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Abstract

Modern development of information technologies requires an introduction of new fun-

damental concepts, in order to create more efficient devices and to decrease their size.

One of the most promising ways is to increase the functionality of silicon by integrating

novel materials into Si-based production. This PhD thesis reports on the fabrication

and investigation of the growth of semiconductor nanostructures on Si substrates by

molecular beam epitaxy (MBE). In-situ scanning tunneling microscopy (STM) is a

powerful technique in order to study morphological and electronic properties of the

grown structures directly under ultra high vacuum (UHV) conditions. It is shown that

the combination of MBE and in-situ STM enables the study of nucleation and growth

dynamics at the atomic scale. It provides us with numerous information concerning

the nucleation mechanism, the growth mode of the structures, adatom kinetics, influ-

ence of the lattice mismatch between the substrate and the grown structure as well as

formation and morphology of crystal defects.

The first part of the thesis focuses on the experimental realisation based upon an ex-

isting setup. The construction of an in-situ UHV STM compatible with the MBE clus-

ter and the technical improvement of the STM setup are described. Subsequently, test

measurements are performed on the technologically most important surfaces, Ge (100)

and Si (111). As the result, the STM provides atomically resolved images of these

surfaces.

Next, two different material systems are investigated. Namely, the second part of

the thesis is dedicated to ordered small-period arrays of self-assembled Ge quantum dots

(QDs) grown on pre-patterned Si (100) substrates. Small-period Ge QD crystals are

highly interesting since band structure calculations indicate coupled electronic states

of the QDs in the case of the small lateral period of approximately 30 nm. The

epitaxial growth of Ge QDs takes place in the Stranski-Krastanov mode due to the

lattice mismatch of 4.2%. Small-period hole patterns with a period of 56 nm are

fabricated by e-beam lithography on Si substrates and can therefore be technologically

integrated into further device fabrication via referencing. The evolution of the hole

morphology during the in-situ pre-growth annealing and the Si buffer layer growth are

studied. The optimal substrate temperatures during the annealing and the buffer layer

growth are found to be 500◦C and 300◦C, respectively. The holes tend to form inverse

pyramids with {113} facets. Deposition of 5 monolayers of Ge at the final substrate

temperature of 530◦C results in a perfect ordering of Ge QDs. The achieved QD arrays

are characterised by a high QD density of 3 · 1010 cm−2 and a high surface coverage

of 28.6%. The developed technology has been introduced to the fabrication of 3D

small-period arrays of Ge QDs for hopping-transport measurements and development

of single photon detectors.



In-situ STM characterisation shows that the small-period ordered Ge QDs are

{105}-faceted truncated pyramids. The QDs are located exactly at the hole positions.

Until now, only large-period arrays have been studied in detail. The morphology of

the grown QDs on the small-period Si substrates are significantly different from the

large-periods arrays. In contrast to large-period arrays, no traces of the holes (trenches

surrounding the QDs, empty holes) are observed after Ge deposition. This is attributed

to the energetic preference for the QD growth at the Ge nuclei compared to the empty

holes. Therefore, the holes, in which the nucleation did not take place, tend to be flat-

tened out by an increase in the substrate temperature during Ge deposition. For the

first time, unordered Ge QDs grown during the substrate temperature ramp are inves-

tigated with atomic resolution. Two competitive modes of the Ge growth are observed,

which are formation of QDs exhibiting {105}-facets and (001)-step formation. In the

future, in-situ STM measurements at different stages of the growth will be performed,

in order to directly observe the QD nucleation and, thereby, to understand the QD

nucleation mechanism more detailed.

The second investigated material system is the topological insulator (TI) Bi2Te3

grown on Si (111) substrates. Nowadays, the interest in Bi2Te3 and related materials

rapidly increases, due to the presence of topologically protected spin-polarised surface

states in the fundamental band gap. However, the grown films of Bi2Te3 show the shift

of the Fermi energy into the conduction band, which is attributed to crystal defects.

In order to investigate the formation and the morphology of the defects, a study of the

growth dynamics of Bi2Te3 on Si (111) by in-situ STM is performed, in combination

with ex-situ high resolution scanning transmission electron microscopy (STEM).

For the first time, it has been observed that the single-crystalline growth of fully re-

laxed Bi2Te3 films takes place in a quasi-van der Waals growth mode on a Te-passivated

Si (111) surface. The film formation starts from the independent nucleation of single-

crystalline islands followed by their subsequent coalescence. Next, the growth takes

place in a sub-QL growth mode and, finally, turns into an equilibrium layer-by-layer

QL growth. The 3D to 2D growth mode transition is accompanied by the incorpora-

tion of defects, for example, stacking faults and threading defects originating from the

substrate steps. Moreover, two different domains have been observed. The presence of

the two domains is attributed to special features in the crystal symmetry of Bi2Te3,

providing the presence of two energetically equivalent twin domains. The Bi2Te3 inves-

tigation envelops a new growth concept of van der Waals epitaxy, which is so far not

well-understood. Future investigations in this direction will address to the influence of

the substrate material and the substrate preparation on the number of defects in the

grown films as well as to the study of the related TI materials and their alloys.
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Chapter 1

Introduction

For decades, the rapid development of semiconductor technology has followed Moore’s

Law which predicts the increase of number of transistors on an integrated circuit by

exponential approximation. The trend observed in the least decades let us expect the

doubling of the number of transistors on an integrated circuit every two years. How-

ever, the scaling down is limited due to the heat, released by each transistor. Therefore,

the modern semiconductor technology is in need of more energetically efficient semicon-

ductor devices. Moreover, the scaling down can not continue forever, since the further

technological development will unavoidably face a fundamental barrier, when the the

size of the devices will approach to the size of the atoms. Thereby, new fundamental

concepts are required, in order to overcome the ultimate limits of the Moore’s law, for-

mulated as “more Moore means more than Moore”. More than Moore explores a new

area of micro/nanoelectronics, which reaches beyond the boundaries of conventional

semiconductor technologies and applications.

In this regard, the modern nanotechnology offers routes to the development of

more efficient devices based on novel materials as well as artificial nanostructures, us-

ing different methods such as, for example, creation of metamaterials via mirco- and

nanomachining or self-assembly as well as single atom manipulation. Particularly, it is

quite promising to increase functionality of Si by means of integration of new materials

in Si technology.

A new idea to improve Si/Ge technology has been a creation of a 3D artificial crys-

tal of self-assembled Ge quantum dots (QDs) in Si [1]. In this case, placing of the

Ge QDs close enough to each other results in new properties of these structure, due

to overlapping of wave functions of neighbouring lattice points. In this sense, these

material behaves in a similar manner as atoms in a solid state.
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Another important research trend is investigation of new types of materials with

fundamentally new electronic states. Inspired by a discovery of outstanding electron

properties of graphene, modern physicists focused on topology of surface states in solid

state. The breakthrough in this direction took place due to, first, theoretical pre-

diction and, then, experimental realization of topological insulators (TI), which are

a novel state of matter [2]. Topological insulators are insulators in bulk and possess

topologically protected surface states, which results in a low-dissipative spin transport,

for spintronics or, even, quantum computation.

Inspired by the modern trends in physics and nanotechnology, we dedicate our

study to investigation of structural properties of novel materials fabricated on Si sub-

strates. For this goal, molecular beam epitaxy (MBE) and in-situ scanning tunneling

microscopy (STM) is a perfect combination for the study on the nanoscale. MBE

provides the high grade of control over both structural and electronic properties of

deposited materials on the atomic scale as well as their high purity. In-situ STM is a

high-resolution technique, in order to study the structural and electronic properties of

surfaces in coordinate space with atomic resolution directly under ultra high vacuum

(UHV) conditions, preserving the fabricated structures from oxidation and contamina-

tion.

In the first part of the thesis we are focusing on the experimental realisation of our

idea. We describe the construction of the in-situ UHV STM, the activity concerned the

maintenance and the upgrade of the device. Next, the test measurements on the most

technologically important surfaces, Ge (100) and Si (111), are performed. Additionally,

we pay attention to the technical realisation of the possibility to address to sub-mm

fields on 100-mm substrates by STM.

Small-period ordered arrays of self-assembled Ge quantum dots (QD) are discussed

in the second part of the thesis. Guided by a variety of their current and future applica-

tions, we pay attention to the technology of their fabrication in two following aspects:

both achieved properties and further processing integration. We report on both pre-

patterning of Si substrates and MBE growth of self-assembled Ge QD arrays, focusing

also on the substrate surface evolution during pre-growth treatment. The morphology

of the grown QDs grown on pre-patterned substrates studied by in-situ STM in com-

parison with the QDs on flat substrates allows to assume the preferable mechanisms

for Ge QD nucleation and their further evolution.
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The third part of the thesis is dedicated to growth and investigation of nucleation

and growth dynamics of topological insulator Bi2Te3 on Si (111) substrates. Combi-

nation of in-situ STM and ex-situ scanning transmission electron microscopy (STEM)

allows to define the exact growth mechanism as well as defect incorporation and their

morphology, which are crucial for transport properties that Bi2Te3 is expected to show

as a topological insulator. Thereupon, special attention is paid to the detailed investi-

gation of Bi2Te3/Si interface.
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Chapter 2

In-situ scanning tunneling

microscope (STM)

2.1 Theoretical background of STM

2.1.1 Physical principles of STM

Scanning tunneling microscopy is a powerful technique for viewing surfaces of con-

ductive materials in a real space with atomic resolution. The first scanning tunneling

microscope (STM) was developed in 1981 by Binning and Rohrer [3]. The concept

of STM is based on the quantum mechanical tunneling effect for electrons through

a potential barrier. If a conductive probe is brought in close proximity (i.e. some

angstroms) to a conductive or semiconductive surface, a bias between the two allows

electrons to tunnel through the gap between the tip and the sample surface. Variations

in current while the probe passes over the surface may be translated into an image of

d

R

tip

surface

r0

Figure 2.1: Geometry between the scanning tip and the surface in the Tersoff-
Hamann model.
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Ec
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U>0 U<0
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band
bending
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Figure 2.2: Band diagram of the tunneling between a metallic tip and a semicon-
ductor sample in UHV by positive and negative voltages applied to the
sample. The Fermi level of the sample is EF . The conduction and va-
lence band edges are Ec and Ev, respectively. The diagram demonstrates
a band bending close to the surface induced by a tip and the states in-
volved in the tunneling (taken from [4]).

filled and empty electronic states at the surface depending on the bias.

According to one-dimensional theory of tunneling the tunnel current I depends

exponentially on the distance d between the tip and the sample.

I = I0 · e−2κd, (2.1)

where the inverse decay length κ =
√

2mB
~2

is a function of a tunneling barrier height B;

m is the free electron mass. Equation 2.1 is obtained by solving of Schrödinger equation

for the electron’s wave functions penetrating in the potential barrier. Typical values

of barrier height B are in range of few eV. At low applied voltages only electrons near

the Fermi level in the tip and in the sample are involved in the process of tunneling,

i.e. the tunnel current is a function of the local density of states near the Fermi level.

This one-dimensional model is valid, however, only in the approximation of two

planar electrodes and does not allow us to give a correct and full interpretation of

STM images. In the three-dimensional case an exact calculation of tunnel current as

a function of applied voltage and tip position is not possible, as the geometric and

electrical properties of the tip are unknown a priory. Therefore, we are in need to use

an approximation, which is able to describe the essential physics precisely enough.
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J. Tersoff and D.R. Hamann developed a simple theory, which describes three-

dimensional tunneling between a real solid surface and a model probe with a locally

spherical tip [5]. The model supposes that the tip possesses an arbitrary shape, but

it can be assumed as a locally spherical one with radius of curvature R (see Fig. 2.1).

Then, if an applied voltage U is much smaller than the work function φ of an electron

in the sample, the tunnel current I is proportional to the local density of states of the

tip ρtip and of the sample ρsample:

I ∼ U · ρtip(EF ) · ρsample(r0, EF ), (2.2)

Assuming that ρtip does not depend on any coordinate, the tunnel current yields the

information about density of states of the sample at the tip position r0, if the sample

bias is kept constant.

This model is valid only for systems with a metallic tip and a metallic/superconductive

sample. For investigation of semiconductors one needs high tunneling voltages in the

range of 1 to 5 V, which are comparable with the work function. Thus, not only elec-

trons near the Fermi level are involved in tunneling, but all electrons in the states with

energies between EF and EF + eU . Fig. 2.2 shows tunneling between a semiconductor

sample and a metallic tip at positive and negative applied voltages. In the first case

electrons tunnel from occupied states of the tip to free states of the sample. In the

second case electrons tunnel from occupied states of the sample surface to free states

of the tip.

Thus, the equation 2.2 for tunnel current gives in this case:

I ∼
∫ EF+eU

EF

ρtip(E)ρsample(E + eU) · T (E,U)dE, (2.3)

here T(E,U) is a transmission coefficient, appearing because of the fact, that not all

electrons are equally involved in the tunneling, because of variations of the barrier with

voltage.

2.1.2 STM imaging

Scanning tunneling microscopy uses usually two basic modes for surface investigations.

In the “topography mode” the tunnel current is kept constant in each coordinate on the

surface by a feedback loop. The path of the tip is recorded in this case. This path is a

electric signal, that is proportional to the z-displacement of the tip. The second opera-
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:
z

x

y

Uz

I(x,y)

piezo crystals

U

feedback

x

z

controlling

Figure 2.3: Schematic drawing of the construction of a scanning tunneling micro-
scope.

tion mode is a “current mode”. In this mode the tip moves slow and fast variations in

the tunnel current during the scanning are recorded. The z-position of the tip relative

to the initial z-coordinate is kept constant. In this work the “topography mode” is used.

As mentioned above, the tunnel current in each point (x0, y0) of the surface at a

constant applied voltage U0 depends on the local density of states ρ(x0, y0) in this point

and on the distance d between tip and surface [6].

I ∼ ρ(−→r 0) ∼ ρ(x0, y0) · e−2κd, (2.4)

In the “topography mode” this current is kept constant. If the transmission coefficient

T(E,U) does not depend on a coordinate at the sample surface, the tip follows a surface

of a constant density of states. The tip has to be very close to the surface because of

the exponential decay of ρ(−→r 0) into the vacuum.

Thus, STM imaging is based on the extremely precise (with a resolution typically

better that 0.1 Å) positioning and controlling of the tip above the surface both in

(x, y) (along the surface) and z directions. This is usually done by the piezo-electric

materials, that change their geometrical sizes in this scale by applying well controlled

voltages. A principal construction of an STM is shown in Fig. 2.3. It consists of the

following blocks:

1. Sample holder is used to fix the sample within the STM and to provide good

electrical contact for bias voltage, regulated by controlling block.
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2. Scanning tip is a metal probe, used for achieving and measurement of a tunnel

current. The tip is connected to the controlling block via a current amplifier.

3. Coarse sample-to-tip positioning system is used in order to bring the tip

and the sample in a close connection at the macroscopic scale. The relative

sample-to-tip position is usually optically controlled.

4. Fine approach/scanning system is a tip positioning system at the atomic

scale. It is used in order to bring the tip into tunnel contact and to perform the

control at the tip during the scanning.

5. Feedback loop connects the scanning system and the tunnel current loop, in

order to set the position of the tip, which keeps the tunnel current constant during

the scanning.

6. Controlling block allows to set the parameters, to perform the scanning and

to record the input data by means of PC.

In principle, there are a number of different ways and technical ideas to realise

the described concepts experimentally. Moreover, every individual setup is usually

designed for a certain experimental goal. In the next chapter we will address the con-

struction and special features of the in-situ STM used in the current work.
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Figure 2.4: Top view scheme of complete MBE-STM system, which consists of a wafer
load lock, a transfer chamber Si/Ge and topological insulator (TI) MBE
chambers, and in-situ STM chamber. The in-situ STM is connected to
the setup via an additional load lock and is unmounted after the sample
transfer. Then, the in-situ STM is transferred to the STM laboratory,
placed on the vibration insulating table and the measurements are carried
out (adapted from [7]).

2.2 In-situ STM setup

2.2.1 STM chamber construction

The main concept of the STM setup used in this work is the possibility to perform

measurements in-situ, i.e. without breaking the ultra-high vacuum (UHV) conditions.

This allows to observe the sample surface as-grown, without surface damages usually

appearing due to the substrate cleaning within an ordinary STM because of plasma

sputtering or high-temperature annealing. No doubt, this kind of treatments usually

helps to remove the surface defects and contaminants, however, the grown structures

could drastically change their properties or even be followed by their complete disap-

pearing.

Another wide-spread method for ex-situ analysis of grown films is a cross-sectional

STM (XSTM). In this case, the capped samples have to be in-situ cleaved under UHV
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conditions, and the cross-sections could be investigated. Usually, this approach is ap-

plied for investigation of grown heterostructures (see, for example, [8]), however, it

has been recently shown that it could benefit also in investigation of composition and

electronic properties of MBE-grown quantum dots [9].

However, investigation of nucleation and growth dynamics of nanostructures re-

quires a direct access to the unchanged sample surface. This is only possible, if the

as-grown substrates are transferred from MBE to the STM under UHV conditions. To

fulfil this requirement, a movable in-situ STM setup was constructed by O. Leifeld [7].

The scheme of complete MBE-STM system in its current modification is represented

in Fig. 2.4. The setup consist of 4 chambers: Si-Ge MBE chamber (1), topological

insulator (TI) MBE chamber (2), multiple-wafer load lock (3), and central transfer

chamber (4) equipped by a sample transfer manipulator. The in-situ STM (5) could

be connected to the central transfer chamber via a lock chamber. Since the operation

of the MBE installation is connected to the number of vibration and noise sources, the

STM measurements can only be performed in a separated room, if the STM chamber

is disconnected from the MBE setup and placed on the vibration insulating table.

Thus, the experiment is performed in the following sequence. First, a chemically

cleaned substrates is placed into the wafer load lock, using a specially designed Si sup-

port ring as a substrate holder. Then, the substrate is transferred to the MBE chamber

via the central transfer chamber. Subsequently the substrate is annealed and a layer

is deposited. Finally, the substrate is transferred from the MBE to the STM chamber,

and the STM is disconnected from the MBE system, placed on the vibration insulating

table in the adjacent laboratory. Then, the correspondent operation electronics is con-

nected to the STM and the measurements are carried out. If the sample surface tends

to oxidise or adsorb the foreign atoms, the STM measurements have to be performed

within the next few hours.

The STM construction is shown in Fig. 2.5. The UHV STM chamber (1) is mounted

a movable trolley (8) with chamber height adjustment for connection to the MBE sys-

tem. The STM chamber is equipped by an ion-getter pump with a heating jacket (6)

and by a titanium sublimation cryopump, in order to remove the residual gas parti-

cles, which mostly penetrate into the STM chamber from the MBE during the sample

transfer. The sublimation pump is typically used between the STM experiments, in

order to improve the UHV quality. Addition information concerning the UHV system

is given in Appendix I.
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Figure 2.5: Front and side views of the movable in-situ STM used in this work. The
STM is constructed by O. Leifeld and described in details in [7].
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(1) drawer-like sample holder
(2) clamping lever, spring-loaded
(3) springs for sample stage
suspension
(4) eddy current damper
(5) transfer fork
(6) Si wafer in substrate ring
(7) rotation axis

Figure 2.6: a) Image of the sample stage with a rotation mechanism for STM on 100-
mm substrates. b) Construction and principle of operation of the sample
stage (taken from [7]).

The lock chamber (2) is used for both tip transfer and connection to the MBE sys-

tem. The lock chamber is pumped by a turbomolecular pump (7) and separated from

the main chamber by a UHV gate valve (3). The viewport (5) is used for STM control,

particularly, for the tip coarse approach, which is controlled by an optical microscope

attached in front of the view port. The flange (4) is carrying the whole STM assembly.

The setup is equipped by two pressure gauges: a full-range gauge for the lock chab-

mer and a low-pressure-range gauge for the STM chamber. The power supplies for

pumps and pressure gauges (9) are installed on the trolley as well, in order to make

the complete setup mechanically independent, while placed on the vibration insulating

table. Connection to the operating electronics is done from above, and the cable fas-

tener is vibration insulating as well.

2.2.2 Sample loading mechanism

The STM setup is created for measurements on 100-mm wafers. The STM scanning

head is constructed to be approached to the substrate from above. In the MBE system

the samples are overgrown from below, so that they have to be placed upside down

within the MBE. In contrast, Therefore, the substrate have to be flipped over after

their transfer into the STM chamber. In order suppress the vibrational eigenmodes, it

is important to provide sufficient support of the wafer, which is realized by means of the

use of a flat surface as a sample stage. For a wafer clamped onto the flat surface, the
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Figure 2.7: Scanning head placed on 100-mm substrate, which consists of 3 outer
piezo tubes for coarse displacement of the scanning piezo tube with the
tip (in the center) along the substrate. The design is firstly proposed by
Besocke [10].

correspondent resonance peaks disappear compared to a wafer supported only around

its edge. Details of the experimental setup can be found in [7].

