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Consultant :
Doc. RNDr. Pavel Sobotı́k, CSc.

Charles University in Prague
Faculty of Mathematics and Physics
Department of Surface and Plasma Science,
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guidance and support during all my PhD study. This concerned education
in physics, electronics and fine mechanics as well as passing his experience
from non–physical branches.
I am also grateful to many other colleagues for collaboration and
valuable discussions. Thanks to Pavel Sobotı́k, Pavel Kocán, and Jakub
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Abstrakt: Interakce kovů III. a IV. skupiny s povrchem Si(100) v rozmezı́
teplot od 20 do 800 K byla studována pomocı́ rastrovacı́ tunelové
mikroskopie (STM) a mikroskopie atomárnı́ch sil (AFM). Adsorpci a
přeskoky jednotlivých kovových atomů na povrchu Si(100)-c(4×2) lze
sledovat pomocı́ STM za snı́žených teplot. Pomocı́ dvou metod byly určeny
aktivačı́ energie a frekvenčnı́ prefaktory pro přeskoky jednotlivých
indiových atomů – přı́mým STM měřenı́m za nı́zké teploty a pomocı́
kinetických Monte Carlo simulacı́ růstového procesu za pokojové teploty.
Kovy III. a IV. kupiny se v blı́zkosti pokojové teploty samouspořádávajı́ do
řetı́zků, které jsou pouze jeden atom široké. Atomárnı́ a elektronová
struktura řetı́zků byla zkoumána pomocı́ STM a dynamického
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Klı́čová slova: Si(100), STM, AFM, adsorpce, difúze
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Introduction
Silicon is the principal component of most electronic devices – computers,
televisions and mobile phones, as well as all other gadgets we are using
in everyday’s life. Silicon is almost exclusively used as a substrate in integrated circuits (microchips) due its low cost, high stability, easy oxidation,
possibility to prepare large single crystals and many other wonderful properties.
Understanding the silicon surfaces and interfaces is important for manufacturing the semiconductor devices. One of the many steps in semiconductor processing is deposition of metals on a clean silicon surface (heteroepitaxial growth). It is important to understand the whole process –
adsorption of a single metal atom, its diffusion along the surface and finally nucleation and formation of stable structures. This thesis focuses on
adsorption, diffusion and nucleation of group III and IV metals on Si(100)
surface.
Si(100) plane is the most commonly used silicon surface in the semiconductor industry. This plane is also interesting for primary research due to
its unique physical properties – it forms a reconstruction that is referred as
a simple (2×1) [1]. The Si(100)-(2×1) reconstruction is strongly anisotropic
which allows anisotropic diffusion of deposited atoms and growth of interesting nanostructures, especially quantum wires [2].
Group III and IV metals on Si(100) surface can easily self–assemble
into single–atom–wide chains at room temperature. At elevated temperature they form perfectly ordered arrays of magic clusters. The structures
as quantum wires and quantum dots have been subjects of an intensive
research in past decades due to their unique electronic, optical and catalytic properties. This work deals with submonolayer coverages of metals on the Si(100) plane. Submonolayer coverages are the most interesting
regime because the silicon reconstruction acts as a template for nanostructure growth. The specific interaction between the metal and silicon reconstruction allows formation of nanostructures that have no analogy in nature.
There are many analytic methods available in surface physics. Scanning
Tunneling Microscopy (STM) [3] has a unique position among all of them.
Unlike other methods, STM provides local information about surface elec-
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tronic structure of investigated objects with atomic resolution. It is possible
because STM analyzes the surface by tunneling current flowing between a
sample and a sharp probe (tip). The tunneling current decays exponentially
with distance of the interacting atoms, therefore only the ‘last atom’ of the
sharp tip is notably interacting with the surface. STM is an optimal tool for
investigating behavior of single atoms adsorbed on surfaces and studying
properties and electronic structure of of various nanoobjects. A limitation
for using the STM is that the sample must be conductive.
The Scanning Tunneling Microscope has gone a long way since its invention by G. Binnig and H. Rohrer in 1981. There are many methods
and submethods derived from STM. In particular, Atomic Force Microscopy
(AFM) [4] is worth mentioning. AFM is based on measuring a total force
between the probe and the surface instead of the tunneling current. The total force is a sum of many types of forces. Long-range forces (Van der Vaals,
electrostatic, magnetic, ...) usually play a major role. This had been limiting the resolution obtained in AFM for a long time. It took about 15 years
to design an AFM capable of achieving atomic resolution based on measuring short range attractive forces (chemical bonds) [5]. A recent trend
in scanning probe microscopy is combining measurements of short range
forces and tunneling current. This powerful combination provides complex
information about structural and electronic properties of the investigated
system.
The main disadvantage of scanning probe methods is a small sampling
rate. Recording one image takes typically about 1 minute. Atomic processes
occurring at metal adsorption on silicon surfaces have various activation energies ranging from 0.1 eV (diffusion of single atoms on silicon reconstructions) to few eV (detaching atoms from clusters). A complex study of adsorption and nucleation therefore requires using a wide temperature range.
Observing diffusion of single metal atoms by STM typically requires cooling
the sample while the processes concerning clustering the metal atoms can
be observed at elevated temperatures.
A combination of experimental and theoretical approaches is used in the
thesis to study adsorption of single metal atoms, their diffusion and finally
clustering and formation of nanostructures. The experimental methods are
STM and nc–AFM. From the theoretical methods, KMC (Kinetic Monte
Carlo) is used to simulate the growth process.
The thesis consists of two parts – theoretical introduction and experimental results. Chapter 1 describes base reconstructions of low–index Si
planes. Chapter 2 introduces theory of atomic processes on the surfaces –
adsorption, diffusion and nucleation. Chapter 3 briefly discusses the used
methods and tools – STM and AFM (experimental) and KMC (theoretical).
The results are divided into five chapters that proceed from low to high
temperatures.
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Chapters 4, 5 and 6 discuss diffusion of single indium adatoms on the
Si(100) surface from different points of view. In Chapter 4, morphology of
In layer deposited at room temperature is measured by STM and KMC is
employed to simulate the growth process. The simulations take the activation energies of hopping as parameters. Comparison of the simulated and
experimental data allows to determine the activation energies. Chapter 5
employs KMC to explain relation between activation energies for hopping
of a single adatom and a diffusion coefficient. Chapter 6 is focused on determining the activation energies directly from dynamics of single indium
adatoms observed by STM at low temperature.
Chapters 7 and 8 are focused on investigating nanostructures self–
assembled on the Si(100) surface in temperature range from 300 to 800 K.
Chapter 7 deals with mixed In–Sn chains grown on Si(100)-(2×1) surface
close to room temperature. Mixing of different metals is a promising
method for controlling electronic properties of the structures. Combination
of AFM force–site spectroscopy and STM imaging is used to determine
types of single atoms in the chains. Chapter 8 focuses on Si–Al nanostructures grown at elevated temperatures. Combination of STM, STS and AFM
is used to study atomic structure of metal–silicon clusters.

Chapter 1
Silicon Reconstructions
The chapter introduces low–index silicon planes and basic reconstructions
of these surfaces. The Si(100) plane and its reconstructions are described
in most detail because it is the major substrate in this thesis. The Si(111)
and Si(110) planes are described just briefly because they are occasionally
referred in the work.
Silicon crystallizes in a diamond cubic space group, which follows the
face-centered Bravais lattice. Each of the silicon atoms in the lattice forms
four strongly covalent bonds with neighboring silicon atoms. Some of the
bonds are cut upon cleavage of the crystal, which results in increasing the
surface free energy. An ideal (1×1) plane is energetically unfavourable,
therefore the surface reduces its free energy by reconstruction and relaxation.
The silicon surfaces are known to form a wide variety of complex reconstructions. The main purpose for reconstructing the surface is reducing a
number of surface unsaturated bonds (dangling bonds). Even though the
number of silicon reconstructions is huge, the reconstructions mostly consist only of few basic building blocks. These are simple structures that significantly reduce the surface energy. One example of the building block is a
dimer, which is a typical component of the Si(100) surface reconstructions.
Another type of the building block is an adatom/restatom typical for the
Si(111) surface.
Low–index Si planes are commonly used in the semiconductor industry
as substrates for microchip fabrication. Due to a direct connection of these
planes to applications, the atomic and electronic structures of the Si(100)
and Si(111) surfaces have been perfectly described and there are many
thousands of publications connected to these planes. The third low–index
plane – Si(110) – had been long omitted in the silicon industry because of
initial problems with the surface preparation. However, it has been recently
proved that the hole mobility is 1.5 – 2.5× higher on the Si(110) than on the
other low–index planes [6]. It is important for building fast devices with low
power consumption. Recent developments in FIN–FET transistors (nonpla-
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nar multigate transistors) [7, 8] also require usage of the Si(110) plane.
This plane is therefore becoming more important and it has very interesting physical properties, which is the main reason for mentioning it in this
chapter.

1.1
1.1.1

Si(100)
Energy balance – dimer formation

The unreconstructed Si(100) plane has two dangling bonds per atom upon
cleavage (fig. 1.1 (a)). The most effective way to reduce the corresponding
free energy is forming dimers [1]. It means that two neighboring Si atoms
make a covalent bond which results in halving the number of surface dangling bonds. Fig. 1.1 (b) shows a model of the (2×1) reconstruction with
symmetric dimers. The dimers are aligned in rows in [010] and [001] directions (called dimer rows).
Each of the Si atoms in the symmetric dimers has one half-filled dangling bond. It is energetically unfavorable and the surface free energy can
be further reduced when one atom is moved up and the other down (dimer
buckling). This is connected with a charge transfer from the lower to the
upper atom and removing degeneration of the dangling–bond band. The
charge transfer results in formation of partly ionic π–bond between the
atoms in the dimer and the Si(100) surface is therefore semiconductive [9].
It is strongly energetically favorable for the neighboring dimers in a single dimer row to buckle antiphase. Such buckling results in energy gain of
0.23 eV/dimer (see fig. 1.2). It is possible to arrange the neighboring dimer
rows in–phase (p(2×2) reconstruction) or antiphase (c(4×2)). The c(4×2)
reconstruction is energetically slightly more favorable, but the energy difference compared to the p(2×2) phase is very small (≈ 0.02 eV/dimer).

1.1.2

Room temperature – Si(100)–(2×1)

The energy barrier for switching the dimer buckling is about 100 meV
[10, 11]. The buckling switches very fast at room temperature, therefore
the reconstruction of the Si(100) surface appears as a simple (2×1) when
observed by experimental methods as STM or LEED.
Examples of room temperature STM images of the Si(100)-(2×1) surface
are in fig. 1.3. Orientation of the dimer rows changes by 90◦ at each step.
Si dimers appear symmetric in the STM images, except for several areas
where the dimer buckling is ’fixed’ by presence of surface defects.
Filled state STM images (1.3 (a)) show π–bonding states, which have
the electron density localized at the junction of the atoms within the dimer.
The rows observed in fig. 1.3 (a) directly correspond to positions of the

1.1. Si(100)
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Figure 1.1: Simple models of basic reconstructions on the Si(100) plane.
a) An unreconstructed surface. b) Si dimers without buckling. c) Si(100)c(4×2) reconstruction – the dimers buckle antiphase both along the dimer
row and in the neighboring dimer rows. d) Si(100)-p(2×2) reconstruction –
dimers buckle antiphase along the dimer row and in–phase in the neighboring dimer rows.

Figure 1.2: : Energy gain obtained by formation of symmetric dimers and
buckled dimers [9].

14

1. Silicon Reconstructions

Figure 1.3: Constant current STM images of Si(100)-(2×1) surface measured at room temperature. 35×35 nm. a) VS =−2.0 V, b) +2.0 V. Insets
show details of a step edge. c) Line profiles of dimers measured in filled
and empty states (three Si dimers, the line is in a direction perpendicular
to dimer rows). The images were measured on Omicron VTSTM.
dimer rows. Empty state STM images show the electron density of antibonding states. Each Si atom has an empty state that is localized outside
the junction of the Si atoms within the dimer. The bright rows in fig. 1.3
(b) correspond to positions between the neighboring dimer rows. The difference can be clearly recognized at the step edges (see the insets). The empty
state images have only a half–row at the edge while the filled states show a
full dimer row. The difference between localization of LDOS (local electrons
state density) in filled and empty states of the dimer is clearly illustrated
by measured height profiles of the dimers in fig. 1.3 (c).

