mesh of the step structure; (c) side view of the model. The As 

dimers within the three- or two-dimer stripes are linked with lines. The dimers are numbered 

according to the elements in the dashed ovals in (b). 

 

(-18/4 el), 5 Ga DBs (+15/4 el) and 2 As-As bonds (+4/4 el). Thus, this unit mesh exhibits 

a positive excess charge of +1/4 electrons, i.e., this step violates the ECR. 

The surface that consisted exclusively of two dimer stripes would be a reconstructed 

GaAs(3 7 15)A surface (see chapter 3.4), which is the nominal orientation of the samples. 

A two-dimer stripe is a means by which the macroscopic off-orientation is partly 

compensated. The analogous mono-plane step in the opposite direction corresponds to a 

four-dimer stripe. As such a step would induce an even greater deviation from the stable 

(2 5 11)A orientation, four-dimer stripes are barely found on the samples considered in this 

study. However, in the spherical depression study [Gee00] such four-dimer stripes were 

observed in the region near (2 5 11)A, probably induced by the opposite off-orientation. 

It is clear from Fig. 5.12(a) that the density of monatomic steps is not sufficient to fully 

compensate the off-orientation. Indeed, higher steps along [23 1] with heights of 

(2.0 ± 0.5) Å and (4.0 ± 0.7) Å were also observed. The first value corresponds to the steps 

labelled (a) in Fig. 5.12(a). They separate together with the steps along [453 ] the same 
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upper terrace from the same lower one, i.e., both steps have identical heights. Twice as 

high are the steps labelled (b). 

In Fig. 5.13(a) a step of type (a) is shown with higher resolution. The step has a fairly 

rough structure with many kinks. Only in the about 100 Å long part marked by the white 

arrow a periodicity is observed. In this place the upper (2 5 11)A terrace ends with a two-

dimer stripe and a last row of white features that are shifted along [23 1] but do not 

complete a full three-dimer stripe. The lower terrace starts with a regular three-dimer stripe. 

The distance between the white features in the shifted row on the upper terrace and the 

lowest dimers in the first regular three-dimer stripe on the lower terrace is (10.0 ± 1.5) Å.  

The model for the straight areas of the steps of type (a) along [23 1] is depicted in 

Fig. 5.13(c). The height difference between two terraces is nine atomic layers, i.e., the same 

value as for the steps along [453 ]. Along [01 1 ] each atom lies six layers lower than the 

previous one. Dashed lines, indicating the end of the upper and the begin of the lower 

terrace, pass through the lowest As dimers on the (2 5 11)A reconstruction. There is a two-

dimer stripe and a row of shifted As dimers on the step wall. The distance between dimers 

labelled 1 and 2 in Fig. 5.13(c) is 9.8 Å, which is in good agreement with the measured 

distance between the white features on the upper terrace and the lowest dimers on the lower 

terrace. Between the rows of the dimers 1 and 2 a small area of the orientation (111)A is 

visible. This plane intersects the plane (2 5 11) along the direction [23 1]. The shaded 

parallelogram in Fig. 5.13(c) indicates the unit mesh of the step. To avoid a large positive 

excess charge one Ga atom per unit mesh was removed from the (111)A surface. This is 

similar to the known vacancy of the reconstructed GaAs(111)A-(2 × 2) surface [Ton84]. 

However, in this reconstruction the Ga vacancies are not aligned along [23 1], as it is the 

case in Fig. 5.13(c). The unit mesh contains 12 As DBs (-36/4 electrons), 9 Ga DBs 

(+27/4 electrons) and 3 As-As bonds (+6/4 electrons). Altogether there is a negative excess 

charge of −3/4 electrons per unit mesh, i.e., the step violates the ECR. 

Although the models for the [23 1] steps violate the ECR, we suggest a simple 

consideration based on a local fulfilment of the rule that may yield charge compensation. 

Starting from the model for the monoplane step in Fig. 5.12(b) let us consider the normal 

unit mesh of the (2 5 11)A surface containing structural elements 1, 2, and 3 around the As 

dimers in dashed ovals and the Ga DB in the solid oval next to element 3 (the unit mesh A 

in Fig. 5.4(a)). Going in direction from the upper to the lower terrace a two-dimer stripe 

appears because of the off-orientation or kinetic reasons [Gee01]. In order to distribute the  
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Figure 5.13 [Tem02] (a) (270 × 510) Å2 cutting out of an STM image of GaAs(2 5 11)A showing a 

step of type (a) along [2,-3,1]. The straight part of the step is indicated by the white arrow (U 

= −2.5 V,  I = 0.097 nA); (b) Small area STM image of GaAs(2 5 11)A containing a step of type (b) 

along [2,-3,1]. The black arrow indicates a small area of the reconstructed GaAs(137)A surface.  U 

= −2.5 V,  I = 0.302 nA; (c) ball-and-stick model for a straight area of the step of type (a) 

along [2,-3,1]. The upper and the lower terrace are separated with dashed lines and labeled U and 

L, respectively. The parallelogram indicates the unit mesh of the step structure. The balls and sticks 

of the lower terrace are drawn with the same size as the ones of the upper terrace. 

 

charge in such a way, that all the Ga DBs are emptied and all As DBs are filled, the 

elements 4 and 5, “confiscate‘‘ the element 6 from the neighbouring three-dimer stripe and 

the Ga atom with a DB between elements 5 and 6. The remaining two As dimers in the 

three-dimer stripe perform the same operation with the next stripe, etc. Now the form of the 

unit mesh (but not its content) on the GaAs(2 5 11)A surface is changed: it consists of the 

elements 4, 5, and 6, and the Ga DB between 5 and 6. In this form the unit mesh exists up 

to the next two-dimer stripe and thereafter transforms again to include the elements 3, 4, 

and 5 with the Ga DB situated between 3 and 4. With this form of the unit mesh the 

GaAs(2 5 11)A terrace can again extend arbitrarily long up to the next two-dimer stripe. 

After the third two-dimer stripe the unit mesh transforms to the one consisting of elements 

1, 2, and 3 with the Ga DB situated before the element 1. A location of the Ga DB inside 

the unit mesh is reversed but it is not yet far from normal unit mesh A. It means the last 

terrace can again extend arbitrarily long and can end with the step of type (a) described in 

Fig. 5.13(c). Thereby, the Ga DBs in solid ovals in Fig. 5.13(c) are superfluous for the 

upper terrace and they can extinguish the negative excess charge of -3/4 electrons that is 

specific for the straight areas of the step of type (a). The lower terrace beginning after this 
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step has a normal unit mesh A, and such compensation can be repeated. From Fig. 5.12(a) 

one can recognize that terraces are separated not only by steps of type (a) (or (b)) along 

[23 1] but also by steps along [453 ]. The full explanation in terms of the ECR would 

require to take all these steps into consideration what is much more difficult. 

More complex is the step labelled (b) in Fig. 5.12(a). It is of double height (about 4 Å) 

compared to the step of type (a). This step is shown with higher resolution in the 

(300 × 300) Å2 STM image in Fig. 5.13(b). In some regions the double-height step is split 

into two single-height ones. At those positions, where the double-height step is developed, 

nano-areas are observed (marked by an arrow) consisting of As dimers without any trench 

along [23 1] that is characteristic for the (2 5 11)A reconstruction. These areas correspond 

to a GaAs(137)A surface, which is also the orientation of the three-dimer stripes between 

the trenches. Any periodicity for the step of type (b) was not observed and a model cannot 

be offered for this situation. 

To summarise the morphology study, three characteristic steps are observed on vicinal 

GaAs(2 5 11)A surfaces which run along [31 1 ], [453 ], and [2 3 1]. These directions 

correspond to the unit cell directions on GaAs(2 5 11)A surfaces that were observed also in 

LEED and RHEED experiments. The directions correspond to the intersections of the 

(011), (113), and (111) planes with the (2 5 11) plane, respectively. These steps were 

atomically resolved what allowed detailed modeling of their structures. Steps along [31 1 ] 

are especially long and straight and often bunch together forming larger (011) facets. 

The ECR analysis of the step models indicates that the rule can be fulfilled for steps 

along [31 1 ], but is violated for steps along [453 ]. This holds generally also for steps along 

[23 1] but it may well be that the steps violate the ECR locally but fulfil it within 

mesoscopic areas for certain step successions. Obviously, the failure in fulfilling the ECR 

by a charge deficit of 3/4 electrons for the [453 ] step (cutting plane (113)) and of a deficit 

of 3/4 electrons for the [23 1] step (cutting plane (111)) does not introduce a large energetic 

imbalance. This is concluded as no extended (113)A or (111)A facets with their own 

reconstructions are formed. The very long and straight steps along [31 1 ] could possibly be 

employed for the ordering alignment of self-organized InAs QDs.  
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5.4 InAs islands on 1° vicinal GaAs(2 5 11)A 

The high performance optical devices based on the InAs QDs require a very 

homogeneous size distribution and the reduction of the number of incoherent radiationless 

islands, which usually form due to the coalescence of some QDs [Moi94, Suz03]. Several 

authors have proposed to use for this purpose vicinal GaAs substrates in order to create 

dense arrays of the uniform QDs along step-edges [Iko95, Min98]. Such a proposal is 

based on the experimental fact that the QDs tend to nucleate on the steps even on the 

nominal oriented GaAs substrate [Leo94, Iko95, Has01], probably on the lower terraces. 

As shown by Talalaev et al. [Tal00] by means of PL measurements, the QDs become 

smaller and more uniform in size by increase of the off-orientation angle up to 7° for 

GaAs(001). This was explained in terms of a lateral confinement of the QD size on terraces 

by step bunching. An appearance of wirelike InAs QDs at the steps on the 2° off-oriented 

GaAs(100) substrate was demonstrated in reference [Kim01] using atomic force 

microscopy (AFM). It was concluded that intervals between these wirelike QDs were 

significantly affected by the terrace width resulting from the step bunching effect. 

However, detailed knowledge about the mechanism of the InAs island nucleation at steps 

as well as the role of the step bunching effect is still missing mainly because of lack of the 

atomic structure of the steps. 

In the previous chapter we have shown, that the 1° vicinal GaAs(2 5 11)A surface 

exhibits straight step bunches along [31 1 ]. Hence it is interesting to explore how far these 

structures can be utilised for the special control of dense arrays of the uniform InAs QDs. 

The evolution of the RHEED patterns along the three characteristic directions [ 2 31], 

[3 11] and [ 4 5 3] during InAs deposition on 1° vicinal GaAs(2 5 11)A is shown in 

Fig. 5.14(a-f). (For the initial bare GaAs(2 5 11)A surface the RHEED images are depicted 

in Fig. 5.2(c).) The deposition of InAs up to the transition to the 3D growth mode results in 

a spreading of the sharp (1x1) periodicity as shown in Fig. 5.14(a-c). It is particularly 

apparent for the RHEED pattern along [ 2 31], whereas the diffuse x1 periodicity is still 

remained for the pattern along [ 4 5 3] and [3 11] even beyond the 3D transition 

(Fig. 5.14(b, e) and Fig. 5.14(c, f)). 3D islands, emerging on the 2D wetting layer after the 

SK growth mode, give normally rise to the appearance of transition spots on RHEED 

patterns due to the electrons running through the islands. In the case of InAs islands on the 

vicinal GaAs(2 5 11)A the change of the RHEED pattern is clearly seen only along [ 2 31], 

where the parallel lines of sharp transition spots occur as shown in Fig. 5.14(d). 
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Figure 5.14 [Tem04] Room temperature RHEED pattern (U=10 kV) of the InAs wetting layer 

and InAs islands on the vicinal GaAs(2 5 11)A surface; (a-c) InAs wetting layer (InAs thickness is 

equal to 3.5Å); (d-f) RHEED pattern after the 3D transition  (InAs thickness is 5.0 Å). The WL or 

islands have been deposited in the MBE chamber and cooled down in the STM chamber. 