The turnable sample stage is shown in Fig. 2.6. The substrate in a substrate ring

(5) placed on top of the transfer fork (6) is coming from the transfer chamber into the

STM, while the drawer-like sample (1) holder is turned upside down. The spring-loaded

clamping levers (2) are opened. If the proper height of the transfer fork is adjusted, the

substrate is pushed into the sample stage. Next, the transfer fork is shifted downwards

and removed from the chamber. The sample holder is flipped over (the rotational axis

(7)), which fixes the substrate by clamps (2). This results in the sample is fixed upon

the sample stage, providing both the good electrical contact and high mechanical sta-

bility.

In the current STM configuration, the tip/sample bias is applied to the sample via

the sample stage. Therefore, it is suspended using insulating springs (3). At the same

time, vertical displacement of the complete sample stage as well as the turning of the

sample holder is controlled by metallic manipulators, which are electrically connected

to the STM chamber (i.e. grounded). Hence, it has to be carefully inspected that the

metallic manipulators do not touch the sample stage, before the tip approach will be

started.
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2.2.3 Scanning head

The scanning head is constructed in design initially proposed by Besocke [10]. It

consists of 3 radially polarized piezo tubes with metal electrodes, which can be bent

independently in X-Y directions by applying of the external voltage (see Fig. 2.7). The

tubes are terminated by little ruby balls which stay on the substrate surface.

One realises the coarse movement of the STM head by applying synchronous volt-

age ramps to the tubes. The slowly increasing voltage ramp allows to bend all the

tubes with a sample holder on the top in the same direction. When the voltage drops

rapidly to zero, the tubes bend back quickly to the unstrained state, but the STM head

cannot follow this motion because of its relative big mass. Thereby the STM head is

shifted relative to the sample. Macroscopically, the scanning head is displaced along

the sample surface by a micrometer screw. This provides access to different parts of

the 100-mm substrate.

The inner scanning piezo tube consists of separated electrodes for X-Y and Z tip

displacement during the scanning. This tube is fixed within an inchworm (IW) motor

(Burleigh ARIS-950 ), so that the tip approach is controlled by synchronous operation

of two sets of piezo clamps which are connected to each other via piezo bridges with

the variable length. One of the clamp sets holds the inner tube if no voltage is applied,

this preserves the tube from falling down if the IW controller is switched off or discon-

nected. The scanning tube is equipped by a small magnet. Another small magnet is

mounted within the tip holder. Since 8 tips can be placed into the STM chamber via

a load lock at once, the tips can be changed anytime by a UHV manipulator.

2.2.4 Tip preparation

The resolution of an STM image is significantly limited by the sharpness of the scan-

ning tip. Ideally the tip apex should be terminated by a single atom. Otherwise, two

(or more) end atoms could contribute to the tunneling, and certain image artefacts

(for example, double-tip imaging) can occur. Therefore, it is essential to develop a

procedure for consistently obtaining sharp usable tips.

To fabricate tips for the STM, a thin straight (⊘ = 0.25 mm) tungsten wire is used.

The tips are prepared by electrochemical etching in a standard way, described, for ex-

ample, in [11]. Here, we etched the tips by a “drop off” method in sodium hydroxide

solution (NaOH). During the etching, the wire is used as an anode, while the cathode
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Figure 2.8: SEM images of a tungsten tip after HF etching: a) macroscopic image
(bar scale length 0.1 mm); b) nanoscale image (bar scale length is 100
nm) indicating the apex curvature radius of 20 nm.

is fabricated from stainless steel. By applying an alternating voltage, the etching of the

anode takes place and, therefore, the diameter of the wire is being reduced. Finally,

the lower part breaks off when the weight exceeds the critical tensile strength on the

wire cross section in the etched region. This provides an ultra sharp apex of the wire.

In order to obtain high quality tips, the tungsten wire cleaned in isopropyl alcohol

(IPA) is shortly pre-etched during 30 seconds in order to remove a surface layer. Then,

the wire is fixed in the holder so that the lowest part of the wire (2-3 mm) is in the

NaOH solution and the etching is performed. Subsequently, the tip with the length

of 5-7 mm is carefully cut off and cleaned in heated DI water and IPA (DI water -

IPA - DI water - IPA - DI water) and fixed in a sample holder. The quality of the

tips is controlled by an optical microscope. Usually, the tips are of high quality, unless

they have been accidentally touched during the preparation. Subsequently, the tips are

mounted into titanium tip holders.

Tungsten surface oxidises at room pressure within few hours, thus, the tip is cov-

ered by a thin oxide layer already directly after preparation. The presence of the oxide

layer is crucial for the tunnel properties of the tip. There is a number of methods used

in order to remove the oxide layer, for example, in-situ sputtering, in-situ and ex-situ

field emission or chemical cleaning. We use the latter method, removing the oxide film

in concentrated hydrofluoric acid. Then, the tips are immediately placed via a load

lock into the UHV STM chamber using a manipulator system. At once, 8 tips can be

loaded and placed on the magnetic tip stage.
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A typical tip is imaged by SEM and shown in Fig. 2.8. Macroscopically, the tip

possesses a long apex and a smooth surface (see Fig. 2.8a). In the nanoscale, the tip is

characterised by a single apex with the curvature radius of nearly 20 nm (see Fig. 2.8b).
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2.3 Upgrade and maintenance

The in-situ STM installation required a number of repairs and upgrade, due to the ini-

tially disabled state, which had been characterized by extremely high noise level (back-

ground noise in tunnel current of 0.4 nA) as well as low chamber vacuum (5·10−8 mbar).

Typically, the minimal value for tunnel current is 30-50 pA during a measurement,

therefore, the maximal noise level of few pA is acceptable. High-quality UHV within

(better than 5 · 10−10 mbar) the STM chamber is required in order to prevent fast

surface contamination and/or oxidation, which is especially crucial for Si surfaces. Be-

sides, the replacement of the operating PC was necessary, since the old one was not

operable and could not be restored.

The principal electrical schemes of the complete STM installation before and after

repairs and upgrade are shown in Fig. 2.9a and b, respectively. The initial scheme

is taken from [7], all the changes are represented by red lines. The summary of the

performed modification of the electronic part is given in Tab. 2.1.

Unit Upgrade works

PC/interface boards New PC from RHK equipped by a/d-d/a board

(scan piezo, sample bias, tunnel current circuit)

and TTL board (IW motor) is installed.

New software for STM control and data pro-

ceeding is installed (XPMProTM ).

RHK-Vscan100 scan board The scan board is installed to provide communi-

cation between the new a/d-d/a board and old

RHK-SPM100 control electronics.

The scan board allows to change the scanning

direction at arbitrary angle.

RHK-SPM100 control electronics The interface board responsible for communica-

tion with PC via RHK-Vscan100 scan board is

replaced.

Inchworm electronics Operation TTL signal is synchronised with the

handset signal (the new TTL board was not

adopted to the IW controller type used).

Relay box for TTL/Handset switch is installed

(external power supply is required).

Table 2.1: Upgrade of the operating electronics.
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Figure 2.9: Principal block-scheme of the STM installation and operating electronics
a) before upgrade; b) after upgrade. New blocks and connections are
represented by red lines. New operating PC/software has required an
additional RHK-Vscan100 board for communication with RHK-SPM100
STM electronics. In order to reach the compatibility of the new TTL
board with the current coarse approach inchworm (IW) system, the new
switch box has been installed.
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The UHV system has been tested and the necessary maintenance has been per-

formed (see Tab. 2.2). The base pressure is reached to be better than 5 · 10−10 mbar,

directly after the sample transfer from the MBE during STM measurements.

Unit Maintenance works

Leakage test Leakages at flanges are found. Several copper gas-

kets and screw sets are replaced.

UHV valve between the STM chamber and the load-

lock is replaced .

Pressure measuring system The pressure gauges are maintained and replaced.

Turbopump (load lock) Substituted by a new one.

Ion-getter pump Heating jacket is repaired. The pump is baked out.

Table 2.2: UHV system maintenance.

Initially the STM setup has been characterized by enormous noise level. We anal-

ysed the noise sources, which are found to be both mechanical (not properly functioning

vibration isolation system) and electrical (ground connections, electrical isolation, not

stable electrical contacts, external device contribution).

Unit Upgrade/maintenance works

Vibration isolation table Leakages in pressed air system are repaired.

Valves are replaced.

Connection cables Checked. Unstable contacts are fixed.

Tunnel current preamplifier Microchip is replaced. The case and wires are fixed.

The device is re-calibrated.

Insulating transformer Installed between the setup power supply and the

socket.

Ion-getter pump Ion-getter pump is the most relevant source of 50

Hz noise. It could be switched off for few hours for

the most sensitive measurements without significant

worsening of the chamber pressure.

Grounding layout Grounding layout is checked and optimized.

Table 2.3: Vibration isolation and noise analysis.

Thus, the noise level is lowered, which allows to perform measurements with atomic

resolution. The pressure within the UHV chamber preserve the sample surfaces against



2.3. UPGRADE AND MAINTENANCE 27

oxidation and contamination during the STM measurements. However, the high volt-

age IW controller has also found to be a significant source of electrical noise, however,

it could not be switched off during a measurement after the tip approach. Hence, a way

to solve this problem should be found in future. Possible sources of other temporary

electrical noises observed should be analysed in the future as well.

Few reparations have been performed in the mechanical part of the STM, i.e. at

the sample stage. Precise positioning of the stage and its elements is important for the

substrate loading. For this reason, several screws have been readjusted and the prob-

lems within the spring-loaded clamping mechanism caused by screw loosening are fixed.
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Figure 2.10: a) STM image of steps on the Si (111) surface (U = −2.0 V, I = 221 pA).
The white clouds seen at the surface are probably due to a surface
contamination. b) The height profiles taken along the lines depicted in
(a) correspond to the single step height of 0.314 nm.

2.4 In-situ STM test measurements

2.4.1 STM on (7× 7)-reconstructed Si (111) surfaces

Highly doped 100-mm Si (111) wafers with nominally no miscut have been used for the

test measurements. The wafers have been chemically cleaned by piranha(H2SO4/H2O2)/HF

to obtain a H-passivated surface and were immediately put into the UHV load lock

chamber. Next, the samples have been heated up to 950◦C in the MBE chamber, in

order to desorb H atoms and residual SiO2 molecules from the surface (see also Chapter

4.2.3). Subsequently, the substrates have been slowly cooled down with 1◦C/s between

950◦C and 750◦C. This results in a transition from a (1 × 1) to a (7 × 7) surface re-

construction, which occurs at a substrate temperature of approximately 850◦C [12].

Subsequently, the samples are transferred to the STM chamber and the measurements

have been performed.

The (7× 7)-reconstruction on Si (111) surfaces is described in terms of the Dimer-

Adatom-Stacking-fault model [13]. Due to the displacement of surface atoms compared

to the bulk, the lattice unit cell at the surface increases, and, hence, it can be easily

seen by STM [14]. In this case, the surface unit cell is diamond-shaped with the dis-

tance between two corner holes of 2.688 nm (see [13]), which can be used as calibration

standard for X-Y calibration. The height of a monoatomic step at the Si (111) surface

of 0.314 nm is used for Z-calibration.
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Figure 2.11: High resolution STM images of (7×7)-reconstructed Si surface (Fourier
filter is used). a) The surface reconstruction observed on the terraces
separated by single steps (U = 1.53 V, I = 99 pA). Several defects in
atom ordering are present. b) Typical (7 × 7)-reconstruction pattern
with several defects and missing atoms seen (U = 2.01 V, I = 112 pA).

Fig. 2.10a represents a large-scale in-situ STM image of a Si (111) surface after

the treatment described above. The atomically flat terraces are 50-100 nm wide and

typically separated by monoatomic steps. The correspondent height profiles averaged

separately for several profiles along the dotted lines are shown in Fig. 2.10b. These

steps are monoatomic steps. The sensitivity coefficient of Z-piezo given in the setup

specification [7] is 1.38 nm/V. Using this coefficient, the monoatomic step height is

found to be 0.31 nm, which is in accordance to the calculated height of a monoatomic

step at the Si (111) surface. Thus, no deviation from the initial configuration in Z-piezo

coefficient is found.

Atomically resolved STM images of the (7 × 7)-reconstructed surface are shown

in Fig. 2.11. The characteristic pattern is clearly recognized on the three terraces

imaged in Fig. 2.11a, however, it is partially distorted, which could result from an

insufficient substrate temperature during the annealing. Incidentally, the reconstruc-

tion pattern in Fig. 2.11b possesses a high quality, only a few defects which are

missing atoms are observed. The calculated and the calibrated effective X-Y piezo-

coefficients are ∆xyeff,calculated = 6.32
nm

V
and ∆xyeff,calibrated = 6.12

nm

V
, respec-

tively [7]. Averaging a series of our measurements, the X-Y piezo-coefficient is found

∆xyeff,calibrated = 6.85
nm

V
. Unfortunately, the experimental result could be signifi-

cantly influenced by thermal drift at room temperature, therefore, the real distances

and angles could be only precisely determined, comparing the unknown distances to
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Figure 2.12: STM images of Ge wetting layer on Si (001). a) Several terraces are
separated by single steps (U = −2.75 V, I = 48 pA). b) and c) STM
images of the same sample with high resolution (U = −2.75 V, I = 48 pA
and U = −3.16 V, I = 60 pA, respectively). The surface atoms form
the zigzag rows in in-phase and anti-phase, i.e.p(2 × 2) and c(4 × 2)-
reconstructions, respectively.

those, well-known from other sources, for example atom-atom distances.

2.4.2 STM on Ge (001) surfaces

Another STM test measurement has been performed at Si (001) substrates with nom-

inally no miscut overgrown by few monolayers of Ge. After conventional piranha/HF

cleaning procedure, the samples are in-situ annealed during 5 min at T = 550◦C and

during 30 min at T = 850◦C. Then, 200 nm of Si has been deposited at T = 850◦C

and 150 nm at T = 550◦C with the growth rate of 0.24
Å

s
. Subsequently, 6 ML of Ge

are deposited without growth interruption at the substrate temperature of T = 550◦C-

T = 950◦C and growth rate of 0.1
Å

s
, in order to reduce Si/Ge intermixing during the

growth.

Due to a lattice mismatch between Si and Ge, epitaxial growth of Ge results in

self-assembled Ge islands formation with a bimodal size distribution on top of a wet-

ting layer [15]. With an increase of Ge deposition the density of the islands drastically

decreases, thus, the substrate surface is mostly covered only by a wetting layer with

the thickness of few monolayers. As mentioned above, the Si/Ge intermixing during
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the growth should be taken into account. Hence, the wetting layer consists of a SiGe

alloy. Here, we carry out in-situ STM measurements on the wetting layer between the

large Ge islands.

Due to the presence of dangling bonds on (001) surface of a Ge bulk crystal, the

surface reconstruction becomes the most energetically preferable surface configuration.

This results in a formation of dimers, which can be described in terms of either sym-

metric or asymmetric dimer ordering, i.e. either p(2 × 1) or p(2 × 2) reconstructions,

respectively (see [16]). The size of the surface unit cell is
a0√
2
= 4Å, where a0 = 5.658Å

is the lattice constant of Ge. In the first case, the reconstructed surface consist of paral-

lel rows of dimers along the [011] direction. In contrast, the asymmetric dimers are seen

as zigzag lines. If the neighbouring zigzag lines are in-phase, the reconstruction type is

p(2×2), otherwise one deals with the c(4×2) reconstruction. Generally, all of the types

have been experimentally observed on the Ge (001) surface by STM, and regions of

local p(2×1), p(2×2), or c(4×2) symmetry can be found at the same sample [17], [18].

The surface structure described above is valid for the (001) surface of bulk Ge

crystal, which is fully relaxed. Since an epitaxially grown Ge layer on Si is strained,

the strain minimisation also contributes into a surface modification. Strain relaxation

at the surface usually causes that every Nth dimer row is missing (so-called (2 × N)

reconstruction) [19]. In addition, the second layer contains missing dimer defects like

the first layer, perpendicular to the trenches in the first layer. In the second layer every

Mth dimer row is missing, forming (M × N)-reconstruction, where M and N depend

on the present strain within the film and they can slightly differ even for neighbouring

clusters within the same sample [20].

In-situ STM images of Ge wetting layer are represented in Fig. 2.12. Flat terraces

separated by single atomic steps are observed. The regular pattern of the equally

wide stripes separated by missing dimer rows is clearly recognized on the terraces (see

Fig. 2.12). The stripes indicating missing dimer rows within the neighbouring single

atomic layers are oriented perpendicular to each other on adjacent terraces separated

by monoatomic steps.

In Fig. 2.12b,c individual dimer rows are distinguished. The periodicity of the

stripes is 24Å, which corresponds exactly to the width of 3 dimer rows. Thus, every

3rd dimer row is missing, forming one of the possible dimer-vacancy configurations

(2+1 DV) [16]. Concerning the dimer row arrangement, we assume both in-phase (see

Fig. 2.12c) and anti-phase (see Fig. 2.12b) dimer rows arrangements, which correspond,
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therefore, p(2× 2) and c(4× 2) reconstructions, respectively.

Thus, we have demonstrated a possibility to perform in-situ STM measurements

and to distinguish with atomic resolution the characteristic features of the most tech-

nologically important surfaces for the current work, which are Ge (001) surface (see

Chapter 3) and Si (111) (see Chapter 4) surfaces.
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2.5 Measurement of sub-mm fields on 100-mm wafers

One of the main goals of the current work is the investigation of nucleation and growth

dynamics of ordered Ge quantum dots growth on pre-patterned Si substrates. The mea-

surements will be performed by the in-situ STM setup designed for 100-mm wafers.

However, the typical size of the pre-patterned fields is few hundred micrometers. Thus,

it is quite challenging to find the fields on the substrates by the STM tips. Moreover,

the pre-patterned fields are not optically visible, since the patterns are have an ultra

small period and the grown Ge QDs are extremely shallow (the period of 56 nm, the

QDs height under 10 nm). Therefore, it is necessary to put special markers on the

substrate surface, which allow to address to the pre-patterned fields by the scanning

tip with a typical diameter of ⊘ = 0.25 mm. Usually, several fields are required on the

same sample, since the individual fields can be damaged in case of a tip crash during

the approach.

The markers on the surface of the sample should fulfil the following requirements:

1. Size: the markers have to enable an access to the pre-patterned field by the STM

tip, in the case of the tip diameter compatible to the field size.

2. Visibility: the markers have to be visible by optical microscope for coarse tip

positioning control, taking the small angle between the view line and the substrate

surface into account.

3. Resistivity: the markers should be resistive to both chemical and thermal treat-

ments during the lithography and annealing/growth steps.

4. Cleanliness: the markers should not cause surface contamination and they

should not affect the surface and bulk properties of the substrate (for example,

change the doping level).

5. Structural integrity: mechanically damaged substrate surface (for example,

by scratches) could cause cracks on the substrate during the thermal treatment,

due to the unhomogeneous stress distribution.

6. Convenience: the substrate orientation should be easily determined, while the

substrate is placed into the STM chamber, as well as for preliminary analysis by

AFM and both top view and cross sectional view SEM. The latter requires the

possibility to cleave the samples through the pre-patterned fields.

Taking into account all the requirements listed above, the following recipe has been

developed. We have chosen the preparation procedure of the markers by e-beam lithog-

raphy and subsequent reactive ion etching. The designed layout of the markers is shown
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Figure 2.13: The optical markers for STM designed for sub-mm fields. a) The layout
of the substrate markers. Every line is assembled of 10 parallel lines
with a width of 500 nm and spacing 500 nm between them (see the in-
sert), in order to provide that the lines are easily visible optically. The
pre-patterned field is place between the square markers. b) Photogra-
phy image of the optical marker inside the STM. The STM tip and its
reflection in the sample surface are seen. If the STM tip is positioned
between the four square marks, an access to the pre-patterned field is
provided.

in Fig. 2.13a. The marking consists of a frame (4 × 4 mm2), 4 square markers (each

one 0.4× 0.4 mm2), 2 arrows in the middle pointing the field, and the number 1 indi-

cating the sample orientation. All the lines of the markers are assembled of 10 parallel

lines with the width of 500 nm and spacing 500 nm between them. Subsequently, a

pre-patterned field with the size of 0.4 × 0.4 mm2 is placed between the four square

markers (shown with light blue colour in Fig. 2.13a) and, thus, can be easily found on

the substrate surface.

In order to prepare the markers, a 100-mm Si substrate is covered by PMMA e-beam

resist with thickness of 500-600 nm, using one of the following recipes:

1. Pre-bake: 180◦C, 2 min. Spin-coating I: PMMA 950K 3%, 2000 rpm. Bake:

180◦C, 5 min. Spin-coating II: PMMA 950K 3%, 2000 rpm. Final bake: 180◦C,

10 min.

2. Pre-bake: 180◦C, 5 min. Spin-coating: PMMA 950K 4%, 1000 rpm. Final bake:

180◦C, 15 min.