1.1.3

Low temeperature – Si(100)–c(4×2)

When the surface is cooled below ≈200 K, the dimer buckling becomes
frozen and it is possible to observe the buckling on whole Si(100) surface,
not just next to the surface defects (fig. 1.4 (a)). However, the experimental methods as LEED or STM show a mix of (2×1), p(2×2) and c(4×2) on
the surface, depending on the temperature, sample doping, sample bias,
tunneling current, ... There was a long discussion about the origin of the
reconstruction mixing [12–16] and finally it has been proved that the dimer
buckling may be easily manipulated by an electron irradiation in LEED or
electron and hole injection in STM [17]. The base reconstruction (the lowest
total energy) is the Si(100)-c(4×2) and the other reconstructions are probe–
induced. This was finally proved by means of dynamic non-contact AFM
[18, 19].
As mentioned above, electrons and holes injected to the surface by STM
tip can switch the dimer buckling. This fact will be extremely important for
low temperature observations of adatom adsorption and hopping. The Si
dimer flipping rate depends mainly on the tunneling current, on the surface

1.1. Si(100)
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Figure 1.4: Constant height STM images of the Si(100)-c(4×2) surface
measured at 70 K. a), b) and c) are 3 consequent images of the same area
taken at VS = a) +0.8 V, b) −1.0 V, c) +0.4 V. The average tunneling current
was about 10 pA. The images were measured on Omicon Q–plus VTAFM
with an oscillating tip.
state that is used for the tunneling and on the sample doping. This topic
has not been described precisely so far. There are only few published works
on this topic. One important paper is related to the measuring of STM–
induced dimer flipping rate on the Ge(100)-c(4×2) surface [17] which is a
very similar surface to the Si(100)-c(4×2). Another interesting work was
done on the Si(100)-c(4×2) surface by nc–AFM [20].
In case of the Si(100) samples used in this work we can state the following: The doping is n–type (Sb doped) with a conductivity of 0.014 Ωcm.
The surface electronic structure contains a π–bonding state at −0.8 eV, a
π ∗ –antibonding state at +0.35 eV and a σ ∗ –antibonding state at +1.1 eV
(precise STS measurements are in Chapter 8). Tunneling into the π ∗ state
at +0.35 eV does not cause a significant switching of the buckling while tunneling into/from the other states does. This is illustrated in fig. 1.4 which
shows three consequent STM images taken at 70 K at various sample biases. First image shows a flawless c(4×2) reconstruction. The second image
is scanned in filled states and the reconstruction appears as a simple (2×1)
due to the tip–induced dimer flipping. The third image is again scanned in
empty states (small–bias) and some of the dimer rows are switched to the
p(2×2) reconstruction by the previous scanning in filled states. The noise
in the p(2×2) domains shows instability of the area.
When the Si(100) surface contains high density of defects, the dimer
buckling becomes partially fixed [16, 21] and it is possible to observe domains of the c(4×2), p(2×2) and (2×1) reconstructions at any temperature.

1.1.4

Surface defects

Surface defects are a very important part of the Si(100) surface. Unlike
the other Si planes, the Si(100)-(2×1) reconstruction usually contains a sig-
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Figure 1.5: Constant current STM images of Si(100)-(2×1) surface measured at room temperature, a) VS =−1.5 V, b) +1.5 V. A, B and C–type defects
are marked. The images were measured on Omicron VTSTM.
nificant concentration of defects. It is very difficult to prepare a flawless
Si(100)-(2×1) reconstruction. There are three major types of defects on the
Si(100) plane. Historically they were marked A–type, B–type and C–type
[22]. An example of filled and empty state STM images of those defects is
in fig. 1.5.
The A–type defect was interpreted as a missing dimer. The B–type
looks like two neigboring missing dimers. The C–type defect is an adsorbed
molecule of water [23–28]. The concentration of the A and B–type is mostly
governed by degassing of the sample. The C–type defect concentration depends on residual pressure of water in the vacuum chamber.
The first two, A and B–type are not very important for a metal nucleation on the Si(100) surface [29, 30]. These defects are nonreactive and
they act only as blocking sites for the adsorption. It means that no adatom
can adsorb at these defects and adatom diffusion through these positions
is blocked. The C–defect is very important because it creates two dangling
bonds on the surface. These dangling bonds are very reactive and the C–
defect acts as a nucleation center for growth of nanostructures. The concentration of C–defects is an important parameter for morphology of the
deposited layer [31–34]. In some cases the C–defect concentration can be
even the governing factor for growth kinetics.

1.2

Si(111)–(7×7)

The Si(111)–(7×7) is probably the most famous reconstruction at all. This
surface has been a subject of an intensive research for several decades.
Nowadays it is probably the best described semiconductor surface. A ’DAS’

1.2. Si(111)–(7×7)
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Figure 1.6: Dimer–Adatom–Stacking fault (DAS) model of the Si(111)(7×7) reconstruction [35].
model [35] – which means Dimer Adatom Stacking fault – is a widely accepted structural model of the (7×7) unit cell. The primitive unit cell consists of two triangular half unit cells (HUCs) called ’faulted’ (F) and ’unfaulted’ (U). The top layer of atoms in HUCs appears symmetric, but the
second layer of Si atoms is shifted in the faulted HUC, creating a stacking
fault. The most pronounced feature of each HUC are six adatoms – three
corner and three center adatoms, each of them has one dangling bond with
a metallic character (the surface band coming from adatoms is at the Fermi
level). Each HUC has three restatoms, each of them is positioned among
three neighboring adatoms. Charge from the three adatoms is partially
transferred to the restatom [36]. The restatom orbital is therefore occupied
by two electrons and its energy lies about 0.7 eV below the Fermi level [37].
There is a corner hole at each corner of the HUC. Neighboring HUCs are
separated by rows of dimers.

Figure 1.7: A constant height STM images of the Si(111)-(7×7) reconstruction taken at VS a) +5 mV, b) −5 mV, c) −1 V. The image size is 8×8 nm.
Fig. 1.7 shows an example of STM images of the (7×7) reconstruction.
Empty states show all adatoms with equal brightness. Filled state images show differences in electronic structure of the faulted and unfaulted
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HUCs – the faulted cells appear significantly brighter. The corner and center adatoms have different brightness due to the different charge transfer
mechanism. When the sample bias exceeds about −1 V (in absolute value),
it is possible to observe the restatoms as well (fig. 1.7 (c)). The electronic
structure is described in more detail in ref. [37].
The Si(111)-(7×7) surface is a model surface that is often used for testing new methods. It was also a kind of ’testing system’ for STM [38] long
time ago. In this work it will be used for demonstrating examples of metal
diffusion and basic functions of a non–contact AFM.

1.3

Si(110)–(16×2)

Figure 1.8: Constant current STM images of the Si(110)-(16×2) reconstruction. a) 300×300 nm image of an area with two domains. b)-d) A detail of
the reconstruction measured at VS = −1.0 V, −0.1 V and +1.0 V, respectively.
The basic building block of the reconstruction (a pentagon pair) is marked.
An elementary unit cell is marked in d). The images were measured on
JEOL JSTM-4500XT.
The Si(110) is the third low–index plane which had been omitted both in
applications and in a primary research for a long time, but its importance
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currently grows. There are several problems with the (16×2) reconstruction:
• It cannot be prepared when the surface is contaminated even by a
small amount of metals.
• It is difficult to prepare large domains of the reconstruction, but this
problem has been solved recently [39, 40].
• Unlike the other base Si reconstructions, the Si(110)-(16×2) does not
have a widely accepted structural model. It slows down any research
conducted on the reconstruction. The structure of the Si(110)-(16×2)
reconstruction has currently attracted lots of attention [41–46].
The base reconstruction of the Si(110) plane is the (16×2), more precisely
¯
(5,11)×(2,2). It is also possible to create a (5×8) reconstruction [47], but this
one will not be discussed here. The (16×2) reconstruction has many properties which are interesting for main streams in nowadays surface science
research.
• The surface contains alternating up– and down–steps with periodicity about 5 nm, running in [1̄12] and [11̄2] directions. This creates upper and lower terraces about 2.5 nm wide. The surface is
therefore anisotropic and it is a perspective template for growth of
1–dimensional structures (quantum wires).
• The reconstruction is chiral (it does not have a symmetry plane). This
is a rare property among all surfaces. Chirality is an important feature in organic systems. Currently there is a pressure from industry
to connect the silicon technology with organic molecules. This combination offers a possibility of producing a new generation of low cost
electronic devices [48, 49]. It has been already proved that the (16×2)
reconstruction is a suitable template for a self–assembly of simple
molecules [45].
Fig. 1.8 shows STM images of the Si(110)-(16×2) surface. Fig. 1.8 (a)
shows a large area of a double-domain reconstruction. Figures 1.8 (b)–(d)
show details of the electronic structure measured at various sample biases. A basic building block of the reconstruction is so called ‘pentagon’
[41], which is included four times in a primitive unit cell. The pentagon appears as a ring with four spots in filled states and five spots in empty states.
A true atomic structure of the ring still remains unclear.
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Preparation of the reconstructions

Silicon surfaces for STM experiments are most usually prepared by a flashanneal procedure in UHV. The base pressure in the chamber must be better
than 1×10−7 Pa but a pressure about two orders of magnitude lower is desirable to keep the surface clean for the whole time of the experiment. The
samples are cut from a corresponding Si wafer into size most usually from
1×6 to 2×10 mm. Small sample sizes are preferred because of reduced
heating of the surrounding area during the degassing and flashing. Small
samples allow preparing reconstructions with lower defect concentrations.
The samples are usually heated by a DC current because the heating power
is dissipated directly at the sample and outgassing from the sample surrounding is suppressed.
The samples must be first degassed after introducing to vacuum at temperatures from 600 to 660◦ C for few hours or days, depending on the Si
plane and the desired defect concentration. Exceeding the ≈660◦ C for a
longer time period prior to the first flash leads to slow removing of the oxide
layer and usually results in a roughening of the sample. The roughening is
an irreversible transition which destroys the surface. It is possible to degas
the sample at lower temperatures down to about 300◦ C, but considerably
longer times are necessary for obtaining a reconstruction with the same
quality.
After the initial degassing, the oxide layer is removed by repeated flashing of the sample to 1200◦ C for several (5–30) seconds. The pressure in the
chamber should not exceed 1×10−7 Pa during the flash.
Degassing and flashing removes most contamination from the sample.
Obtaining various surface reconstructions requires more or less complicated procedures.
Si(111)-(7×7) is the easiest to prepare. Flash the sample to 1200◦ C for
5s, then quickly decrease the temperature to 900◦ C and slowly cool down
to room temperature at rate about 1◦ C/s. Slow cooling is important to form
large domains of the reconstruction.
Si(110)-(16×2) has a similar procedure: Flash the sample to 1200◦ C for
5s and quickly decrease the temperature to 750◦ C. Then slowly decrease the
temperature to about 600◦ C in approx. 30 minutes.
Si(100)-(2×1) is prepared by flashing the sample to 1200◦ C and immediate cooling down to rooom temperature. This reconstruction has the most
simple preparation procedure, but it is very difficult to fabricate a high quality surface without A–type and B–type defects. For extremly low defect
concentrations, a special degassing procedure is necessary.
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Figure 1.9: STM images of surfaces with low defect density. a) Empty
states of Si(111)-(7×7) with a domain boundary in the middle. b) Filled
states of Si(100)-(2×1). The images were measured on Omicron VTSTM.
The extra–degassing procedure is described in ref [50]. It is based on
a fact that after the initial degassing and flashing, the sample can be annealed to temperatures up to ≈900◦ C for several days. The only requirement is that the sample holder must be previously perfectly degassed to
avoid any contamination of the Si sample. Using this extra–degassing procedure allows to prepare reconstructions with a minimal defect concentration. However, prolonged heating generally leads to massive transport of
Si along the sample and often increases the step density, creates multilayer steps and so on. Cleanness of the reconstruction therefore competes
with the requirement of large terraces. This degassing procedure can be
applied to any silicon plane, not just the Si(100). Fig. 1.9 shows examples of Si(111)-(7×7) and Si(100)-(2×1) reconstructions after the sample was
extra–degassed for 2 days at 900◦ C.
According to author’s experience, the reconstructions with the lowest
defect concentration were obtained on samples which were repeatedly used
after venting the UHV chamber. It seems that oxidation of the surface in
ambient conditions is very effective for removing the surface contamination.
The cleanness of the sample and the low intrinsic defect density is extremely important for many experiments related to the metal adsorption on
silicon surfaces. It concerns especially the experiments at low metal coverages, when the concentration of metal adatoms is comparable to the defect
concentration. It was proved that the defect concentration can be the determining factor for all growth process in some cases. This is for example
the case of the C–defect on the Si(100) surface and growth of indium chains
[33, 51].
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Various types of defects are also problematic when KMC simulations
are used to model the growth process. Interaction of the adsorbate with the
defects is usually not perfectly described and the defects can bring a significant uncertainty to the physical model used for the KMC simulation. In
summary, the low defect concentration makes the experiment well defined
and brings more valuable results.