  

The above-mentioned features of the RHEED patterns during InAs deposition can be 

understood with help of STM images. Figure 5.15(a) shows a large area of the vicinal 

GaAs(2 5 11)A surface prior to InAs deposition. The long and straight step bunching along 

[311] as well as large GaAs(2 5 11)A terraces are seen from this image. Figure (b) exhibits 

an atomically-resolved image of the GaAs(2 5 11)A terrace. Besides the small number of 

two-dimer stripe perturbations the surface is remarkably well ordered. The deposition of 

3.5 Å InAs at 370-500°C, which is below the SK transition, results in morphology, shown 

in Fig. 5.15(c). The step bunch structures along [311] still persist with similar lengths and 

step heights as for the bare vicinal GaAs(2 5 11)A. However the atomic structure on the 

surface becomes quite disordered as shown in Fig. 5.15(d). A fairly long periodicity is 

remained only along the [ 2 31] direction on the real space STM image in Fig. 5.15(d), 

which accounts for the conservation of the diffuse x1 periodicity on the reciprocal space 

RHEED patterns along [311] and [ 45 3] in Fig. 5.14(b, c). 

Figure 5.16(a) exhibits a large area STM image of the 1.0° vicinal (2 5 11)A surface 

beyond the SK transition. 3D islands, that are very different in size but normally uniform in 

shape, appear exactly on the step bunches along [311] with a fairly low number density of 

7·109 cm-2. The terraces are almost free from the InAs islands. Since the islands are aligned 

towards the [311] direction, the electron beam along [3 11] and probably along [ 4 5 3] (the 
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angle difference between these directions is 31.5°) cannot pierce through the many large 

islands. Therefore, the RHEED patterns in Fig. 5.14(e, f) do not clearly reflect the SK 

transition, which can be only seen with the electrons incident along [ 2 31]. 

 

    
 

Figure 5.15 [Tem04] (a-b) STM images of the bare vicinal GaAs(2 5 11)A surface: (a) 6000x6000 

Å2, U= −2.5 V, I = 0.1 nA and (b) 465x465 Å2, U= −2.5 V, I = 0.097 nA;(c-d) STM images of the 

InAs WL on the vicinal GaAs(2 5 11)A surface: (c) 6000x6000 Å2, U= − 3.0 V, I = 0.18 nA and (d) 

465x465 Å2, U= −3.0 V, I = 0.699 nA.  

 

Figures 5.16(b, c) compare the size distribution (the length along the [311] direction) of 

the InAs islands on vicinal GaAs(2 5 11)A with that of the InAs QDs on GaAs(113)B. InAs 

was deposited at the same preparation conditions onto both surfaces until the SK transition 
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occurred. The size distribution of the InAs QDs on GaAs(113)B is very sharp with the peak 

at about 250 Å running up to 60% of all measured dots. This sharpness is induced by the 

elastic strain in the QDs that promotes a certain size for the dot at a given temperature (see 

chapter 4.2). It is obviously not the case for the InAs islands on vicinal GaAs(2 5 11)A. 

Their size distribution is very broad with the peaks running only up to 15% of all islands. 

Therefore, we propose a following scenario of the InAs heteroepitaxy on vicinal 

GaAs(2 5 11)A: InAs may grow simultaneously up to the appearance of 3D islands both on 

the GaAs(2 5 11)A substrate and on the GaAs(011) step walls in layer-by-layer growth 

mode. On the latter the misfit dislocations occur in the second InAs layer [Bel97, Joy98].  
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 Figure 5.16 [Tem04] (a) 3D STM image of the InAs islands on vicinal GaAs(2 5 11)A (6000x6000 

Å2, U= −2.5 V, I = 0.15 nA, InAs thickness was 5.0Å at sample temperature T=440 °C); (b-c) 

comparison between the size distribution of the InAs islands on vicinal GaAs(2 5 11)A and of the 

InAs QDs on nominal GaAs(113)B.( a) InAs thickness was 5.0 Å at T=440 °C; (b) InAs thickness 

was 4.3Å at T=435 °C. 

 

After the SK transition on GaAs(2 5 11)A terraces the InAs material may be easily 

collected on the relaxed (011) step walls and form 3D InAs islands. Since the islands 

exhibit the misfit dislocations they may grow without limitation caused by the elastic strain 

that results in the broad size distribution shown in Fig. 5.16(b). Such a broad size 

distribution can actually be observed also from Fig. 5.16(c) for the InAs islands on 

GaAs(113)B with the size above 350 Å, but a vast majority of the InAs material is 

collected in the narrow distributed QDs. This is not the case on vicinal GaAs(2 5 11)A. 

Note, that the direction of the dislocation appeared on the InAs/GaAs(011) interfaces are 

 100



[100] and [011], see, e.g., [Bel97]. As they run oblique to the step wall (see the model in 

Fig. 5.10), the InAs islands may grow along them, adopting an island-like but not a wire-

like shape elongated along [311] that could be expected by dislocations oriented parallel to 

the same direction. 

We have also performed PL measurements in order to support our assumption derived 

from STM images, that InAs islands on vicinal GaAs(2 5 11)A are incoherent. It is well 

known that the incoherent (dislocated) QDs are optically dead, because the dislocations are 

very good traps for charge carriers [Leo98, Gru02]. At the dislocations the excitons can 

lose their energy through nonradiative recombination (without an emission of a photon). 

As has been shown for quantum wells [Chi01], the nonradiative recombination time is an 

order of magnitude shorter than the radiative recombination time. In the incoherent QDs 

the charge carriers are localised in an immediate proximity to the defects, hence the 

nonradiative recombination time is expected to be even shorter [Fio00]. As a consequence, 

no light emission should be seen in the PL or electroluminescence spectra of the QDs 

containing dislocation lines or networks as assumed in our case. 
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Figure 5.17 [Tem04] PL spectra at 10 K of the InAs QDs grown on GaAs(001) (T=430°C, InAs 

thickness 4.8 Å, dashed line) and the InAs islands on 1° vicinal GaAs(2 5 11)A (T=430°C, InAs 

thickness 5.0 Å, solid line) presented in (a) linear scale and (b) decimal logarithmic scale. The 

QDs, WL and GaAs bulk related peaks are labeled. Excitation density was 500 W/cm2. 

 

Figure 5.17 shows the PL spectra of the InAs islands on GaAs(001) (dashed line) and on 

vicinal GaAs(2 5 11)A (solid line) prepared under nearly the same conditions*. The linear 

                                                 
* The GaAs(001) wafers, used for the comparative PL measurements were cut from an undoped, 
semiinsulating ingot. 
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presentation of the dependence of PL intensity on the emission energy in (a) reveals for 

vicinal GaAs(2 5 11)A neither a peak related to the QDs nor a peak related to the GaAs 

bulk material, which indicates a fairly bad quality of the used GaAs single crystal. In 

contrast, the spectrum for GaAs(001) shows a single Gaussian-like peak at 1265 meV with 

a FWHM equal to 78 meV, which is in good agreement with the literature about InAs QDs 

on GaAs(001) [Bim00, Gru02]. For vicinal GaAs(2 5 11)A, two broad peaks in the QD 

energy range numbered by 1 and 2 can be seen at very low intensities in the decimal 

logarithmic scale in (b). Peak 3 is ascribed to the doped GaAs(2 5 11)A substrate, because 

it is located near to the well resolved double peak of the semiinsulating GaAs bulk 

material, related to the negatively charged exciton. Note that a peak, centred at 1455 meV, 

occurs between the peaks for InAs QDs and GaAs bulk exciton on the GaAs(001) sample. 

It is ascribed to the InAs WL on GaAs(001), since its energy is in excellent agreement with 

that reported from the PL excitation spectra [~1450 meV, Hei97a]. Since the intensity of 

the solid line for vicinal GaAs(2 5 11)A is about 2.5 orders of magnitude lower than that 

for GaAs(001), the PL measurements nicely confirm the incoherent nature of the InAs 

islands on vicinal GaAs(2 5 11)A. 

We now turn to structural properties of the InAs islands on vicinal GaAs(2 5 11)A. The 

shape of the islands undergoes a slight modification from the initial to the final elongated 

growth stage. At the initial growth stage the islands exhibit three facets and a rounded 

region as indicated in Fig. 5.18(a). The facet 1 is determined to be of the (111)A orientation 

from the following measurements: It intersects the (2 5 11)A substrate exactly along the 

[23 1] direction, that can be easily determined from the atomically resolved wetting layer, 

and is inclined to (2 5 11)A by 28 ± 4° (the (111) plane intersects (2 5 11) along [23 1] with 

an angle of 31.9°). The facet 2 is the (011) surface: It is inclined by 20 ± 4° and exhibits the 

unit cell vectors a = 4.3 ± 0.2 Å and b = 5.8 ± 0.2 Å (see Fig. 5.18(b)). These values agree 

well with the geometric angle of 22.5° between the (011) and (2 5 11) planes, and with the 

lengths of the InAs (GaAs) (011) unit cell vectors, projected onto (2 5 11)A, which are 

a = 4.0 (3.8) Å and b = 6.0 (5.6) Å. The intersection line between the (011) facet and the 

(2 5 11)A substrate runs parallel to the step bunch, i.e., along [311], giving further support 

for the (011) facet orientation. Facet 3 is considered to exhibit the (317)A-(1x1) 

reconstruction: It is inclined by 18 ± 4° to (2 5 11)A and exhibits two possible unit cells 

with the vectors a = 11.0 ± 0.5 Å, b = 7.5 ± 0.5 Å and c = 9.2 ± 0.5 Å (see Fig. 5.18(c)). 

These values are in agreement with the geometric angle of 20.7° between (317) and 
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(2 5 11) planes, and with the lengths of the InAs(GaAs) unit cell vectors of the (317)A 

surface, projected onto (2 5 11)A, which are a = 10.8 (10.0) Å, b = 7.4 (6.9) Å and 

c = 8.9 (8.4) Å. The region 4 on the islands has a rounded shape similar as for the InAs 

QDs on GaAs(113)A or GaAs(113)B (see Fig.3.11 and 4.4(e)). From geometrical 

considerations the (001) surface, which is inclined to (2 5 11)A by 26.1°, should develop 

here. However, instead of the flat surface, the rounded region appear, that is formed 

probably from vicinal (001) surfaces, which may stem from the preferential migration of 

cations from slowly growing facets to the quickly growing (001) region. 
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Figure 5.18 [Tem04] (a) 3D STM image of an atomically resolved InAs island on vicinal 

GaAs(2 5 11)A. The bounding facets and the rounded region are numbered (315x315 Å2, 

U = − 2.5 V, I = 0.15 nA); (b) zoom of (011) facet (numbered with 2 in (a)) with unit cell vectors 

a and b (error signal ≡ constant height mode, 58x58 Å2, U= − 2.45 V, I = 0.17 nA); (c) atomically 

resolved (317)A facet (numbered with 3 in (a))  with the unit cell vectors a, b and c (70x70 Å2, U= 

− 2.5 V, I = 0.15 nA); (d) schematic drawing of the InAs island shape on vicinal GaAs(2 5 11)A. 

The solid and dotted lines show the shape at the initial and final growth stages, respectively. 