Then, the substrates are exposed by e-beam (dose: 280 µC
cm2 , beam current: 150

nA) and developed (AR 600-55 developer: 90-105 s; IPA: 40 s; DI water: 30 s). The
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reactive ion etching is performed by a Ar/SF6 plasma, the final depth of lines of the

markers are 120 nm. The residual resist is removed by oxigen plasma and subsequent

acetone/IPA rinse. The marked substrate within the STM chamber is represented in

Fig. 2.13b. The STM tip is approached downwards to the substrate surface between

the four square marks. The reflection of the tip is seen in the mirror surface of the

substrate. Finally, the measurements could be preformed on the pre-patterned fields.
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Chapter 3

Small-period ordered arrays of Ge

QDs

3.1 Ordered QD arrays in modern science and tech-

nology

For decades, silicon has been the most ubiquitous material in semiconductor electronics

based on CMOS technology due to the variety of its applications, its high quality and

low price. Recent successful advancement of nanotechnology offers routes to develop

new concepts in order to create artificial materials, which would be able to expand

new functions via new physical phenomena. This may lead to development of new

types of more efficient field effect transistors and single electron transistors. Moreover,

the substitution of currently wide-spread III-V semiconductor optical devices for those

based on Si may be possible, if novel approaches for the band gap engineering will be

successfully applied using the nanofabrication.

SiGe islands are promising candidates for this goal, if a high degree of control con-

cerning their size, shape, composition, positioning, spatial and size distribution and

other parameters in a wide range will be achieved. High quality self-assembled SiGe

islands can be obtained on Si substrates by Ge deposition, for example, by solid source

molecular beam epitaxy (MBE). Due to 4.2% lattice constant mismatch between Si

and Ge, the growth takes place in the Stranski-Krastanow growth mode, i.e. the SiGe

islands form on top of an initial two-dimensional thin wetting layer. Since the uni-

form distribution as well as exact positioning of the islands are required for device

fabrication, the main drawbacks of self-assembled islands are arbitrary positions where

they nucleate as well as their broad size dispersion. To circumvent this problem, Si

substrates with a regular hole pattern on the surface can be used, in order to define

37
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the positions and the sizes of the islands.

Advantages of the growth on pre-patterned substrates gave rise to a rapid develop-

ment of the Si/Ge nanotechnology. For example, SiGe islands grown on pre-patterned

Si substrates have been proposed as a basis for novel FET devices, so-called Dot-

FETs [21]. Due to significantly higher electron mobility in strained Si compared to

unstrained Si, a thin strained Si bridge grown on top of a SiGe island has been pro-

posed as a channel. In order to decrease power consumptions by a minimisation of

the leakage current through the SiGe island in a Dot-FET, a disposable Dot-FET

(d-Dot-FET) have been suggested in [22]. In d-Dot-FETs SiGe islands are being re-

moved by selective wet etching after strained Si channel growth, which yields a FET

based on a free-staying Si bridge. Recently, it has also been demonstrated that hybrid

superconductor-semiconductor devices, for example, single-hole supercurrent transis-

tors or high-resistance devices with tunable hole spin states, can be constructed on

individual self-assembled SiGe islands [23]. Until now, only large islands grown on the

large period (over 500 nm) substrates have been used for the fabrication of devices.

However, future devices based on small and closely packed islands may serve for inves-

tigations of new phenomena, since these island can be regarded as interacting artificial

molecules.

Indeed, small SiGe islands can be regarded as quantum dots (QDs), i.e. material

system with a charge carrier confinement in all three spatial dimensions. As a result,

QDs possess electron properties between those of bulk materials and those if molecules.

The QDs are referred as artificial atoms which can interact in a similar way as dis-

crete molecules due to overlapping electron wave functions between neighbouring QDs,

resulting in a novel properties of their arrays. Interaction-driven many electron ex-

citations have been experimentally proved by observing a two-dimensional correlated

hopping in dense random SiGe QDs arrays [24]. Therefore, they can be potentially

used for single photon detection applications due to giant fluctuations of photoconduc-

tance observed, which is attributed to the strong dependence of hopping current on the

filling of QDs by holes [25]. Moreover, ordered dense SiGe QDs arrays are expected to

provide lower noise level compared to the random arrays and therefore to increase the

sensitivity of the single photon detectors.

Then, if the QDs in an array are closely aligned, their energy structure is predicted

to be significantly modified by the artificial periodicity [26]. This may provide a variety

of potential applications of SiGe QDs superlattices in optics and optoelectronics due

to a presence of a distinctive photoluminescence spectrum. Electron coupling in verti-
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cal direction in three-dimensional Si/Ge QDs arrays has been already experimentally

demonstrated by temperature-dependent photoluminescence (PL) measurements [1].

At the same time, for lateral coupling ordered QDs arrays with the periods lower than

28 nm are required [27].

The possibility to create ordered Ge QDs arrays on pre-patterned Si substrates with

the world’s smallest period of 35 nm by extreme ultraviolet interference lithography

(EUV-IL) and molecular beam epitaxy (MBE) has been demonstrated in [27]. Inspired

by this work, we fabricate 2D arrays of self-assembled Ge QDs with period of 56 nm by

means of e-beam lithography and investigate the annealing, buffer layer formation and

Ge deposition using the substrates with the period 56 nm is important with respect

of a better understanding of ordered self-assembled growth. The important aspects of

the investigation are preparation of a uniform QD array as well as the temperature

influence on the surface morphology during the annealing, buffer layer growth and Ge

QDs growth. The wetting layer morphology, growth dynamics and QD faceting in this

case should be also analysed in details.
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3.2 Experimental background

3.2.1 Pre-patterning of Si substrates

There are a number of reports dedicated to different methods of pre-patterning of Si

substrates, for example, by nanosphere lithography [28], holographic lithography [29],

focused ion beam (FIB) [30], e-beam lithography [29] and extreme ultraviolet interfer-

ence lithography (EUV-IL) [27]. Until now, the EUV-IL provides the smallest period

(35 nm) and the best uniformity of the pattern of periodically ordered holes. Unfortu-

nately, the EUV-IL setup does not enable a referenced integration of the pre-patterned

fields to an e-beam lithographic process. Moreover, the largest available pre-patterned

fields are 30× 30 µm2 in size. This causes several technological problems for the inves-

tigation of the growth by in-situ STM, since the prepatterned fields are not optically

visible. In this case the positioning of the STM tip within a pre-patterned field would

be rather challenging, since the accuracy in the tip positioning of several micrometers

is required and at the same time no fabrication of optical markers is possible.

In contrast, e-beam lithography provides us with ample opportunities for a very

accurate referencing (down to few nm) and, therefore, subsequent integration of pre-

patterned samples into further processing. E-beam lithography is more time-consuming

than EUV-IL, but if the total size of the pre-patterned fields is in range of few hun-

dred micrometers, a compromise between size and time can be found for the field size

being still an order of magnitude larger than the EUV-IL patterns discussed above.

Moreover, e-beam lithography allows to create a design (pattern symmetry and period,

total size, field’s shape) individually for each sample.

The e-beam lithography brings more disorder to the structure due to thermal drift,

since every hole is exposed separately. However, no significant influence on the growth

is expected in the case of a moderate disorder in the sizes and the positions of the

holes. Hence, the substrates pre-patterned by e-beam have to provide the same growth

mode of the QDs as those prepared by EUV-IL, i.e. the small size (less than 100

nm) and the high density of the holes are required. Routinely obtained patterns by

e-beam on Si possess typically 80-200 nm holes with 500-1000 nm spacing. At the

same time, there are no principal reasons restricting the minimal pitch in this range.

Firstly, the resolution limit of the resist is significantly lower than the size of the holes.

Secondly, the electron beam can be positioned with an accuracy of few nm. Therefore,

the main challenge for sub-80 nm pitches and high densities appears as a result of

unavoidable contribution of neighbouring holes into total adsorbed energy during the
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exposure (proximity effect), which complicates the control under the contrast between

exposed and unexposed regions on the sample surface.

3.2.2 Concepts of self-assembled growth of Ge on Si (100)

Si and Ge have a cubic crystal structure (space group FD3m), i.e. every individ-

ual atom is tetragonally bound to its four neighbours. The lattice constant of Si is

aSi = 0.543 nm and those of Ge is aGe = 0.566 nm. This results in a lattice mismatch

on 4.2%. Since Si and Ge possess the same crystal structure, they and their alloys

SixGe1−x could be grown on each other epitaxially. Due to the large lattice mismatch,

Ge films on Si grow strained. At high temperatures the epitaxial growth of Ge on Si

takes place in Stranski-Krastanov (SK) growth mode [31]. This growth mode occurs

for a number of semiconductor systems with a certain lattice mismatch of the involved

materials. SK growth proceeds in a two-step mode. First, a strained wetting layer

(WL) forms on the substrate surface. At the moment when the WL reaches the critical

thickness, further material deposition causes an island formation, in order to minimize

the total energy of the system. Certainly, the formation of the islands increases the

surface energy, but on the other hand, this can be overcompensated by the reduction

of strain energy of the films by means of the extension of the islands in the growth

direction. The critical thickness of Ge wetting layer on Si (100) is 3-4 ML [32].

During the growth, the islands obtain faceted sides, in order to reduce the total

energy of the system [33]. Since the orientation of the facets defines the surface en-

ergy of the islands, it depends on the total volume of the island, i.e. which facets are

energetically preferable in a particular case. The facets with the lowest energy for Ge

islands on Si are {105}, {113} and {15 3 23}. The relation of them changes during the

island growth and has been calculated in [34], which is also confirmed by a number

of experimental results. Firstly, the calculation suggests that by reaching the critical

WL thickness, the islands nucleation is energetically preferable compared to the fur-

ther layer growth. Secondly, the {105} facets are considered as the first equilibrium

facets. This results in a formation of square-based pyramids or rectangular-based hut

clusters [33], which are free from dislocations and coherent with the crystal lattice of

the substrate. The further coherent Ge island growth results in a subsequent formation

of so-called dom islands, which are larger and still dislocation-free [35]. The doms are

larger than the pyramids and possess all the {105}, {113} and {15 3 23} facets.

However, besides the island extension and the facet formation, there are also the

other ways of total energy minimization during the island growth, such as an intro-

duction of the dislocations and Si interdiffusion [36]. As a result, the further island
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evolution results in a formation of superdoms accompanied by a formation of an ad-

ditional {20 4 23} facets, which are related to Si intermixing during the growth due

to relatively high growth temperatures [37]. Moreover, the superdoms contain dislo-

cations. The further growth results in a coalescence of the islands and, therefore, in a

formation of a defect-rich Ge layer.

The exact composition of the Ge islands grown on Si substrates, their density and

height, size and type distribution depends on a variety of parameters, for example,

method of deposition (MBE, CVD), substrate temperature, amount of deposited Ge,

Ge growth rate. At the same time, at any set of the parameters, the Ge islands nu-

cleate at arbitrary positions on the substrate. In general, spontaneously nucleated Ge

islands are characterised by a bimodal size/type distribution. Growth on pre-patterned

substrates allows to predefine the positions, where Ge islands nucleate, as well as to

control the uniformity of their size/type distribution. A possibility to prepare ordered

2D arrays of self-assembled SiGe islands by means of using pre-patterned Si substrates

with a regular hole pattern has been demonstrated, for example, in [38]. In that work

the growth parameters have been found, in order to provide a nucleation of the self-

assembled islands exactly in the holes.

The theoretical model in [39] confirms that the nucleation of the islands exactly

in the holes is energetically preferable, due to a gradient in the chemical potential as

a result of the non-planarity of the substrate. Thus, the capillarity forces drive mass

transfer towards the bottom region and result in an increase of the growth rate at the

bottom of the holes [40].

In the last decade it was reported on a number of experimental investigations con-

cerning different aspects of self-assembled growth of Ge islands on pre-patterned Si

substrates with large periods (280 nm-1000 nm). The ordering and uniformity of the

islands depend on substrate properties, such as initial size/depth of the holes, buffer

layer thickness and growth temperature [41]. The morphology Ge QDs is closely con-

nected to the morphology of the holes in Si substrate, which is typically strongly influ-

enced by thermal treatment during the annealing and Si buffer layer growth. The hole

shape evolution has been studied for large-period closely packed initially round holes

with 340 nm period and 45 nm growth [42]. These holes tend to form {n 1 1}-facets,
which are observed to be {10 1 1} for the very bottom and the very top of the hole, and

{4 1 1} for in the middle. {n 1 1}-faceting of the holes Si buffer layer growth has been

also observed for pre-patterned substrates with 500 nm period with dense positioned
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holes [43].

In [44] the influence of the growth temperature of the buffer layer has been studied

for pre-patterned Si substrates with a period of 600 nm, a hole depth of 45 nm, and

a lateral hole size of 120 nm. In this case, no faceting of the buffer layer has been

observed. The shape evolution of the holes is described in terms of Fick’s equation for

Si surface diffusion. Subsequently, the buffer layer temperature is ramped up to the Ge

dot deposition temperature and the influence of holes profile on the QDs ordering is

studied. Particularly, too high temperatures result in a formation of double and triple

dots in an individual holes due to the broading of the holes caused by the surface diffu-

sion. At lower growth temperatures the surface diffusion length is lower than the holes

spacing, i.e. Ge atoms have a smaller energy than it is necessary to reach the holes.

In this case, formation of the dots between the holes is observed. Another example

is given in [45] for densely packed holes with large periods. In this case, the buffer

layer temperature has been ramped up to the constant value, and after this Ge has

been deposited at different temperatures. Depending on Ge deposition temperature,

the growth takes place in one of the following 3 modes: 1) kinetically limited growth

at low growth temperatures (similar like in [44]), 2) ordered island growth in an inter-

mediate temperature range and 3) stochastic island growth within pits at high growth

temperatures.

A significant amount of the available reports is dedicated to morphology and com-

position of the individual dots. On pre-patterned substrates a similar behaviour of

the island morphology is observed as on flat substrates, i.e. pyramid-dome-superdome

transition. However, the use of pre-patterned substrates predefines a homogeneous

distribution of the shapes and the sizes of the islands (no bimodal distribution). All

the Ge islands experimentally achieved on large-period substrates are domes or super-

domes. The strain energy minimisation in this case causes a strong Si interdiffusion or

even an introduction of dislocations. The spatial Si/Ge composition of an individual

dot can be investigated in a very elegant way by a selective wet etching [46]. The

presence of the dislocations and their number in this case is indicated by the number

of the rings in a tree-ring structure [36]. Recently, strain distribution and Ge content in

individual SiGe islands have been studied by X-ray nanodiffraction [47]. All the QDs

growth on the large period substrates are surrounded by trenches, since the nucleation

begins from the bottom of the hole and the islands does not fill completely the holes.

At the same time, there is only one work [27] dedicated to creation of 2D self-

assembled Ge arrays with small periods (less than 100 nm), which would focus on a
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a)  270 nm x 270 nm b) 100 nm x 100 nm

[001] [001]

Figure 3.1: a) STM image of Ge QDs grown at 550◦C, demonstrating the high tem-
perature top-bottom pyramid growth (taken from [7]); b) STM image of
Ge QDs grown at 530◦C indicates a low-temperature hut-cluster forma-
tion (taken from from [48]). 8 Å Ge are deposited in both cases. Notice,
the real substrate temperature could slightly deviate from those given for
different MBE setups.

dot distribution analysis as well as optical properties of the entire arrays, in order to

create uniform 3D Ge QD crystals. However, the information about the nucleation

behaviour, morphology of the individual dots (facets, trenches, growth dynamics) and

wetting layer morphology one the atomic level is completely missing.

3.2.3 Low temperature Ge QD growth

As already been mentioned above, Ge deposition on the pre-patterned Si substrates

with small periods should take place at low growth temperature compared to the large

period substrates. Firstly, the small holes can be easily flattened by Si surface diffusion

during the annealing and the growth of the buffer layer. Secondly, the surface diffu-

sion length of the adatoms should be compatible with the hole spacing. Nucleation

and growth of Ge pyramids on flat Si substrates have been well studied by scanning

tunneling microscopy (STM).

Indeed, the growth mechanisms of the pyramids are significantly different for high

and low temperatures [49]. Particularly, it has been reported that at temperatures

above 550◦C Ge nanocrystal nucleation is barrierless, with unfaceted mounds gradu-

ally developing into {105}-faceted symmetrical square-based pyramids, which grow in

a self-similar manner until, at some critical point, the pyramid-dome transition takes

place. In the case of high-temperature growth the formation of the shallow trenches
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surrounding the dots takes place. They replicate the initial nucleation mounds, which

are shallow Ge islands forming at the initial stage of the pyramid growth [50].

At low temperatures below 550◦C, activated nucleation of faceted pyramids with

split subcritical nuclei takes place on the previously formed pyramidal pits and other

defect sites, and the nuclei immediately elongate into huts [51]. The principal difference

in shape and density between the Ge QDs grown in these two modes is represented

in Fig. 3.1. The quantum dots in Fig. 3.1a are pyramids with square bases and rela-

tively low density (550◦C). The top-bottom growth is prevailing. At the same time,

Fig. 3.1b demonstrates surface topography after Ge deposition in the low temperature

mode (530◦C). The dot density is much higher, the dots are elongated hut clusters. In

this case, the growth takes place from the sides of an island, in contrast to the high

temperature growth from the top. This results in the formation of the {105}-faceted
steps on the islands.

Thus, a direct surface morphology investigation by in-situ STM can provide us

with new information concerning the growth mechanism and wetting layer morphol-

ogy of Ge QDs grown on small-period pre-patterned substrates, taking into account

the data available for low-temperature growth on the flat substrates as well as the

the information about the growth on the large-period pre-patterned substrates. More-

over, these measurements can be performed in a direct comparison to the morphology

of the QDs grown under the same conditions on the unpatterned areas of the substrate.
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Figure 3.2: a) Simulation of the e-beam intensity distribution over a 500× 500 nm2

field with a periodicity of 56 nm in the centre of the sample. A profile
along the dotted line is shown in insert in Fig. 3.2b. The background
intensity is caused by proximity effect. The insert shows a design used
for the exposure. It consists of 20 × 20 nm2 holes ordered in a checker-
board-like lattice. b) Simulation of the intensity distribution near the
edge of the field (far enough from the corners). The background intensity
is constant in the middle of the sample and decreases close to the edge.

3.3 Small-period Si substrates by e-beam lithogra-

phy

3.3.1 E-beam lithography and influence of proximity effect

Electron beam (e-beam) lithography is based on the preparation of a polymer mask

on top of the sample by means of the electron beam. In the next step, the pattern

is transferred from the mask into the sample surface and the mask is removed. Dur-

ing the exposure, the electron beam scans over the surface and exposes predefined

areas in accordance with a pattern design. The polymer cover layer (resist), consisting

of long organic chains, adsorbs the electron energy. The energy adsorption destroys

the chemical bonds in the chains. Development removes the exposed areas of the mask.

The intensity of the electron beam has a Gauss distribution and therefore the expo-

sure in any point is accompanied by an exposure of the neighbouring area. Usually, the

size of the structures prepared by e-beam lithography and the spacing between them

is few orders of magnitude larger than the beam diameter. However, it is compatible

with the structure size in the case of ultra-small and closely packed structures. This

causes sufficient proximity effects due to a contribution of neighbouring exposed areas

in the total intensity in any point. This induces a constant background exposure. The
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magnitude of the background exposure decreases for the points situated close to the

edges and the corners, since at the edge only one side contributes to the total intensity.

Therefore, a simulation of the intensity distribution is necessary, in order to estimate

the influence of the proximity effect.

The relative magnitude of the adsorbed energy in different points at the surface is

simulated using Layout Beamer software by GenISys GmbH. The design of the pattern

for e-beam is shown in the insert in Fig. 3.2a. The field consists of 20× 20 nm2 square

spots ordered in a checker-board-like lattice with a periodicity of 56 nm. A simulation

is performed in a Si/PMMA (200 nm) system. Fig. 3.2a shows a 1 × 1 µm2 middle

part of the exposured field. The energy distribution is represented by a color scale

and shown quantitatively as profile along the dotted line in insert of Fig. 3.2b. The

development removes the areas above a cutting-off line, which position would depend

exclusively on the dose, if the development parameters are kept constant.

In Fig. 3.2b the intensity distribution is depicted near the field’s edge and far enough

from its corners. The background intensity is constant in the centre of the sample and

decreased close to the edges. The edge region is nealy 15 µm in width. Since the

difference in the background intensity is much smaller than the intensity amplitude of

the holes, it is possible to find proper development parameters, in order to obtain a

uniform pattern both in the centre and at the edges of the field. However, it should

be kept in mind that a lateral broadening of the holes also takes place during devel-

opment. The broadening size depends on the dose for a particular hole and, therefore,

the lateral size of the holes is expected to be smaller in the edge region.

Thus, the simulation shows that the designed hole pattern can be successfully re-

alized by e-beam lithography using PMMA as e-beam resist. However, the contrast of

the exposure can not be tuned due to proximity effects. This means that the current

fabrication process is rather sensitive to the development parameters. The proximity

effect should be taken into account for an adequate interpretation of the results.

3.3.2 Fabrication of pre-patterned substrates

For the pre-patterning and subsequent overgrowth we have chosen highly doped Si

(100) substrates, in order to provide good electrical contact for further STM measure-

ments. The 100-mm substrates have an n-type doping by Sb, leading to a specific

resistance of 0.005 − 0.02 Ohm · cm. The technology of the substrate pre-patterning

is following: firstly a polymer mask is fabricated on top of the substrate by e-beam
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Figure 3.3: Main technological steps for pre-patterning.

lithography. Secondly, the pattern is transferred from the resist into the Si substrate

by reactive ion etching (RIE). The process sequence is schematically shown in Fig. 3.3

and explained in details below.