Chapter 2
Atomic processes on the
surfaces
This work focuses on early stages of the heteroepitaxial growth, below the
first monolayer. In this stage we can identify several key processes:
1. Adsorption – Single atoms are deposited on the surface.
2. Hopping – Single atoms perform thermally activated hopping among
potential minima on the surface. The adatoms do not affect each other.
3. Nucleation – Atoms form stable structures by meeting other single
atoms, surface steps, surface defects, ...
4. Detachment – Single atoms detach from existing islands.
5. Exchange with substrate atoms – At higher temperatures the substrate atoms may be released from the surface and take part in the
nucleation and clustering. The metal adatoms can be also exchanged
for silicon substrate adatoms. This can result in formation of ordered
arrays of clusters (magic clusters) for a suitable combination of the
surface reconstruction and deposited metal.
Each of these processes is related to a certain activation energy. The corresponding energy barriers generally grow from the first point to the last
in the above list. A possibility to record single events on the surface by
STM depends on their lifetime. Single adsorbed atoms and their hopping
can be observed mostly at low temperatures. The detachment from clusters
is observed around room temperature. Finally, releasing of the silicon substrate atoms is a matter of elevated temperatures. This thesis studies the
interaction of various group III and IV metals with the Si(100) surface in
temperature range from 20 to 800 K, which covers all of these elementary
processes.
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Single atom adsorption
Metal deposition

Molecular Beam Epitaxy (MBE) is the most suitable method for the preparation of submonolayer coverages of metals for SPM experiments. In this
work the metals were evaporated either by resistive heating or by an electron bombardment (see appendix A.2). In both cases, only single atoms are
deposited on the surface (not clusters) and a sticking coefficient is S = 1. It
means that any atom arriving at the surface immediately forms a chemical
bond with the silicon substrate.
A significant difference was observed between the cases when the deposited metal was heated resistively or by the electron bombardment. In
case of the resistive heating, evaporated atoms are electrically neutral and
they have just a thermal energy corresponding to the temperature of the
source (typically kT ≈ 100 meV at temperatures for evaporating group III
and IV metals).
On the other hand, a significant part of the deposited atoms is ionized
(positive charge) when the evaporator is based on the electron bombardment. The most common construction puts the high voltage on the crucible
with the evaporated metal. This construction accelerates the ions up to the
energy corresponding to the crucible potential (few hundreds eV). The presence of the high energy ions in the molecular beam can significantly affect
the adsorption process.
This is illustrated in fig. 2.1 where indium atoms were deposited on the
Si(100)-c(4×2) surface cooled to low temperature by means of an Omicron
EFM3 evaporator (the metal was heated by the electron bombardment). Details about the indium islands can be found for example in refs. [31, 33, 52].
This system is also described in chapter 4. In fig. 2.1 (a) the ions were
present in the molecular beam. The high energy ions brought an extra energy to the surface and allowed adatom diffusion and nucleation. Statistical
parameters of the layer (mean chain length 3–4 atoms) were almost independent on the sample temperature in the range from 20 to 100 K. On the
other hand, single indium adatoms were the most populated structures in
fig. 2.1 (b) where the high energy ions were extracted from the molecular
beam by a magnetic field.
To observe single adatoms at low temperature it is either necessary to
remove the ions from the molecular beam or to use a resistively heated
source. In case of room temperature experiments, the high energy ions seem
to have no effect on the growth process because the ratio of ion–induced
events is not so critical when compared to the thermally activated events.
The ions can be easily extracted either by an electrostatic or magnetic
field. We used an external magnetic field (≈0.1 T).
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Figure 2.1:
≈0.03 ML In deposited on the Si(100)-c(4×2) reconstruction from an evaporator based on electron bombardment (Omicron EFM3).
VS =−2.0V, 30×30 nm. a) 37K, with high–energy ions in the beam, b) 78K,
ions were extracted by a magnetic field. Labels mark number of In atoms
in the clusters. Presence of high energy ions in (a) induced adatom hopping
and island nucleation.

2.1.2

Imaging of single adatoms by STM

As suggested before, the visualization of single metal adatoms by STM requires low temperatures, because the activation energies for hopping between neighboring potential minima on semiconductor surfaces are typically in order of few tenths eV. Let’s illustrate this on a simple example of
Ag adatom on the Si(111)-(7×7) reconstruction. Metal adsorption on the
Si(111)-(7×7) reconstruction is a well studied phenomenon because it has
been a major topic in the surface science in the past decades [53–59].
Figure 2.2 shows the Si(111)-(7×7) surface with a small amount of deposited Ag atoms (≈0.003 ML). The image is adopted from ref. [54]. Some of
the half unit cells in fig. 2.2 (a) appear brighter, which is induced by adsorption of Ag atoms. The STM images were first interpreted as silver clusters
containing 3 or 6 Ag atoms each, adsorbed on center/corner adatoms. Later,
by precise measurement of deposited amount of metal atoms and calculating density of deposited atoms, it had been proved that each of such bright
HUCs contained only one silver atom [58].
The pattern in STM images changes significantly after cooling the sample. At 78 K (fig. 2.2 (b)) we can observe that the bright HUCs appear
‘fuzzy’. Finally each of the HUCs contain just one bright spot at 5 K. The
STM image at room temperature is created by the following way: The Ag
adatom is performing thermally activated hops inside the HUC but it cannot leave the half unit cell because the energy barrier is too high (0.93 eV for
intercell hopping [60] versus 0.4 eV for intracell hopping [53]). The intracell
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Figure 2.2: STM images of single Ag atoms in half unit cells of the Si(111)7×7 reconstruction. The image is adopted from ref. [54]. VS =-2 V. a) 298 K,
b) 78 K, c) 5 K.
hopping rate at room temperature is higher than the STM scanning rate.
The hopping rate is even higher than the bandwidth of STM preamplifiers
(10–100 kHz). As a consequence, room temperature STM images show only
time–averaged electron density of several distinct surface configurations.
After cooling the surface to 78 K, the hopping frequency becomes lower, but
still higher than the time for taking one STM image. This results in capturing ‘fuzzy’ images as in 2.2 (b). Finally at 5 K we can measure the true
spatial distribution of LDOS corresponding to single adsorption positions of
Ag atoms.
The STM images show that the presence of Ag adatom is related to existence of a single bright spot at the Si adatom position. However, the real Ag
location is different. Upon interpreting the STM images it is necessary to
realize that the occupied electron states with an energy close to the Fermi
level appear as the brightest ones for most sample biases. Therefore the
STM generally images dangling bonds. The true Ag adsorption position
with the lowest total energy is near the restatom [54]. Ag forms a covalent
bond with the restatom which results in a charge transfer from the double
occupied restatom back to the neighboring adatoms. The adatoms consequently appear brighter in STM. Electronic states of Ag atoms are further
from the Fermi level and cannot be observed by conventional topographic
STM imaging.
The example of Ag adsorption on the Si(111)-(7×7) surface is nowadays a
model system and it brings a nice illustration of two important facts related
to the single metal atom adsorption on silicon surfaces:
1. Hopping of adatoms among several adsorption positions often affects
STM imaging of the surface. Limited imaging rate and limited band-
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width of the STM preamplifier can result in imaging of several time–
averaged surface configurations.
2. We cannot deduce the real adsorption position from the STM image
itself. The STM data can only serve as a suggestion for building a
structural model of the system. Such a model is usually used as an
input for an ab − initio calculation which energetically optimizes the
structure, calculates the surface LDOS and the STM images. If the
measured STM images are in a good agreement with the calculations,
it supports the structural model, but still it is not an absolute verification.

2.2

Diffusion

Diffusion is an important process in biology and chemistry, as well as in the
surface science. There are two different views on the diffusion:
1. Macroscopic – the diffusion is a transport of material against a gradient of concentration. In this case the major physical quantity is a
diffusion coefficient D.
2. Microscopic – we can focus on a single particle and trace its thermal
motion in real space.
The first approach (macroscopic) can be illustrated by an ink droplet in
a shallow water bath and its spreading in the water. The second approach
(microscopic) was first touched by the biologist Robert Brown who observed
jiggling of pollen grains in water (in 1827). It took almost hundred years to
show that both phenomena have the same origin. Diffusion is a transport of
particles powered by thermal fluctuations. The theoretical work by Albert
Einstein showed that there was a relation between the diffusion coefficient
and the thermal energy of a single particle [61].
D=

kT
,
γ

(2.1)

where k is the Boltzmann constant, T is the thermodynamic temperature and γ reflects a drag force to the diffusing particles (resistance of the
environment).
Diffusion is critically important for the growth of nanostructures.
Growth of metal layers on reconstructed silicon surfaces is generally a
non–equilibrium process, therefore the diffusion of adatoms plays a crucial
role for properties of the prepared layer. In surface science, the microscopic
approach is more suitable for description of the diffusion. The main
parameter during the growth of nanostructures is a mean path reached
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Figure 2.3: A simplified 1–D model of a potential energy surface for an
adatom on reconstructed surface.
by a single adatom in given time. This quantity is directly related to the
microscopic approach, which will be shown below. Further, it is quite
simple to calculate the diffusion coefficient from a knowledge of elementary
processes on the surface, but the reverse way is non–trivial.

2.2.1

Activation energies for hopping

The semiconductor surface can be viewed as a two–dimensional potential
energy surface for adsorption of a single metal adatom. The potential in
each point can be defined as a minimum total energy of the system while
the adatom x,y–position is fixed at the given point and the z–position is
relaxed at this condition. The periodicity of the potential is essentially the
same as the surface periodicity.
To illustrate elementary physical laws for behavior of the adatom in the
potential relief, we will continue with the example of the Ag atom on the
Si(111)-(7×7) surface [54, 60]. Figure 2.3 shows a simplified model of the
surface potential. The adatom can be either in a faulted (F) or unfaulted
(U) HUC. The atom can hop into one of the three neighboring HUCs. However, the 1–D model in fig. 2.3 is sufficient for an illustration because the
adatom can always hop only into the opposite type of HUC the the currently
occupied one. Adsorption in the faulted half is energetically more favorable. There is an energy barrier EF for leaving the faulted HUC and EU for
leaving the unfaulted HUC. At the sample temperature T the adatom with
a Boltzmann energy distribution has a probability exp(−EF /kT ) of having
an energy higher than the EF . The frequency of attempts for passing the
barrier is called a frequency prefactor ν0 and it is related to the phonon
frequency of the crystal. The mean rate of passing the barrier is therefore
defined by the Arrhenius formula [62]
EF
),
(2.2)
kT
where k is the Boltzmann constant. The same equation can be written for
the unfaulted cell
νF = ν0F · exp(−
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Figure 2.4: A model for adatom hopping on the Si(100)-(2×1) surface.

EU
).
(2.3)
kT
At a quasi–equilibrium state, the number of hopping events from U to F
and vice versa must be equal to keep the detailed balance principle [63].
νU = ν0U · exp(−

EU
EF
) = pU · ν0U · exp(−
),
(2.4)
kT
kT
where pF and pU are fractional occupancies of the corresponding HUCs.
It is therefore possible to simply estimate the energy difference ∆E between
the activation energies EF and EU . The ∆E is an important parameter
because it equals to the energy difference between the energy minima of
the HUCs.
pF · ν0F · exp(−

pF
ν0U
EF − EU
=
exp(
).
(2.5)
pU
ν0F
kT
The elementary laws for hopping of adatoms in the potential relief of
reconstructed surface were illustrated on the model system of the Si(111)(7×7) reconstruction but the rules are general. In the above case it was
possible to use the simplified one–dimensional model because the adatom
can always hop only from FHUC to UHUC and vice versa.
Now we can turn to discussion of the more complicated case of the
anisotropic Si(100) surface. A simple model for an adatom hopping on the
Si(100)-(2×1) reconstruction is in fig. 2.4. The size of the primitive unit
cell for hopping was chosen the same as the primitive unit cell of the (2×1)
reconstruction.
In the simple model the adatom can hop to four adjacent adsorption positions from the starting point. The energy barrier for hopping in direction
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parallel to the chains that grow on the Si(100) surface (the chains are discussed below) is labeled Ek and the perpendicular hop requires activation
energy E⊥ . The parallel/perpendicular marking is opposite to the direction
of the Si dimer rows. In other words, the Ek is an activation energy for a hop
parallel to the chains but perpendicular to the dimer rows. We can express
the corresponding mean hopping rates as
Ek/⊥
).
(2.6)
kT
We can apply a principle of superposition because we can treat the hopping in parallel and perpendicular directions as independent events. The
total hopping rate of the adatom is a sum of the rates for both cases,
νk/⊥ = ν0 · exp(−

ν = ν⊥ + νk

(2.7)

and the lifetime of an adotom in an adsorption position is inverse to
the total hopping rate τ = 1/ν. We can also express lifetimes τk and τ⊥ in
adsorption positions with respect to the single hopping events as
Ek/⊥
1
).
(2.8)
· exp(+
ν0
kT
Interpretation of the quantities τk and τ⊥ requires an explanation. As
long as the hopping in the two directions is independent, we can completely
ignore hops in one direction and focus only on the other. When determining
the mean lifetimes from STM measurements (Section 2.2.3), we can process
the two types of hops separately and determine the mean lifetimes for each
direction. This way we can determine both activation energies Ek and E⊥ .
For simplicity we treat the frequency prefactors equal for both parallel
and perpendicular hopping. The primitive unit cell has a (2×1) size but in
the KMC simulations (see Chapter 4) performed in this work we will treat
the unit cell as (1×1). This considerably simplifies the growth model while
its reliability is not damaged.
The above model for adatom hopping on the Si(100)-(2×1) surface is
suitable for KMC simulations of the growth process at room temperature
(Chapters 4 and 5). The model is based on the periodicity of the (2×1) reconstruction and it does not require deeper theoretical knowledge of the
system. It is worth mentioning that Albao et al. have recently calculated
the potential relief for hopping of group III atoms on the Si(100)-c(4×2) surface by DFT [64]. This case is more complicated and it will be discussed in
Chapter 6.
τk/⊥ =

2.2.2

Determining the diffusion barriers – calculation

Activation energies for hopping (diffusion barriers) are the key parameters
that govern the surface diffusion. There are many methods for determin-
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ing the barriers based on theory, experiment, or combination of both. The
corresponding techniques are the Density Functional Theory (DFT), direct
STM observations and Kinetic Monte Carlo (KMC) simulations.
The basic theoretical approach is the ab − initio calculation (almost exclusively DFT). It allows to calculate the atomic and electronic structure of
the surface–adatom system and to evaluate and compare total energies of
different adatom configurations. It is either possible to directly calculate
the potential energy surface (PES) as a 2–dimensional map (for example
[64]) or calculate only several representing points [54]. The energy barrier
for hopping between two neighboring potential minima is evaluated as the
energy barrier in the optimal hopping pathway.
The approach based on the KMC calculations uses the following way. A
metal layer is grown at well-defined conditions (sample temperature, deposition rate, total coverage, ...). Statistical properties of the layer are determined from an STM measurement. The suitable statistical quantities may
be for example a mean island size or normalized island size distribution
[52]. Then a growth model must be formulated and used to simulate the
growth process by KMC, while the activation energies are parameters. The
result of the KMC simulation is a layer that can be compared to the experimental data. The set of activation energies providing the best agreement
with the experiment is the result. It is possible to have several parameters
in the simulation but according to the author’s experience the maximum
which can be trusted are two free parameters.
The advantage of the KMC approach is that the growth process is not
affected by the STM tip. The diffusion and nucleation occurs without any
tip influence and the measurement consists of recording just a single STM
image when the layer is already relaxed. The main disadvantage is that a
complex physical model must be formed for the simulation while details of
the nucleation process are usually not known. Growth models are therefore
simplified as much as possible. On the other hand, omitting an important
process may result in drastic errors. A typical example is presence of the C–
type defects on the Si(100) surface. The C–defects are the governing factor
for nucleation of In and Ga on the Si(100) surface at room temperature
[29, 30, 32, 33, 51].