 

At the final growth stage (see, e.g., an island marked by a white arrow in Fig. 5.16(a)) the 

(317)A facet partially or completely disappear, and another steeper facet develops on this 

side of the islands, that is inclined to (2 5 11)A by 39 ± 4°. From geometrical 
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considerations this new facet can be assigned to the (101) surface, that meets the (2 5 11)A 

at the angle of 41.4°. However atomic-scale features were not resolved from this part, 

probably because of the high inclination angle. An elongation of the islands proceeds 

similar to the InAs QDs on GaAs(113)A, i.e., through the disappearance of the (111)A 

facet. Both growth stages of the InAs islands on the vicinal GaAs(2 5 11)A surface are 

summarised on a schematic drawing in Fig. 5.18(d). Note, that the shape of the incoherent 

islands at both growth stages exhibits no symmetry plane, as the (2 5 11)A ideal 

unreconstructed substrate. Also, the shape in (d) for the incoherent InAs islands is very 

similar to the shape for the coherent InAs QDs on GaAs(113)A and B. It means, that the 

strain may not affect the shape of the QDs, but may be only responsible for the size 

distribution. 

To conclude this part, the 1.0° off-oriented GaAs(2 5 11)A surface was used as substrate 

for the InAs heteroepitaxy. After the deposition of 5.0 ± 0.5 InAs a SK transition occurs at 

sample temperatures of 370-500°C. Large inhomogeneously distributed InAs islands with 

very different sizes are formed on the step bunches along [311]. The broad size distribution 

as well as the PL measurements reveals the presence of the misfit dislocations inside of the 

islands. The dislocation lines may be introduced during the InAs growth on (011) oriented 

step walls. After the SK transition the InAs material from GaAs(2 5 11)A terraces may 

easily create nuclei on the relaxed (011) step wall, which develop into the 3D InAs islands. 

Since the islands grow without limitation caused by the elastic strain, they can achieve 

arbitrary large sizes, which are actually observed in the experiment. 

The shape of the incoherent InAs islands on vicinal GaAs(2 5 11)A is composed mainly 

of low-index (111)A, (011) and (001), but also of high-index (317)A surfaces. The latter 

undergoes a transition into the steeper (101) facet, indicating that the flat facets are the 

pathways by the island developing from the flat substrate to the steep energetically more 

favorable shape as for the SiGe islands on Si(001) [see, e.g., Mat99]. The shape of the 

incoherent islands exhibit no symmetry as the GaAs(2 5 11)A ideal unreconstructed 

substrate. 
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5.5 InAs islands on nominal GaAs(2 5 11)A 

The nominal oriented GaAs(2 5 11)A wafers have been supplied from MaTecK with an 

0.2° off-orientation. The preparation procedure is described in chapter 2.9. The surface 

morphology can be seen from Fig. 5.19(a-b). The actual off-orientation, extracted from 

many STM images is not equal to 0.2°, but is about 0.5° (0.6°-0.8° on the image (a) and 

0.2° on the image (b)). This indicates a local dependent morphology that may stem from a 

bad polishing of the wafers by the manufacturer*. The (5000 × 5000) Å2 large STM image 

in Fig. 5.19(a) exhibits the already known steps, running mainly along the [311] and [23 1] 

directions, that have been observed on 1° vicinal GaAs(2 5 11)A and described in detail in 

chapter 5.3. The rough steps along [2 3 1], that are seen on the lower part of Fig. 5.19(a), 

appear with a height of ~2 Å. The steps, running along [311] on the upper part, form often 

bunch structures up to 15 Å in height and fairly large step walls (up to 40 Å in length 

between the terraces) appear similar as on the 1° vicinal GaAs(2 5 11)A surface. 

Fig. 5.19(b) shows another (5000 × 5000) Å2 large area of the surface, that exhibits only ~2 

Å high steps, oriented mainly along [23 1]. Step bunches are not observed there. 

 

 
 

Figure 5.19 [Tem04] (a-b) Overview STM images of nominal GaAs(2 5 11)A from two different 

position of the wafer (5000 × 5000 Å2, U = − 2.5 V, I = 0.15 nA). The extracted off-orientation is 

(a) 0.6-0.8° and (b) 0.2°.  

 

                                                 
* Note, that no dependence of the morphology on the GaAs buffer layer thickness could be detected. 

 105



A high resolution (600 × 600) Å2 STM image in Fig. 5.20(a), acquired from an area like 

the upper part in Fig. 5.19(a), presents two terraces separated by a step along [311] that is 

not straight but exhibits many kinks. However, rows of bright dots arranged in a 

rectangular lattice with the lengths of (5.5 ± 1.0) Å and (3.9 ± 1.0) Å suggest the 

appearance of the (011) step wall also on the nominal GaAs(2 5 11)A surface. The only 

difference is that the overall density of these step bunches is roughly a half of the density 

on the 1° vicinal surface, but significant differences in height and length are not observed. 

After the preparation of the bare GaAs(2 5 11)A surface, InAs was deposited under the 

same preparation conditions as for the 1° vicinal surface (see chapter 2.9). The evolution of 

the RHEED pattern did not yield remarkable differences from those shown in Fig. 5.14. 

However, analysing the STM results, two different ways in island developing are found, 

that usually coexist on the (1 × 1) µm2 scale. The first one is shown in Fig. 5.20(b). The 

large islands with a very broad size distribution like the one in Fig. 5.16(b) develop on the 

steps along [311]. Hence, in this case we automatically move to the incoherent islands 

described in the previous chapter. 
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Figure 5.20 [Tem04] (a) High-resolution STM image (error signal≡constant height mode) of the 

nominal GaAs(2 5 11)A surface (600 × 600 Å2, U = −3.0 V, I = 0.15 nA). The upper and lower 

terraces are labelled U and L, respectively; (b) 3D STM image of the InAs islands on nominal 

GaAs(2 5 11)A grown on the step bunches (3300 × 3300 Å2, U= − 3.0 V, I = 0.2 nA, InAs thickness 

was 5.25 Å at sample temperature T=430°C).  

 

The second way in island developing is probably realised on the (2 5 11)A areas with the 

step structure shown in Fig. 5.19(b). A (6700 × 6700) Å2 large STM image in Fig. 5.21(a) 
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contains InAs islands that are not aligned along any step. Furthermore, the WL does not 

exhibit any preferable step directions. The islands are statistically placed on the WL, 

similar to the InAs QDs on GaAs(113)A or B (see Fig. 3.6 and 4.5). The size distribution 

shown in Fig. 5.21(b) is much narrower than that of the incoherent islands on the step 

bunches (cf. Fig. 5.16(b)), which may indicate a coherent nature of these islands. The 

measured QD length along the [453 ] direction lies between 300 and 800 Å with a peak of 

43% at 325 ± 25 Å, that is even higher than for the InAs QDs on GaAs(113)A, grown 

under similar preparation conditions. The mean height is 65 ± 20 Å and the overall number 

density is (2 ± 0.4)·1010cm-2. 

A remarkable feature of the InAs islands shown in Fig. 5.21(a) is that they grow inside 

holes in the WL, but not at the step-edges on the low terraces as reported on the GaAs(001) 

substrate [Iko95]. The holes are about 2.2 Å high and present the known steps of nine 

(2 5 11) atomic layers, like the steps along [45 3 ] or [23 1] (type a, see chapter 5.3.3). 
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Figure 5.21 [Tem04] (a) Overview STM image with InAs QDs grown on the nominal 

GaAs(2 5 11)A surface (6700 × 6700 Å2, U = − 2.5 V, I = 0.15 nA, InAs thickness was 5.25 Å at 

sample temperature T=430 °C); (b) Column diagram of the length of the InAs QDs along [4,5,-3] 

in percents. 

 

On the WL, however, the steps are disordered. Figure 5.22(a) shows a (1000 × 1000) Å2 

STM image with the atomically resolved WL, where the QDs are not caught completely 

into the image frames. The right half of island 1 and the left half of island 2 are quite 
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symmetrically surrounded by the ~2.2 Å deep holes in the WL, as if the QDs grew at the 

expense of the material from the WL. Indeed, if we assume the InAs QDs on 

GaAs(2 5 11)A to have a cone pyramid shape with a base radius R = 162.5 Å* and with a 

tilt angle α = 30° (see the Fig. 5.23(b) below), the volume of the material in a QD is 

V1 = π·R3·tg(α)/3 = 2.6·106 Å3. The volume of the material flowing out by the formation of 

WL holes is V2 = π·r2·d, where d = 9·0.25 Å = 2.22 Å is the height of the step containing 

nine InAs(2 5 11) atomic layers, and r is the average radius of the WL holes (~500 Å). 

V2 = 1.7·106 Å3 and thus, InAs material from the WL may indeed assemble in the QDs. 

 

    
 

Figure 5.22 [Tem04] (a) STM image with InAs QDs grown on nominal GaAs(2 5 11)A 

(1000 × 1000 Å2, U = − 3.0 V, I = 0.095 nA, InAs thickness was 5.25 Å at sample temperature 

T=430°C); (b) 3D STM image of the InAs islands on nominal GaAs(2 5 11)A (1000 x 1000 Å2, U= 

− 3.0 V, I = 0.181 nA, InAs thickness was 5.25 Å at sample temperature T=430°C. 

 

The island growth on the expense of the WL was reported in a theory paper from Wang 

et al. (M. Scheffler group, Germany) [Wan99].  A thinning of the WL, acting as a source 

for InAs material, increased its formation energy and yielded a minimum in the total energy 

gain curve, that explained a narrow size distribution of coherent QDs. The thinning of the 

WL with formation of holes has not been reported to our knowledge on any surface, and 

also not observed in this work on GaAs(113)A, B and vicinal GaAs(2 5 11)A. It would be 

interesting to explore this phenomenon on the GaAs(2 5 11)A substrate with a very low 

off-orientation, i.e., without an influence of the step bunching. 

                                                 
* One half of the measured length at the maximum in the size distribution shown in Fig. 5.21(b). 
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 Wang et al. (G. J. Salamo group, USA) [Wan03] have concluded from the shape of the 

InAs QDs on GaAs(113)A that the occurrence of {2 5 11}A facets indicates a stability of 

the respective GaAs substrate against the SK transition by the mismatched epitaxial 

growth, similar to the {110} and (111)A facets. We have contrariwise demonstrated that 

InAs grows on the GaAs(2 5 11)A surface in the SK growth mode, i.e., with the appearance 

of the 3D islands after the critical thickness at the expense of the material from the WL. 

Another remarkable feature of the QD ensemble in Fig. 5.21(a) is that the islands are 

elongated roughly along the [453 ] direction*. This is clearly seen in Fig. 5.22(b). The area 

of the frontal facet on the island 1 is a half of that on the island 2, which indicates that the 

elongation may proceed through the growth of these facets that consequently vanish. From 

Fig. 5.21 and 5.22 one can conclude that the islands are not symmetrical and there is no flat 

base between the steep QD facets and (2 5 11)A substrate as in the case on GaAs(113)B. 

Figure 5.23(a) presents an STM image of a typical elongated InAs QD on the flat 

GaAs(2 5 11)A surface. The QD exhibits no mirror symmetry with respect to any plane 

perpendicular to the substrate and comprises in an elongated stage six well-pronounced 

facets numbered in Fig. 5.23(a-b). An early, non-elongated stage (see also the island 2 in 

Fig. 5.22(b)) is shown in Fig. 5.23(b) by the dotted line and contains only three facets and a 

rounded region, that is very similar to the shapes of InAs QDs on GaAs(113)A and B (cf. 

Fig. 3.11 and 4.4(e)). Facet 1 is identified as a (101) surface from the following STM data 

(see Fig. 5.23(c)): Facet is inclined to the substrate by 38 ± 5° and exhibits unit cell vectors 

a = 5.5 ± 0.4 Å and b = 4.2 ± 0.8 Å (respective geometrical values: 41.4°, 5.2 Å, 3.9 Å, 

with the InAs(101) unit cell projected onto (2 5 11) plane). Facet 2 in Fig. 5.23(a) is the 

(011) surface as extracted from the following STM measurements: The inclination angle is 

19 ± 3°, and the unit cell vectors are a = 5.9 ± 0.4 Å and b = 3.9 ± 0.5 Å (geometrical 

values: 22.5°, 6.0 Å, 4.0 Å). The atomic resolution of this facet is very similar to that 

shown in Fig. 5.23(c). The triangular facet 3 consists of the (111)A-2x2 reconstructed 

surface (see Fig. 5.23(d)): It is inclined to (2 5 11)A by 30 ± 3° and exhibits a rhombic unit 

cell with a vector a = 8.0 ± 0.5 Å (geometrical values for the (111)A-2x2 In(Ga) vacancy 

buckling model [Ton84, Oht01] are 32.0° and 7.7 ± 0.3 Å). 