Step 1. Spin coating of e-beam resist

The Si substrates with the previously prepared markers (see Sec. 2.5) are baked at

180◦C for 2 min. 1% polymethyl-methacrylate (PMMA) is prepared as a 1:1 mixture

of commercially available 2% PMMA based on ethyl-lactate with a chain length 950K

and a ethyl-lactate solvent. After that, they are spin-coated with 1% PMMA at 1000

rmp in a clean room ambience, in order to obtain a homogeneous film with the constant

thickness of 60 nm over the complete wafer. The resist thickness has approximately

a 1:1 aspect ratio to the pattern periodicity of 56 nm. Finally, the substrates were

backed at 180◦C for further 3 min.

Step 2. Resist exposure by e-beam

The e-beam lithography is performed by a nano-lithography system Vistec EBPG 500

PLUS. Designed pattern consists of square 20 nm holes placed in a checker-board pat-

tern way with a pitch of 56 nm (see the insert in Fig. 3.2a). The pattern is placed

between the markers, in such a way that the field is oriented parallel to the [110] di-
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rection of Si. The size of the exposed fields of 200× 200 µm2 is typically used for the

process optimisation. The fields of 400×400 µm2 are used for the STM measurements.

Though the maximum size of a field achieved without a displacement of the stage is

300× 300 µm2, the fabrication of larger fields is possible due to a laser interferometer

control stage, which enables to place two fields close to each other with an accuracy of

5 nm.

All the patterns have been fabricated using an acceleration voltage of 50 kV, a

beam current of 100 pA and a beam step size of 5 nm. The dose has been varied in the

range of 350 µC
cm2 to 550 µC

cm2 . In our case, the resolution of the e-beam is limited by the

electron beam size. In our case, the lateral size of the holes is in the same range as a

typical beam size. Therefore, the filament is required which provides the smallest beam

diameter. For this reason, a nano-lithography system equipped with a thermal field

emission gun was used. Such a filament provides an electron beam with a diameter in

range of 20 nm.

Step 3. Development

After exposure the PMMA resist is manually developed in AR 600-55 developer for 90

seconds with a subsequent stopping step in IPA for 40 seconds and a rinse in deionized

water for 30 seconds at room temperature. A preliminary control of the fields qual-

ity can be done at this stage by optical microscopy, i.e. a defect-free developed field

should possess a uniform colour and sharp edges. Thus, possible macroscopic defects

of spin-coating and other surface damages are excluded.

Step 4. Reactive ion etching

Reactive ion etching (RIE) is used to transfer the pattern into the Si substrate. In

order to reproducibly obtain the desired shallow pattern with a depth of only 7-10 nm,

a special care had to be taken. Routinely used Ar/SF
6
RIE processes for Si are not

suitable in this case due to too high etching rates. Moreover, Ar-based RIE processes

are characterised by much higher etching rates for PMMA compared to Si, which would

destroy the ultra-thin PMMA masks before the designated depth of the holes in Si is

achieved. To avoid both problems mentioned above, a slow (7 nm/min) process with

a low PMMA etch rate had to be introduced. We use a down-stream RIE setup [52]

with the parameters listed in Tab. 3.1.

Step 5. Mask removal

Due to the plasma treatment during the etching process, the surface of PMMA under-

goes chemical changes and, consequently, the PMMA mask can not be easily dissolved
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Figure 3.4: a) AFM image (b) 45◦-view SEM image of a finally achieved pre-patterned
Si substrate with the periodicity of 56 nm after resist removal. The depth
of the holes is 10 nm. The surface is clean, the pattern is homogeneous.

in organic solvents. Usually, in similar lithographic processes the residual PMMA is

removed in oxygen plasma immediately after etching in the same down-stream RIE

installation. However, it results in a deep oxygen incorporation into the sample sur-

face and, therefore, to a formation of an layer. This thin (few nm) oxide layer can be

chemically removed and this does not affect the pattern, if the depth of the holes is an

order of magnitude larger than the thickness of the oxide layer. However, in the case

of shallow patterns the oxygen incorporation in the depth of few nm would be crucial.

In order to overcome this problem, a barrel reactor [52] can be used to produce cracks

in the hardened layer of PMMA. After that, the further resist removal in acetone and

IPA is possible. We use an oxygen plasma in a barrel reactor at 600 W for 10 minutes

and, then, remove the residual resist in acetone for 2 minutes and IPA for 2 minutes.

As a result, templated Si substrates with a small-period checker-board pattern (pe-

riod: 56 nm, hole size: nominally 40 × 40 nm2, depth: 10 nm) are achieved. The

pre-patterned substrates are characterised by both AFM and SEM. In Fig. 3.4a a typi-

cal AFM image of the obtained structures is represented. To be sure that the substrates

are clean and the e-beam resist is completely removed, we also use a 45◦-view SEM

measurement. The SEM-image shown in Fig. 3.4b indicates a clean Si surface, since

no material contrast is observed.

3.3.3 Influence of process parameters

The developed fabrication process of the pre-patterned substrates is sensitive against

the deviation of process parameters. In order to obtain a width of processing window,



3.3. SMALL-PERIOD SI SUBSTRATES BY E-BEAM LITHOGRAPHY 51

O2 flux SF6 flux CHF3 flux Pressure Power Time Depth
4 sccm 2 sccm 40 sccm 0.033 mbar 25 W 1.5 min 10 nm

Table 3.1: Recipe for reactive ion etching of Si covered with a PMMA mask.

a) b)

c) d)

100 nm 100 nm

100 nm 100 nm

[011] [011]

[011] [011]

Figure 3.5: 45◦-view SEM images of pre-patterned substrates after resist removal for

esposure doses a) 350 µC
cm2 , b) 380 µC

cm2 , c) 470 µC
cm2 , d) 530 µC

cm2 . The
substrates a) and b) are underexposed, c) is slightly overexposed, and d)
is overexposed. The lateral scale is different.

Development

RIE

Cleaning

Underexposed OK Overexposed

Figure 3.6: Influence of exposed dose on the final quality of the pre-patterned sub-
strates. Both underexposed and overexposed masks result in a non-
uniform pattern due to different depth of the holes, partial etching of
the walls between the holes or dots coalescence.
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the influence of parameter deviation is studied. In Fig. 3.5 a sample surfaces are shown

which have been exposed with different doses keeping the other parameters constant.

The optimal dose is 440 µC
cm2 , and a small increase or a small decrease of the dose causes

a crucial distortion of the pattern. In detail, increasing the exposure dose leads to the

following stages of the development, schematically shown in Fig. 3.6:

1. The developing does not affect the resist surface, i.e. the mask does not possesses

a hole pattern (dose 350 µC
cm2 , see an SEM image in Fig. 3.5a).

2. The mask is not uniformly developed. As a result, the depth of the holes varies

and the pattern on the Si substrate after etching is distorted (dose 380 µC
cm2 , see

an SEM image in Fig. 3.5b).

3. The holes are uniformly developed, the mask provides a perfect pattern after

etching (see an SEM image in Fig. 3.4).

4. The mask is slightly overexposed. The resist layer becomes too thin and is com-

pletely removed during the etching. Thus, the further etching is not selective.

(dose 470 µC
cm2 , see an SEM image in Fig. 3.5c).

5. The mask is overexposed. This results in a coalescence of the neighbouring holes,

damaging the pattern (dose 530 µC
cm2 , see an SEM image in Fig. 3.5d).

In addition, the optimal dose depends on baking time of the resist after the spin-

coating. Increase of the baking time from 3 min to 5 min results in an increase of the

optimal dose from 440 µC
cm2 to 500 µC

cm2 . For large-period structures the contrast between

exposed and unexposed areas is high enough. Hence, the development time does not

influence the result. The broadening during the development and the IPA stopping step

of the holes is also negligible compared to the small-period structures. In contrast, the

hole broadening caused by an excessive development and an IPA stopping step time

is comparable with the hole size. This forces us to optimize all process parameters

carefully and to keep them precisely constant.
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3.4 SiGe QD arrays by molecular beam epitaxy

(MBE)

3.4.1 Si/Ge solid source MBE setup

Molecular beam epitaxy (MBE) is a technique for deposition of single crystals via the

interaction of one or several molecular or atomic beams that occurs on a surface of a

heated crystalline substrate. The deposition takes place under UHV conditions, which

provides a large mean free path of the atoms and therefore guarantees the beam to

reach the substrate undisturbed. Besides, the MBE ensures the high purity of the

grown structures as well as the control of the amount of deposited materials at the

atomic level via slow deposition and precise regulation of the material fluxes.

The principal construction of the used solid source Si/Ge MBE chamber is shown

in Fig. 3.7. There are five material sources installed: the Si source and the Ge source

equipped by electron beam evaporators, a C sublimation source, and B and Sb effusion

cells for p- and n-type doping, respectively. The fluxes of Si and Ge are achieved by an

exposure of each solid source by a focused electron beam. The fluxes are permanently

measured by a quadrupole mass spectrometer (QMS). The QMS signal enters a feed-

back loop in order to adjust the actual flux by controlling the electron beam focus. As

the result, the stable atomic fluxes with the high accuracy are provided. The effusion
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Figure 3.7: Construction of the Si/Ge MBE chamber
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cell fluxes are controlled by applying a constant filament current to heat the source

to the desired temperature. Each source is equipped with shutters and the deposition

time is controlled by closing and opening of these shutters.

In order to provide ultra-high vacuum conditions (UHV) in the MBE chamber, it is

equipped with a turbomolecular pump. A water cooling jacket and a cryopanel cooled

by liquid nitrogen are used in order to improve the chamber pressure during the depo-

sition. Additionally, the MBE chamber is also equipped with a heating jacket, which

is used to anneal the chamber after its opening. The base pressure in the chamber is

better than 10−10 mbar. In our experiments, the chamber pressure has never exceeded

the 5 · 10−8 mbar during the deposition.

The substrates are usually either 100-mm wafers (for example, for in-situ STM mea-

surements) or 10 × 10 mm2 chips placed in the middle of the 100-mm Si holder with

a square opening. The samples are placed upside down in a Si 100-mm ring directly

under the substrate heater. The substrate temperature is measured using the thermo-

couple. It is mounted above the substrate heater at the same distance as the substrate,

in order to provide a better precision of the substrate temperature measurement. The

distance between the sources and the sample is nearly 50 cm, which provides a higher

uniformity of the grown films over the whole wafers.

3.4.2 Substrate preparation

For the MBE growth the sample surface should be clean from foreign particles and

contaminations, since the presence of them cause the undesirable introduction of im-

purities or defects. However, various sources of contaminations are present during the

processing of the pre-pattern, for example, the residual e-beam resist, incorporated

oxygen from the barrel process and the particles in the organic solvents. Another

problem for epitaxial growth is the fast oxidation of Si in the atmosphere and, there-

fore, the presence of a 2-3 nm native oxide film on the Si surface. Usually, the oxide

film can be removed by a annealing of the substrate at 850◦C. However, this destroys

the pre-pattern with the shallow holes of 8-10 nm at the surface due to a high Si sur-

face mobility. In order to overcome these problems, the following chemical cleaning

procedure is introduced:

1. Removal of e-beam resist and protective resist.

For the growth optimisation, the samples are usually are sawed in a smaller pieces

10×10 mm2 after e-beam resist removal. For this reason, they should be covered
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with a protective resist, in order to prevent structure damages. After sawing, the

protective resist is removed in acetone (5 min) and IPA (5 min) in a ultrasonic

bath. (This step is not necessary for 100-mm wafers used for STM).

2. Removal of organic contaminants and surface oxidation.

Next, the substrates are put into a fresh prepared piranha solution (H2SO4 (96%)

2:1 H2O2 (30%)) for 10 min in an ultrasonic bath without additional heating.

The piranha treatment removes the organic particles form the surface and oxidize

the surface.

3. Flushing in deionized water.

After the piranha etching, the samples are flushed in deionized water to remove

the residual acid.

4. Oxide removal and surface passivation

As the next step, the samples are dipped in a 5% hydrofluoric acid (HF) for 2

minutes in order to remove the oxide layer and to passivate Si dangling bonds

on the surface by hydrogen atoms. This treatment protect the surface from

oxidation in the air for 15-30 minutes. After the HF-step the samples are flushed

in deionized water once again.

In order to ensure the high surface purity and structural perfection, the steps 2-4 are

repeated twice. The complete cleaning procedure takes place in a clean room ambient

at a Si bench to overcome possible metal and organic contaminations. Directly after

cleaning, the samples are transported to the MBE laboratory, placed in a substrate

holder and put to the load lock chamber of the MBE setup (see Fig. 2.4). The load lock

is immediately pumped down. In the load lock the sample could be stored clean and

protected from the oxidation. Using a UHV manipulator the substrate can be placed

into the growth chamber, in-situ annealed and overgrown.

As it has been mentioned above, that the HF-dip passivates the dangling bonds on

the Si surface by hydrogen atoms, which prevents rapid surface oxidation. Since the

free atom bonds on top of the substrate are required for epitaxial growth, the H atoms

should be removed from the surface by annealing. Desorption of H takes place at a

substrate temperature close to 520◦C [53]. However, the high substrate temperatures

cause the increase of a surface diffusion length of Si atoms and, therefore, a higher

atom mobility. In case of pre-patterned substrates, this results in a flattening-out of

the holes or even in a flattening of the substrate surface [41]. This should be taken

into account particularly for small-period hole patterns. Therefore, the annealing pa-

rameters (temperature, time) have to be tuned very precisely. Moreover, the influence
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Figure 3.8: AFM images of surface morphology annealed in the growth chamber at
a) 500◦C and b) 550◦C for 3 min. The hole structure in a) is regular,
whereas the holes in b) are blurred.

of the surface diffusion on the shape of the holes should be investigated.

The pre-patterned Si substrates are annealed in the MBE chamber. The annealing

temperature has been varied from 500◦C to 600◦C. The annealing time has been kept

constant (3 min). Subsequently, the topography of the pre-patterned fields is char-

acterized by ex-situ AFM. Figures 3.8a and 3.8b show the surface morphology of the

substrate annealed at 500◦C and 550◦C, respectively. In the first case the structure

is still regular, whereas in the second one it is flattened out. Moreover, the blurred

pattern is not regular anymore, since the depth of the holes is different. The surface

of the sample annealed at 600◦C is found to be completely flat.

3.4.3 Buffer layer growth

The annealed samples are cooled down to the buffer layer growth temperature, and

subsequently they are overgrown with 10 nm Si at constant temperature, in order to

eliminate the surface damages after the pre-patterning and chemical cleaning. More-

over, the buffer layer growth significantly modifies the morphology of the holes (the

evidence will be given later). The growth rate for Si is 0.24 Å/s. Growth temperatures

of the buffer layer in the range of 300 − 450◦C have been used, in order to find the

maximal temperature keeping the pre-patterned structure undamaged and providing

the high quality crystalline growth of Si.
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Figure 3.9: AFM images of surface morphology of pre-patterned substrates after Si
buffer layer growth. The thickness of the buffer layer is 10 nm. The
growth temperature is kept constant during the deposition and is a)
300◦C, b) 350◦C, c) 400◦C, d) 450◦C. At the optimal temperature 300◦C
the holes pattern is regular and the holes continue the faceting. Increas-
ing the buffer layer growth temperatures results in the flattening out of
the holes and a subsequent flattening of the pattern.
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Figure 3.10: 45◦-view SEM image of a pre-patterned substrate after buffer layer
growth. The image depicts a pyramidal shape of the holes with the
facets oriented along the [011] and [01-1] directions.

Fig. 3.9 represents the topography of the buffer layer grown at different tempera-

tures measured by AFM. The optimal buffer layer growth temperature is found to be

300◦C (see Fig. 3.9a). In this case the structure is regular and the faceting of the holes

is observed, which evidences the crystalline growth. All the holes tend to obtain square

shape oriented along Si [011] and [01-1] directions. The increase of the growth temper-

ature by 50◦C (see Fig. 3.9b) yields slightly blurred holes. The further increase of the

buffer layer growth temperature is followed by the further deformation of the holes and

the increase of the surface roughness (see Fig. 3.9c and d). At T=400◦C a considerable

part of the holes starts to coalesce and the pre-patterned structure becomes irregular.

In the case of the samples grown at 450◦C, no regular pattern is recognised.

The reason for the observed blurring and flattening of the hole structure is the min-

imisation of the surface energy. At lower temperatures the minimisation of the surface

energy takes place via facet formation. At higher growth temperatures, the surface

diffusion length of the adatoms increases and hence enables the adatoms to arrange in

the most energetically favourable configuration, i.e. to flatten the surface. Thus, in

order to avoid the flattening of the surface, the growth temperature of the Si buffer

has to be kept at the optimal value of 300◦C.

In addition, it should be noticed that the measurements by AFM for this type of

small-period dense structures are rather challenging, since the AFM tip dimensions are

of the same order of magnitude as the shape of the holes. Thus, even small damages

of the tip could have a dramatic impact on the measured size and shape of the holes.

In order to ensure the observed faceting of the holes, an additional SEM measurement

is performed. The morphology of the substrate surface after the buffer layer growth
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Figure 3.11: a) Evolution of the morphology of the pre-patterned substrates repre-
sented by 3D view of the AFM images. b) The correspondent height
profiles of the holes in the [011] direction are shown after the patterning,
after the annealing and after the buffer layer growth. c) Height profiles
of an individual hole after the pre-patterning (represented by the black
line) and after the buffer layer growth (represented by the red line).

is represented in Fig. 3.10. A inverse pyramid shape of the holes is clearly recognised

and will be discussed below.

In addition, a buffer layer with the thickness of 15 nm grown under the same con-

ditions (T, Si growth rate) has been grown and analysed. In this case, no difference

in the morphology compared to the 10-nm thick buffer layer is observed. Hence, the

observed faceting corresponds to the equilibrium configuration of the surface at the

growth temperature of 300◦C.
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3.4.4 Evolution of the shape of the holes

It has been already mentioned above that the holes start to form facets along the [011]

and the [01-1] directions (see Fig. 3.11a) after the annealing. The faceting continues

during the buffer layer growth. Consequently, the holes obtain the shape of a inverse

pyramid. The correspondent height profiles over several holes are given in Fig. 3.11b.

After the pre-patterning the holes are round and the flat bottoms are observed (see the

red curve). The average depth of the holes is nearly 8.6 nm. The annealing decreases

the hole depth to 7.6 nm (see the blue curve). No flat bottoms are observed, however,

the upper part of the holes remains round, i.e. similar to the first case. The deposition

of 10 nm Si reduces the average depth of the holes down to 6.2 nm (see the black curve).

The walls of the holes are clearly faceted. Moreover, the plateaus are recognised at the

substrate surface between the holes.

The profile of one of the holes is imaged in Fig. 3.11b (red line) in comparison with

those taken from the substrate directly after pre-patterning (black line). The slope of

the hole walls after buffer layer growth is approximately
1

3
. However, the apex and the

edges of the hole is slightly rounded. This may be an artefact of the AFM measurement

and replicate the shape of the AFM tip.

Thus, the facets belong to a {311} group, which is energetically preferable equally

with the main crystallographic directions of Si [54], [55]. This is different from the ob-

served {n11} hole faceting in case of the large period (340 nm with n > 4 and 400 nm

with n > 5) hole arrays, reported in [42] and [43], respectively.

3.4.5 Ge deposition

After the Si buffer layer growth, 5 ML (7 Å) of Ge are deposited using a growth rate of

0.1 Å/s. The Ge deposition takes place directly after the buffer layer growth without

growth interruption. The substrate temperature is ramped up from 300◦C to a final

temperature during the Ge deposition. As mentioned above, the self-assembled Ge QDs

nucleate preferably in the holes [40]. In order to avoid a flattening of the Si surface

during Ge deposition, we have to keep the substrate temperature as low as possible,

but it should be still high enough for the formation of the self-assembled islands.

Fig. 3.12a,b depicts the surface after deposition of 5 ML of Ge at T=530◦C on a

pre-patterned substrate and on a flat substrate, respectively. In the first case, the QDs

are characterised by a lateral periodicity, i.e. all the dots are positioned in the holes,
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Figure 3.12: AFM images after Ge deposition of a) pre-patterned and b) unpatterned
parts of the same substrate overgrown at 530◦C. In (a) the dots are char-
acterized by a narrow size distribution as well as by predefined positions,
where they nucleate. On the unpatterned substrate (b), the Ge QDs nu-
cleate on arbitrary positions. The height and size distributions of QDs
for the unpatterned substrates are shown in c) and d), respectively. For
comparison, the inserts demonstrate the height and size distributions of
QDs on the pre-patterned substrates.
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and there are no dots between the holes observed. In contrast, the dots grown on the

flat substrate are characterized by a bimodal distribution, i.e. both pyramids of differ-

ent sizes and dome islands are observed. In both cases, all the pyramid shaped dots

possess square bases oriented at the angle of 45◦ relative to the Si [011] direction. The

height distribution and the size distribution of the Ge QDs on the flat substrate are

plotted in Fig. 3.12c, d, respectively. The inserts in the plots show the corresponding

distributions, measured for the Ge QDs grown on the pre-patterned substrates. The

statistical analysis of the size and height distributions is given in Tab. 3.2.