2.2.3

Determining the diffusion barriers – direct STM
measurement

The basic strategy of using STM for this purpose is to measure a time sequence of images and observe evolution of the system. To precisely determine the activation energy for hopping, we first need to estimate the mean
lifetime of an adatom in a single adsorption position (at given temperature).
Second, we need to repeat this for several temperatures. The activation en-
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ergy and the corresponding frequency prefactor can be then obtained from
the Arrhenius equation
EA
)
(2.9)
kT
by fitting a linear function through the dependence of ln(ν) vs. 1/kT . The
slope equals to EA and the offset equals to ln(ν0 ).
The ultimate advantage of the STM is the ability to trace the atom across
the surface. The time dependence of adatom position on the surface can be
used to determine distribution of adatom lifetimes in adsorption positions.
The hopping is a random Poisson process [65], therefore observation of multiple hopping events is necessary to determine the mean lifetime.
Assuming that the adatom is attempting to pass an energy barrier EA
and the sample temperature is T , the probability that the adatom is still in
the original position after time t is decreases as
ν = ν0 · exp(−

p(t) = exp(−t/τ ),

(2.10)

where τ is the mean lifetime. The function p(t) can be directly estimated
from STM measurements – we can focus on a single adatom and determine
the times between consequent hops. The τ can be determined by fitting an
exponential function through the measured dependence p(t). An example is
in ref. [53] or in chapter 6, fig. 3 (e).
There is a couple of methods for estimating the lifetimes in adsorption
positions by STM. The most simple method is just scanning the same area
for a long time and observing the adatom hopping. Examples of such image
sequences are in [66].
The range of hopping rates which can be measured this way is very limited – the fastest processes are limited by time of taking an STM image
(about 1 minute) and the slowest correspond to time of a single experiment
(few hours). This limitation led to development of many different methods
which can resolve faster hopping events. The basic idea is to restrict the
scanning from 2 dimensions to 1 or 0 dimension.
The 0-d ‘scanning’ means that the tip is positioned above a single adsorption position and a time dependence of the tunneling current is recorded.
Hopping of the adatom into or from the observed position results in a step
increase or decrease of the tunneling current. The measured signal contains
two–state fluctuations (telegraph noise). The high current value directly
corresponds to the case when the adatom resides underneath the STM tip
and the time record of the fluctuations therefore allows to determine the
lifetimes. This method is suitable when the adatom hopping occurs in a
limited area (i.e. the half–unit cell of the Si(111)-(7×7) reconstruction) to
hop under the tip at a sufficient rate. The method is also called ‘time dependent tunneling spectroscopy’ [53]. The rate of recordable events is limited
only by a bandwidth of the STM preamplifier.
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The 1-d restriction means that we choose a single line and repeat scanning only in this line. This method was used for example for studying an
evolution of lengths of 1-D indium chains on the Si(100)-(2×1) surface [31].
The line scanning is generally applicable for studying the diffusion when
the adatom movement is restricted to 1 dimension.
It is noteworthy that limiting the scanning to 1 or 0 dimensions considerably increases the time that the tip is directly interacting with the investigated adatom. It is important to carefully test whether the tip–surface
interaction affects the measured lifetimes. It can be done by varying the
scanning conditions - most typically sample bias or tunneling current. An
example of such procedure can be found in [31]. The tip–surface interaction
is discussed in more detail in chapter 3

2.2.4

Diffusion coefficient

There are several different definitions of diffusion coefficients. The most
typical is the Collective diffusion coefficient DC [67] defined by the first
Fick’s law
~j = −DC (ρ)∇ρ(~r, t),

(2.11)

where ~j is the particle current density and ρ is the density of particles.
Another type is the Tracer diffusion coefficient DT defined by the Einstein’s
diffusion equation [61]


2
1
~
~
Ri (t) − Ri (0)
,
(2.12)
DT = lim
t→∞ 2dt
which states that the mean square displacement of a particle is a linear
~ i is the pofunction of time. d is a number of dimensions, t is the time, R
sition of i–th atom. The diffusion coefficients are functions of temperature
and coverage, but they also depend on the exact morphology of the layer.
For example, the group III metals form linear chains on the Si(100) surface,
which block adatom diffusion in one direction. This induces anisotropy of
the tracer diffusion coefficient, regardless the anisotropy in activation energies of hopping.
Various definitions of the diffusion coefficient ensure that the values are
equal in a limit of a single particle on the surface. For a system of non–
interacting particles it is possible to find a simple approximative relation
between the DC and DT , but no reliable approximation exists for even the
simplest interaction between the particles.
The above facts suggest that describing the surface diffusion by activation energies of hopping is much better than finding the diffusion coefficient. With the correct values of the activation energies, it is possible to
simulate the hopping processes on the surfaces by means of KMC and it is
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Figure 2.5: A model of the surface polymerization reaction – the mechanism for growth of single atom wide chains on Si(100).
also possible to calculate the tracer diffusion coefficient using equation 2.12.
However, knowledge of the diffusion coefficient does not allow us to simply
calculate the activation energies for hopping. For sure, the choice of the approach depends on the type of the studied problem, but the description by
the activation energies is much better for metal diffusion on the anisotropic
Si(100) surface.

2.3

Nucleation – growth of nanostructures

Reconstructed silicon surfaces are often used as templates for growth of
different nanostructures. There are two key factors that affect the resulting
layer:
1. The combination of the silicon reconstruction and adsorbate. This
combination determines the activation energies for adatom hopping
and interaction between the adatoms.
2. Growth conditions – the sample temperature, the deposition rate, the
metal coverage, ...
The unique electronic structure of the Si(100) surface allows self–
organization of many different species into single–atom–wide chains
(nanowires). The spontaneous self–assembly occurs due to the ‘surface
polymerization reaction’ [68]. The chain–like structures are typical for the
group III and IV atoms (Al, Ga, In, Sn, Pb, ...) [68–74] but also other metals
or even organic molecules [75] form chains on the Si(100) surface.
The principle of the surface polymerization reaction is described in
Fig. 2.5. The basic building block of the chain is a dimer oriented parallel
to the Si dimers and positioned between the Si dimer rows. The addimer
breaks the π–bonds of the substrate silicon dimers and creates Si dangling
bonds adjacent to the dimer (see Fig. 2.5). The dangling bonds are more
reactive than the rest of the surface. The adsorption positions next to
the dimer are therefore energetically favorable and the diffusing metal
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Figure 2.6: STM images of self–assembled chains of group III metals on
Si(100)-(2×1). a) and b) Indium chains, VS = +1.2 and −1.2 V, respectively
(the same area). c) and d) Aluminum chains, +1.2 and −1.2 V. 25×25 nm.
(a) and (b) were measured on Omicron VT STM at 230 K, (c) and (d) on STM
at Charles University.
adatoms are captured here. On the other hand, metal chains saturate dangling bonds of the silicon substrate atoms and no atoms can consequently
adsorb directly next to the chain. The nearest possible adsorption position
(in direction perpendicular to the chain) is 2 lattice constants far.
This mechanism results in a very specific effective nearest neighbor interaction between two metal adatoms – it is attractive in direction perpendicular to Si dimer rows and repulsive in direction parallel to the dimer
rows. As explained above, the interaction is mediated by a combination of
direct chemical bonding of the adatoms and by a substrate mediated interaction. This kind of attractive–repulsive interaction is the necessary condition for growth of single atom wide chains. It is possible to verify it by KMC
simulations of the growth process - employing a diffusion anisotropy itself
does not result in formation of chains. It is necessary to include the interaction between the adatoms that is attractive in one direction and repulsive
in the perpendicular direction.
Figures 2.6 and 2.7 show examples of group III and group IV metal
chains grown on Si(100)-(2×1). The group III matals appear bright in empty
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Figure 2.7: STM images of group IV metal chains on Si(100)-(2×1). a) Tin,
VS = −1.2 V. b) and c) Pb chains (the same area), VS = −1.2 and +1.2 V.
Measured on Omicron VT STM.
state images but dim in filled states. This is a result of the fact that each
adatom forms 2 bonds with the silicon substrate and one bond with the
other adatom in the dimer. As the group III metals have only 3 valence
electrons, there is no electron left in the filled states. On the other hand,
these metals still have an sp3 hybridization [76] and the fourth (empty) orbital appears very bright in empty state STM images. Some of the terminations of indium chains appear bright in filled states (fig. 2.6 (b)) This marks
the chains that are terminated by a non–dimerized In atom [33]. Chains
terminated by dimers do not show this feature.
Group IV metals form chains that appear bright both in filled and empty
states (fig. 2.7). This is a result of the fourth valence electron forming a π–
bond between the atoms in the dimer.

2.4

Magic clusters

Magic clusters are extremely stable atomic configurations. Such clusters
contain certain number of metal atoms and they can often self organize into
perfectly ordered arrays. The magic clusters are usually created at higher
substrate temperature because the cluster formation requires intermixing
of the metal adatoms with silicon substrate atoms. Group III metals form a
wide variety of magic clusters on Si(100) and Si(111) surfaces because the
three valence electrons can saturate the underlying dangling bonds and no
dangling bonds are left on top of the cluster. Minimizing the number of
dangling bonds is a key factor for lowering the surface free energy.
Typical examples of magic clusters are the cluster arrays formed on
Si(111)-(7×7) surface [56, 77–79]. In case of the Si(100) surface, In and
Al can form arrays with a (4×3) or larger periodicity [80–82]. Figure 2.8
shows the In–Si clusters on the Si(100) surface prepared by deposition of
In at ≈700 K. Fig. 2.8 (a) shows single clusters prepared by deposition of

2.4. Magic clusters

37

Figure 2.8: Indium deposited on Si(100) surface at 700 K, VS =−1.5 V.
a) Low coverage – single In–Si clusters are formed on the Si(100)-(2×1)
reconstruction. b) ≈0.5 ML In results in formation of an ordered array with
a (4×3) periodicity. (a) was measured on Omicron Q-plus VT in a dynamic
STM mode, (b) on Omicron VT STM.
a small amount of In. Fig. 2.8 (b) shows a perfectly ordered array of the
clusters with a (4×3) periodicity.

Chapter 3
Methods
A combination of experimental and theoretical methods is used in this work
to study adsorption of metals on silicon surfaces. Scanning Tunneling Microscopy (STM) and Scanning Tunneling Spectroscopy (STS) are widely
used methods in surface science. STM was invented by G. Binnig and H.
Rohrer in 1982 and its invention was awarded by a Nobel Prize in 1986.
The method has gone a long way since its invention and its principles are
nowadays a common knowledge in the surface science community [3, 83].
Atomic Force Microscopy (AFM) is a technique closely related to STM.
It was invented a few years later than STM, but it took a long time until
the method became capable of obtaining an atomic resolution. Recent work
done especially by the group of prof. Morita [84–87] shows that the AFM
is a very powerful tool for characterization of semiconductor surfaces and it
has many advantages over the STM. Atomically resolved nc–AFM is a new
method, its principles are therefore described in more details and its use is
demonstrated on the Si(111)-(7×7) surface. In general, only AFM operated
in UHV conditions will be discussed in this work. Problems with measuring
in ambient conditions are omitted.
Kinetic Monte Carlo (KMC) [88] is a theoretical method used for simulating random processes. This work uses the KMC for simulating surface diffusion of metal adatoms and growth of the first metal layer on the
anisotropic Si(100)-(2×1) reconstruction.

3.1
3.1.1

STM and STS
Tunneling current

STM belongs to the SPM (Scanning Probe Microspcopy) methods [89] which
are based on probing the surface by a very sharp tip (apex curvature radius
typically from 1 to 100 nm).
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The tip is approached very close to the sample so that the electron wave
functions of the tip and surface atoms overlap. Applying a small bias V
between the tip and the sample induces a tunneling current [90]:
Z
4πe EF
j(V ) =
|M (E, V )|2 ρt (E)ρs (E + eV )dE,
(3.1)
~ EF −eV
where j is the current density, M is the tunneling transition matrix element, ρt is the density of states of the tip and ρs is the density of states of
the sample. The transition matrix element is given by an overlap of the tip
and sample wave functions. The tunneling current decreases exponentially
with the tip–sample distance d;
j(V ) = C(V ) exp(−2κ0 d),

(3.2)

where C(V ) describes the bias dependence of the tunneling current and
κ0 is a decay constant which can be expressed as
√
2me Φ
,
(3.3)
κ0 =
~
where me is the electron mass and Φ is an average height of the tunneling barrier. The equation 3.2 is valid when the transition matrix element
does not depend on the sample bias. This approximation works for larger
tip–sample distances (typically ≥0.5 nm) where the tip does not chemically
interact with the sample [91].
The exponential decay of the tunneling current with the tip–sample distance allows STM to easily obtain atomic resolution. When the tip is sharp
enough, most of the tunneling current flows through the last tip atom. It allows atomically resolved mapping of sample local density of states (LDOS)
by means of measuring the tunneling current at each point of the surface.
There are two basic modes of STM operation:
• The constant current mode – z position of the tip is adjusted in each
point of the image so that the tunneling current equals to a setpoint I0
(typically 100 pA). The image contrast is obtained by sampling the z
signal. The image shows a height profile of the sample LDOS equipotential.
• The constant height mode – the tip moves in a plane that is parallel
to the surface. The tunneling current is measured in each point of the
plane. This mode is suitable for atomically flat samples.
It is important to realize that the image of LDOS measured by STM
often differs from geometric positions of the atoms. It is also important
that the measured quantity is the tunneling current which corresponds to
an integral of sample LDOS from the Fermi level to the applied sample
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voltage. (see equation 3.1). To evaluate the sample LDOS as a function of
energy it is necessary to use Scanning Tunneling Spectroscopy (STS).