The rounded region appears only on the small QDs (with a length up to 350 Å). The 

islands in the elongated stage exhibit a completely faceted backside that is inclined by very 

                                                 
* The exact direction of the elongation is [19, 10, –8], that is perpendicular to [2,–3, 1], see Fig. 5.6(b). Since 
this direction plays no role in the atomic structure of the (2 5 11)A surface, we will use [4,5,-3]. 
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steep angles to the (2 5 11)A substrate and therefore, is not acquired with an atomic 

resolution. However, a tilt angle between a facet and the substrate as well as an azimuthal 
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Figure 5.23 [Tem04] (a) Atomically-resolved STM image (error signal ≡ constant height mode) of 

a QD on GaAs(2 5 11)A with six characteristic regions ((600 × 600) Å2, U = − 3V, I = 0.181 nA); 

(b) shape of InAs QDs on GaAs(2 5 11)A derived from STM measurements. The solid line 

represents the elongated QD shape, the dotted line shows QDs briefly after the SK transition; 

Atomically-resolved STM images (error signal ≡ constant height mode) of the (c) (101) facet 

((65 × 65) Å2, U = − 3V, I = 0.181 nA) and (d) (111)A facet ((35 × 35) Å2, U = − 3V, I = 0.181 nA). 

 

angle between the intersection line of a facet with the substrate and, e.g., the [23 1] 

direction have been collected from more than 30 islands and compared with the 
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geometrical values of the known stable surfaces. This convinces us of the accuracy of this 

method. According to the STM data, the facet 4 is determined to be of the (111)B 

orientation: It is inclined by 45 ± 5° and has the azimuthal angle 54 ± 4° (geometrical 

values are 48.7° and 55.2°). Similarly, the facet 5 is the (101) surface: The inclination 

angle is 55 ± 5° and the azimuthal angle is 13 ± 4° (geometrical values are 59.0° and 

12.8°). The facet 6 is the ( 2 5 11)A surface due to the facts: The inclination angle is 47 ± 7° 

and the azimuthal angle 

is 36 ± 4° (geometrical values are 52.2° and 37.4°). As can be seen, almost all STM 

measurements are in perfect agreement with the geometrical considerations, however, some 

deviations for the faceted backside shown in Fig. 5.23(b) are also found, e.g., the facet 6 in 

(a). The model for the small and elongated InAs QDs on GaAs(2 5 11)A is presented in 

Fig. 5.23(b). Note, that except for the faceting of the rounded region the shape of the 

coherent (strained) InAs QDs is similar to the final shape of the incoherent (unstrained, 

relaxed) islands on the (011) step bunches (cf. Fig. 5.18(d)). This fact confirms our 

hypothesis, that the strain may affect only the size distribution but not the shape. Both types 

of islands exhibit no mirror symmetry as the ideal unreconstructed (2 5 11)A substrate (cf. 

Fig. 5.4(d)), that is also on the line of our observations from all the chapters in this work. 

Note also, that any nucleus with flat {2 5 11}A or {137}A facets could not be derived from 

STM images like one shown in Fig. 5.21(a). It may indicate that the SK transition proceeds 

on GaAs(2 5 11)A without step bunching simultaneous on the whole surface. This is a 

consequence of the flat WL on GaAs(2 5 11)A, which is free of any undulation. 

Another question arises about the elongation of the islands. As has been shown in chapter 

3.6, the evolution in shape of InAs QDs on GaAs(113)A may appear due to the faceting of 

the rounded (001) region into two {113}B facets, that could slow down its growth rate. 

These facets are not identified in Fig. 5.23(b), however the elongation is present. We think, 

that the (111)B and (101) facets, whose stable reconstructions do not exhibit As dimers as 

well also can slow down the growth rate of the firstly developed rounded region as the As2 

molecules have to be dissociated prior to incorporation onto these facets. Then the (111)A 

facet starts to grow and decreases in size for geometrical reasons. Similar to the (113)A 

case this reduces the strain and thereby the energy barrier for incorporation of further atoms 

and thus speeds up the growth rate of the (111)A facet. Hence the facet growth kinetics 

may also be here responsible for the shape elongation. 
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However, we have not been able to acquire PL spectra with the high emission intensity 

characteristic for an InAs QD ensemble. For the optical measurements InAs islands on the 

nominal GaAs(2 5 11)A surface were overgrown with the same preparation procedure as 

for the 1° vicinal surface (see chapter 2.9). Figure 5.24 shows the PL spectra of the InAs 

islands on GaAs(001) (dashed line) and on nominal GaAs(2 5 11)A (solid line) prepared 

under nearly the same conditions. Any qualitative differences between the spectra in 

Fig. 5.24(a-b) and 5.17(a-b) for the nominal and vicinal (2 5 11)A substrates are not 

observed. The linear presentation of the PL intensity for GaAs(2 5 11)A in Fig. 5.24(a) 

reveals no peaks related to the QDs, but a peak related to the GaAs bulk material with an 

intensity nearly equal to that of the GaAs(001) surface. The dashed line for GaAs(001) 

shows a single Gaussian-like peak at 1265 meV with the FWHM equal to 78 meV, that is 

the light from the InAs QDs on GaAs(001). In the decimal logarithmic scale in Fig. 5.24(b) 

the WL peak of the GaAs(001) sample, centred at 1455 meV, occurs only at the high 

excitation density (above 500 W/cm2), when the QD levels are completely saturated by the 

charge carriers. 
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Figure 5.24 [Tem04] PL spectra of the InAs QDs grown on GaAs(001) (T=430°C, InAs thickness 

4.8Å, dashed line) and the InAs islands on nominal GaAs(2 5 11)A (T=430°C, InAs thickness 5.25 

Å, solid line) presented in (a) linear scale and (b) decimal logarithmic scale. The QDs and GaAs 

bulk related peaks are labeled. Excitation density was 500 W/cm2. 

 

Note that the WL peak is clearly resolved and separated from the double peak of the 

negatively charged exciton only on the GaAs(001) sample because of its undoped nature. 

The nominal GaAs(2 5 11)A surface has been doped for the STM experiment. On this 

substrate, the deep lying doping levels together with the WL peak and GaAs bulk exciton 

have got smeared in a broad peak placed above 1400 meV in Fig. 5.24(b). The broad peaks 
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in the QD energy range numbered by 1 and 2 can be seen from the GaAs(2 5 11)A sample 

at a very low intensity in the decimal logarithmic scale in Fig. 5.24(b). The intensity of the 

peak 2 in Fig. 5.24(b) is about 1.5 orders of magnitude lower than that of the dashed line. 

This is the only difference to the InAs islands on 1° vicinal GaAs(2 5 11)A, where this 

relation was equal to 2.5 orders of magnitude. 

The reason for the very weak PL from the InAs QDs on nominal GaAs(2 5 11)A shown 

in Fig. 5.24(a-b) is not clear. Two possible explanations can be proposed. As we have 

shown in Fig. 5.21(a) and 5.20(b) the InAs islands on nominal GaAs(2 5 11)A may develop 

with the narrow and broad size distributions, characteristic for the coherent QDs and 

dislocated islands, respectively. Leon and Fafard (Leo98) have shown, that even a small 

number of incoherent islands, that appeared in the dense QD ensemble after some critical 

thickness of InAs deposited onto GaAs(001), can drastically decrease the PL intensity. In 

our case one incoherent island on the nominal GaAs(2 5 11)A surface coexists with about 

ten coherent QDs. The dislocation lines or even networks being incorporated in the 

incoherent islands may trap the charge carriers from the QDs. Hence, no high PL emission 

would be seen in the spectra. The second explanation is that both islands in Fig. 5.20(b) and 

5.21(a) are incoherent, and the InAs growth on the GaAs(011) step walls is not the only 

possible way to incorporate a dislocation inside the InAs islands. However, this would be 

opposite to any our understanding of the strain induced narrow size distribution for the 

coherent QDs shown in Fig. 5.21(b), which has been often observed on different places of 

the nominal GaAs(2 5 11)A substrate. Therefore, a more systematic investigation on the 

nominal GaAs(2 5 11)A surface perhaps from the wafers with a really smaller off-

orientation and with larger (2 5 11)A areas, unperturbed by the step bunching, are needed 

to clarify this question.  

 

5.6 Conclusion  

GaAs(2 5 11)A is the only one known stable compound semiconductor surface located 

within the ST with an original (1x1) reconstruction that fulfils the ECR and yields a 

reduced number of DBs compared with the bulk-truncated GaAs(2 5 11)A surface. A very 

remarkable feature of the surface is the formation of the bunch structures, resulting in an 

appearance of fairly large GaAs(011) areas on the straight steps along the [311] direction. 

This effect is mostly pronounced on slightly vicinal GaAs(2 5 11)A, but still exists also on 

the nominal oriented surface. The deposition of 5.0 ± 0.5 Å of InAs results in the SK 
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transition from 2D to 3D growth mode that can be observed in the RHEED pattern only 

along the [23 1] direction. STM images from the 1° vicinal (2 5 11)A surface reveal the 

appearance of 3D InAs islands on the steps along [311] with a very broad size distribution 

that is characteristic for incoherent islands. The dislocations are thought to be incorporated 

through the InAs growth on the GaAs(011) step walls. The incoherent nature of the islands 

is confirmed with the PL measurements. STM images from the nominal (2 5 11)A surface 

show two different ensembles of the InAs islands with narrow and broad size distributions. 

The latter stems from the islands grown on the (011) step bunches. The narrow size 

distribution is thought to stem from the coherent dislocation-free QDs that are composed of 

the {110}, (111)A facets and a (001) rounded region (facetted by the elongated islands) 

similar to the QDs on GaAs(113)A, but without any symmetry plane. However, the PL 

measurements from the InAs islands on nominal GaAs(2 5 11) do not exhibit a high 

emission intensity that would be expected from a coherent InAs QD ensemble. This is 

explained by the trap of the QD excitons in the dislocations formed in the incoherent 

islands. 
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6 InAs quantum dots on nominal GaAs(2 5 11)B 
 

6.1 Introduction 

All above-considered substrates in this work, that are GaAs(113)A, B and GaAs(2 5 11)A 

have already been reported from other authors as being stable surfaces, and our task up to 

now has been just to use them for the growth of InAs QDs. The GaAs(2 5 11)B surface is 

an absolute “virgin soil”: it has never been mentioned in any paper as being stable or 

unstable, although the discovery of stable GaAs(2 5 11)A could imply the stability of 

GaAs(2 5 11)B, so long as among the GaAs surfaces there is no stable A face without a 

stable B one. Under this premise three questions arise in the following sequence: a) is 

GaAs(2 5 11)B a stable surface? If so, then: b) does the SK growth mode occur on it? And 

if so, then: c) what is the quality of the resulting QDs? 

We have learnt from the comparison between InAs QDs on GaAs(113)A and B that the 

uniform QD ensemble occurs only on the B face. This difference had been attributed to a 

rough undulating morphology of the bare GaAs(113)A that became even more corrugated 

after the InAs deposition up to the SK transition in contrast to the flat bare GaAs(113)B 

surface and the InAs WL on it. Except for the formation of step bunches, the 

GaAs(2 5 11)A surface and InAs WL on it are free from any undulations. Therefore, one 

may expect the GaAs(2 5 11)B surface to be an at least not worse substrate than 

GaAs(113)B by the island evolving. Hence the investigation of the atomic and morphologic 

structure of the bare GaAs(2 5 11)B surface and the InAs deposition on it has mainly been 

motivated by the possibility of getting a new suitable substrate for QD growth. 