Pre-patterned substrate Flat substrate
QD types pyramids pyramids, domes
QD density 298 µm−2 41 µm−2

Surface coverage 28.6% 12%
QD height 4.8± 0.6 nm 7± 4 nm and 17± 1 nm
QD size 31± 5 nm 55± 15 nm

QD volume per µm2 9.9 Å 4.2 Å

WL thickness 4.2 Å 4.2 Å
QD composition 50% Ge/50% Si 83% Ge/17% Si

Table 3.2: Ge QDs distribution statistics on pre-patterned and unpatterned sub-
strates.

It is clearly visible that both height and size distributions are significantly influ-

enced by the pre-patterning, i.e. the QDs grown on the pre-patterned substrate are

similar in size and shape. The density of the QDs on the pre-patterned substrates is

much larger than for the flat substrates. This provides a high QDs density of 3·1010cm2.

The growth on pre-patterned substrates also allows us to obtain the high percent of the

surface coverage of 28.6% by a controlled distribution of the material over the complete

surface.

The QDs growth is always accompanied by Si interdiffusion. In order to estimate

an average Ge content in the QDs, the total volume of deposited material per µm2 is

calculated. In the case of the flat substrate the total volume is a sum of the total QDs

volume and the WL thickness of 3 ML. This yields the total volume of 8.4 Å(nominally

7 ÅGe deposited), i.e. the average Ge content is nearly 83%, which is unexpectedly

high compared to the maximum Ge fraction of 44% reported in [46].

The total volume of the Ge QDs on the prepatterned substrate is estimated as

the sum of the total volume of the islands above the surface, the total volume of the
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Si holes and the WL thickness of 3 ML. The holes in Si are approximated as inverse

{113}-faceted pyramids with the same bases as the correspondent QDs. This yields

the total volume of 14.1 Å(nominally 7 ÅGe deposited), i.e. the average Ge content

is nearly 50%, which is in accordance to the data reported on the similar ordered Ge

arrays of 50-60% of Ge [1]. (The same calculation for the 2 ML thick WL would yield

Ge content of 55%).

Fig. 3.13 depicts the surface topography of the pre-patterned samples overgrown

by 5 ML of Ge at different substrate temperatures of 470◦C (a), 500◦C (b), 530◦C (c),

and 560◦C (d). The obtained images demonstrate significant differences in the surface

morphology for different growth temperatures in this range. The plots representing the

height and size distributions of the dots grown at different temperatures at 500-560◦C

are shown in Fig. 3.14. The correspondent statistics for the grown QDs is given in

Tab. 3.3.

T=500◦ T=530◦ T=560◦

QDs height 5.5± 0.8 nm 4.8± 0.6 nm 5.4± 0.7 nm
QDs size 28± 7 nm 31± 5 nm 32± 5 nm

Defect density 21 µm−2 2 µm−2 4 µm−2

Table 3.3: Ge QDs distribution statistics for different growth temperatures.

Taking into account the height and size dispersion of the QDs as well as the number

and the art of defects (missing dots, double dots), the optimal growth temperature is

found to be 530◦C. In this case the dot pattern is regular, all the holes are filled with

the dots. The dots possess the square bases oriented at 45◦ relative to the Si [011]

direction. Increase of the growth temperature to 560◦C results in the same QDs dis-

persion and morphology, however it is accompanied by a coalescence of the QDs.

At the same time, the substrates grown at 500◦C possess a considerable number of

missing dots. The size/height distribution of the dots is also broader. By a further

decrease of the Ge deposition temperature down to 470◦C, the QDs morphology is not

regular, the dots have a different sizes and shapes. Moreover, several steps between

the dots and trenches surrounding the QDs are recognized. The detailed investigation

of the Ge QDs and the surface morphology will be performed under UHV conditions

by in-situ STM and discussed in details in Section 3.4.6.



64 CHAPTER 3. SMALL-PERIOD ORDERED ARRAYS OF GE QDS

a) b)

200 nm 200 nm

8.0

nm

0

7.5

nm

0

c) d)

200 nm 200 nm

6.6

nm

0

7.3

nm

0

[001][001]

[001][001]

Figure 3.13: Ordered Ge quantum dot arrays topography for 5 ML of Ge deposited
after buffer layer growth without the growth interruption at a) 470◦C,
b) 500◦C, c) 530◦C, and d) 560◦C (the stripes in the left upper corner
and in the right lower corner are artefacts due to the drift correction).
The optimal temperature is 530◦C, since the QD array is regular. The
increase of the growth temperature to 560◦C results in a hut cluster
(double dot) formation. At 500◦C several holes unoccupied by the dots
are observed.
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Figure 3.14: Corresponding height and size distributions of the QDs on the pre-
patterned substrates grown at different temperatures (see Fig. 3.13) of
a) 500◦C, b) 530◦C, c) 560◦C.
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Additionally, few attempts to deposit Ge at a constant temperature of nearly 500◦C

have been performed. In this case a growth interruption is necessary in order to sta-

bilize the substrate temperature after the buffer layer growth at 300◦C. However, no

ordered Ge QDs have been found in this case. Hence, we assume that the heating

up of a pre-patterned Si substrate before Ge deposition flatten the substrate surface

in the similar way as the annealing at the excessive temperature. In the beginning

of the growth, deposition of Ge takes place at a low substrate temperature. The Ge

nuclei in the holes probably preserve the holes from the flattening when the substrate

temperature increases.

Thus, the optimal Ge deposition temperature is 530◦C, which shows the best uni-

formity of the dots and the smallest number of defects. For the whole temperature

range reported, no QD nucleation between the holes is observed. However, the exact

investigation of the morphology of both the individual QDs and the substrate between

the QDs on the atomic level needs a significantly higher resolution than those provided

by AFM. Therefore, the in-situ UHV STM investigation is a promising for a deeper

understanding of the QDs formation.

3.4.6 QDs and buffer layer morphology studied by in-situ STM

Unfortunately, the AFM images of surface topography of Ge QD arrays demonstrated

above could provide us with a very poor information about exact shapes of the dots and

their facets, since the resolution of the measurement is not sufficient due to the small

size of the structures (3-4 nm QDs height). Moreover, the AFM measurements are

performed ex-situ, which affects the shape of the QDs due to oxidation and adsorption

of reduces the resolution. Therefore, we use an in-situ STM for a more careful study

of the QDs morphology.

In Chapter 2 an in-situ UHV STM setup compatible with the MBE setup is de-

scribed. The use of the STM allows to investigate the growth dynamics of Ge QD

ordered arrays by means of a high resolution surface analysis performed under the

UHV conditions directly after growth, without breaking the vacuum. In Section 2.5

we have discussed details of the STM tip positioning in order to investigate small pre-

patterned fields placed on 100-mm Si substrates. The size of the pre-patterned fields

used for STM investigation is 400× 400 µm2.

A 100-mm substrate with pre-patterned field is treated according the recipe de-

scribed above, the growth temperature for Ge is ramped from T = 300◦C to T = 500◦C
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Figure 3.15: Overview STM images of a) an unpatterned (U = −3.0 V, I = 170 pA)
and b) a pre-patterned (U = −2.8 V, I = 75 pA) parts of the sample,
overgrown with a standard recipe. Ge growth temperature is ramped
from T = 300◦C to T = 500◦C during the deposition. It is remarkable
that the surface morphology in (b) is different from those shown in
Fig. 3.13b, since the real substrate temperature for a 10-mm substrate
is slightly higher that for a 100-mm substrate.

during the deposition. However, the real substrate temperature for the 10-mm samples

used for the growth optimisation and a 100-mm substrate could be slightly different due

to different geometry of the substrate holders. Directly after growth, the substrates are

cooled down to room temperature and transferred to the in-situ STM chamber. The

STM measurements are performed during the next few hours on both pre-patterned

and unpatterned parts of the substrate.

In Fig. 3.15a,b STM images of unpatterned and pre-patterned parts of the sub-

strate are represented at the same lateral scale, respectively. As expected, all the dots

are faceted pyramids with the sides oriented at 45◦ to the [011] direction. The growth

temperature is slightly deviates from the optimal temperature, therefore, the QDs dis-

tribution is not completely uniform (compare to Fig. 3.13a, b).

The QDs grown on unpatterned substrates mostly possess a shape of complete

pyramids with square bases (see Fig. 3.16a). In order to analyse their facets, the

height profiles of 3 individual QDs are shown in Fig. 3.16b. The profiles are taken

along the lines depicted in Fig. 3.16a (top), respectively. The height of the measured

QDs is 4-5 nm and all the QDs are surrounded by trenches of 1-3 nm depth. The facets
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Figure 3.16: Surface topography and height profiles of the individual QDs on the
a-b) unpatterned, c-d) pre-patterned parts of the substrate. In (a) both
a colour scale view (top) and a shadowed view (bottom) are imaged.
The profiles demonstrate that the all QDs in both patterned and un-
patterned parts possess the equal {105} facets. The QDs are mostly
square-based pyramids, which are either characterised by a sharp apex
(a-b) or truncated (c-d). The QDs in a) are surrounded by trenches
while in c) the substrate surface is stepped.
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of all the QDs are parallel to each other. Moreover, the trenches are {105}-faceted as

well.

An STM image of the ordered QDs is represented in Fig. 3.16c. The correspondent

height profiles (see Fig. 3.16d) demonstrate a different QDs morphology, compared to

the not ordered dots described above. Similar to the them, the QDs facets are parallel

to each other, however, the QDs are truncated pyramids with (100) plateaus on top.

Similar to the flat substrates, the substrate surface between the QDs is not atomically

flat and possesses steps and slopes parallel to the facets of the QDs (see Fig. 3.17).

However, no trenches around the QDs are present. Fig. 3.17b represents two profiles

taken along the lines both over and between the QDs. The period of the array is 56

nm and it is equal to the hole period of the pre-patterning. Thus, the QDs positions

are predefined by means of the pre-patterning.

It is remarkable that the sample surface does not possess any traces of the holes in

the Si buffer layer (for example, trenches or empty holes). Even in the points where

the Ge QDs did not nucleate (see Fig. 3.15b), the substrate surface is completely flat.

Thus, the nucleation of a Ge QD preserves a holes from the flattening. I.e. if the

nucleation of a Ge QD initially took place in a particular hole, the further growth of

the QD is preferable. Otherwise, the hole completely disappears during the ramping

up of the substrate temperature.

In Fig. 3.18a the QDs are represented with a hole appeared between of them. The

diagonals of the QDs are elongated in the direction of the hole. These QDs also pos-

sess {105}-faceted, and similar in their shape to the Ge QDs grown on vicinal Si (100)

substrates with a miscut smaller than 4◦ [56] (see Fig. 3.18b). The formation of the

hole indicates a material consumption from the area between these four QDs for the

growth of the QDs. This evidences that the diffusion length of the Ge adatoms is quite

small, and only the adatoms from the closest surrounding of a particular QD may be

involved in the formation of the QDs. The similar behaviour is also clearly observed

on the flat surface (see Fig. 3.15).

The wetting layer between the holes is (M × N)-reconstructed. Indeed, a careful

examination of the substrate surface between the QDs in Fig. 3.19 shows the presence

of a regular pattern of grooves with the depth of nearly 1 Å and the width 3-4 nm. The

grooves are elongated along the [011] direction, or perpendicular to this. This type of

reconstruction occurs by the mismatched growth of Ge on Si (100), in order to reduce

the strain energy in the WL.
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Figure 3.17: a) Detailed STM image of ordered Ge QD array shown in Fig. 3.15
(U = −2.9 V, I = 74 pA). b) Height profiles taken along the lines from
part a). The array period is 56 nm. The QDs heights are equal, however,
the substrate surface is not flat, and, hence, the QDs are placed on the
different heights.
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a) b)

20 nm

Figure 3.18: a) STM image of elongated Ge islands grown on a pre-patterned sub-
strate (U = −2.9 V, I = 74 pA). A similar shape of the islands has been
observed on vicinal Si (100) substrates. b) A model of Ge QD grown on
a vicinal Si (100) substrate with a miscut smaller than 4◦ (taken from
[56]).
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Figure 3.19: a) STM image of a flat part of the substrate shown in Fig. 3.15 (U =
−2.8 V, I = 75 pA). The pattern of a regular trenches is recognised. The
trenches are either parallel or perpendicular to the [011] axis. b) Height
profiles taken along the lines depicted in (a). The depth of the trenches
is approximately 1Å; the spacing between them is 2.5 nm and 3.8 nm,
respectively. This is the evidence of a (M× N) surface reconstruction.
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3.4.7 Atomic structure of the Ge QDs grown during the tem-

perature ramp

For the better understanding of the QDs growth we have slightly increased the final

temperature and have deposited 5 ML of Ge on a flat Si at substrate, while the tem-

perature has been ramped from T = 300◦C to T = 520◦C. The correspondent in-situ

STM images of the Ge QDs are shown in Fig. 3.20a.

At these conditions, a preferable formation of QDs which are truncated pyramids

has been observed. Several of those pyramids are represented in Fig. 3.20b. Zigzag

pattern on the their facets evidences that all the facets are {105} facets [57]. The

atomic structure of one of the Ge truncated pyramids is shown in Fig. 3.20c. The size

of the QD base is 25 nm, the size of the (100) plateau on top of it is approximately 12

nm. On the top plateau atom rows along the QDs diagonal can be distinguished which

is an evidence of (M× N) reconstructed surface.

However, the surface of the sample between the Ge QDs is not flat. Besides the

truncated pyramids, one recognises shallow square shaped pre-mounds, wide plateaus

and even a ring. The common feature of all of them is that they possess {105}-faceted
slopes (see Fig. 3.20d), and the horizontal (M×N)-reconstructed areas between of them.

A unexpected structure observed on the surface is a ring shown in Fig. 3.21. It is a

square faceted plateau which is larger and shallower than the QDs at the surface with

a pit in the middle. The pit possess a shape of an inverse pyramid. Both the outer

(on the top of the image, indicated by red arrows, and a right-side facet) and the inner

slopes are also {105}-faceted. At the same time, the two other edges (marked with

blue arrows) consist of monolayer steps separated by terraces with a width of 3-5 nm.

The top surface of the ring possess a clear (M× N) reconstruction pattern.

This observation clearly indicated the competitive character of the {105} facets for-

mation and the atomic step formation at the current substrate temperature. I.e. from

the point of view of the energy minimisation, two comparable mechanisms of surface

energy minimisation during the 3D growth are present. Hence, in the case of smaller

structures the 3D growth takes place via a {105}-facet formation, since their size is not

sufficient for the step formation. At the same time, the growth of larger structures is

accompanied by a step formation, which is typical for the layer growth.
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Figure 3.20: High resolution STM images of a sample grown while the substrate tem-
perature has been ramped from T = 300◦C to T = 520◦C: a) overview
(U = −3.0 V, I = 69 pA); b) the surfaces consists of {105} facets and
(M × N)-reconstructed Ge (100) parts (U = −1.5 V, I = 83 pA); c)
high resolution Ge QD image (U = −1.34 V, I = 82 pA); d) a substrate
morphology between two {105}-faceted walls (U = −1.32 V, I = 82 pA).
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10 nm[011]

Figure 3.21: High resolution STM image of a Ge ring with a {105}-faceted pit in the
middle. The top surface is a (M × N) reconstructed Ge (100) surface.
The outer walls are either also {105}-faceted (red arrows) or possess the
single atomic steps with 3-5 nm terraces (blue arrows) (U = −1.5 V,
I = 82 pA).
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3.5 Discussion and summary

To summarize, we have created ultra-dense ordered arrays of Ge QDs in Si by means of

MBE growth on pre-patterned substrates. The fabricated arrays are characterized by

the periodicity of 56 nm, the density of 3 ·1010 cm−2, the surface coverage is 28.6%, the

average dot size at the base is 31× 31 nm2. The maximal field size is 400× 400 µm2,

the available field sizes are in range of few hundred µm. The big size of the fields en-

ables the further investigation of the small-period QD arrays properties by in-situ STM.

In order to fabricate these structures, firstly, we developed a procedure for the

realisation of small-period (56 nm) hole Si substrates by e-beam lithography and sub-

sequent reactive ion etching. This procedure allows to integrate the QDs fabrication

in standard processing due to the availability of a precise referencing. Secondly, MBE

growth of Ge QDs on the pre-patterned substrates has been optimized, in order to

achieve uniform arrays of Ge QDs. The optimal annealing parameters are T=500◦C

and t = 3 min. Increase of the annealing temperature or the annealing time results in

a flattening of the substrate surface, due to increase of the mobility of the atoms on the

Si surface. Directly after annealing a 10 nm Si buffer layer is deposited. The optimal

Si deposition temperature is 300◦C. Both the annealing and the buffer layer growth

are accompanied by a {311}-facet formation in the holes. Therefore, the holes obtain

a shape of inverse pyramids with the bases oriented along the [001] and [010] directions.

The deposition of 5 ML of Ge results in a formation of a uniform array of self-

assembled Ge QDs. The substrate temperature have to be ramped up from 300◦C to

530◦C during Ge deposition. The statistical analysis of the QDs grown on both flat

and pre-patterned substrates clearly evidences the influence of pre-patterning on the

positioning and the uniformity of the self-assembled QDs.

The QDs on the small-period substrates are {105}-faceted pyramids with the bases

oriented along the [011] and [0-11] directions. Hence, the morphology of the ordered

QDs grown on the small-period (under 100 nm pitch) substrates is significantly different

from those in the case of large-period (over 100 nm pitch) substrates. This is related to

the high density of the QDs and, consequently, a small Ge amount per QD. In contrast

to the large-period arrays, there are no features of the holes (trenches, empty holes)

observed after the QD growth. Moreover, the holes, where the QD nucleation did not

take place, are completely flattened.

The influence of the growth temperature on the QDs morphology is also principally

different from the large-period substrates. For the large periods, if the ordering of the
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QDs is not perfect, Ge deposition results in formation of the QDs between the holes or

multiple-QDs in the same hole. No similar behaviour is observed for small-period ar-

rays. The observed defects in ordering are mainly missing dots (at lower temperatures)

or coalesced neighbouring dots (at higher temperatures). Varying the final substrate

temperatures causes an increase of the defect density.

Thus, for the large-period arrays the Ge adatoms tend to assemble in the holes,

which are only slightly blurred due to the buffer layer growth. Therefore, the growth

interruption before Ge deposition is irrelevant and the growth of Ge QDs may be per-

formed at constant temperature. In the case of small periods, the Ge nuclei form at

the initial stage of the growth and, then, the further growth of Ge QDs takes place

at the nuclei. At the same time, the holes completely flatten out, and Si/Ge alloying

takes place. The average Ge fraction on the QDs is 50%, which is significantly higher

than for the Ge QDs grown at the same conditions on a flat substrate (83% of Ge).

Thus, the Si/Ge alloying in this case is mainly determined by the pre-patterning and,

therefore, by the QDs density, but not by the growth conditions.

The comparison of the morphology of the QDs grown on the pre-patterned and the

flat substrates provides us with the information, concerning the preferable mechanisms

for the strain minimisation during the growth. Firstly, the surface reconstruction of

the wetting layer as well as of the (100) plateaus play a role. Indeed, after the Ge

deposition, the substrate surface is completely covered with a (M × N)-reconstructed

Ge wetting layer. The (100) top facets of the truncated pyramids are also characterized

by a (M × N)-reconstruction. Secondly, the Si/Ge alloying takes place, as mentioned

above. Thirdly, the {105}-faceting is observed. However, not all of the observed growth

structures are pyramids. Mostly, the pyramids are truncated with (100) plateaus on

top of them. Moreover, the substrate surface partially contains {105}-faceted steps.

A square-shaped Ge ring has been observed, which possesses both {105}-faceted walls

on one of the sides and single atomic (100) stairs on the other side. Therefore, at

the current growth conditions this two growth mechanisms are comparable from the

energetic point of view.

Another important aspect of the Ge growth dynamics is a preferable mechanisms

for the Ge nucleation and growth during the ramping of the substrate temperature.

The observed growth mode is significantly different from those for both high temper-

ature and low temperature Ge deposition (see Chapter 3.2.3). In fact, in this growth

mode, the nucleation takes place in the similar way like for the low-temperature growth

(nucleation in the defects sites [51]). However, the further growth is more close to the
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high-temperature growth, i.e. the further top-bottem growth at the already formed nu-

clei, in contrast to the side-growth in the low-temperature mode [7] (compare Fig. 3.1a

and Fig. 3.1b).

In fact, this is exactly the growth mode, which is suitable for the small-period arrays,

since it yields the uniformity of the QDs in the ordering due to the low-temperature

nucleation and the uniformity in their shape and size due to the increase of the growth

temperature. Thus, the low temperature Ge deposition at the initial stage provides

the nucleation of the QDs in the pits. The further increase of the growth temperature

results in the square-based Ge QDs, which are morphologically similar to the high-

temperature hut-clusters.