3.1.2

Scanning Tunneling Spectroscopy (STS)

The equation 3.1 expresses the bias dependence of the tunneling current.
STM can be used not only for spatial mapping of the surface LDOS but also
for analysis of the bias–dependence of the tunneling current and determining energies of the surface electronic states both below and above the Fermi
level.
The total tunneling current is a function of both tip and sample electronic structure. Expressing the sample electronic structure therefore requires exact knowledge of the tip electronic structure. Assuming that the
tip has an electronic structure of a bulk metal, we can treat its density of
states as a constant function of energy in a certain interval near the Fermi
level. This approximation allows us to express the local sample density of
states as [92, 93]
ρs =

dI/dV
.
I/V

(3.4)

The measured ρs does not depend on the distance between the tip and
sample as long as equation (3.2) is valid. The biggest problem for acquiring
reproducible spectra is tip metallicity. There were reported many methods
for ensuring the tip’s metallic electronic structure. According to author’s
experience, the most reliable one is annealing the tip to high temperature
and consequent treatment on a surface of a Pt single crystal [94, 95].
The equation (3.4) contains a derivative of the tunneling current with
respect to sample bias. A lock-in detection is usually used for noise suppression. There are basically two ways of measuring the spectroscopic information - acquiring point tunneling spectra or mapping the density of states at
a fixed sample bias.
To acquire the point spectrum, the tip is placed to a position above a
certain point of the surface. The tip z position is adjusted at a setpoint I0
and V0 and the feedback loop is switched off. Then the (dI/dV )/(I/V ) is
measured as a function of the sample bias. This allows to identify single
peaks in the sample electronic structure. Further we can decide whether
the surface has a metallic or semiconductive character and estimate the
bandgap width.
The spatial mapping of LDOS is useful for surfaces with a complex electronic structure. The sample bias is fixed at a certain value (usually corresponding to a particular peak in the point spectrum) and the (dI/dV )/(I/V )
is measured in each point of the image. Contrast in the (dI/dV )/(I/V ) allows spatial localization of the examined electronic band (see for example
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Figure 3.1: An example of forces between the tip and the Si(111)-(7×7) surface. The data were measured on Omicron q–plus VT, f0 = 25300 Hz, oscillation amplitude A = 0.35 nm, sensor Q–factor Q = 3000, VS = 0 V. The ‘long
range force’ was measured above a corner hole and the ‘total force’ above an
adatom. The ‘short range force’ is a subtraction of both.
[37, 46, 96]). The LDOS mapping can be performed in a constant current or
constant height mode. The quantity (dI/dV )/(I/V ) does not depend on tip–
sample distance [97] and results obtained in both ways should be similar.
Using the STS on semiconductor surfaces is more difficult than in case of
metal surfaces. An existence of the band gap, effects related to tip–induced
band bending, charge transport limitations and many other features complicate the STS measurements on semiconductors. Details about STS measurements on semiconductor surfaces can be bound in works of R. M. Feenstra [97–101].

3.2
3.2.1

Dynamic non-contact Atomic Force Microscopy (nc–AFM)
Atomic forces

AFM is based on measuring a total force between the tip and the sample.
The total force consists of many components that have both short range (SR)
and long range (LR) character. The long range forces are typically van der
Waals and electrostatic, while the short range forces are mostly chemical
forces created by a covalent bonding mechanism and Fermi repulsion.
Fig. 3.1 shows an example of forces above an adatom and a corner hole of
Si(111)-(7×7) reconstruction as a function of the tip–sample distance. The
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Figure 3.2: Two typical experimental configurations used in nc–AFM: a) A
tuning fork with a tungsten tip glued on it (Omicron, Germany). The fork
size is about 4 mm. b) A silicon cantilever with a silicon tip. The cantilever
size is about 0.2 mm. [102]
force above the corner hole contains only a long range component that has
a 1/z α character (typically α ≈ 2). The force above the adatom contains
the same long range component, but also a short range chemical force. For
the Si(111)-(7×7) reconstruction it is possible to extract the short range
forces by subtracting the forces above the adatom and the corner hole. It
is necessary to make sure that the initial z position of the tip is equal for
both measurements (scaning in a constant height mode is necessary). The
z scale in Fig. 3.1 is relative. Absolute value of tip–sample distance can be
obtained after comparing the experimental data with a DFT calculation.
Unlike in STM, obtaining an atomic resolution in AFM is very difficult
and brings high requirements for the device construction. After the first
AFM was constructed, it took more than a decade to reach the atomic resolution [5]. The atomic resolution can be achieved only in the region of short
range forces. A force curve can be divided into several sections – the region
of long range attractive forces (typical tip–sample (TS) distance > 1 nm),
short range attractive forces and repulsive forces. The short range attractive forces are the most suitable for obtaining the atomic resolution.

3.2.2

Dynamic mode

In AFM the tip is attached to a ‘spring’ with a known spring constant k.
The most typical realizations are the cantilever (fig. 3.2b) and the tuning
fork (fig. 3.2a). Cantilevers are typically made of silicon and their spring
constant is in order of 10 N/m. The deflection ∆z of the cantilever is usually
measured by a laser beam deflection system and the corresponding force
can be calculated as F = k∆z. Tuning forks are made of quartz and their
spring constant is typically 2000 N/m. Deformation of the quartz induces a
piezoelectric voltage proportional to the deflection.
The basic problem for using AFM in a region of short–range attractive forces is that the ∆z has several equilibrium positions due to nonmonotonous character of the short range forces (see fig. 3.1). When trying
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to use the static AFM in the region of SR attractive forces, the tip can easily
‘jump to a contact’ (to the region of repulsive forces).
The jump to a contact can be avoided by operating AFM in a dynamic
mode [5]. In this case the cantilever oscillates with an amplitude A. When
the tip is in the closest position to the sample, a cantilever force F = kA acts
against the attractive forces of the surface. This force can prevent the ‘jump
to contact’ when it is higher than the maximum attractive force (typically
few nN). This gives a condition for a minimum oscillation amplitude – it
must be at least in order of 10 nm for cantilevers. For quartz tuning forks
with high spring constants it is possible to use smaller amplitudes down to
10 pm.
In dynamic AFM the force is estimated from a shift of resonance frequency (frequency modulated AFM [103]). The resonance frequency of a
harmonic oscillator is
f0 =

r

k
,
m∗

(3.5)

where m∗ is an effective mass of the oscillator. When the oscillator is operating in a homogenous force field, the effective spring constant is different
and the new resonance frequency can be expressed as
f=

r

k + hkts i
.
m∗

(3.6)

The frequency difference ∆f is small compared to the f0 , it can be therefore approximated as
∆f =

f0 hkts i
.
2k

(3.7)

When the tip oscillates in a field F (z) with an amplitude A, it is necessary to average (through time) the hkts i over one oscillation period and the
resulting frequency shift [104] is
1
∆f
(z) =
f0
πAk

Z

1

−1

r
F (z + A(1 + u))

u
du,
1 − u2

(3.8)

where z is the position where the tip is closest to the sample during the
oscillation period. The equation (3.8) expresses the ∆f from F (z) dependence. However, in experiments we measure ∆f (z) and we would like to
calculate the force F (z). Inversion of equation (3.8) is a complicated task.
In this work a procedure suggested in [105] was used.
There are many ways how to operate the dynamic AFM. The most common setup is keeping the oscillation amplitude constant by a feedback loop
(usually called a self-oscillation mode) and recording the ∆f . The ∆f is

3.2. Dynamic non-contact Atomic Force Microscopy (nc–AFM)

45

Figure 3.3: An example of a short range contribution to ∆f (frequency shift)
measured above an adatom of the Si(111)-(7×7) reconstruction with different oscillation amplitudes. The small oscillation amplitudes provide much
higher sensitivity to short range forces. The measurement with an amplitude of 0.35 nm corresponds to the SR forces plotted in fig. 3.1.
used for a feedback of z position of the tip. The frequency modulated AFM
(FM nc-AFM) provides results that are relatively easy to interpret.
When a conductive tip is used, AFM provides a possibility of simultaneous measurements of the force and the tunneling current, which is very
powerful for investigating properties of surfaces. The tunneling current in
dynamic AFM is averaged through the oscillation period in a similar way
as the force. Calculating the correct I(z) dependence requires using a procedure similar to the force calculation.

3.2.3

Oscillation amplitude

The ∆f reflects an averaged force through one oscillation period. It means
that using large oscillation amplitudes results in a fact that the major part
of measured ∆f signal comes from the long range component (the tip spends
most of the time out of the short range force region). The atomic resolution
is, however, included only in the short range component. It means that lowering the oscillation amplitudes to order of 0.1 nm results in considerable
increase of signal to noise ratio. The optimal signal to noise ratio is obtained when the oscillation amplitude is similar to a characteristic range
λ of the measured force [106]. For example, the optimal oscillation amplitude is few nm for van der Waals forces, hundreds of pm for short range
attractive forces and below 100 pm for repulsive forces.
The possibility of measuring at low oscillation amplitudes was actually
the motivation for developing the tuning fork based AFM (also called Q–
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Figure 3.4: a, b) Constant height nc–AFM images of the Si(111)-(7×7) surface. (−∆f) is plotted in the images. The average ∆f was −7 and −8 Hz,
respectively. c) Tunneling current recorded simultaneously with b). The
scanning conditions were f0 = 75800 Hz, A = 0.4 nm, Q = 1500, VS = -7 mV.
Measured on Omicron q–plus VT.
plus). The small oscillation amplitudes allow even measuring in a region
of repulsive forces with an atomic resolution. These measurements became
famous because of direct imaging of organic molecules [107, 108].
To illustrate the effect of the oscillation amplitude on the ∆f signal,
Fig. 3.3 shows a short range component of the ∆f signal measured above
adatoms of Si(111)-(7×7) reconstruction with three different oscillation amplitudes (the long range component of ∆f was subtracted).

3.2.4

High resolution and chemical identification

Figure 3.4 a,b shows an example of atomically resolved AFM images of
the Si(111)-(7×7) reconstruction. The images were acquired in a constant
height mode and the plotted quantity is the negative frequency shift (-∆f).
It means that bright spots in the images correspond to positions with larger
attractive forces. The atomic resolution is provided by attractive forces of
covalent bonds formed between the tip and the sample.
Using AFM on semiconductor surfaces has two ultimate advantages over
STM:
1. The bright protrusions in the images directly correspond to positions
of dangling bonds. It means that a direct localization of surface atoms
is possible. AFM usually provides slightly better spatial localization
of the dangling bonds than STM.
2. It was recently found that the force curves measured above single
atoms could be used for chemical identification of these atoms. According to ref. [86] the maximum short range attractive chemical force is
specific for each type of atom. More precisely – the ratio between the
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Figure 3.5: z–dependence of short range forces and tunneling current measured simultaneously above a corner adatom (faulted) of the Si(111)-(7×7)
surface. f0 = 75800 Hz, A = 0.4 nm, Q = 1500, VS = -5 mV. Measured on
Omicron Q–plus VT.
maximum forces measured above two different types of atoms is specific for these chemical species. The absolute value of chemical force
depends on the tip, but the relative ratio does not. It was proved that
particular atom types could be identified in a mosaic of Si/Pb/Sn (on
Si(111)) from the force curves.
The advantages of AFM are accompanied with one significant disadvantage – the experiment is much more difficult due to high requirements for
tip stability. The experimental equipment is also more complex.

3.2.5

Relation between force and tunneling current

Another advantage of AFM over STM is that AFM allows direct estimation
of the tip–sample distance from the minimum of the force curve. It is interesting to compare the typical tip–sample distances for STM and AFM
measurements. Figure 3.5 shows an example of simultaneously measured
z-dependences of short range force and tunneling current. The plotted tunneling current is a real current (after deconvolution). The sample bias was
kept very low (−5 mV) to avoid extremely high tunneling currents. The
maximum value of tunneling current would reach several hundreds nA at
sample biases commonly used in STM mode.
The tunneling current grows exponentially at large tip–sample distances. The current deviates from the exponential dependence and becomes
almost linear in the region of attractive short–range forces. Finally the
current sharply drops when the formation of the tip–surface covalent bond
locally changes character of the surface from metallic to semiconductive
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[91]. The current drop can be observed even in fig 3.4c. The effect is more
pronounced on center adatoms – each center adatom has a depression in
the middle which is a consequence of the current drop.
STM is operated typically at z ranging from +0.3 to +0.5 nm in plot 3.5.
The distance z = +0.2 nm corresponds to conditions that would be treated
as ‘extreme’ from the view of STM. However, getting the atomic resolution
in AFM or measuring a force curve requires moving the tip another 0.2 nm
closer to the sample. One can easily imagine that the tip stability is a crucial requirement for AFM measurements. The z scale in Fig. 3.5 is relative;
z = 0 corresponds to a plane of scanning. Absolute value of distance between the last atom of the tip and sample can be obtained by comparing the
experimental data with a DFT calculation. The distance is typically 0.3 nm
at the position of the maximum attractive force (for systems discussed in
this thesis).