 

6.2 Surface and step structure of the bare GaAs(2 5 11)B surface 

For the graphic representation of the location of GaAs(2 5 11)B one can in principle use 

Fig. 5.1 (see chapter 5.2) provided the ST is constructed for the B faces, i.e., the (001), 

(011) and (111)B low index surfaces are at the corners. The GaAs(2 5 11)B surface is 

situated within the ST and surrounded by the respective B faces, in analogy to Fig. 5.1. 

Similar to the ST for the A surfaces, stable GaAs B surfaces have been found only on the 

ST edges: the (111)B [Bie90, Tho98], (113)B (see the literature survey in chapter 4) and 

(114)B [Pla98]. The GaAs(111)B-(2x2) As trimer [Mol96] and GaAs(113)B-(1x1) As rich 

reconstructions [Pla99] have been calculated using the density-functional theory. The 

GaAs(112)B [Pla99, Gee99, Jac99], GaAs(133)B [Hor89] on the ST edges and 
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GaAs(135)B [Suz04a] inside the ST are found to decompose onto stable GaAs surfaces. 

We will show that GaAs(2 5 11)B is up to now the only one known stable surface located 

within the ST for the B faces. 

The preparation of the GaAs(2 5 11)B surface is described in chapter 2.9. The diffraction 

patterns of fairly good quality appeared only after some GaAs growth, therefore, 200-1000 

Å thick layers were grown. To get a good quality of the bare surface for STM 

measurements, the GaAs(2 5 11)B samples were kept at the temperature of 550 °C for 5 

min without an As2 supply from the Knudsen cell, i.e., under less As-rich conditions. 

LEED images of GaAs(2 5 11)A and B are compared in Fig. 6.1(a) and (b), respectively. 

A simple mirroring of a 2D net in reciprocal space on the LEED image in (a) with a 

subsequent turning in the (2 5 11) plane by 180° leads to a complete superposition with the 

LEED spots in reciprocal space in (b) (in Fig. 6.1 this mirroring is carried out around the 

(19 10 8 ) plane). The same operation can also be applied in real space, shown in 

Fig. 6.1(a) and (b) below the respective LEED images. Note that only the mirror operation 

would also result in the superposed LEED spots from the GaAs(2 5 11)A and B surfaces, 

because LEED images are invariant to the 180° rotation. However as will be shown by the 

consideration of the models, one can get the structure of the GaAs(2 5 11)B surface only by 

the combined mirroring of the A face around any perpendicular plane and by a rotation by 

180°. 

The spots on the LEED image in Fig. 6.1(b) are very sharp, which indicates a high 

surface quality and a high degree of order on the surface. Almost all the reflexes are visible 

which is very different to other stable high-index surfaces [Gee99, Mar00]. A splitting of 

spots (indicating faceting) in the LEED image in Fig. 6.1(b) is not observed, which is the 

first evidence for the stability of the GaAs(2 5 11)B surface. Since the spots in (a) are 

arranged in an oblique net with two different smallest unit cells, two different unit cells A* 

and B* can also be extracted from the periodicity in (b). As the areas of both unit cells are 

equal, they both are equivalent. Note, that none of the real-space basis vectors in Fig. 6.1(a) 

and (b) is parallel to any of the reciprocal space basis vectors because of the oblique 

surface periodicity. The calculated lengths of the basis vectors of unit cells A* and B* from 

LEED images, like the one shown in Fig. 6.1(b), are in real space equal to those for the 

GaAs(2 5 11)A surface (see chapter 5.2). Hence, there is a large similarity for the structure 

of the GaAs(2 5 11)A and B surfaces. 
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Figure 6.1 [Tem04] (a) LEED image of the GaAs(2 5 11)A surface (E=59 eV) with a schematic of 

the surface net in reciprocal space (left-hand side) and in real space (right-hand side); (b) LEED 

image of the GaAs(2 5 11)B surface (E=56 eV) with a schematic of the surface net in real space 

(left-hand side) and in reciprocal space (right-hand side). The vertical line between the images (a) 

and (b) indicates a plane running perpendicular to the GaAs(2 5 11)A or B, around which the 

mirror operation has been carried out. 

 

The RHEED patterns are not presented here because except for the mirroring they are 

mainly equal to those shown in Fig. 5.2 for GaAs(2 5 11)A. Note, that in contrast to the 

GaAs(113)B surface, where a phase transition from Ga-rich (8x1) to As-rich (1x1) 

reconstructions is measured by RHEED to occur at 470-490 °C [Mar02], the 

GaAs(2 5 11)B surface exhibit only a (1x1) reconstruction in the temperature range of 400-

600 °C under usual MBE preparation conditions. 

A high-resolution (120 × 120) Å2 STM image of the GaAs(2 5 11)B surface is shown in 

Fig. 6.2. The surface consists of stripes along [23 1] marked by solid lines on the image 

border. The stripes contain little series made up from three white humps. These series in 

neighbouring stripes are phase shifted, i.e., they are not aligned, but each series in the next 

stripe is located between the series in the previous stripe. As can be seen, the stripes are 

separated by narrow dark lines. 
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Two shortest unit meshes labelled by A and B can be constructed from the periodicity in 

Fig. 6.2. They correspond to the unit cells A* and B* in reciprocal space on the LEED 

image in Fig. 6.1(b). The lengths of the vectors measured from the STM images are in 

perfect agreement with those from a model (see below) that for unit mesh A are equal to 

10.6 Å and 20.0 Å, and the enclosed angle is 67.8°; the respective values for the mesh B 

are 10.6 Å, 18.9 Å, and 80.7°. The vectors of mesh A are directed along [45 3 ] and [23 1]; 

those of mesh B along [311] and [2 3 1]. 
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Figure 6.2 [Tem04] High-resolution STM image of the GaAs(2 5 11)B surface. The solid lines at 

the image border indicate the trenches between the dimer stripes. The unit meshes A and B are 

depicted as black parallelograms. (120 × 120) Å2, U= − 2.55 V,  I = 0.1 nA. 

 

A ball-and-stick model for the GaAs(2 5 11)B surface is presented in Fig. 6.3. In order to 

get a coincidence of this model with the one shown in Fig. 5.4(a) for GaAs(2 5 11)A one 

should mirror the latter around any plane perpendicular to (2 5 11), then turn the result by 

180° and exchange the As and Ga atoms. In contrast to GaAs(2 5 11)A the ab initio total 

energy electronic structure calculation has not been performed for the B face, and precise 

positions of the As and Ga atoms are unknown. Therefore, Fig. 6.3 shows the atomic 

structure derived from the STM images provided the relaxation of the atoms is similar to 

that shown in Fig. 5.4(a) for the A face. Black, white and grey balls depict As, Ga and 

adsorbed Ga atoms, respectively. The (1x1) unit meshes A and B are shown as shaded 
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Figure 6.3 [Tem04] Top view of the ball-and-stick model for the (1x1) reconstructed 

GaAs(2 5 11)B surface. The size of the circles representing the atoms was chosen according to their 

vertical distance from the uppermost atom. To arrive at the reconstructed surface, the lighter 

shaded Ga atoms have to be added to the bulk-truncated surface. The numbers near the As and Ga 

atoms show which atomic layer they belong to, counting from the top. Within unit mesh A, the As 

atoms are depicted with black (filled) DBs, the Ga atoms with white (empty) DBs. 

 

parallelograms. The vectors of unit mesh A lie along [453 ] and [2 3 1]. The directions 

[311] and [23 1] form the equivalent unit mesh B. Both meshes correspond to the bulk-

truncated GaAs(2 5 11)B surface onto which two Ga atoms were adsorbed that are depicted 

as grey balls. This conclusion is in agreement with the experimental fact that the surface 

becomes well ordered only after some GaAs growth and additional annealing without As2, 

i.e., after a supply of additional Ga atoms. Black bars indicate the Ga-Ga bonds in the Ga 

dimers. The Ga dimers repose on four As atoms, the two uppermost of which exhibit one 

DB per an atom. According to the autocompensation principle (ECR), each As DB should 
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be filled with two electrons as well as each Ga-Ga bond of the Ga dimer. Therefore, we 

assume that on the filled-states STM image in Fig. 6.2 the Ga dimers together with the 

underneath lying As DBs make up white humps, that are very difficult to resolve into the 

separated DBs because of the small spacing between these features*. The black troughs on 

the STM image in Fig. 6.2 may stem from the low lying Ga dimers which Ga atoms are 

numbered by 3 and 6 in Fig. 6.3. The Ga dimers are arranged in the series along [121] (see 

the dotted line in Fig. 6.3) that is inclined to the surface plane such, that the right-hand side 

lies higher than the left-hand side. The three Ga dimers form the above-mentioned series 

that are shifted along [23 1]. Between the series there are trenches, which comprise filled 

As DBs (numbered by 9 on the right-hand side of Fig. 6.3), taking a positive excess charge 

of +3/4 electrons and giving the stability to the whole structure. The reconstructed (1 × 1) 

unit meshes A and B contain 9 Ga DBs (+27/4 electrons,), 7 As DBs (-21/4 electrons) and 

3 Ga-Ga bonds (-6/4 electrons). The structural model fulfils the ECR and the surface is 

semiconducting. 

Because of the large similarity to GaAs(2 5 11)A we do not show the model for the bulk-

truncated (ideal) GaAs(2 5 11)B surface. The main points described by the consideration of 

Fig. 5.4(d) can also be applied here: Neither bulk-truncated nor (1x1) reconstructed 

GaAs(2 5 11)B surface exhibits any symmetry plane; atoms with two DBs are energetically 

unfavourable, so the bulk-truncated (1x1) surface does not exist; the Ga dimerisation is in 

accord with the general principle that the number of DBs at a surface should be as small as 

possible. 

The vertical positions of the atoms, extracted from the bulk-truncated model with an 

addition of the two adsorbed Ga atoms are depicted in the right hand side of Fig. 6.3. The 

spacing between the horizontal atomic planes for GaAs(2 5 11)B is the same as for the A 

face, i.e., only 0.23 Å. The grey Ga atoms occupy the highest positions within the unit 

meshes. From the third atomic layer on there are one Ga and one As atom in each plane, as 

the bulk-truncated GaAs(2 5 11)B surface is stoichiometric. The reconstruction comprises 

nine atomic layers. Beginning from the tenth layer the atoms have bulk-like bonds. 

As we have seen from the atomic structure, GaAs(2 5 11)B is a stable compound 

semiconductor surface located within the ST and exhibits a Ga dimers terminated (1x1) 

reconstruction, which is not a faceting or a composition of low-index surfaces. 

                                                 
* A similar resolution has been acquired from the (8x1) reconstruction on the GaAs(113)B surface [Suz02a], 
that is composed of similar Ga dimers with two lower lying As DBs. 
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Figure 6.4 [Tem04] Overview STM images from two different locations on the nominal 

GaAs(2 5 11)B surface; (a) (1 × 1) µm2 , U = − 3.0 V, I = 0.136 nA, the off-orientation is 0.25° and 

(b) 5000 × 5000 Å2,  U = − 2.5 V, I = 0.11 nA, the off-orientation is 0.25°. 