78 CHAPTER 3. SMALL-PERIOD ORDERED ARRAYS OF GE QDS



Chapter 4

Growth dynamics of TI Bi2Te3 films

4.1 Topological insulators: properties and fabrica-

tion

Nowadays, fabrication and investigation of thin films of advanced materials attracts

considerable interest, since it provides insights into fundamental phenomena in modern

solid state physics as well as a variety of applications in future information technol-

ogy. Although vast research activities on thin films of various materials have been

carried out in the last decades, the new wave of interest in thin films, in particular of

hexagonal layered materials, started a few years ago, motivated by the discovery and

first measurements in graphene [58], [59], [60] and topological insulators (TI) [61], [62]

and significant technological improvement in a wide range of characterisation methods.

Topological insulators are a new state of matter discovered and widely investigated

in the last years, due to its outstanding properties originating from the specific band

structure. Topological insulators have a bulk band gap like an ordinary insulator but

have protected conducting states on their surface (see Fig.4.1a,b). These states appear

due to the combination of spin-orbit interactions and time-reversal symmetry. Three-

dimensional topological insulators support novel spin-polarized 2D Dirac fermions on

their surface, which might be potentially used for applications ranging from spintronics

to quantum computation [2]. The topological insulators are also tightly connected to

the conventional charge quantum Hall effect taking place in large magnetic fields [63].

Due to the presence of localized electrons at the boundary of the sample, unusual spin

quantum Hall-like phenomena can be observed in zero magnetic field [64].

Topological insulators, such as Bi2Te3 and Bi2Se3, are complex layered materials,

structurally similar to, for example, graphene or so-called white graphene boron ni-

79
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a) b)

Figure 4.1: a) A schematic representation of the band structure of a topological in-
sulator. Topologically protected spin-polarized states in the band gap
are depicted by green lines [2]. b) 3D band structure of a TI Bi2Te3 film
measured by ARPES [65].

tride (BN). Until now, preparation of ultrathin films of different layered materials from

bulk crystals by exfoliation (for example, graphene [66], BN [67], Bi2Te3 [68]) plays

the most important role due to its availability and a possibility to place the film on

any substrate. The exfoliation method has been proved to be a powerful tool in order

to create individual devices for nanoelectronics and to study the fundamental proper-

ties of the films. However, the development of a sustainable technology suitable for

a technologically reproducible device production and offering the possibility to adjust

their electronic properties will rely on a more advanced thin film technology. Molecular

beam epitaxy (MBE) provides a high reproducibility in the film thickness at the atomic

level, a high purity and a precise control of the doping.

The proper choice of the substrates used for growth of thin films is important for

both high quality film fabrication and subsequent successful device fabrication. Non-

native Si (111) substrates are promising candidates for the growth of topological insula-

tors, since high quality Si substrates with different structural and electronic properties

are cheap, readily accessible, and can be easily integrated in the further processing.

However, using Si substrates for the fabrication of Bi2Te3 film is rather challenging due

to the large lattice mismatch of 14% between these two materials. Generally, successful

growth of high quality ultrathin films on non-native substrates with a large lattice mis-

match has already been demonstrated for different material systems [69], [70]. There

are several reports available, in which this approach has been successfully used for the

growth of Bi2Te3 [71], [72], [73] and Bi2Se3 [74] on Si substrates. However, mainly the
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films with thicknesses in the range of few hundred nm have been investigated so far,

and a single quintuple layer (QL) layer-by-layer growth mode has been reported. At

the same time, the understanding of nucleation and growth dynamics at the initial

stage is completely missing and therefore the morphology of ultrathin (few nm thick)

films is not clear.

We report on detailed investigations using in-situ scanning tunnelling microscopy

(STM) and scanning transmission electron microscopy (STEM) of the nucleation and

initial growth dynamics of ultrathin films of the topological insulator Bi2Te3 grown on

Si (111) substrates by molecular beam epitaxy. Analysing the Si/Bi2Te3 interface on

the atomic scale, for the first time, we directly prove a single crystalline growth from

the very beginning, without the formation of an amorphous or polycrystalline layer.

The growth starts in 3D mode by forming separated islands on te Si surface in a sub-QL

growth mode. At this initial stage of growth, also the coalescence of the islands of two

different twin domains takes place, accompanied by formation of stacking faults and

dislocations. Subsequently, the growth turns into a layer-by-layer mode with a QL as

a growth unit.
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Figure 4.2: Crystal structure of Bi2Te3: a) the Bi2Te3 unit cell. The cell consists of
3 QL of different stacking sequences. Every QL is built of 5 hexagonal
atomic sheets comprising 3 Te and 2 Bi sheets, which are bound via
strong bonds. Te I and Te II sheets are bound to one and two Bi layers,
respectively. The QLs are only weakly bound by van der Waals bonds.
The lattice constants are a = 4.38 Å and c = 30.51 Å [72]. b) 3 non-
equivalent hexagonal planes A, B, and C in the Bi2Te3 crystal. The lines
connecting the atoms are depicted for convenience and have no physical
sense. The atom bonds are not shown.

4.2 Experimental background

4.2.1 Topological insulator Bi2Te3

The material systems Bi2Te3 and Bi2Se3 are regarded as a second generation of topo-

logical insulators [2]. For the current investigation, we have chosen Bi2Te3 grown on Si

(111) substrates. The presence of topologically protected surface states in Bi2Te3 has

been experimentally demonstrated by ARPES [71], [65]. A single crystalline Bi2Te3 is

characterized by a rhombohedral symmetry and is related to the D5

3d(R3m) symmetry

group. The lattice constants are a = 4.38 Å (in-plane) and c = 30.51 Å (out-of-plane)

[72]. Thus, the lattice mismatch between a Si (111) substrate and a fully relaxed Bi2Te3

film is 14%. A unit cell of Bi2Te3 consists of alternating sheets of Bi and Te atoms,

each of them exhibiting a hexagonal symmetry. Every five sheets are bound by strong

bonds in quintuple layers (QL) in the following sequence: Te (I) - Bi - Te (II) - Bi -

Te (I) (see Fig. 4.2a). The Te (I) and Te (II) layer correspond to the different types of

chemical bonds. It is assumed that the bond between Te (I) and Bi layers are covalent,
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a) b)

Figure 4.3: a) Calculated band structure of Bi2Te3. The warmer colours represent
higher LDOS. The surface states can be clearly seen around the Γ point
as the red lines dispersing in the bulk gap [75]. The vertex of the Dirac
cone is in the pocket of the valence band gap (indicated by the arrow).
b) Band structure of Bi2Te3 experimentally observed by ARPES on a 16
nm thick MBE-grown film [65].

while those between Te (II) and Bi are mixed, covalent and ionic. The neighbouring Te

(I) layers are bound via weak van der Waals forces. The spacing between two neigh-

bouring Te (II) and Bi layers is 2.0434 Å, the spacing between Bi and Te (I) layer is

1.7515 Å, and the spacing between two Te (I) layers is 2.6243 Å [76].

Since quintuple layers in Bi2Te3 consist of alternate Bi and Te atom sheets with

a hexagonal symmetry, there are three possible non-equivalent atom sheets A, B and

C (see Fig. 4.2b). These sheets differ from each other only by in-plane spatial dis-

placement (see arrows in Fig. 4.2b). Due to different possible stacking sequences, these

single atom sheets can form 3 different types of quintuple layers (ABCAB), (CABCA),

and (BCABC), which together form one unit cell (see Fig. 4.2a). Different QLs in

this case are essentially equivalent and in-plane shifted with the same vector as the

correspondent individual atom sheets.

By a careful observation of the Bi2Te3 crystal structure, one notices that the [001]

and the [00-1] directions are not equivalent, i.e. the grown films would not be in-

variant relative to the inversion of growth direction. Indeed, although 3 neighbouring

QLs within a unit cell are structurally identical and differ from each other only by a

small in-plane displacement, the inverted crystal possesses another stacking sequence

(ACBAC), (BACBA), (CBACB), which is essentially different from the usual one. At

the same time, the [001] → [00-1] transformation is effectively equivalent to the ro-

tation of the Bi2Te3 crystal by 60◦. Thus, the crystal structure of Bi2Te3 predicts

the presence of two twin domains. Recently, the twin domains have been observed in
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polycrystalline Bi2Te3, prepared from pure Bi2Te3 powder and consolidated by spark

plasma sintering [77]. A calculation performed in [77] shows that the formation of a

twin boundary at the Te (I) - Te (I) layers is energetically favourable, since these layers

are bound through the weak van der Waals interaction. However, there are no reports

on the twin domains in MBE grown films available, until now.

The surface brillouin zone of Bi2Te3 possesses a hexagonal shape [75]. The Fermi

surface of Bi2Te3 is hexagonally deformed. A theoretical simulation of the band struc-

ture of Bi2Te3 is shown in Fig. 4.3a and demonstrates the presence of topologically

protected surface states, which are described by a single Dirac cone in the Γ point.

The vertex of the Dirac cone is in the pocket of the valence band gap (indicated by

the white arrow). The presence of the Dirac cone has been confirmed experimentally

on a 16 nm thick MBE-grown film by ex-situ ARPES measurement (see Fig. 4.3b)

[65]. However, according to the ARPES measurement, the Fermi energy is shifted into

the conduction band. This results in a metallic conductivity of the Bi2Te3 film, rather

than to the insulating behaviour in the bulk. Probably, the Fermi energy shift results

from the additional electronic states, which may be cause by crystal defects, such as

dislocations, a mutual substitution of Bi/Te atoms, or a incorporation of foreign atoms

during the MBE growth.

Until now, mostly properties of cleavage surfaces of Bi2Te3 bulk crystals have been

investigated [78]. However, recently it has been shown that Bi2Te3 films can be suc-

cessfully grown on Si (111) substrates by MBE via a one-step approach on surfaces

with and without (7 × 7) reconstruction ([72] and [73], respectively). Concerning the

growth dynamics, there is only one report available, which is dedicated to the Bi2Te3

film formation on (7× 7)-reconstructed Si (111) substrates studied by low energy elec-

tron diffraction (LEED) [79]. In that work a three phase growth has been suggested,

consisting of the substrate passivation with both Bi and Te atoms, 3D growth via is-

land formation, and the subsequent 2D layer-by-layer growth.

Despite the progress in the fabrication of Bi2Te3 films on Si (111), a direct ob-

servation and detailed understanding of the nucleation, defect formation and growth

dynamics of similar structures in the case of a one-step deposition are completely miss-

ing so far. Although important conclusions concerning the growth dynamics can be

drawn by combining the results of in-situ STM and STEM investigations, to the best of

our knowledge, until now there are only two studies presenting an in-situ STM image

of the morphology of the thick (80-100 nm) epitaxially grown Bi2Te3 films [72], [80].

Although direct observation and analysis of dislocations during the whole growth pro-
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cess are extremely important for detailed understanding of growth in order to obtain

a better control of the defects, there have not been any reports dedicated to direct

non-destructive imaging of dislocations in the topological insulator Bi2Te3 yet.

4.2.2 Highly mismatched growth of layered systems

A possibility to fabricate high quality single crystalline films via the epitaxial growth

on non-native substrates with a high lattice mismatch has been intensively investigated

in the 80th-90th [81]-[70]. It has been demonstrated that a wide spectrum of layered

materials consisting of quasi two-dimensional sheets bound via van der Waals forces

are good candidates for this goal. So-called van der Waals epitaxy allows to achieve

single crystalline films without a good lattice matching on non-native substrates having

a different crystal structure.

Van der Waals epitaxy takes place if a substrate surface does not possess any

dangling bonds and ensures single crystal growth with the same rotational symmetry

as the substrate, but without commensurate lattice constants. In this growth mode, an

epilayer grows from the beginning with its native lattice constant forming an interface

with only small amounts of defects, due to the weak interaction between the substrate

and the epilayer. Van der Waals epitaxy offers the following advantages [82]:

1. The relaxed lattice matching condition permits to combine almost all layered

materials.

2. Precise control of growth parameters allows to study ultrathin films from one to

several monolayers.

3. Investigating different stages of growth from seeding and formation of the first

monolayer up to the growth of thick films, growth modes and growth models of

layered crystals can be analysed.

4. Van der Waals epitaxy allows to introduce specific (non-magnetic or magnetic)

doping into the grown films during the deposition.

Success of this approach has been already shown for different material systems,

for example, Se on Te [69] and layered transition metal dichalcogenides such as semi-

conductors MoS2 and MoSe2, superconductors NbSe2 and NbS2 [70]. Particularly,

smooth and uniform NbSe2 films have been grown on MoS2 substrates with 9% lattice

mismatch. However, due to the necessary absence of dangling bonds on the substrate

surface, the approach described above is only possible between layered materials, which
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would require the use of rather exotic substrates.

At the same time, wide spread of Si and III-V technologies motivates to find ways

for commercial production of complex layered structures on Si or GaAs substrates for

the subsequent integration into device fabrication. The main problem of Si or GaAs

substrates for the van der Waals epitaxy is the presence of dangling bonds at their

surfaces. In order to overcome this problem, different approaches could be introduced

for different material systems. If the substrate does not possess a layered structure, the

growth could take place via the so-called quasi-van der Waals epitaxy [81] using the

following approaches. Firstly, a surface passivation can be used in order to saturate the

dangling bonds at the substrate surface. For instance, it was reported on single crystal

hexagonal GaSe (001) growth on rectangular GaAs (110) [83] and NbSe2 epitaxy on

GaAs (111)B [84] using a Se passivation of the GaAs surface. Secondly, the influence

of the dangling bonds can be levelled by means of an amorphous buffer layer. For

instance, it has been reported on the fabrication of SrTiO3 films on Si (001) [85] and

Bi2Se3 on Si (111) [86] via a two step exitaxy. In this case, first an amorphous seed

layer is deposited at a low substrate temperature. Subsequently, a high temperature

single crystalline film is grown on top of it.

Although it has been maintained that the film quality is significantly better for

the case of a two-step deposition than those of the film grown on a passivated sub-

strate surface, the practical use of two-step grown films is still not clear for further

device fabrication, due to the absence of abrupt interfaces between the materials.

Overcoming a buffer layer growth step offers routes to a fabrication of multilayer

stacks (e.g. substrate-dielectric-semiconductor, substrate-dielectric-superconductor or

substrate-dielectric-TI) of ultrathin films on cheap and easily available substrates via

van der Waals and quasi-van der Waals epitaxy for electronic applications. The pos-

sibility to grow topological insulators on different substrates by means of quasi-van

der Waals epitaxy might be quite promising, particularly, if the abrupt TI/substrate

interface and high crystal perfection of the TI film from the first single layer could be

achieved.

Despite the number of experimental studies on fabrication of different structures

via van der Waals and quasi-van der Waals epitaxy, these growth methods are not

explicitly described in literature, in contrast to epitaxial techniques where the overlayer

is in registry with the substrate. Particularly, origin of the nuclei, influence of the

atom mobility and the surface diffusion on the growth as well as transformation of the

growth mode of the film are not studied so far. Therefore, the detailed investigation of
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TI growth on Si (111) substrates via quasi-van der Waals epitaxy plays an important

role not only for the fabrication of the film, but also for a better understanding of the

nature and the key properties inherent in this growth mode.

4.2.3 Preparation of Si (111) surfaces

Since the morphology of the substrate surface may significantly affect the nucleation

and the growth dynamics of Bi2Te3 films, the substrate preparation have to be dis-

cussed. As mentioned above, we use Si (111) substrates due to the hexagonal symme-

try of the (111) plane, which match to the symmetry of the Bi2Te3 crystal.

In the atmosphere, Si (111) substrates possess a thin layer of a native oxide with

the thickness of few nm. Usually, atomically flat Si (111) are obtained by thermal

annealing of a Si (111) substrate above 1000◦C and subsequent slow cooling (1◦C/s) to

the room temperature. This causes a transformation of the high-temperature (1 × 1)

surface reconstruction into the thermodynamically more stable (7 × 7) low tempera-

ture surface reconstruction at approximately 860◦C [87]. Annealing of the substrate

temperature over 850◦C for 30 min removes the native oxide from the surface [88].

Another possibility to prepare a clean Si (111) surface is a chemical cleaning and

a subsequent low temperature annealing. First, the Si (111) substrates are cleaned

in H2SO4/H2O2 solution to remove organic contaminants and to oxidise the surface.

Next, a dip in diluted hydrofluoric (HF) acid is preformed. The HF dip removes the

oxide layer from the Si surface and causes a H-passivation of the Si (111) surface, in the

similar way as for a Si (100) surface (see Chapter 3.4.2) [89]. A subsequent annealing of

the samples under UHV results in a H-desorption from the surface at 550◦C [90]. The

chemical cleaning of the surface significantly reduces a surface contamination by oxygen

and carbon, compared to the high-temperature annealing without a previous chemical

cleaning [90]. After the chemical cleaning, the fully developed (7 × 7)-reconstruction

has been already observed at annealing temperatures of 550◦C [90] or 650◦C [87], how-

ever, it requires a long annealing time of few houres.

From the other side, the chemical cleaning increases the roughness of a Si (111) sur-

face. The average corrugation of the surface roughness is typically of several monoatomic

steps [91] due to surface defects (missing atoms, holes, or islands in the first atomic

layers [92]). Annealing at a high temperature smoothens the surface at the atomic

scale and reduces the number of missing atoms due to the surface diffusion. A long

high temperature annealing enables the atoms to rearrange at the surface and provides,

therefore, atomically flat terraces with low density of the defects.
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4.3 Growth of TI Bi2Te3 thin films by MBE

4.3.1 Experimental details

TI Bi2Te3 films have been grown on n-type doped (3-6 Ω · cm) Si (111) substrates by

solid source MBE. Si (111) substrates have been chosen due to the hexagonal symme-

try of this plane, which is similar to the 3-fold symmetry of the Bi2Te3 (001). The TI

solid source MBE chamber is equipped with separated effusion cells used as material

sources for bismuth (with the purity of 99.997%), tellurium (99.999%) and selenium

(99.999%). The materials are evaporated by heating up the effusion cells. The fluxes

of the individual materials are controlled by the temperatures of the corresponding

effusion cells, which allows to keep the partial pressures of the materials in the desired

proportion [93]. The material fluxes towards the substrates can be separately inter-

rupted by pneumatic shutters.

The TI MBE setup is constructed for 100-mm wafer-samples, however smaller sub-

strates (10× 10 mm2 and 44× 44 mm2 ) can be also used my means of a Si wafer with

a cut window as substrate holder. A boron nitride heater is used for substrate heating.

Both the substrate temperature and the effusion cell temperatures are measured by

thermocouples. The base pressure in the chamber is 3 ·10−8 mbar. The pressure in the

chamber has never exceeded 8 · 10−8 mbar during the film deposition.

The importance of a substrate preparation for Si/Ge epitaxy has been already

discussed in Chapter 3.4.2. In case of van der Waals epitaxy, no free bonds on the

substrate surface are required. However, the presence of a native oxide layer can be

crucial for film growth, since the growth is still influenced by a substrate. This is

confirmed by a matching of the substrate and the film orientations. Moreover, defects

at the substrate surface (both chemical and structural) can affect the atom mobility

and, therefore, serve as additional nuclei. In order to overcome the influence of surface

imperfections, a similar substrate cleaning process has been introduced.

The Si substrates have been chemically cleaned in piranha etch solution: H2SO4

(96%) 2:1 H2O2 (30%) for 10 min in an ultrasonic bath in order to remove organic

contaminants and to oxidise the surface, and rinsed in deionized (DI) water. Subse-

quently, a dip in 5% hydrofluoric acid and a DI water rinse are performed. Next, the

substrates have been placed into the UHV MBE chamber and annealed at 700◦C for 10

minutes to desorb the H atoms from the surface. Some samples have been additionally

annealed at 950◦C for 30 min, resulted in an atomically flat Si surface with a stable
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(7× 7)-reconstruction, proofed by STM 2.4.1.

Subsequently, the substrates have been overgrown at a constant substrate tempera-

ture of TS = 550◦C. At the beginning of the growth, the Te shutter is opened 2 seconds

before the Bi shutter, in order to to provide the Te-overflow condition from the be-

ginning of the growth. The effusion cell temperatures are kept at TBi = 500◦C and

TTe = 340◦C. This corresponds to a Te/Bi partial pressure ratio in the MBE chamber

of approximately 20. The thickness of the deposited films is controlled by varying the

growth time, whereas all other parameters were kept constant. The growth rate of

Bi2Te3 is 0.14 nm/min for most of the films. The slow growth is necessary in order to

obtain a high reproducibility even for films with the thickness of several atomic lay-

ers. Particularly, the growth time for a 1 nm film, i.e. 1 QL, is approximately 7 minutes.