3.2.6

Tip–surface interaction

It is always questionable how much the tip affects the measured quantities.
There are measurements that require minimizing the TS interaction (measuring the surface electronic structure, observing surface diffusion) and
there are experiments that are based on the TS interaction (atom manipulation). There are several main physical principles how the tip can affect
the surface structures:
1. Tunneling current - electrons and holes injected by the tip can induce lattice vibrations during relaxation and the surface is locally
heated. This type of TS interaction is strong for the Si(100) surface
[12, 17].
2. Electric field - The bias applied to the tip creates high electric field.
The field can affect (lower) energy barriers for certain processes on
the surface. This mechanism was used for atom manipulation on the
Si(111) surface for example [87].
3. Quantum–mechanical interaction - Overlapping of tip and surface
wave functions results in a quantum–mechanical interaction. The interaction changes electronic structure of both tip and sample. It can
also result in forming of covalent bonds that provide a significant force
between the last atom of the tip and the surface. The force can for example switch dimer buckling.
The tip–surface interaction is generally stronger during AFM measurements than in STM. However, each measurement requires analysis of the
influence of the tip–surface interaction. It is done typically by changing the
scanning parameters – sample bias and tunneling current.
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KMC – Kinetic Monte Carlo

Monte Carlo is a computational method based on random numbers. The
method can be applied on problems like calculating integrals, solving differential equations, optimization of problems and many others. It is also
suitable for simulating kinetics of the thin film growth. The processes occurring on the surface are activated by thermal energy of the substrate and
these are therefore true random events.
The events on the surface can be divided into 2 groups:
1. Events like hopping of a single adatom, detaching of atoms from islands, switching two neigboring atoms, ... These events are activated
by thermal vibrations of the substrate lattice and their rate follows
the Arrhenius equation.
2. Outer events – for example atom deposition from an evaporator.
Each event on the surface has a certain rate Ri . The total rate R is
R=

n
X

Ri .

(3.9)

i=1

KMC generates two random numbers for each event occurring on the
surface – the first one (ξ1 ∈ (0; 1)) determines the time until the next event
(∆t). All events are considered poissonian, ∆t can be therefore calculated
as
− ln ξ1
(3.10)
R
The second random number ξ2 is used to select a particular event from
the list of all events. Each event has a probability proportional to its rate
Ri .
This simple algorithm allows to simulate even the most peculiar growth
processes. Even though the elementary processes are random, statistical
characteristics of the resulting layer converge to values which are determined only by the simulation parameters (the sample temperature, deposition rates, activation energies for hopping, time of relaxation, ...). Layer
morphologies obtained by KMC simulations can be compared to experimental data, which allows verification of growth models, estimation of missing
growth parameters, etc.
∆t =

Chapter 4
Estimation of hopping barriers
for single In adatoms on
Si(100)-(2×1) surface by means
of KMC simulations
In this chapter the activation energies for In adatom hopping on the Si(100)(2×1) surface are determined by the Kinetic Monte Carlo method. Indium
was deposited on the Si(100) surface at room temperature and statistical
properties of the resulting layer were measured by STM. The growth process was then simulated for the same conditions, using a simple growth
model. The activation energies for the hopping in directions parallel and
perpendicular to In chains were taken as parameters and the set of activation energies which provides the best agreement with the experiment is
considered as a result.
In the following article the experiment and data processing were done by
Jakub Javorský and all KMC simulations were performed by Martin Setvı́n.
The main results of the paper are:
• The following statistical quantities of indium layers were measured:
Mean chain length, ratio of chains pinned to C–defects and normalized island size distributions. The measurements were done ‘post deposition’ for several indium coverages ranging from 0.01 to 0.15 ML.
The same statistical quantities were also obtained from in − vivo experiments (scanning the surface directly during the layer growth).
• Comparison of the data with KMC simulations of the growth process
allowed to determine the activation energies for hopping of a single
indium atom. A simplified model of adatom hopping in a potential energy surface with (1×1) periodicity was used for the KMC simulations.
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The resulting set of activation energies is about 0.64 eV for hopping in
both directions, suggesting almost isotropic hopping. Similar values
of activation energies were obtained by simulating different statistical quantities and different experimental data sets (the variation of
results is about 0.04 eV).
• The combination of STM measurements and KMC simulations
allowed us to discuss unusual shape of the normalized island size distribution. The experimentally observed distribution in monotonically
decreasing, while the most common shape is monomodal. The KMC
simulations show that the monotonically decreasing shape is caused
by the fact that the In atoms can detach from chain ends (with activation energy 0.82 eV [31]). The island size distributions calculated
for the moment directly after the deposition are monomodal but they
relax to a monotonically decreasing shape in several minutes.
The article was published in 2009 and there are several recent works
that bring new knowledge about this topic. Two particular works deserve a
comment:
• Michal Kučera measured normalized island size distributions for tin
and aluminum chains on the Si(100)-(2×1) surface [109]. The distribution is monotonically decreasing for tin chains and monomodal for
aluminum chains. The conclusions drawn from our KMC simulations
indicate that growth af Al chains is irreversible (no atom can detach
from a chain) while the growth of Sn chains is reversible.
• Tokar et al. discussed shape of normalized island size distributions
from a theoretical point of view [110, 111]. His works indicate that the
shape of island size distribution of a layer grown under irreversible
conditions carries information about the growth kinetics (like the hopping anisotropy of a single adatom). On the other hand, when the
layer is completely relaxed to a thermodynamical equilibrium, the information about the growth kinetics disappears from the island size
distribution and the distribution is determined only by energy balance
of the system (particularly energy of the nearest neighbor interaction).
This is in agreement with our experience – it was possible to clearly determine the activation energies from the experiments where the STM
measurement was done within one hour after In deposition or directly
in − vivo. KMC simulations suggest that for the In layer grown on
Si(100) surface at 300 K, the biggest changes in the island size distribution occur within few minutes after the deposition but complete
relaxation of the layer requires about 10 hours.
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Growth of atomic indium chains—one-dimensional islands—on the Si共100兲-2 ⫻ 1 surface was observed by
scanning tunneling microscopy 共STM兲 at room temperature and simulated by means of a kinetic Monte Carlo
method. Density of indium islands and island-size distribution was obtained for various deposition rates and
coverage. STM observation of growth during the deposition of indium provided information on growth kinetics
and relaxation of grown layers. Important role of C-type defects at adsorption of metal atoms was observed.
Measured growth characteristics were simulated using a microscopic model with anisotropic surface diffusion
and forbidden zones along the metal chains. An analysis of experimental and simulation data shows that the
detachment of indium adatoms from the chains substantially influences a growth scenario and results in
monotonously decreasing chain length distribution function at low coverage. Diffusion barriers determined
from the simulations correspond to almost isotropic diffusion of indium adatoms on the surface. The results are
discussed with respect to data reported in earlier papers for other metals.
DOI: 10.1103/PhysRevB.79.165424

PACS number共s兲: 68.55.ag, 68.37.Ef, 81.15.Aa

I. INTRODUCTION

The Si共100兲-2 ⫻ 1 surface is composed of silicon atom
pairs—dimers—arranged into rows. It represents a natural
template for spontaneous growing linear structures of many
materials such as group III-V metals. Group III metals 共Al,
Ga, In, and Tl兲 are known to grow in one-dimensional 共1D兲
atomic chains when deposited on the Si共100兲 surface.1–4
Technique of scanning tunneling microscopy 共STM兲 enabled
the detailed study of metal layers with atomic resolution. An
especially powerful tool for the investigation of growth kinetics is the STM in vivo technique,5,6 which allows the direct monitoring of the layer as it grows. 1D metal chains
grow perpendicularly to the underlying silicon dimer rows of
the Si共100兲-2 ⫻ 1 surface. They are composed of metal
dimers 共oriented parallel to the silicon dimers兲 sitting in the
“trenches” on the silicon surface.7 Growth of the metal
chains has been explained by a surface polymerization
reaction.8 Metal chain ends act as nucleation centers. Since
the sites adjacent to a chain are energetically unfavorable for
adsorption 共no adsorption has been observed there兲, the
chains grow only in length. The chains are always separated
by a distance of at least 2a 共a = 0.384 nm, surface unit-cell
spacing兲. Thus, the surface is saturated by metal adatoms at a
coverage of 0.5 ML 共1 ML= 6.78⫻ 1014 cm−2兲. Some differences exist between various group III metals. While Al
and Ga chains are believed to be stable at room temperature
共RT兲,8,9 indium atoms are known to detach from chains and
reattach to other chains10 and Tl chains were shown to be
even more unstable.4 Though a qualitative description of diffusion and growth processes for group III metals exists, the
corresponding values of microscopic parameters are not
known. The heights of diffusion barriers on Si共100兲 have not
been yet determined for In and the values reported by Albao
et al.9 for Ga and by Brocks et al.8 for Al were very different.
1098-0121/2009/79共16兲/165424共9兲

Similar discrepancy exists for the estimation of Ga dimer
pair-interaction energy; Tokar and Dreyssé11 suggested
⬇ 0.2 eV while Takeuchi’s ab initio calculation gave
⬇0.8 eV.12 Recently Kocán et al.10 reported that the detachment of indium atoms from chains is length dependent, so
interactions other than nearest neighbor 共NN兲 might play a
role.
The role of surface defects present on the Si共100兲-2 ⫻ 1
surface13 at the metal adsorption and nucleation was reported
and discussed.10,14–16 Experimental results showed that the
influence of A- and B-type defects 共one and two missing
dimers, respectively兲 can be neglected but C-type defects are
important. The C-type defects, which appear on STM images
as a small bright protrusion next to a dark spot in filled states
and as a larger bright spot in empty states, are reported to be
very reactive and act as nucleation centers.10,14 The C defects
were independently interpreted by Hossain et al.17 and
Okano and Oshiyama18 as dissociated H2O molecules, with
the H and hydroxyl group bonded to neighboring silicon atoms of two adjacent surface dimers. The results both of experimental and theoretical study of In nucleation at the C
defects were reported in Ref. 16. After adsorption of an In
adatom at a C defect 共exclusively on the unoccupied side of
the two adjacent Si dimers兲, the chain begins to grow in one
direction only 共see Fig. 1 in Ref. 16兲. The chain termination
at the defect is stable; the opposite “free” end is active as an
adsorption site for adatoms.
Albao et al.9 reported growth characteristics for Ga on
Si共100兲 at RT. An unconventional monotonously decreasing
scaled island 共chain兲 size distribution function obtained for
low coverage was explained by an irreversible growth model
and kinetic Monte Carlo 共KMC兲 simulations. The simulations resulted in the monotonous size distribution only if the
highly anisotropic surface diffusion of Ga adatoms was introduced, otherwise a monomodal form of the distribution
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function was obtained. The presence of C defects included
later14,15 did not change the results significantly; similar
growth characteristics at RT we reported for indium.19 The
chain length distributions obtained for various coverages are
monotonously decreasing and obey a scaling relation. Most
of In chains 共60– 90 %兲 in observed layers were on at least
one end terminated by a C-type defect. In the in vivo experiments, the percentage was higher 共90– 100 %兲 共due to low
deposition rates of In during the in vivo measurements兲. Density of indium chains and average chain length depends on
C-defect concentration. Another phenomenon 共observed at
higher coverage兲 is that indium atoms are able to migrate
throughout sites adjacent to an indium chain even though no
adsorption is observed 共such an effect seems to be negligible
at low coverage兲.
In this paper, we use STM data and KMC simulations for
detail studying indium growth on the reconstructed surface
Si共100兲-2 ⫻ 1. A growth model, which includes the presence
of C defects and a process of atom detachment from indium
chains, is used for studying a role of C defects at metal chain
nucleation, determination of diffusion barriers, and investigation of the relation between growth processes and a form
of chain length distribution function. Processes and parameters included in the growth model are discussed with respect
to experimental data obtained by means of STM.
Performed experiments are characterized in Sec. II, consequently experimental results are presented in Sec. III, a
simulation model is described in Sec. IV, results of simulations are compared with the experimental data and discussed
in Sec. V, and formulas for the calculation of deviations between experimental and simulated growth characteristics are
given in the Appendix. Finally, Sec. VI contains our conclusions.