 

The surface morphology, playing a central role in the InAs heteroepitaxy on nominal and 

vicinal GaAs(2 5 11)A surface, is shown for GaAs(2 5 11)B in Fig. 6.4(a-b). Despite of the 

fact, that the same nominal oriented double side polished (2 5 11) wafers have been 

prepared with the same conditions for A and B faces, the actual off-orientation extracted 

from many STM images for GaAs(2 5 11)B has seldom exceeded 0.3° (0.5° for A face, see 

chapter 5.5). The (1 × 1) µm2 large STM image in Fig. 6.4(a) exhibits many terraces up to 

1000 Å in width separated by steps, running roughly along the [2 3 1] direction. Across the 

whole image the steps decline from the left hand to the right hand side. The average 

direction of the off-orientation is approximately [3 11]. The step height has been measured 

as ~ 2 Å. Therefore, we think that these steps are equal to the steps along [23 1], which 

have been called type “a” and described in chapter 5.3 for the vicinal GaAs(2 5 11)A 

surface, although they often run with an opposite off-orientation direction [311], see 

Fig. 6.4(b). This figure shows another (5000 × 5000) Å2 large area of the surface with two 

bunch structures running parallel to the [311] direction. The height of the step bunches on 

GaAs(2 5 11)B has been measured up to 10 Å with (011) step walls up to 30 Å in length 

between the terraces, but the frequency of occurrence is very low. Except for the lower 
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value of the off-orientation angle, the morphology on nominal GaAs(2 5 11)B and A 

surfaces is very similar (cf. Fig. 6.4(a-b) and 5.19(a-b)). 

 

6.3 Structural properties of InAs QDs on GaAs(2 5 11)B  

An ensemble of InAs QDs on the GaAs(2 5 11)B surface grown as described in chapter 

2.9 is presented in Fig. 6.5(a). Many small QDs with an average number density of 1.6 × 

1011 cm-2 are recognized together with few large islands one of them being marked by an 

arrow. All islands develop with the same orientation relative to the substrate and exhibit a 

uniform shape, which does not change for substrate temperatures during preparation 

between 430 and 470 °C. The uniformity of the QD ensemble is reflected in the size 

distribution diagram in Fig. 6.5(b). About 70% of the islands exhibit a length between 15 

and 20 nm and about 20% of them a length between 10 and 15 nm. The average height of 

the QDs is 2.2±0.3 nm. The few large islands contribute to the tail at larger sizes in Fig. 

1(b). The large islands do not exhibit a certain size and are probably formed through 

coalescence of some QDs. They are presumably incoherent, i.e., a dislocation is inserted at 

the interface. The size distribution is very narrow, even narrower than that found for all 

reported in this work substrates (cf. Fig. 3.6(a), 4.2(b), 5.16(b) and 5.21(b)). 

 

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

1 00 1 5 0 2 00 2 5 0 3 00 3 5 0 4 00 4 5 0 5 00 5 5 0 6 00 6 5 0 M o re10 15 20 25 30 35 40 45 50 55 60 65 nm
Size of islands in nm

0

10

20

30

40

50

60

70

%

0.4 0.4 0.4 0.251.0

23

73

 
 

Figure 6.5 [Tem03a] (a) Overview STM image with InAs QDs grown on GaAs(2 5 11)B. White 

arrow indicates a large incoherent  island (5000 x 5000) Å2, U = −3.5 V, I = 0.4 nA, the sample 

temperature T=430 °C, InAs thickness is 4.5 (1.5 ML) ± 0.4 Å); (b) Size distribution derived 

from 1560 islands in percent (the values are given above the respective columns). 
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Figure 6.6(a) presents a (1000 × 1000) Å2 large area of the (2 5 11)B surface with the 

InAs QDs. To the contrary to the (2 5 11)A substrate the WL exhibits no holes around the 

islands (cf. Fig. 5.22(a)). The WL is absolutely disordered and covered probably with As 

atoms (because of the As-rich preparation conditions) without any periodicity. That is quite 

different from the InAs WL on GaAs(2 5 11)A (see Fig. 5.15(a) and 5.22(a)), where the 

original stripes made up from As dimers are still aligned along [23 1]. On the disordered 

structure one may expect a great number of broken anion bonds, which may catch up the 

cations to form bulk-like bonds and therefore, may slow down their diffusion length. It may 

lead to an increase of the nucleation events on the surface, and to an increase of the QD 

number density, that is usually by one order of magnitude higher on the (113)B or 

(2 5 11)B than on (113)A or (2 5 11)A substrates*. A general problem of As2 molecule 

dissociation on the B faces (see chapter 3 and 4) and possible difficulties with the 

incorporation of these atoms onto the QD facets by the island evolving may yield an effect 

that the dense array of the QDs grow relatively slow, and In atoms can have enough time to 

check up many islands before an incorporation event. As the smaller islands are believed to 

grow faster [Jes98], this would result in a homogeneous uniform QD ensemble. Thus, the B 

substrates should be generally preferred for the QD application. 

 
Figure 6.6 [Tem03a] (a) STM image with InAs QDs grown on the (2 5 11)B WL (U = − 3.0 V, I 

= 0.1 nA, T=430 °C, 1.5 ML); (b) Atomically-resolved STM image (error signal ≡ constant height 

mode) of InAs QDs on GaAs(2 5 11)B prepared at 450 °C ( U= − 3.0 V, I = 0.3 nA, T=450 °C). 

                                                 
* A large diffusion length of In atoms on the (2 5 11)A WL may result in a disappearance of the QDs on the 
terraces (or in a decrease of their number density), and the island growth on the (011) step walls, where the 
InAs material is relaxed due to the dislocation. 
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Figure 6.6(b) shows an (600 × 600) Å2 large atomically resolved STM image highlighting 

the QD shape. The QDs are terminated by several well-developed facets 1 to 4 and a 

partially rounded region 5. The facet 4 is a flat base extending in front of the facets 1 and 3 

on the upper left-hand side of the island in Figure 6.6(b). Interestingly, the QDs do not 

exhibit any symmetry plane perpendicular to the surface. This mirrors the substrate 

symmetry and is expected for epitaxial growth. Furthermore, similar to the InAs QDs on 

GaAs(113)B there is no elongation, in contrast to the respective A faces. 

 

 
 

Figure 6.7 [Tem03a] Atomically-resolved STM images (error signal ≡ constant height mode, U = 

−3.0 V, I = 0.1 nA) of (a) the (0,-1,-1) facet (the size is (47 x 47) Å2)), (b) the (-1,0,-1) facet (the size 

is (34 x 34) Å2)), (c) the (111)B-(2 × 2) facet (the size is (78 x 78) Å2)), and (d) the (135)B−c(2 × 2)  

facet (the size is (48 x 48) Å2)). Letters m and n mark unit cell vectors; (d) schematic model of InAs 

QDs on GaAs(2 5 11)B. Darker grey scales correspond to steeper facets. 

 

In Fig. 6.7(a-d) we show the individual facets with atomic resolution from which the 

facet orientation could be derived. The facet 1, shown in Fig. 6.7(a), is identified as a (011) 

surface. It is inclined to the substrate by 20 ± 4° and exhibits unit cell vectors m = 5.9 ± 0.3 

Å and n = 4.3 ± 0.3 Å. These values compare perfectly to the geometric values for the 

InAs(011) unit cell projected onto (2 5 11)B of 22.5°, 6.0 Å, and 4.0 Å, respectively. The 

facet 2 in Fig. 6.7(b) is the (101) surface as extracted from the following STM 

measurements: The inclination angle is 38 ± 4°, and the lengths of the unit cell vectors are 
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m = 5.8 ± 0.5 Å and n = 4.4 ± 1.0 Å (geometrical values: 41.4°, m = 5.5, and n = 3.7 Å). 

The atomic resolution is not as good as in (a) and therefore, the uncertainties in the derived 

values are larger. The triangular facet 3 in Fig. 6.7(c) consists of the (111)B-(2×2) 

reconstructed surface: It is inclined to (2 5 11)B by 31 ± 3° and exhibits a rhombic unit cell 

with vectors of length m = 8.5 ± 0.8 Å (geometrical values: 31.9° and m = 8.2 ± 0.2 Å for 

the As trimer (111)B-(2×2) reconstruction [Bie90]).  

The flat facet 4 that extends in front of (011) and (111)B is identified as the (135)B-

c(2 × 2) surface [Suz04a]: The inclination angle is 6 ± 3° and the lengths of the unit cell 

vectors are m = 11.3 ± 0.5 Å and n = 9.0 ± 0.5 Å (geometrical values: 6.4°, m = 11.2 Å, and 

n = 9.6 Å). A similar flat base was observed for InAs QDs on a GaAs(113)B surface (cf. 

Fig. 4.4(e)). Interestingly, in both cases we observe large and well ordered InAs(135)B 

facets, that seem to be energetically favourable under tensile strain on the GaAs substrate 

[Suz04a]. The existence of such flat bases is a new and not understood phenomenon. 

Together with the main part the facet forms a concave form with respect to the substrate, 

which is opposite to any understanding of minimization of surface energy since the surface 

to volume ratio is not minimal in this case. 

Finally, the rounded region 5 is not shown in detail in Fig. 6.7 because it does not exhibit 

an ordered facet. From geometrical considerations, an )100(  surface, that is inclined to 

(2 5 11)B by 26.1°, should develop in this area. Why the {001} regions are rounded for the 

InAs QDs on GaAs(113)A, GaAs(113)B, and also here on GaAs(2 5 11)B is unclear. As in 

the case of GaAs(113), B and GaAs(2 5 11)A substrates, we also presume here that a 

vicinal {001} region is growing with higher speed than regions of {110} or {111} 

orientation. The high speed of growth may induce a high degree of disorder and form the 

observed rounded shape. 

The shape of InAs QDs grown on GaAs(2 5 11)B is schematically sketched in Fig. 6.7(e). 

There is no mirror symmetry on the QDs in agreement with substrate symmetry. Low-

index (011), (101), and (111)B facets and a rounded vicinal )100(  region for the main 

part, and a high-index (135)B surface for a flat base, extending in front of the (011) and 

(111)B facets, determine the shape of the QDs. The facets are inclined to the substrate with 

different angles, which may result in different growth speed that may be higher for the 

steeper (101) and vicinal )100( facets yielding a compact QD shape without an elongation 

into any specific direction. In addition to that there should be difficulties by the 
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incorporation of As2 molecules onto all the facets, except for the rounded region (see 

chapter 3 and 4). This facet growth kinetics (that should be similar to that described for the 

GaAs(113)A and B substrates)  together with the poor ordered InAs WL can account for 

the very narrow size distribution and high number density of the InAs QDs on 

GaAs(2 5 11)B. 

 

6.4 Optical properties of InAs QDs on GaAs(2 5 11)B  

It is now tempting to look how the uniform QD ensemble can improve the PL spectra. 