The growth of Bi2Te3 takes place in the Te overpressure regime [93]. Varying the Bi

and the Te effusion cell temperatures and, thus, the correspondent fluxes, one observes

that the growth rates are independent of the Te flux, but regulated only by the Bi

flux. If only Te flux is present, no formation of pure Te films is observed. We assume,

that a passivation of the Si surface by the Te atoms takes place in this case. After the

passivation, the substrate surface does not possess any dangling bonds. Further, the

Te sticking coefficient is too small and no Te growth takes place. The minimal Te/Bi

flux ratio in order to obtain Bi2Te3 films with a high structural perfection is approxi-

mately 9, i.e. it is quite far away from the stoichiometric ratio in the solid. A Te/Bi

flux ratio of 3/2 causes incorporation of additional Bi atoms, resulting in the presence

of Bi and BiTe peaks in the XRD curve [94]. The high Te/Bi flux ratio evidences a

strong Te out-diffusion during the growth, due to a high vapour pressure of Te. The

Te out-diffusion is compensated by a higher impinging Te flux. Indeed, the strong Te

out-diffusion was proven by ex-situ annealing of the samples [73].

Directly after deposition, the 100-mm samples have been transferred to the in-situ

room temperature STM chamber (base pressure better than 1 · 10−10 mbar) without

breaking the vacuum. Next, the STM was placed on vibration isolation supports and

STM measurements have been performed within the next few hours. The STEM mea-

surements have been carried out ex-situ, using both FIB and conventional technique

for the sample preparation.
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Figure 4.4: a) X-ray diffraction scan of Bi2Te3 on Si (111). The observed peaks are
in accordance with those typically observed for Bi2Te3 films [95]. b) The
pole figure of Bi2Te3 film around the (105) reflection. The coloured spots
represent the signal from Bi2Te3, whereas the crosses show the peaks
from the Si substrate. The film orientation coincides with the substrate
orientation. Two groups of three peaks are observed, in contrast to a
3-fold pole figure structure expected according to the crystal structure.

4.3.2 Films composition and crystal quality

In order to achieve single crystalline Bi2Te3 films and to set the proper growth param-

eters, detailed insights into the growth process are required. The influence of different

process parameters on the chemical composition and film morphology in our experi-

ments is described by J. Krumrain in [93]. X-ray reflectivity (XRR) has been used

in order to measure the thickness of the grown films and, hence, the growth rates.

X-ray diffraction (XRD) study allows to analyse the crystal structure of the grown

films, which enables access to their chemical composition, strain, different domains

and phases. Pole figure scans are used in order to study the rotational symmetry of

the films and their orientation relative to the substrate.

A typical XRD curve for a Bi2Te3 film is represented in Fig. 4.4a. Indeed, the posi-

tions of the peaks could be compared to a reference XRD curve and are in accordance

with those typically observed for Bi2Te3 films [95]. Thus, the grown film is a pure

single crystalline Bi2Te3 film.

The XRD measurements show that the films are fully relaxed in bulk. However, the

presence of a local strain or crystal defects directly at the interface cannot be probed

by integral techniques, since the contribution of the local interface region in the entire

diffraction response is not sufficient. Fig. 4.4b shows a pole figure measurement of a

Bi2Te3 film around the (105) asymmetric reflection of Bi2Te3 (colourised reflexes). The
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(331) and (221) reflexes of the Si substrate are indicated by crosses. We contribute

the width of the Bi2Te3 reflexes compared to Si to the local film deformation due to

the crystal defects (stacking faults, dislocations) in the Bi2Te3 film. The orientation of

the Bi2Te3 film coincides with those of the Si substrate, since the reflections of both Si

substrate and Bi2Te3 film appear at the same rotational positions of the sample.

However, in Fig. 4.4b six peaks of the same reflection are present, which could not

be described by three-fold crystal symmetry of Bi2Te3. Moreover, all of these peaks are

not equally intense, but they form two groups of three peaks of equal intensity. This

allow us to suggest the presence of two different twin domains in the film rotated by

60◦, which is in accordance with the crystal structure of Bi2Te3 (see Chapter 4.5.2).

Moreover, it has been found that with increasing growth rate, the intensity of the peaks

among both groups becomes similar [96]. These results suggest that the volume of both

domains in the crystal is quite different for low growth rates and becomes comparable

for large growth rates.
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4.4 Nucleation and growth dynamics of Bi2Te3 by

in-situ STM

4.4.1 Nucleation and growth dynamics on non-reconstructed

Si (111) surfaces

The nucleation of a Bi2Te3 film on a Si (111) substrate and its growth dynamics are

investigated by means of in-situ STM. For this goal, the surface morphology of the

films at the early stage of deposition is analysed, since the evolution of the surface

topography (step height, terrace width, outcrops of dislocations) provide us with in-

formation concerning the growth mode and the defect incorporation.

For the in-situ STM experiments, four samples with different thicknesses of 1 nm, 4

nm, 13 nm, and 30 nm have been grown on Si (111) substrates, annealed at 700◦C for

10 min. Directly after growth, the samples have been transferred to the STM under

UHV conditions, and in-situ STM measurements have been performed during the next

few days. Tunneling parameters employed here are in a wide range (|Utun| = 0.5...4 V,

Itun = 40...290 pA). This is attributed to the changes in the band structure of the

STM tip due to a possible tip contamination during scanning. Since the Bi2Te3 layers

are weakly bonded, the small Bi2Te3 flakes can easily stick to the tip.

Fig. 4.5 shows typical STM images of the surface topography for the films in the

same lateral scale. Flat atomically smooth terraces separated by steps are clearly recog-

nised in all the images. However, the surface morphology varies quite strongly. The

30 nm and 13 nm thick films possess similar topographies (see Fig. 4.5a,b). Particu-

larly, their surfaces possess wide atomically smooth terraces (up to 100 nm) separated

typically by 1 QL steps (see the red curve in Fig. 4.6a). At the same time, few out-

crops of dislocations are also recognized on the sample surfaces (see the blue arrows

in Fig. 4.5a). These dislocations are mostly accompanied by sub-QL steps (see the

black curve in Fig. 4.6a), which start at the dislocation cores. The statistical analysis

of several STM images of these two samples yields that the number of dislocations

per surface unit is approximately the same and it is in the range of 1 × 109 cm−2.

Examining the roughness of the two images does not indicate any significant difference

either. Thus, this evidences an equilibrium two-dimensional quintuple layer-by-layer

growth mode after the film thickness passed a certain threshold with a high structural

perfection.
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a) b)

c) d)

Figure 4.5: Nucleation and growth dynamics of Bi2Te3 films. In-situ STM images of
(001) Bi2Te3 growth surfaces for film thickness a) 30 nm, b) 13 nm, c)
4 nm, d) 1 nm. Several screw dislocations are denoted by blue arrows,
sub-QL islands are indicated by red arrows. The height profiles taken
along the dotted lines in (a) and (c) are represented in Fig. 4.6a and b,
respectively.
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Figure 4.6: The height profiles taken along the dotted lines for a) 30 nm thick film
(see Fig. 4.5a), b) 4 nm thick film (see Fig. 4.5c). The step heights of the
30 nm thick film are mostly 1 QL high (red line), besides those associated
with dislocations. The steps in the 4 nm thick films in (b) are mostly
sub-QL steps.

In contrast, the Bi2Te3 film with a thickness of 4 nm shows a different morphology

(see Fig. 4.5c). The steps are mostly sub-QL steps (see Fig. 4.6b), i.e. the surface

possesses a significantly lower average step heights compared to the 13 nm and 30 nm

thick films. The steps are mostly 0.4 QL or 0.8 QL in height, which corresponds to 1

or 2 pairs of Bi-Te layers. Moreover, the dislocation density is one order of magnitude

lower, compared to the 13 nm or 30 nm thick samples. The atomically flat terraces are

also smaller in size. The islands indicated by the red arrows in Fig. 4.5c possess a step

height of 0.4 QL. However, they are not related to the outcrops of threading defects,

in contrast to the thicker films discussed above. These islands are regarded as nuclei

for the next layers on the Bi2Te3 surface.

A film with a nominal thickness of 1 nm is represented in Fig. 4.5d. Here, the

formation of small separated islands on the Si surface is observed. The island size is in

the range of 10-20 nm. The heights of the islands indicate that they are not complete

QL islands. The initial islands are characterised typically by a convex shape, and their

coalescence results in the formation of larger islands. Thus, the film starts to nucleate

in the 3D mode starting from the independent island nucleation. Subsequently, the

growth of ultra-thin films obviously happens in a sub-QL mode and, then, turns into

the layer-by-layer growth. The influence of the surface preparation on the nucleations

of the islands will be discussed in the next chapter.
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Figure 4.7: a) In-situ STM image of a 1 nm Bi2Te3 film grown on a Si (111) substrate,
previously annealed at 950◦C for 30 minutes, in order to obtain (7 × 7)-
reconstruction. The islands are larger compared to those grown on the
substrates annealed at 700◦C (see Fig. 4.5). b) The height profile along
the dotted line in (a). The single QL steps and sub-QL steps are indicated
by black and red arrows, respectively.

4.4.2 Nucleation on (7× 7)-reconstructed Si (111) surfaces

In order to investigate the influence of the substrate on the Bi2Te3 growth, the recipe

of the substrate preparation has been modified. Here, the Si (111) substrate has been

annealed at 950◦C for 30 minutes under UHV after the usual chemical cleaning pro-

cedure. This smoothens the surface, reduce the roughness and the number of surface

defects, as well as provides a (7×7) surface reconstruction. The substrate temperature

is ramped down to 550◦C, a Bi2Te3 film with a nominal thickness of 1 nm is deposited

at the growth rate of 0.17 nm/min. Subsequently, in-situ STM measurements have

been performed.

A typical STM image of the surface topography is represented in Fig. 4.7a. Bi2Te3

islands are present on the surface, similar to the 1 nm thick Bi2Te3 film grown on

non-reconstructed Si (111) substrate. However, on average the islands are larger and

their morphology is different (compare to Fig. 4.5d). In Fig. 4.7a atomically flat islands

(light grey colour) are recognised on an atomically flat surface (dark grey). The height

profile in Fig. 4.7b indicates the height of these islands of 1 nm (depicted by black

arrows). Typically, the islands are surrounded by narrow trenches of 1 nm in depth

(imaged by black colour). The island height of 1 nm corresponds to one QL, i.e. the
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Figure 4.8: Growth model of Bi2Te3. Violet and green backgrounds correspond to
the islands of different twin domains. The red dashed line indicate a
potential barrier at the atomic step (IV). Both Bi and Te adatoms at
the surface are depicted by the empty black circles. The length of the
arrows qualitatively represents the mobility of the atoms at the surface.
By the sub-QL growth the dangling bonds are present, hence, the adatom
mobility decreases, compared to the van der Waals QL surfaces.

islands mentioned above are complete QL islands.

Besides the complete QL islands, a number of sub-QL islands is also present at

the surface. These islands are characterised by a variable height within an individual

island and by sub-QL steps at their edges (see red arrows in Fig. 4.7a,b). In several

areas they also form atomically flat plateaus of a sub-QL height.

4.4.3 Discussion of Bi2Te3 growth dynamics on Si (111)

Investigating the growth dynamics of Bi2Te3 films on non-reconstructed Si (111) sur-

faces (see Chapter 4.4.1), we clearly observe a transition of the growth mode from a

3D to a 2D growth mode. Indeed, the in-situ STM investigation of the nucleation and

growth dynamics of Bi2Te3 films shows that the growth begins by a formation of a
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number of independent sub-QL islands at the surface (see the 1 nm film in Fig. 4.5d).

Next, the islands coalesce building an entire film, which growth in sub-QL 2D growth

mode (see the 4 nm film in Fig. 4.5c). When the thickness of the film reaches a certain

value, the further growth of the Bi2Te3 film transforms to an equilibrium QL growth

mode (see the 13 nm and 30 nm films in Fig. 4.5b,a).

The average width of the atomically flat terraces increases with the thickness of the

grown films from 1 nm to 13 nm and stays constant further. The width of the terraces

is defined by a mobility of Bi and Te atoms at the surface. The diffusion length of the

atoms depends on both substrate temperature and electronic structure of the surface.

Hence, our experiment shows that the electronic structure of the substrate surface un-

dergoes a significant modification during the growth.

Initially, the nucleation takes place on a Si surface (which is passivated by a mono-

layer of Te, see Chapter 4.5.1). The surface defects due to its roughness may serve as

nuclei for is Bi2Te3 islands, since their edges produce the energy barriers for the Bi

and the Te atoms and, therefore, significantly reduce the atom mobility at the surface

(see Fig. 4.8). Since the XRD measurements have been shown, that the Bi2Te3 is fully

relaxed despite the lattice mismatch of 14% between Si and Bi2Te3, any positions of

adatoms on Si are possible. Therefore, we assume that initially the Bi2Te3 islands are

weakly bonded to the substrate and, therefore, movable. This provides a possibility

for the islands to stick together without any defects, if only the sticking island are of

the same twin domain. Indeed, the number of surface defects (srcew dislocation) at

the surfaces of the thick films is significantly larger, than the number of the initially

nucleated islands.

For the sub-QL growth mode (see Fig. 4.5c), the atomically flat terraces are not

always the dangling-bonds-free Te(I)-terraces (see Fig. 4.2). Therefore, we assume that

the presence of the dangling bonds significantly reduces the surface diffusion length of

the deposited atoms. This is confirmed by narrower terraces observed for the 4 nm

thick film, compared to the terraces at the thicker films. Moreover, the presence of the

separated 0.4 QL islands (marked by the red arrows in Fig. 4.5c) indicates a strong

influence of the surface electronic structure on the atom mobility.

In contrast, the terraces in the 30 nm thick film (see Fig. 4.5a) are wide and mostly

related to the dislocation outcrops. No separated islands at the surface are observed

in this case. Thus, the surface diffusion length is significantly larger than for the 4 nm

film, and the growth of the films is provided mostly by the atom sticking at the edges



98 CHAPTER 4. GROWTH DYNAMICS OF TI BI2TE3 FILMS

of the terraces (equilibrium QL layer-by-layer growth). Since the number of dislocation

for the 13 nm film and the 30 nm film remains constant, we conclude that no intro-

duction of new defects (twin domains, stacking faults, dislocations) takes place in the

equilibrium growth mode. It is remarkable that no atomic steps from the substrates

are found on the film surface, in contrast to the report [74] on a 16-nm MBE grown

Bi2Se3 film on Bi-covered Si (111) surfaces.

Here, we assume that the density of the initial islands at the nucleation stage is

determined by the substrate surface quality. I.e. the defects at the substrate surface

may influence the adatom mobility at the surface and serve as nuclei for initial islands.

In this case, if the number of surface defects is reduced, the initial island density would

decrease and the island size would increase. Indeed, the morphology of the 1 nm Bi2Te3

film demonstrates these features (see Fig. 4.7). Moreover, the roughness of the film is

significantly lower, and the number of QL islands is higher. Thus, the islands tend to

form complete QLs already at the initial stage of the growth.

The trenches surrounding the islands seem to be a special feature for the films

growth on the (7 × 7)-reconstructed substrate. The presence of the trenches may in-

dicate that the adatom on Bi2Te3 do not leave the islands, due to the presence of the

higher energy barriers at the edges of the islands. This results from the observed ten-

dency to form the complete QL islands. Further investigations of the growth dynamics

of the Bi2Te3 films on (7× 7)-reconstructed surfaces may explain the dynamics of the

trench evolution (for example, formation of cavities or filling of the trenches by Bi2Te3)

and their influence on the film quality.
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Figure 4.9: Atomically resolved image of 20 nm Bi2Te3 film cross-sections by STEM.
a) A film cross section in bulk. The light and dark spots represent Bi and
Te atoms, respectively. A perfect crystal structure is clearly recognised.
Individual quintuple layers are marked out by white dotted lines. b) A
film image close to the Si substrate. The lattice constant estimation at
the Si/Bi2Te3 interface yields a lattice mismatch of 14% between Si and
Bi2Te3.

4.5 Bi2Te3 films cross-sections by STEM

4.5.1 Si/Bi2Te3 interface

Although the in-situ STM measurements clearly indicate the crystalline structure of the

grown films from the very beginning of the growth, the exact information concerning

the stoichiometry of the islands and ultra-thin films is still missing. The integral meth-

ods like XRD could be performed only on relatively thick films, and the signal from

the bulk is predominant in this case. Therefore, the contribution from the Si/Bi2Te3

interface layer in the total signal is extremely small and causes a slight widening of the

diffraction peaks. Moreover, this peak widening can be also caused by, for example,

slight deformation of the film and from defects like dislocations. Thus, the contribution

from the possible interface layer imperfections can not be distinguished from the other

factors. In order to get access to the film morphology at the Si/Bi2Te3 interface, the

interpretation of the STM data can be supplemented by the STEM investigation of the

film cross-sections on the atomic level.

Fig. 4.9a represents an atomically resolved STEM image in a projection of the {110}
plane of the Si substrate. The film thickness is 20 nm. The light and dark spots repre-

sent Bi and Te atoms, respectively. The film is composed of 1 nm stacked layers, each

of them consisting of 3 Te and 2 Bi atom sheets in a Te-Bi-Te-Bi-Te sequence. The

quintuple layers are separated by darker lines. The entire film structure is completely
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Figure 4.10: a) STEM image of the Si/Bi2Te3 interface. b) The contrast profiles
of the areas given in the frames in (a) show the presence of a Te sin-
gle layer (indicated by the red arrows) along the complete Si surface
(both blue and red frames/curves) as well as the presence of the second
Te layer (depicted by the black arrow) in particular regions (only red
frame/curve). The dotted lines show the calculated positions of the Bi
atoms.

in accordance with the QL crystal structure of Bi2Te3, shown in Fig. 4.2. Usually, a

regular stacking without defects is observed. Thus, the film is characterized by high

crystal perfection.

A STEM image taken at the Si/Bi2Te3 interface is shown in Fig. 4.9b. Here the

atom structures of both the Si substrate and Bi2Te3 film are distinguished. It is recog-

nised that the Bi2Te3 film has a perfect crystalline morphology already in the first

QL. The partially blurred region observed at the material boundary is an artefact of

the sample preparation for STEM, which results from the weak bonding between the

film and the substrate, confirming the quasi-van der Waals epitaxy. The number of

lattice periods per length unit can be calculated for both Si and Bi2Te3 directly at the

interface. This yields the lattice mismatch between the film and the substrate of ap-

proximately 14%, which is identical to the calculated lattice mismatch, for unstressed

materials.

The quasi-van der Waals epitaxy growth mode requires a passivation of dangling

bonds at the Si interface. Careful examination of the STEM images at the Si/Bi2Te3

interfaces clearly reveals a double layer of Te atoms at the interface (see Fig. 4.10a).

The average contrast curves along the growth direction in two different neighbouring

regions (red and blue frames) is plotted in Fig. 4.10b. An additional atomic layer is

distinguished between the Si surface and the first QL of Bi2Te3 in both plots (depicted

by red arrows). This indicates the presence of an single layer of Te at the interface,



4.5. BI2TE3 FILMS CROSS-SECTIONS BY STEM 101

since the height of the correspondent peaks of the linescans is similar to those of the

Te atoms within the QLs. Thus, in the initial growth phase the Si surface undergoes

a Te passivation and after that the growth of the Bi2Te3 film starts.

The linescans across the interfaces show that at some places even a third peak is

visible (indicated by the question mark in Fig. 4.10b), which can be identified as a

mixture between Si and Te. Indeed, the red curve shows the presence of a double Te

layer underneath the first QL, whereas in the region indicated by the blue frame no

second Te layer is observed. Presence of the second Te layer results from Si surface

roughness which appears due to the chemical cleaning of the substrate and remains

after the low temperature (700◦C) bake. Hence, we conclude that Te atoms tend to

smooth the Si surface by a substitution of missing Si atoms in several regions. Then,

the complete surface is covered by a Te passivation layer as a basis for the further

Bi2Te3 QL growth via quasi-van der Waals epitaxy.

Since the growth has been performed under Te-overpressure conditions and addi-

tionally the Bi-shutter was opened 2 seconds after the Te-shutter had been opened, we

suppose the Si surface dangling bonds are terminated by one monolayer of Te. Ap-

parently the first monolayer of Te terminates the dangling bonds of the Si substrate

and thus prepares the Si surface for van der Waals epitaxy. The next monolayer of

Te is already part of the Bi2Te3 film, thus the 2 Te monolayer are attached to each

other only by van der Waals bonds. The latter can be concluded from the distance

of the 2 interfacial Te layers, which matches the distance of the Te layer between the

quintuple layers within the Bi2Te3 crystal. Moreover, it can be stated from the STEM

images that high quality Bi2Te3 films have been achieved without the presence of any

amorphous or polycrystalline layer at the interfaces. The Bi2Te3 film is fully relaxed

even within the first QL.

4.5.2 Domains in Bi2Te3 films

In several STEM images different domains within a Bi2Te3 film are recognized. In

Fig. 4.11a,c islands of one of the domains (Domain I) are overgrown by another domain

(Domain II). These islands are separated by both in-plane and out-of-plane boundaries.

The height of the overgrown island is 4 QL in Fig. 4.11a and 6-7 QL in Fig. 4.11c. In

the latter image the island height cannot be exactly determined, since the region at

the Si/Bi2Te3 interface tends to amorphisation during the STEM sample preparation.