II. EXPERIMENTAL

All experiments were carried out at room temperature in a
noncommercial UHV STM system with base pressure ⬍3
⫻ 10−9 Pa. Si共100兲 samples were cut from an n-type Sbdoped silicon wafer with resistivity ⱕ0.014 ⍀ cm. To obtain
the 2 ⫻ 1 reconstruction, samples were flashed several times
for ⬇20 s to ⬇1200 ° C. Indium was deposited from tungsten wire evaporators either before or during imaging the
surface by means of STM. In the latter case 共experiment in
vivo兲, a miniature evaporator was in a distance of 4 cm from
the sample and a beam of In atoms was determined by means
of two apertures with a diameter of 1 mm. Incidental angle
of the beam was 30°. The apex shape of a tungsten electrochemically etched tip enabled deposition “under” the STM
tip onto the scanned area. The thermal drift during deposition
was compensated by the STM control unit. The in vivo measurements provided continuous STM imaging of the investigated surface area before and during the deposition at a rate
of 1 image/min. At standard in situ measurements, the indium layers were observed 0.5–4 h after deposition. We used
a tip voltage of +2 V and tunneling current 0.3 nA; the
values at which tip influence on the detachment of indium
adatoms from the chains is minimized as we proved earlier.10

FIG. 1. 共Color online兲 Filled state STM image of indium 1D
chains grown at room temperature on the surface Si共100兲-2 ⫻ 1. The
bright spots at ends of some chains indicate termination by a single
indium atom 共Refs. 10 and 16兲; stable terminations at C defects are
marked by the arrows perpendicular to chains. Unoccupied C defects are marked by the arrows parallel with chains; the arrows are
directed from the side of possible chain growing. Coverage 0.044
ML, in situ measurements 2 h after deposition; image size 30
⫻ 30 nm2.
III. EXPERIMENTAL RESULTS

An example of indium chains grown on the Si共100兲 surface at low coverage is shown in Fig. 1. Length of the chains
can be easily determined with atomic precision from filled
states images where the “free” terminations of chains containing an odd number of atoms appear much brighter than in
case of even number.10,14 Chain terminations at C defects and
unoccupied C defects are marked by arrows. Concentration
of the C defects increases during deposition at in vivo experiments 共probably due to thermal desorption of residual water
molecules from heated parts near the evaporation source in a
relatively small distance from the sample兲. The increase was
found linear and corresponds to a deposition rate of 4
⫻ 10−6 ML/ s. The deposition rate of C defects at in situ
experiments was negligible 共due to a large distance of the
evaporation source and better screening of the sample兲 and
the initial concentration of the C defects can be considered as
unchanged.
Since the atomic structure of In chains is well
known,7,10,16 we focused on statistical characteristics of the
chains. Obtained data are summarized in Table I. The data
were acquired from images of the size of 30⫻ 30 nm2 or
40⫻ 40 nm2. The image areas are large enough 共30 nm corresponds to a ⬃100-atoms long chain兲 and the resolution is
sufficient to discern the number of atoms in the chain. Data
were collected only from terraces much wider than an average chain length to exclude the influence of step edges on the
chain growth. Statistical characteristics were evaluated for
both types of growth experiments 共in vivo and in situ兲.
Length of the grown indium chains evolves in time due to
the attachment/detachment of single atoms to/from the “free”
ends. Figure 2 contains the dependence of an average chain
length on coverage obtained from two in vivo measurements
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TABLE I. Measured statistical characteristics of In chains for various coverages and deposition rates. N is total number of investigated
chains and 具s典 is the average chain length. Numbers of chains terminated on C defects and C defects occupied by indium chains are
normalized with respect to total numbers of chains and C defects, respectively.
Coverage Deposition rate
具s典
具s典 chains
具s典 chains Chains terminated
C defects
C defects coverage
共ML兲
共ML/s兲
all chains with free ends on C defects
on C defects
occupied by chains
共ML兲
0.01
0.04
0.05
0.08
0.09
0.15

0.03
0.0035
0.01
0.002
0.0045
0.003

2.78
4.19
4.92
6.64
8.20
18.29

2.87
3.48
6.00
5.14
6.71
19.29

2.77
4.63
4.57
6.95
8.69
17.60

with deposition rates 6 ⫻ 10−5 and 1 ⫻ 10−4 ML/ s and a
number of in situ measurements for various deposition rates
共from 2 ⫻ 10−3 to 3 ⫻ 10−2 ML/ s兲 and coverages 共0.01–0.15
ML兲. The average length of chains is smaller in the case of in
vivo experiments because of the higher concentration of C
defects and from the coverage 0.25 ML 共which corresponds
to the occupation of a half of all possible adsorption sites on
the surface兲 almost does not increase.
Figure 3 shows histograms of chain length distributions
for two different coverages obtained from in situ experiments. The data were averaged over STM images taken after
the deposition from various surface areas. The chains nucleated on C defects are distinguished from the “free” chains
共without termination on a C defect兲. The histograms contain
also single In atoms adsorbed and trapped on C defects. They
represent stable objects with a role of nucleation centers.
Their presence in the histograms allows better understanding
of the growth, but we consider only chains with length s
ⱖ 2 as parts of the investigated “island population.” The histograms are decreasing for s ⬎ 1 and the same tendency was
observed for the other prepared layers with low coverages
ⱕ0.15 ML. The monotonously decreasing chain length distributions obtained for the growth of indium at RT represent

FIG. 2. 共Color online兲 Dependence of the average chain length
on coverage obtained from STM experiments. The average length
of In chains increases with coverage and saturates at a coverage of
0.25 ML for the in vivo data. The dependence increases faster for
the layers prepared at in situ experiments due to smaller and constant concentration of C defects. The effective deposition rate for C
defects was 4 ⫻ 10−6 ML/ s during the in vivo measurements.

0.90
0.61
0.75
0.83
0.75
0.59

0.14
0.74
0.58
0.93
0.68
0.94

0.014
0.008
0.013
0.011
0.013
0.005

N
303
1098
154
548
69
207

a remarkable quality. It can be seen that histograms contain
some features related to details of the chain growth—a small
excess of chains containing even number of atoms which
corresponds to the higher stability of such chains experimentally observed10 and calculated16 before.
The chain length distributions exhibit scaling:20,21 the
function Ns具s典2 / ⌰ scales with s / 具s典, where Ns is density per
site of chains of the length s, 具s典 is the average chain length,
and ⌰ is the coverage. The upper panel 共a兲 of Fig. 4 shows
the scaled distribution functions corresponding to the various
delay between the end of deposition and STM measurements
at the in situ experiments. Only chains with s ⱖ 2 were included. All the data were fitted by an exponential function.
Due to statistical fluctuations in the data, it is difficult to
distinguish reliably an effect of the postdeposition relaxation.
The postdeposition relaxation can be expected because of the
process of detachment, which introduces a feature of “reversibility” into a growth mechanism. We will discuss the “reversibility” and postdeposition relaxation later in Sec. V.
The scaled distributions obtained from the images recorded at in vivo measurements are in the bottom diagram
共b兲 in Fig. 4. The data suffer from the limited size of the
investigated surface area and relatively small number of observed metal chains. Values for a particular distribution cor-

FIG. 3. 共Color online兲 Histograms of the chain length distribution obtained for two indium layers with coverage of 0.04 and 0.08
ML deposited at a deposition rate of ⬇0.004 and ⬇0.002 ML/ s,
respectively 共in situ experiments兲. For comparison, histograms contain single indium atoms trapped on C defects. N represents a number of investigated chains.
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FIG. 5. Left: filled state image of indium chains. The two neighboring chains are separated by a distance of one lattice unit. Dark
spots at the ends of chains are C defects. Right: alignment of the
model to Si共100兲 substrate. The black square represents the “reactive site” at the C-defect position, gray squares represent adsorption
sites occupied by indium adatoms, empty squares represent unoccupied adsorption sites, and crossed squares represent “forbidden
zones” energetically unfavorable adsorption sites.

FIG. 4. 共Color online兲 Scaled island-size distribution functions
obtained from experimental data. 共a兲 Results from three in situ measurements performed at various moments after deposition. 共b兲 Data
obtained during deposition 共in vivo兲 composed from a set of 15
histograms covering equally the whole deposition. The data were
fitted by exponential functions.

responding to a chosen moment 共coverage兲 of the growth
were averaged from a set of three subsequent STM images
around that moment. The whole recorded sequence of images taken during the growth up to 0.2 ML at a deposition
rate of 0.000 1 ML/ s 共estimated from the images兲 is represented “equidistantly” by the 15 distributions. The rather
scattered data exhibit monotonous character and can be approximated by an exponential function.
IV. SIMULATION MODEL

We developed a physical atomistic model for the submonolayer growth of indium on Si共100兲. Similarly as in the
model used by Albao et al.9 to describe growth of gallium
layers at low coverage, we consider the anisotropic diffusion
of the metal adatoms on the 2 ⫻ 1 reconstructed surface.
However, we took into account experimental results obtained
for In and included new features: the presence of C defects
acting as nucleation centers on the surface and detachment of
single atoms from chains. The mechanism of detachment introduces into the growth model a possibility of “reversible”
behavior 共“reversible” does not mean here “equilibrium,”
due to existing flux of deposited atoms兲. Approaching an
equilibrium state depends on growth conditions and it com-

petes with kinetics which controls growth entirely in case of
an irreversible model used for gallium.
The model for In deals with four types of objects on the
surface 共see Fig. 5兲. 共1兲 Free In adatoms: indium atoms perform thermally activated hopping on the surface represented
by a square lattice 共see Fig. 5兲. The hopping is anisotropic
共parallel and perpendicular to indium chains兲 described by
rates h储,⬜ =  exp关−E储,⬜ / 共kBT兲兴, where the attempt frequency
was set as  = 1013 s−1, the activation energies 共diffusion barriers兲 E储, E⬜ are simulation parameters, kB is the Boltzmann
constant, and T is the temperature.
共2兲 Forbidden zones: surface sites not accessible for hopping adatoms. The forbidden zones were introduced, similarly as in Ref. 9, to simulate the 1D growth, minimum separation observed between two adjacent chains, and the fact
that no chain nucleates at a “nonreactive” side of a C defect.
共3兲 C-type defects—dissociated H2O molecules—rest on
top of dimer rows. STM observations show that one side of
the C defect acts as a nucleation center while no adatom
adsorption has been observed on the opposite “dark” side 共on
filled state STM image兲 of the defect. Thus, C-type defects
are represented by a single forbidden site and an adjacent
“reactive” site.
共4兲 Indium chains—orientated perpendicularly to the Si
dimer rows—are composed of two or more In atoms. Similarly as in the model used by Albao et al.,9 the arrangement
of atoms in chains into dimers is not taken into account.
There are three main processes in our model. 共A兲 Deposition: adatoms and C defects are deposited randomly. If a
defect or an adatom is deposited on an already occupied
position or 共in case of In atoms兲 into a forbidden zone, the
nearest free position is looked up in the direction of dimer
rows. Deposition flux and time were set the same as in the
particular experiments 共indium flux 10−2 – 10−5 ML/ s;
C defect flux 4 ⫻ 10−6 ML/ s, for “in vivo” only兲 and corresponding simulations were performed for all STM experiments. Orientation of a deposited C defect 共reactive site兲 was
chosen randomly. As the C defects change their state only
very rarely,16,22 the orientation is fixed during the whole
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FIG. 6. Maps showing the deviation between the measured and simulated characteristics of indium chains as a function of diffusion
barriers parallel and perpendicular to In chains. White areas indicate the best agreement; black areas the worst. Dotted line connects local
minima in panel 共a兲, dashed line in panel 共b兲. Dashed line from panel 共b兲 is also shown in panel 共a兲 for comparison. The best combination
of energies E储 = 0.62⫾ 0.03 eV and E⬜ = 0.61⫾ 0.07 eV obtained from 共a兲 and 共b兲 indicates almost isotropic diffusion and agrees within
errors with minima on panels 共c兲 and 共d兲 共see text for details兲. Energy barrier for atom detachment was 0.82 eV. Only the detachment parallel
to indium chains was allowed in these simulations.

simulation 共it differs from Ref. 15, where the orientation was
determined each time when an adatom tried to hop next to
the defect兲.
共B兲 Surface migration 共hopping兲: single indium atoms deposited on the surface perform random hops among adsorption sites. Jumps to forbidden zones and on top of other
atoms are prohibited. An atom is trapped when hops onto a
C defect reactive site. If an atom hops on a site next to
another atom in the direction parallel to In chains 共perpendicular to the dimer rows兲, a new indium chain nucleates or
an existing one grows. The hopping rates h储,⬜ in directions
parallel or perpendicular to the indium chains are given by
the simulation parameters E储 and E⬜ 共diffusion barriers parallel and perpendicular to indium chains兲.
共C兲 Detachment: an indium atom can detach from a chain
end, not terminated by a C defect, by jumping off either in
perpendicular or in parallel direction to the chain. According
to our best knowledge, there are neither experimental nor
theoretical data available to characterize the detachment direction in the studied 共or similar兲 system on the atomic level.
The process of the detachment is thermally activated and can
be described by two parameters: Edet储 and Edet⬜ 共energy barriers for the detachment in the parallel and in perpendicular
directions兲. Our previous measurements10 and theoretical
calculations16 show that the energy for detachment depends
on length and termination of an In chain by a single atom or
dimer. The detachment from a chain containing an odd number of atoms is easier than in the case of even number. For
simplicity, the model contains only one parameter—the value
of a mean energy barrier for detachment 共0.82 eV兲 derived
from experimental data reported in Ref. 10. As we know
only the total rate of detachment without any details, simulations were performed for detachment either in the parallel
or in the perpendicular direction. Two-atomic chains
共dimers兲 on C defects are considered as stable objects which
cannot decay 共both experiment and theoretical calculations16
confirmed their high stability兲.
The simulation proceeds as follows. C defects are randomly deposited on the surface with initial concentration.
Then indium atoms are randomly deposited 共together with

additional C defects according to a simulated experiment兲.
For details of an employed method of KMC simulations, see
Ref. 23. After the deposition stops, the layer is allowed to
relax for the same time as in the corresponding experiment.
The Si共100兲-2 ⫻ 1 surface is represented by a square matrix
of adsorption sites, each capable of holding a single indium
atom. We used a matrix size between 100⫻ 100 and 500
⫻ 500 lattice units, each simulation was repeated at least nine
times and the obtained data were averaged. The values of the
matrix size were chosen so as the mean average error of
simulated data was 2–3 times smaller than that of measured
data 共the size of statistical arrays varied for different values
of coverage兲. The boundary conditions were periodic.