The InAs QDs were overgrown under the same preparation conditions as for InAs islands 

on GaAs(2 5 11)A*. Figure 6.8(a) shows PL spectra of one single sheet of InAs QDs. The 

linear presentation of the dependence of PL intensity on the emission energy is taken with 

four different excitation densities: 5000 W/cm2 (solid line), 500 W/cm2 (dashed line), 50 

W/cm2 (dotted line), and 5 W/cm2 (dashed-dotted line). The Gaussian-like PL peaks 

marked by 1 in Fig. 6.8(a) are centred at ~1333 meV with the FWHM values of 58, 50, 44 

and 45 meV for the solid, dashed, dotted and dashed-dotted line, respectively. These peaks 

are intense and cover the energy range expected for the small sized InAs QDs. The broad 

peaks numbered by 3 stem from the InAs WL and doped GaAs(2 5 11)B substrate, because 

they are located next to the double peak of the semiinsulating GaAs(001), see, e.g., 

Fig. 5.24(b). The solid line exhibits an additional peak (numbered by 2 in Fig. 6.8(a)) that 

is ascribed to stem from the first excited state in the QDs. At the highest excitation density 

(5000 W/cm2), the excited state peak evolves into a separate peak because the ground state 

level is completely saturated by the charge carriers. Despite the reduces thermal energy at 

10K for the carriers, the very high density of the InAs QDs on GaAs(2 5 11)B (see 

Fig. 6.5(a)) allows electrons to find an available ground state level in nearby dots, thus 

suppressing excited state recombination for the excitation densities below 5000 W/cm2. No 

other peaks are found between 2 and 3. It means that the InAs QDs on GaAs(2 5 11)B with 

the measured diameter of 175 ± 25 Å (see Fig. 6.5(b)) are so small in size, that the only 

ground and first excited state levels are confined. This is quite different from the recently 

reported eight-band k·p calculations for InAs QDs on GaAs(001) exhibiting a pyramidal 

shape with {101} facets (45° tilt angle) and a base length of 136 Å [Bim99], from which at 

least three transition peaks from the ground and excited states should appear in the PL 

spectra. A flatter shape of our QDs with an average tilt angle of the facets of ~30° as well  
                                                 
* The GaAs overgrowth as well as PL parameter were set equal for all the substrates (i.e., vicinal and nominal 
GaAs(2 5 11)A and nominal GaAs(2 5 11)B) in order to insure a correct quantitative comparison for the QDs. 
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Figure 6.8 [Tem04] PL spectra of InAs QDs grown on GaAs(2 5 11)B (T=430°C, 1.5 ML) 

acquired with different excitation densities and presented in linear scale for (a) a single QD sheet 

and (b) 5 x vertical stacked QDs. Excitation density was 5000, 500, 50 and 5 W/cm2 for solid, 

dashed, dotted and dashed-dotted lines, respectively. 1, 2 and 3 numbers the peaks related to the 

QDs and GaAs bulk material. The inset in (b) shows the geometry of the 5 QD sheets. 

 

as a possible segregation of In atoms by the overgrowth, that results in a shrinkage of the 

QD size, may account for this discrepancy. 

It is well known that a vertical stacking of the InAs QDs can improve the optical 

properties of QD lasers and can yield an increase of the active volume, a shift of the 

emission to longer wavelength (smaller energy), and a decrease of the emission linewidth 

[Sol96]. This improvement is reported to stem from the strain field of underlying dot sheets 

that can influence the dot formation in the sheet above as well as from the electronic 

coupling of all dots, which increases the effective height and therefore, reduces the effect 

of QD size fluctuations [Lip00]*. Figure 6.8(b) shows the PL spectra of five InAs QD 

sheets on GaAs(2 5 11)B with a GaAs spacer thickness of 50 Å, which is roughly twice as 

large as the average QD height (~22-25 Å, see also the inset in (b)). The spectra are mainly 

similar to those in (a) with the following differences: the intensities of the QD peak with 

the same excitation densities are higher for the vertical stacking; the QD peaks numbered 

by 1 are all centred at 1299 meV with the FWHM values of 44, 38, 30 and 29 meV for the 

lines from solid down to the dashed-dotted; the excited state peak 2 for the solid line in (b) 

is more intensive than that for the single sheet of the QDs in (a) and even larger than the 

ground state peak 1. Thus, the desirable shift of the emission energy (~34 meV) and the  

                                                 
* A prerequisite is a thin GaAs spacer thickness between the InAs QD sheets (up to ten QD heights). 
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Figure 6.9 [Tem04] PL spectra of the InAs QDs grown on different GaAs substrates presented in 

(a) linear scale and (b) decimal logarithmic scale. The QDs and GaAs bulk related peaks are 

labeled. Excitation density was 5 W/cm2. 

 

decrease of the linewidth can be clearly detected by using the vertical stacking of the InAs 

QDs on GaAs(2 5 11)B. 

Figure 6.9 shows a quantitative comparison of the PL spectra of InAs QDs on different 

GaAs substrates. The solid, dashed, dotted and dashed-dotted lines correspond to nominal 

(001), (2 5 11)A, 5x QD stacking on (2 5 11)B and one single QD sheet on (2 5 11)B, 

respectively. All the QDs are grown at the same sample temperature T=430 °C with the 

InAs thickness needed for the onset of the SK transition (1.5 ML for GaAs(001) and 

GaAs(2 5 11)B, and 1.7 ML for GaAs(2 5 11)A). The linear and logarithmic presentations 

of PL intensity on the emission energy is shown in Fig. 6.9(a) and (b), respectively. As can 

be seen, the Gaussian-like PL peaks of the InAs QDs on GaAs(2 5 11)B (dotted and 

dashed-dotted lines) exhibit the same or even higher intensity than the peak of the QDs on 

commonly used GaAs(001). To the contrary, the line for the InAs islands on 

GaAs(2 5 11)A is about two orders of magnitude lower. The PL peaks for the solid, dotted 

and dashed-dotted lines are centred at 1265, 1299 and 1333 meV, with the FWHM values 

of 66, 30, and 45 meV, respectively. It means, that the QDs on GaAs(2 5 11)B prepared 

under the same MBE conditions are smaller and more uniform in size than those on 

GaAs(001). This should be related to the atomic structure of both substrates, i.e., to the 

adsorption, desorption and migration of In and As atoms on their reconstructions. The 

integrated intensity is highest for the GaAs(001) substrate. However, highly doped 

GaAs(2 5 11)A and B wafers have been used for the PL (the higher background intensity 

can be seen for all lines except for the solid line in Fig. 6.9(b)), which may result in an 

 128



absorption of photons by the substrate doping. Thus, GaAs(2 5 11)B can be used as a 

substrate for the growth of InAs QDs with an especial narrow size distribution, thus, a 

small PL linewidth. 

There is an interest for the development of InAs-QD-based devices emitting in the 

datacom wavelength region around 1.3 µm (954 meV). This would allow the realisation of 

datacom sources cheaper and less temperature sensitive than commonly used InP-based 

devices [Gru02]. To extend the emission wavelength to 1.3 µm from the single QD sheet 

one employs usually some special tricks, among which the first one is to embed the InAs 

QDs into an InxGa1-xAs matrix (with In content x<0.3). The resulting red shift has been 

observed even beyond 1.3 µm and attributed to an increase of the dot height caused by 

spinoidal-activated decomposition and to a reduced strain in the InAs QDs [Max00, 

Che02]. Another trick is a deposition of more InAs that is needed for the SK transition 

[Pas03].* As we have seen in chapter 4.2 an increase of the sample temperature from 435 to 

490 °C results in a doubling of the QD size, accompanied however with a decrease of QD 

number density by an order of magnitude. Being unable to perform a systematic PL study 

because of the lacking of a PL facility at our permanent disposal, we have tried to employ 

all these tricks to shift the emission energy of InAs QDs on GaAs(2 5 11)B to the low 

energy range. 

Figure 6.10 shows the PL spectra of one single sheet of InAs QDs on GaAs(2 5 11)B 

presented in linear (a) and logarithmic (b) scales. The solid line corresponds to a reference 

sample (=the dotted line in Fig. 6.8(a)): the QDs grown at 430 °C with an InAs thickness l 

= 4.5 Å (=1.5 ML001) and overgrown with 50 nm pure GaAs as described in chapter 2.9. 

The dashed line stems from the InAs QDs grown at T=500 °C with l = 6 Å (=2.0 ML) and 

overgrown at the same temperature with 7 nm of In0.1Ga0.9As and then with 43 nm of pure 

GaAs. The latter growth sequence has been repeated for the QDs presented by the dashed-

dotted line except for l = 9 Å (=3.0 ML). The solid, dashed and dashed-dotted lines are 

centred at 1333 meV (FWHM=44 meV), 1222 meV (FWHM=62 meV) and 1218 meV 

(FWHM=105 meV), respectively. Thus, a red shift can be achieved, however by only 111 

meV to the value of 1222 meV, which is of course still far away from 954 meV (1.3 µm) 

needed for the QD applications. The red shift seen at the dashed line is accompanied with a 

reduction of the integrated PL intensity (by a factor of 4) that is on the line of our STM 

observations for InAs QDs on GaAs(113)B, where an increased sample temperature yields 
                                                 
* The third way is to make large sized dots by reducing InAs growth rate [Joy00]. However, we use one of the 
smallest rates, reported in literature (0.07 Å/s=0.02 ML/s, more than 60 seconds to achieve the SK transition). 
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a decrease of the QD number density. The increase of the FWHM value for the dashed line 

in comparison with the solid one does not agree with literature [see, e.g., Sch02], where the 

reduced linewidth has been reported by increase of the sample temperature. The dashed-

dotted line corresponding to the 3 ML InAs QDs shows a degradation of the single 

Gaussian-like peak and a high FWHM value. The energy peak is centred at 1218 meV that 

is next to the 2 ML InAs QDs. It indicates that between 2 and 3 ML of InAs deposition the 

islands have not increased in size, but have become degraded probably through the 

incorporation of dislocations after a certain QD size. 
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Figure 6.10 [Tem04] PL spectra of the InAs QDs grown on GaAs(2 5 11)B grown with modified 

conditions and presented in (a) linear scale and (b) decimal logarithmic scale. The solid, dashed 

and dashed-dotted lines correspond to the InAs thickness of 1.5 ML (T=430 °C), 2.0 ML (T=500 

°C), and 3.0 ML (T=500 °C), respectively. The QDs and GaAs bulk related peaks are labeled. 

Excitation density was 50 W/cm2. 

 

As we have shown, it is in principle possible to shift the PL peak of the InAs QDs on 

GaAs(2 5 11)B to smaller energies. One should probably not use the high sample 

temperature for the overgrowth procedure, which may reduce the QD size through an In 

segregation, in order to shift the QD peak further. 

 

6.5 Conclusion  

GaAs(2 5 11)B is the only known stable compound semiconductor surface located within 

the ST for the B faces. One can get the atomic structure of GaAs(2 5 11)B by mirroring the 

GaAs(2 5 11)A surface around any perpendicular plane, subsequently rotation by 180° and 

exchanging the As and Ga atoms. The ball-and-stick model of GaAs(2 5 11)B reveals a 
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(1x1) reconstruction, terminated by Ga dimers, that fulfils the ECR and yields a reduced 

number of DBs compared with the bulk-truncated surface. No symmetry plane exists on 

bulk-truncated and reconstructed GaAs(2 5 11)B. The morphology of the nominal 

GaAs(2 5 11)B surface exhibits a low off-orientation angle of ~0.3° and consists of ~2 Å 

high steps running mainly along [23 1] with a small number of step bunch structures along 

[311]. 

The deposition of 1.5 ML of InAs results in the SK transition. STM images reveal a 

uniform ensemble of small InAs QDs on GaAs(2 5 11)B with a very narrow size 

distribution and a high number density. There is no mirror symmetry on the QDs in 

agreement with the substrate symmetry. Low-index (011), (101), and (111)B facets and a 

rounded vicinal )100(  region for the main part, and a high-index (135)B surface for a flat 

base, extending in front of the (011) and (111)B facets, determine the shape of the QDs. 

The facets are inclined to the substrate with different angles, which may result in different 

growth speed that may be higher for the steeper (101) and vicinal )100( facets yielding a 

compact QD shape without an elongation into any specific direction. In addition, there 

should be difficulties by the incorporation of As2 molecules onto all the facets, except for 

the rounded region. This facet growth kinetics together with the poor ordered InAs WL, 

which can reduce the diffusion length of In atoms, can account for the very narrow size 

distribution and high number density of the InAs QDs on GaAs(2 5 11)B. 

The Gaussian-like PL peak of the InAs QDs on GaAs(2 5 11)B exhibits a similar 

intensity to the peak from the InAs QDs on commonly used GaAs(001), but a higher 

emission energy and a smaller FWHM, indicating a smaller and more uniform in size QD 

ensemble. A small red shift of the emission energy has been achieved by using vertical 

stacked QDs or by increase the sample temperature and InAs thickness of the dots 

embedded in a In0.1Ga0.9As cap layer. 
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7 General conclusions  
 

Self-organised InAs QDs grown on four high-index substrates such as GaAs(113)A, B 

and GaAs(2 5 11)A, B, have been the subject of the present thesis. We have mainly focused 

our efforts on the QDs evolving in a stage before the overgrowth for the further application. 