Since the STM measurements (see Chapter 4.4.1) predict the 3D to 2D transition of

the growth mode at a film thickness between 4 QL and 13 QL, we assume that this
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Figure 4.11: STEM images of different domains in the Bi2Te3 film. a) Domain I is
overgrown by domain II after 4 QLs. Both in-plane and out-of-plane
domain boundaries are observed. b) In-plane domain boundary with
Bi and Te atoms indicated by the violet and the green dots, respec-
tively. The stacking sequence is changed at the domain boundary (see
in detail in Fig. 4.12). c), d) Atomically resolved STEM images of a
vertical domain boundary as measured and filtered, respectively. The
“clouds” between the substrate and the film are artefacts of the sample
preparation for STEM.
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Figure 4.12: Atomic model of a) normal stacking sequence in the Bi2Te3 film; b)
stacking sequence at the domain boundary. The first QL possess
the (ABCAB) stacking sequence in both cases. The first Te layer
of the second QL is C, however the regular sequence in domain I is
(CABCA), whereas the domain II possesses the inverted stacking se-
quence (CBACB).

transition is connected to the island overgrowth.

The atomic structure of the in-plane domain boundary is shown in Fig. 4.11b. For

convenience, Bi and Te atoms are indicated by violet and green dots, respectively. The

kink shows the domain boundary. The atom models in case of both regular stacking

sequence and in-plane domain boundary are shown in Fig. 4.12. The latter corresponds

to the stacking observed in Fig. 4.11b. The stacking sequence in the QLs in the domain

I is (ABCAB) (upwards). The stacking sequence of the next QL in the domain I is

(CABCA) (see Fig. 4.12a). However, at the domain boundary, the next QL possesses

another stacking sequence, which is (CBACB). The further stacking follows the regular

stacking for domain II. Hence, a stacking fault causes a transition from domain I to

domain II, which is in accordance with the presence of two energetically equivalent

twin phases in Bi2Te3 (see Chapter 4.2.1). The domain boundary appeas at the weakly

bound Te I - Te I atomic sheets, i.e. between two QLs. The first Te I at the domain

boundary us C-plane (Fig. 4.12b), identical to the QL boundary within domain I (see

Fig. 4.12a). The observed stacking at the domain boundary is predicted to be the most

energetically preferable configuration [77].

A STEM image of an out-of-plane domain boundary is represented in Fig. 4.11c.

The domain boundary is found to be faceted and the boundary line is kinked. The

filtered image in Fig. 4.11d makes the Bi and the Te atoms easily distinguishable.

Although the atoms in the boundary region are displaced relative to their regular posi-

tions, no out-of-plane shift of the sticking QLs is observed for different domains. This

means that the Te and Bi atom sheets of domain I are always connected with the

correspondent sheets of domain II, despite two parts of a connected sheet are related
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a) b)

Bi
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Figure 4.13: a) STEM image of a threading defect through the complete thickness
of a Bi2Te3 film. The QLs are shifted relative to each other at the
different sides of the step, however the stacking order is not destroyed;
b) the correspondent atom model explaining the presence of 0.4 nm
steps (calculated 0.38 nm) on Bi2Te3 resulting form a 0.3 nm step on
the substrate surface. The shift of QLs results in the Bi and Te planes
of the same stacking growing together (marked by red triangles). Grey
and pink background is used for convenience, in order to distinguish the
neighbouring QLs.

to different planes (A, B, or C). Since these three planes are distinguished only by an

in-plane displacement of
a√
3
, the sticking of different sheets is compensated by a dis-

placement of the atoms at the out-of-plane domain boundary. It is remarkable that the

region with considerably displaced atoms at the boundary is only few atoms in width,

and the presence of such an out-of-plane boundary does not produce any threading

defects. The QL structure of the film remains undisturbed above the overgrown island

of domain II. Thus, the islands of different domains appear at the nucleation stage and

are subsequently overgrown by one of the domains. This evidences that the equilibrium

growth, beginning from the film thickness of several nm, is QL layer-by-layer growth

mode with a preferable adatom sticking at the edges of the terraces. This result con-

firms the conclusion given by the analysis of the growth dynamics in Chapter 4.4.

4.5.3 Threading defects in Bi2Te3 films

In contrast to the defects described in the previous chapter, which are localized within

the film and are not visible at the surface, threading defects are present in the film as

well. In Fig. 4.13a the QL structures at the right and the left sides of the samples are

shifted by 2 atom sheets. This defect originates at an atomic step at the surface of the

Si substrate. However, the stacking order represented by the inclined parallel lines is



4.5. BI2TE3 FILMS CROSS-SECTIONS BY STEM 105

not destroyed, i.e. the atoms are not displaced in the defect region.

For convenience, the Bi, Te and Si atoms are represented by violet, green and grey

dots, respectively. The QL boundaries are marked by dotted lines. The correspondent

atom model is depicted in Fig. 4.13b. Here, one clearly recognises a single step at the

Si substrate surface. The step height is nearly 0.3 nm for the Si (111) surface. It is

covered by a Te monolayer overgrown by a Bi2Te3 film. The QLs are stuck together

with the vertical displacement of two atomic sheets (0.4 nm), which is close to the

substrate step height. According to the shown atomic model, in this case three of five

atomic sheets are stuck to those composed of the same atoms, whereas two of them

are necessarily stuck to the other type of atoms: Bi to Te and Te to Bi (marked by red

triangles), keeping the same atom spacing within the atom sheet. The defect boundary

is not normal to the substrate surface either, but on the contrary is displaced relative

to the substrate step. This displacement increases with the film thickness.

Thus, it is found that the substrate steps can cause sub-QL layer steps at the sur-

face. Indeed, a number of sub-QL steps is observed by STM on the thick (13 and 30

nm, see Fig. 4.5a,b) films, which possess the height of either 0.4 nm or 0.8 nm. The 0.8

nm steps are attributed to the double or triple substrate steps or to the combination

of several defects.
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4.6 Discussion and summary

To summarise, we have studied nucleation, growth dynamics, and surface morphology

of MBE grown TI Bi2Te3 films on Si (111) substrates by a combination of in-situ STM

and ex-situ high-resolution STEM. For the first time, we have imaged ultrathin films

of Bi2Te3 by in-situ STM and atomically resolved STEM and, therefore, have got a

direct access to the structure of Si/Bi2Te3 interfaces as well as to the few first QLs on

the atomic level. This allows us to describe the growth mechanism of Bi2Te3 on a non-

native Si substrate with a 14% lattice mismatch in detail. Moreover, the incorporation

of different types of defects has been studied thoroughly.

Combining results of cross-sectional high resolution TEM with direct in-situ STM

investigations on the surface morphology of the films, allows us to conclude that a

highly mismatched single crystalline growth of Bi2Te3 takes place via one-step quasi-

van der Waals epitaxy on Te-terminated Si (111) surfaces without an amorphous or

a polycrystalline buffer layer. Right from the first QL, the grown film is completely

relaxed. Starting from the formation of separated islands (3D growth), the growth

turns from sub-QL mode into equilibrium QL layer-by-layer mode via the coalescence

of the independent islands. This results in a high quality single crystalline film.

The growth of a Bi2Te3 film on a (7 × 7)-reconstructed Si surface leads to larger

islands in the beginning of the Bi2Te3 deposition. Apparently, the number of nucleation

centres decreases and the diffusion length of ad-atoms increases on the well prepared

(7×7)-reconstructed surface, but no principle difference in the growth mode was found.

Thus, the surface defects seem to serve as nuclei for Bi2Te3 islands.

The adatom mobility is significantly affected by dangling bonds on the Bi2Te3 sur-

face, i.e. the dangling bonds decrease the adatom mobility. Hence, the atomic terraces

are narrower in the case of sub-QL growth, and several 0.4 QL separated islands are

present at the surface. Next, the growth turns into the a stationary QL layer-by-layer

mode. In this growth mode, the adatoms stick preferably at the step edges, due to the

high adatom mobility.

The growth starts from the substrate surface passivation by a Te monolayer. The

second Te layer is observed in several regions, which serves to smooth the defects at

the Si surface. Then, the growth of Bi2Te3 film starts in 3D mode by independent

nucleation of a number of islands on the passivated Si (111) surface. As mentioned

above, there are generally 6 possible different types of QLs: two groups of three types.

These three types within a group can be distinguished from each other only in terms



4.6. DISCUSSION AND SUMMARY 107

of in-plane displacement. At the same time, the groups differ from each other by an

in-plane rotation of 60◦, predicting the presence of two twin domains, which are equally

energetically favourable. The presence of the unexpected six peaks in the pole figure

measured for the three-fold symmetry (105) reflex is explained by the presence of two

domains. The difference in the intensities of the peaks for the both groups is a clear

sign for a difference in a volume percentage of domain I and domain II. It might be

mentioned here, that the ratio of the intensities between the two groups can be strongly

controlled by the growth rate of the Bi2Te3 film.

Due to the large lattice mismatch and the fact that the Bi2Te3 film is fully relaxed,

we suppose that the substrate orientation defines the orientation of the film only in

the very beginning of the growth, which is confirmed by the coincidence of film and

substrate orientation [73] (quasi-van der Waals epitaxy). In this case the islands are

floating on the substrate surface. This is quite clear, due to the large lattice mismatch

between Si and Bi2Te3 the Bi and Te atoms in laterally growing Bi2Te3 films are lo-

cated basically at any position with respect to the Si lattice. Adjacent islands will most

likely have either an in-plane displacement or will even be rotated towards each other.

Upon coalescence of small islands, in case of an in-plane displacement they can move

freely to find the correct position due to the weak bonding to the substrate. For larger

islands this may become more difficult and coalescence can entail to the formation of

dislocations.

The coalescence of the islands is accompanied by the sticking of the islands of

the different twin domains as well as the formation of dislocations in particular cases.

Moreover, the islands related to the different domains tend to be overgrown later by

one of the domains at a thickness of a few QL. The overgrown domains possess both

in-plane and out-of-plane boundaries. The former are characterised by a change in the

regular stacking order (stacking fault at the boundary). The latter show the sticking of

the different A, B, C planes of the same material, for example, Te A and Te B, accom-

panied by an atomic displacement within the narrow boundary region. The overgrown

domains do not cause the formation of sub-QL steps or threading defects, and, thus,

they are not visible at the thick film surfaces. The presence of overgrown domains is

in accordance to the sub-QL to QL growth mode transition. Probably, the domain

overgrowth is also more difficult for the larger islands. This could be experimentally

proved by a study of thick Bi2Te3 films grown on (7× 7)-reconstructed Si substrates.

The domain overgrowth mode described above does not seem to be the only pos-

sible mode because of the presence of dislocations and sub-QL steps observed in thick
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films. The dislocations density is in the range of 1 × 109 cm−2, which is few orders of

magnitude higher than for those grown by the zone melting method (1×105 cm−2) [97].

The high defect density appears as a consequence of the 3D growth in the nucleation

phase, due to the imperfection of a substrate surface and atomic steps. The latter

can be overgrowth by a Bi2Te3 film, resulting in a vertically shifted QL sticking. This

unavoidably requires a sticking of the atom sheets of different materials and the same

type (for example, Te A and Bi A) and causes sub-QL steps through the total film

thickness and to be observed at the film surface.

In the QL growth mode, all the sub-QL steps possess both origin and ending in the

dislocations cores forming so-called flakes. The flakes originate at the substrate surface,

softly bend between two screw dislocation cores and build a step to the substrate sur-

face at the edge. Since no sub-QL steps extending over the large areas are observed, the

sub-QL step formation is probably closely connected to the screw dislocation. Thus,

the following model may be introduced. The sticking of two neighbouring islands on

the substrate step causes either an out-of-plane shifted QL sticking or a perfect QL

sticking with strong local deformation of the film. The film deformation may be en-

ergetically more preferable if the substrate step has been smoothed by an additional

Te layer. Two parts of a coalesced island may stick in these different ways. This

yields an imperfect screw dislocation, i.e. a screw dislocation with its Burgers vector

parallel to the dislocation core and smaller than a lattice constant in this direction [98].

All of these defects probably appear as a consequence of the 3D growth in the nu-

cleation phase. However, the dislocation density is a few orders of magnitude smaller

than the island density at the nucleation stage. Therefore, the growth of the film is

accompanied by the formation of dislocations only in particular cases, probably if the

coalescence of the islands of different domains takes place. Thereby, the domain over-

growth mode is still considered to be preferable.

The observed three phase growth consisting of the substrate passivation, 3D growth

via the islands formation, and the subsequent 2D layer-by-layer growth is in accordance

with growth model suggested by LEED investigation on (7 × 7)-reconstructed Si sur-

face [79]. In that investigation, the crytical thickness of the 3D growth is found to be

nearly three QLs, which is in agreement with our results obtained by in-situ STM and

high-resolution STEM.

Further investigations of the nucleation and growth dynamics of single crystalline

Bi2Te3 films could be performed in the following directions. Firstly, the influence of
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substrate defects on the surface quality and on the number of defects in the thick

films should be studied. Secondly, the growth of Bi2Te3 layers on substrates from dif-

ferent materials can be investigated. Thirdly, the obtained results could be used for

the growth optimisation of different topological insulators on Si (111) substrates, for

example, Bi2Se3 or Sb2Te3 and their alloys, as well as other hexagonal layered materials.
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Chapter 5

Conclusion and outlook

The scope of this thesis is fabrication and characterisation of structural properties of

advanced materials and semiconductor nanostructures for wide spectra of novel appli-

cations in electronics, optoelectronics, and spintronics. Thereupon, a use of MBE and

in-situ STM is a perfect combination for investigation of nucleation and growth dynam-

ics of conducting materials on the atomic scale. The MBE allows the precise control

over both structural and electronic properties of the grown structures, providing a high

crystal perfection, chemical purity and desired doping of the grown materials. At the

same time, in-situ STM is powerful for the investigation of growth dynamics of the

grown structures on the atomic level, since it yields a direct access to their properties

directly under UHV conditions.

In the first part of the thesis it is reported on modification of an in-situ STM system,

which is compatible to the Si-Ge/TI MBE cluster. The performed maintenance and

upgrade resulted in a significant improvement of both UHV and noise characteristics

of the STM. Moreover, a new STM controlling system has been installed, resulting in

a significant functionality improvement. The test measurements carried out at (7×7)-

reconstructed Si (111) and MBE-grown Ge (001) surfaces confidently demonstrate the

characteristic features of these surfaces with atomic resolution in both X-Y and Z di-

rection and, thereby, serve as a calibration standard for the STM.

The second part is dedicated to nanofabrication of self-assembled small-period ar-

rays of Ge quantum dots (QDs) on pre-patterned Si (001) substrates and investigation

of their growth dynamics and structural properties by in-situ STM. The pre-patterned

Si substrates with period of 56 nm and with the field size of few hundred micrometers

are achieved. For the first time, the ultra-small period Ge QD structures are fabricated

by e-beam lithography, which is technologically integrative into the further device fab-

rication via referencing. The evolution of the morphology of the holes during the in-situ

111
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pre-growth annealing and the Si buffer layer growth are studied. The optimal substrate

temperatures during the annealing and the buffer layer growth are found to be 500◦C

and 300◦C, respectively. In this case, the holes tend to form the inverse pyramids with

the {113} facets. Increasing the substrate temperature results in a complete flattening

out of the patterning. The pre-patterned Si substrates are overgrown by the uniform

self-assembled Ge QD arrays. The achieved arrays are characterised by a high QD

density of 3 · 1010 cm−2 and a high surface coverage of 28.6%.

In-situ STM characterisation shows that the small-period ordered Ge QDs are

{105}-faceted truncated pyramids. The QDs are exactly positioned in the holes. How-

ever, no traces of the holes are visible after Ge deposition, neither as trenches surround-

ing the QDs nor as empty holes, where the Ge QDs are missing. This can be attributed

to the energetic preference for the QDs growth at the Ge nuclei compared to the empty

holes. Therefore, the holes, where the nucleation did not take place, tend to flatten

out by increase of the substrate temperature during Ge deposition. For the first time,

unordered Ge QDs grown during the substrate temperature ramp are investigated with

atomic resolution. Two competitive modes in the Ge growth are observed, which are

QDs growth with {105}-facets formation and (001)-step formation. This may cause the

observed background height differences at pre-patterned substrates, if the Ge growth

temperature is not sufficient.

In the third part of the thesis the nucleation and the growth dynamics of topo-

logical insulator Bi2Te3 on Si (111) substrates are discussed. The surface morphology

evolution during the deposition is studied by in-situ STM, in combination with ex-situ

STEM investigation of Bi2Te3 film cross-sections on the atomic level. For the first

time, it has been observed that the single-crystalline growth of fully relaxed Bi2Te3

films takes place in quasi-van der Waals growth mode on a Te-passivated Si (111) sur-

face. The film formation starts from independent nucleation of single-crystalline islands

with their subsequent coalescence and transition, firstly, to sub-QL growth and, finally,

to the equilibrium layer-by-layer QL growth. The 3D to 2D growth mode transition is

accompanied by incorporation of the defects, for example, stacking faults and thread-

ing defects originating from the substrate steps. Moreover, two different domains have

been observed. The presence of the two domains is attributed to the special features

in the crystal symmetry of Bi2Te3, which provides the presence of two energetically

equivalent twin domains.

The obtained results are of high importance in both fundamental physics and future

nanotechnology. The developed technology has been introduced to the fabrication of
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3D small-period arrays of Ge QDs for hopping-transport measurements and develop-

ment of single photon detectors. In future, the in-situ STM measurements at different

stages of the growth will be performed, in order to observe directly the QDs nucleation

and, thereby, to understand in detail Ge QDs nucleation mechanism in small-period

arrays. From the other side, it is of interest to reduce the periodicity and, hence, to

reach the lateral coupling between the neighbouring QDs.

The Bi2Te3 investigation envelops a new growth concept, which is not well-learnt so

far, and, at the same time, extremely important for the expected breakthrough in na-

noelectronics as a result of experimental discovery of topological insulators. The future

investigation in this direction will address to the influence of the substrate material

and the substrate preparation on the number of defects in the grown films as well as

to studying of the related TI materials and their alloys.
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Solid Films, 517(1): 293 – 296 (2008).



118 BIBLIOGRAPHY

[43] Zhenyang Zhong, A Halilovic, H Lichtenberger, F Schäffler, and G Bauer. Physica
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and D. Grützmacher. Journal of Crystal Growth, 324(1): 115 – 118 (2011).

[74] Guanhua Zhang, Huajun Qin, Jing Teng, Jiandong Guo, Qinlin Guo, Xi Dai,

Zhong Fang, and Kehui Wu. Applied Physics Letters, 95(5): 053114 (2009).

[75] Haijun Zhang, Chao-Xing Liu, Xiao-Liang Qi, Xi Dai, Zhong Fang, and Shou-

Cheng Zhang. Nature Phys., 5: 438–442 (2008).

[76] J. L. Zhang, S. J. Zhang, H. M. Weng, W. Zhang, L. X. Yang, Q. Q. Liu, S. M.

Feng, X. C. Wang, R. C. Yu, L. Z. Cao, L. Wang, W. G. Yang, H. Z. Liu, W. Y.

Zhao, S. C. Zhang, Z. Fang X. Dai, and C. Q. Jin. PNAS, 108(1): 24 – 28 (2011).

[77] D. L. Medlin, Q. M. Ramasse, C. D. Spataru, and N. Y. C. Yang. Journal of

Applied Physics, 108(4): 043517 (2010).

[78] Dong-Xia Qu, Y. S. Hor, Jun Xiong, R. J. Cava, and N. P. Ong. Science,

329(5993): 821 – 824 (2010).

[79] H. W. Liu, H. T. Yuan, N. Fukui, L. Zhang, J. F. Jia, Y. Iwasa, M. W. Chen,

T. Hashizume, T. Sakurai, and Q. K. Xue. Crystal Growth & Design, 10(10): 4491

– 4493 (2010).

[80] Tong Zhang, Peng Cheng, Xi Chen, Jin-Feng Jia, Xucun Ma, Ke He, Lili Wang,

Haijun Zhang, Xi Dai, Zhong Fang, Xincheng Xie, and Qi-Kun Xue. Phys. Rev.

Lett., 103: 266803 (2009).

[81] Atsushi Koma. Thin Solid Films, 216(1): 72 – 76 (1992).

[82] L. Kipp. www.ieap.uni-kiel.de/surface/ag-kipp, last modified: Feb. 21nd, 2011.

[83] R. Rudolph, Y. Tomm, C. Pettenkofer, A. Klein, and W. Jaegermann. Applied

Physics Letters, 76(9): 1101 – 1103 (2000).

[84] Hideki Yamamoto, Kenji Yoshii, Koichiro Saiki, and Atsushi Koma. Journal of

Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 12(1): 125 – 129

(1994).

[85] G. Niu, B. Vilquin, J. Penuelas, C. Botella, G. Hollinger, and G. Saint-Girons.

Journal of Vacuum Science & Technology B: Microelectronics and Nanometer

Structures, 29(4): 041207 (2011).

[86] H. D. Li, Z. Y. Wang, X. Kan, X. Guo, H. T. He, Z. Wang, J. N. Wang, T. L.

Wong, N. Wang, and M. H. Xie. New Journal of Physics, 12(10): 103038 (2010).



BIBLIOGRAPHY 121

[87] M. Fonin, J.M. Choi, U. May, J.O. Hauch, U. Rüdiger, and G. Güntherodt. Surface
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Grützmacher.