Their development has been followed from the atomic structure of the bare substrates 

through the InAs WL stage to the bounding facets framing the 3D islands due to the SK 

transition that occurs on all investigated surfaces. We have collected experimental material 

in hope that somebody from the theoreticians will use it to answer a fundamental question, 

namely why InAs grows by usual MBE conditions in the SK growth mode on all known 

stable GaAs substrates except for low-index (110), (111)A and B [Hoo93, Yam96, Bel97]. 

From the STM, RHEED, LEED and PL measurements conducted in this work some 

general points by the QD evolution can be extracted: 

• The SK transition is realised on all high-index substrates, where the InAs material grows 

first in the layer-by-layer growth mode. When the amount of deposited material exceeds a 

critical thickness of about 1.5-1.8 ML001, the 3D islands suddenly appear on top of the WL. 

• The symmetry of the QDs derives directly from the ideal (bulk-truncated) substrate that 

unambiguously proves epitaxial growth by the SK transition. 

• The QD ensemble on the B face exhibits a narrower size distribution and a larger number 

density than that on the respective A face. 

• The InAs QDs on the A faces tend to adopt an elongated shape, whereas those on the B 

face are rather round.  

• The QDs start to grow with the flattest facets with respect to the substrate, which are 

{2 5 11}A or {137}A for the GaAs(113)A and GaAs(2 5 11)A, and probably {135}B for 

the GaAs(113)B and GaAs(2 5 11)B. At the mature stage the islands adopt a steeper shape, 

terminated by the low-index regions. This final shape seems to remain further unchanged, 

even by incorporation of dislocations onto the QDs, except for small modifications, like a 

shape elongation or faceting of the rounded {001} region. Being unstable as nominal GaAs 

surfaces, large areas of the (137)A or (135)B facets with their own reconstructions develop 

on the strained InAs QDs. 

Despite of the common similarities, the behavior of each substrate is peculiar. Two 

shapes are observed for the mature QDs on GaAs(113)A, which both have the same (110) 

symmetry plane and azimuthal orientation. In the first stage, the shape is given by {110}, 
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(111)A and {2 5 11}A bounding facets and a rounded region due to a stacking of vicinal 

(001) surfaces. The second shape is characterised by an elongation along [33 2 ] with a size 

reduction of the (111)A facet, induced by a partially flattening of the rounded region by 

{113}B facets, which slow down its growth rate. 

The morphology of the bare GaAs(113)A surface and of the InAs WL on it influence 

significantly the size distribution of the QDs. The intrinsic undulation of bare GaAs(113)A 

becomes larger with depositing InAs. As the WL roughness exhibits varying lateral 

dimension, the strain relieve is different, and the nuclei do not form simultaneously on the 

whole surface. It leads to the observed broad size distribution. In addition, the WL still 

exhibits As dimers aligned along [33 2 ], that may not significantly decrease the diffusion 

length of In atoms, which results in the low QD number density. Because of the 

inhomogeneous nucleation and growth processes we are able to retrace the QD kinetics, 

that start to grow with the very flat (2 5 11)A and (137)A facets. 

The InAs QDs on GaAs(113)B evolve with (110) mirror symmetry and with a central 

steep part sitting on a flat base. The shape of the central part is given by {110} and (111)B 

bounding facets, and a (001) rounded region. High-index {135}B and (112)B facets are 

derived for the flat base. An elongation of the shape with a reduction in size of (111)B is 

not observed. It is attributed to the difficulties with the incorporation of As2 molecules onto 

the QD facets, as their edges with the substrate as well as facet reconstructions require the 

dissociation of As2 molecules, that is not the case for GaAs(113)A. 

The morphology of the bare GaAs(113)B surface preserves its original flatness also after 

InAs deposition. Thus, the QDs start to grow simultaneously at the SK transition and 

mature on the whole surface with equal rates, resulting in a narrow size distribution. 

Furthermore, the disordered WL may decrease the diffusion length of the In atoms that 

induces a high QD number density. Additional experiments reveal the increase of the size 

and height of the QDs by more than 100 % and decrease in the number density by an order 

of magnitude if the sample temperature increases from 435 to 490 °C. Post-annealing also 

increases the QD size and the height by about 30 % and decreases slightly the number 

density. However, the shape of the QDs is found to be independent on the sample 

temperature or post-annealing procedure. 

We have also employed the stable GaAs substrates located within the ST and therefore, 

exhibited no mirror symmetry. The recently discovered in out group GaAs(2 5 11)A 

surface has been used for the InAs QD growth. The surface exhibits an interesting (1x1) 
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reconstruction, terminated by As dimers, that fulfils the ECR and has a surface energy 

comparable with that of the known stable GaAs reconstructions. 

A remarkable feature of this substrate is the formation of step bunch structures, resulting 

in an appearance of large GaAs(011) areas on straight steps along the [311] direction. The 

morphology of 1° vicinal GaAs(2 5 11)A is mainly determined by these steps, but they still 

exist also on the nominal-oriented surface. 

The deposition of a certain amount of InAs results in the SK transition that can be 

observed with RHEED measurements. STM images from the vicinal (2 5 11)A surface 

reveal an appearance of 3D InAs islands sitting exactly on the steps along [311]. The 

measured number density is low and the size distribution is very broad, which is 

characteristic for the incoherent (dislocated) islands that grow without size limitation 

caused by the elastic strain as in the coherent QDs. The dislocations are assumed to be 

incorporated through the InAs growth on the GaAs(011) step walls, as the GaAs(011) 

surface does not grow in the SK growth mode. The incoherent nature of the islands is 

confirmed by PL spectra, where the emission in the QD energy range from the (2 5 11)A 

samples is more than two orders of magnitude lower than that from a reference (001) 

sample. 

STM images from the nominal GaAs(2 5 11)A surface exhibit two different ensembles of 

InAs islands with narrow and broad size distributions. The latter stems from the islands 

grown on the (011) bunch structures that also appear on nominal GaAs(2 5 11)A. The 

narrow size distribution is thought to stem from the coherent, dislocation-free QDs. They 

are largely similar to the InAs QDs on GaAs(113)A, except for the missing (110) 

symmetry plane: In the early stage, the shape is given by {110}, (111)A bounding facets 

and a rounded region due to a stacking of vicinal (001) surfaces. After some growth the 

shape is characterised by an elongation along [453 ] with a size reduction of the (111)A 

facet, induced by a flattening of the rounded region by ( 2 5 11)A, (101) and (111)B facets, 

two latter of which slow down its growth rate. However, the PL measurements show 

mainly identical results from the nominal and vicinal GaAs(2 5 11)A substrates, implying a 

very low emission intensity from the islands. It is explained by trapping of the QD excitons 

in the dislocations formed in the incoherent islands. 

GaAs(2 5 11)B is another stable substrate located within the ST for the B faces that has 

been used for the InAs QD growth. The atomic structure of this surface, which has been 

determined in this work for the first time, can be obtained from the GaAs(2 5 11)A surface 
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applying a combined mirroring and rotation by 180°, with a subsequent exchange of As and 

Ga atoms. We propose a model for the GaAs(2 5 11)B surface exhibiting a (1x1) 

reconstruction, terminated by Ga dimers, that fulfils the ECR and yields a reduced number 

of DBs compared with the bulk-truncated surface. Together with the (1x1) reconstruction 

the latter shows no symmetry plane that is also retained in the InAs QDs. 

The deposition of a certain amount of InAs onto GaAs(2 5 11)B results in the SK 

transition. STM images reveal a uniform QD ensemble with a high number density. The 

size distribution is very narrow strongly evidencing the coherent nature of the islands. 

Low-index (011), (101) and (111)B facets and a rounded vicinal (001) region for the 

central steep part, and a high-index {135}B surface for the flat base determine the shape of 

the InAs QDs on GaAs(2 5 11)B, which is similar to that on GaAs(113)B, except for 

missing mirror symmetry. The WL on GaAs(2 5 11)B is much more disordered than that 

on the A face. The reason may stem from the surface geometry: the As atoms covering the 

GaAs surfaces by the As-rich preparation conditions can not form such a stable low-energy 

elements as As dimers. It may lead to the disordered surface with a great number of As 

DBs, which may decrease the diffusion length of In atoms during and after the SK 

transition. It results in an increased QD number density compared with the GaAs(2 5 11)A 

surface. In addition, the facet growth kinetics, that prohibits the incorporation of As2 

molecules onto the InAs QD facets on GaAs(2 5 11)B, thus decreasing their growth rate, 

may also delay the incorporation of the In atoms, that may check up many islands before 

finally being incorporated. This can account for the very narrow size distribution. 

The Gaussian-like PL peak of the InAs QDs on GaAs(2 5 11)B exhibits an intensity 

similar to that from the InAs QDs on GaAs(001), but higher emission energy and smaller 

FWHM, indicating a smaller and more uniform QD ensemble. A red shift of the emission 

energy has been achieved by using vertical stacked QDs or by increase the sample 

temperature and InAs thickness of the dots embedded in the In0.1Ga0.9As cap layer. 

Thus, GaAs(113)B and GaAs(2 5 11)B can be used equally with GaAs(001) as substrates 

for different QD applications in optoelectronics since they yield a uniform and dense QD 

ensemble with a tunable upon the temperature QD size and emission wavelength; 

GaAs(113)A and GaAs(2 5 11)A substrates are interesting for understanding of basic 

processes by the QD evolving. 
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Appendix 1.1: Table with GaAs and InAs surface energies for As rich preparation conditions. The 
energies are calculated using density-functional theory. 
 

Reconstruction Energy, meV/Å2 
Reference 

GaAs(001)-β2(2x4) 55 [Mol96] 

GaAs(001)-c(4x4) 45 [Mol96] 

GaAs(110) cleavage plane 52 [Mol96] 

GaAs(111)A-(2x2) (Ga  vacancy) 54 [Mol96] 

GaAs(111)B-(2x2) (As trimer) 43 [Mol96] 

GaAs(113)A-(8x1) 47 [Pla99] 

GaAs(113)B-(1x1) (As double layer) 43 [Pla99] 

GaAs(114)A- β2c(2x2) 46 [Kra02a] 

GaAs(114)A-α2(2x1) 53 [Mar01a] 

GaAs(2 5 11)A-(1x1) 53 [Gee01] 

GaAs(3 7 15)A-(1x1) 55 [Gee01] 

GaAs(137)A-(1x1) 56 [Kra02a] 

InAs(001)-β2(2x4) 44 [Mol98] 

InAs(001)-c(4x4) 44 [Mol98] 

InAs(110) cleavage plane 41 [Wan99] 

InAs(111)A-(2x2) (In  vacancy) 42 [Mol98] 

InAs(111)B-(2x2) (As trimer) 36 [Mol98] 

InAs(114)A- β2(2x1) 43 [Kra02a] 

InAs(2 5 11)A-(1x1) 41 [Kra02a] 

InAs(3 7 15)A-(1x1) 42 [Kra02a] 

InAs(137)A-(1x1) 43 [Kra02a] 
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Appendix 1.2: GaAs surface energies of the (1x1) reconstructed (137)A, (2 5 11)A and (3 7 15)A 
surfaces as a function of the As chemical potential. The energies are calculated using density-
functional theory. The shaded areas highlight the calculated surface energies of the GaAs(001) 
reconstructions of lowest total energy. 

              
 
 
Appendix 1.3: InAs surface energies of the (1x1) reconstructed (137)A, (2 5 11)A and (3 7 15)A 
surfaces and of the  relaxed (110) cleavage plane  as a function of the As chemical potential. The 
energies are calculated using density-functional theory. The shaded areas highlight the calculated 
surface energies of the InAs(001) reconstructions of lowest total energy. 
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