V. RESULTS OF SIMULATIONS AND DISCUSSION
A. Diffusion barriers

The in situ and in vivo experiments were simulated for
various combinations of diffusion barriers E储 and E⬜. Comparison of experimental and simulated growth characteristics
共average chain length, dependence of average chain length
on coverage, and scaled chain length distribution兲 was used
for the estimation of a combination of barriers which provides the best agreement; the lowest deviation calculated as
presented in the Appendix.
Figure 6 contains diagrams with the dependence of the
calculated deviations on the simulation parameters E储 and E⬜
for the chosen growth characteristics. The grayscale represents accuracy of the match for a given combination of parameters with white for the most precise match. The plots 共a兲
and 共b兲 demonstrate fitting the in situ measurement for a
layer with coverage 0.08 ML. In plot 共a兲 the dotted black line
shows the combinations of activation energies which provide
the best match between the measured and simulated average
length of indium chains; the dashed line in plot 共b兲 shows the
best agreement for the average length only of those chains
which are not terminated by C defects at any of ends. The
relatively small “subpopulation” of these chains behaves in a
different way so the two plots together were used to deter-
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FIG. 7. 共Color online兲 Experimental and simulated scaled chain
length distribution functions for a relaxed layer at coverage 0.04
ML 共in situ experiment兲. Results of various simulation experiments
for the same parameters E储 and E⬜ are plotted. Data representing
single indium atoms trapped on C defects are plotted as well 共on the
very left side兲.

mine the best combination of energies: E储 = 0.62⫾ 0.03 eV
and E⬜ = 0.61⫾ 0.07 eV. The values are consistent 共within
the errors兲 with the optimum combination of energies obtained from fitting the average chain length dependence on
coverage from in vivo measurements 关see Fig. 6共d兲兴.
Further we simulated experimentally obtained scaled
chain length distributions. Fitting was performed for the two
in situ measurements which provided the largest data sets
共0.04 and 0.08 ML coverage兲 and for the in vivo measurements. As an example of the analyzed data, we show in Fig.
7 simulations of experimental data for a distribution function. The simulations were performed for the energies E储
= 0.64 eV and E⬜ = 0.67 eV and correspond to a layer with
coverage 0.04 ML 共see Table II兲. The plot, in addition to
points representing the whole chain population for s ⱖ 2,
contains the points corresponding to single indium atoms
trapped on C defects. The deviation used for the final fitting
was a sum of Diii values calculated using the relation 共4兲 for
the three chosen measurements 关see Fig. 6共c兲兴. Comparison
of experimental and simulated data resulted also in almost
isotropic diffusion of In on Si共100兲 with activation energies
very close to the values obtained by the fitting represented by
the diagrams 共a兲, 共b兲, and 共d兲.
We studied how the best fit of growth characteristics is
affected by a change in the value of the detachment energy.
TABLE II. Activation energies for In adatom diffusion parallel
and perpendicular to In chains for two directions of detachment.
Values were obtained by comparing data from two in situ and one in
vivo experiments and simulations for two models considering different atom detachment from chains.
Parallel detachment

0.04 ML
0.08 ML
In vivo

Perpendicular detachment

E储 共eV兲

E⬜ 共eV兲

E储 共eV兲

E⬜ 共eV兲

0.64⫾ 0.03
40.62⫾ 0.03
0.60⫾ 0.10

0.62⫾ 0.07
0.61⫾ 0.07
0.65⫾ 0.05

0.64⫾ 0.03
0.61⫾ 0.03
0.65⫾ 0.10

0.67⫾ 0.07
0.64⫾ 0.07
0.65⫾ 0.05

We performed additional simulations using values of the detachment energy from the interval ⫾0.04 eV around the experimental value 0.82 eV which we used in our KMC simulations. The simulations showed that increasing or decreasing
the detachment energy results in increasing or decreasing the
diffusion barriers, respectively. The change is practically the
same for both the barriers 共E储 , E⬜兲 and equals the change in
the detachment energy. If diffusion barriers remain unchanged, the increase in the detachment energy results in
lowering concentration of free chains 共not terminated on C
defects兲 and the average chain length slightly increases; decreasing the detachment energy increases the number in the
free chains and the corresponding decrease in the average
chain length is observed.
In addition, we investigated how the direction of the detachment of atoms from chains affects values of the estimated diffusion barriers. We found that the direction of detachment does not affect results significantly when the
diffusion is nearly isotropic; it plays an important role only
in the case of very anisotropic diffusion. Table II shows the
energy barriers obtained from simulations of different experiments fitted using both the parallel and perpendicular directions of detachment. Any combination of the energies outside
the range given by included errors results in a double deviation 共compared to the best fit兲 between experimental and
simulated data. The activation energies obtained for the parallel detachment are slightly lower than for the perpendicular
one.
The diffusion barriers for indium determined from KMC
simulations 共see Table II兲 correspond to almost isotropic diffusion. It is in contrast to Albao’s et al. anisotropic results
共E储 = 0.40 eV; E⬜ = 0.81 eV兲. The values obtained theoretically for Al by Brocks et al.8 are anisotropic as well 共E储
= 0.1 eV; E⬜ = 0.3 eV兲 but much lower.
B. Scaled chain length distribution function

It follows from the nucleation theory20,24 that during the
submonolayer growth, the density 共per site兲 Ns of islands
composed of s atoms fulfils the scaling form,
Ns ⬇ ⌰

f共s/具s典兲
,
具s典2

共1兲

where ⌰ is the coverage and ⌰ / 具s典 represents the mean
island-size density. The function f共x兲, x = s / 具s典 is the scaled
island-size distribution function. The relation 共1兲 was confirmed by simulations using different models of irreversible
two-dimensional 共2D兲 aggregation and from STM experiments. In most cases, the shape of the scaled distribution
function is monomodal, with a peak for x = 1. A monomodal
function was observed both for homogeneous and heterogeneous nucleations. The scaling for the passage from irreversible to reversible aggregation was examined theoretically in
Ref. 21. The unconventional shape of the scaled distribution
function, monotonously decreasing, observed for 1D growth
of Ga on Si共100兲 by Albao et al.9 共and explained by means of
KMC simulations using strongly anisotropic surface diffusion兲 was theoretically investigated by Tokar and Dreyssé.11
They showed that for equilibrium growth and a model with
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FIG. 8. 共Color online兲 Postdeposition relaxation of a simulated
scaled distribution functions for two detachment barriers 共a兲 0.82
eV and 共b兲 0.76 eV. The transition to the monotonically decreasing
function corresponding to an equilibrium state is visible. The simulation corresponds to a layer with coverage 0.08 ML deposited at
rate 0.002 ML/s.

FIG. 9. 共a兲 Dependence of the average chain length on coverage
simulated for various concentrations of C defects. Triangles represent data from the corresponding in vivo experiment. 共b兲 Average
chain length is controlled by the concentration of C defects. Note
also the relaxation of the average chain length during time. E储
= 0.62 eV and E⬜ = 0.58 eV, Edet = 0.82 eV.

atomic interactions restricted to only nearest neighbors, the
scaled distribution function is exponentially decreasing. Here
we obtained for 1D submonolayer growth of In similar monotonously decreasing chain length distribution functions
共Figs. 4 and 7兲.
If we consider the homogeneous nucleation with the detachment only and the C defects are excluded from our
model, the simulated distribution function remains monotonously decreasing. On the other side, excluding the process
of detachment 共irreversible model兲 results in a conventional
monomodal distribution function independently of presence
of the C defects in the model. For the irreversible model, the
monotonous distribution can be simulated only when the
strong diffusion anisotropy is introduced, similarly as reported by Albao et al.9 We conclude that the monotonous
form of the chain length distribution function obtained for
indium layers with low coverage 共ⱕ0.15 ML兲 at RT and
used deposition rates can be explained by the process of
atom detachment from indium chains during the growth.

tion is monomodal just after the deposition and relaxes into a
monotonous one 关Fig. 8共a兲兴. If the detachment rate increases,
the distribution function changes from the monomodal to
monotonous form even during the growth 关see Fig. 8共b兲兴.
The simulation shows that the observed system reaches an
equilibrium state after ⬃6 h 共estimation for the used experimentally determined barrier Edet = 0.82 eV兲, though the most
dramatic change occurs during the first 10 min after the
deposition.

C. Postdeposition relaxation

Further we used our reversible growth model for exploring postdeposition relaxation indicated by experimental data
obtained from STM measurements at various time after
deposition 共see Fig. 4兲. We simulated the growth using the
diffusion barriers determined and deposition rate 0.002 ML/s
for two different values of the detachment barrier. The time
evolution of the distribution functions obtained for various
time after deposition is in Figs. 8共a兲 and 8共b兲. If the detachment rate is small enough with respect to the deposition rate
共a high-energy barrier for detachment兲, the distribution func-

D. Influence of C defects

The time constant for the detachment of an In atom from
an adsorption site at a C defect is ⬇100 times bigger than for
the detachment from In chains, making the C defects practically perfect diffusion traps.10 To describe a role of C defects
at heterogeneous nucleation and submonolayer growth of In
quantitatively, we simulated growth using the same parameters as for a real experiment, only the concentration of the C
defects was changed. Figure 9共a兲 shows the dependence of
the average chain length on coverage obtained for parameters
of the in vivo experiment with a low deposition rate 1
⫻ 10−4 ML/ s. The average chain length is controlled by
concentration of the C defects. The dependence of the average chain length on the C defect concentration is in Fig. 9共b兲.
It can be seen that an effect of postdeposition relaxation disappears with the increasing concentration.
E. Growth scenario

The simulations and analysis of results allow to suggest a
scenario for the experimentally observed submonolayer
growth and discuss a role of participating processes at RT.
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Simulations of the postdeposition relaxation show that only a
population of atoms detached from chains exists on the surface after the deposition. They nucleate as new chains or
attach to other chains and the system moves toward the dynamical equilibrium. During the deposition, if the deposition
flux is small enough with respect to detachment rate and
surface mobility, the growth proceeds at thermal equilibrium
and a postdeposition effect consists from thermal fluctuations
only; the scaled chain length distribution function is monotonously decreasing. At sufficiently high deposition flux, the
growth of chains due to the attachment of deposited atoms
dominates and the effect of the detachment is suppressed.
The growth becomes irreversible and the scaled distribution
function has a monomodal form 共at almost isotropic surface
diffusion兲.
F. Comparison with an equilibrium model

The model of Tokar and Dryssé11 for the equilibrium homogeneous growth can provide the only parameter, the
x
. It can be deternearest-neighbor interaction energy VNN
mined from the dependence of the average chain length on
coverage 关using Eq. 共14兲 in Ref. 11兴. In case of the equilibrium model growth characteristics are independent of a kinetic path. Our data from in vivo experiments at a rather low
deposition rate may reflect a situation not too far from an
equilibrium state, but the considered growth is heterogeneous. The data in Fig. 4共b兲 can be approximated by an exx
= −0.17 eV obponential scaling function. The value VNN
tained from our experimental data for indium is similar to the
pair-interaction energy determined in Ref. 11 for gallium
共−0.192 eV兲.
Simulations of experimental data showed that the deposition rate is a crucial parameter for growing indium on
Si共100兲 surface at RT and determines a transition between
irreversible and reversible character of the growth. The measured growth characteristics depend on a process of postdeposition relaxation, which has to be included into the
growth simulation. The monotonous character of the scaled
chain length distribution function can be related to a mechanism of atom detachment from the chains. The deposition
rate and substrate temperature can be used for controlling the
competition between kinetics and equilibrium. The model
formulated for simulations is too simplified to be used for
explanation all experimentally observed details;19 for example, a plateau in the average chain length dependence on
coverage within 0.05 and 0.12 ML 共see Fig. 2兲 obtained from
two various in vivo measurements—but the model explains
the most important features of the growth of indium on the
surface Si共100兲-2 ⫻ 1 at room temperature.
VI. CONCLUSIONS

STM technique was used for studying the growth of indium on the Si共100兲-2 ⫻ 1 surface at low coverage and room
temperature. Direct observation during the deposition, in
vivo measurements, showed that the C defects act as nucleation centers for indium adatoms. The majority of the indium
chain is pinned on one or both ends by a C defect that de-

termines the average chain length for a given coverage. The
in vivo observations further revealed the reversible character
of the growth due to atom detachment from the chains. Statistical characteristics of the In layers 共average chain length,
average length of chains not terminated at C defects, dependence of average chain length on coverage, and scaled
island-size distribution function兲 were obtained from the experiments of two types: the in vivo measurements and the
standard in situ observations after the deposition of various
coverages.
The atomistic model with the anisotropic diffusion which
includes the presence of C defects on the surface as well as
the detachment of atoms from the chain was developed. Both
in vivo and in situ experiments were simulated using the
KMC method. The simulations showed that the process of
atom detachment can explain the monotonously decreasing
shape of the scaled chain length distribution function. Free
parameters of the model, activation energies for anisotropic
surface diffusion, were determined by the comparison of experimental and simulated characteristics of the indium layers. The values obtained for the activation energies 共see
Table II兲 correspond to almost isotropic surface diffusion in
contrary with anisotropic data reported for the same group
metals Ga and Al earlier.
ACKNOWLEDGMENTS

This work is a part of the research plan MSM
0021620834 that is financed by the Ministry of Education of
the Czech Republic and was partly supported by Project No.
202/06/0049 of GACR, Project No. AV0Z 10100520 of
ASCR, Project No. 227/2006/B of GAUK, Project No. 225/
2006/B of GAUK, and Project No. 100907 of GAUK. The
access to the METACentrum computing facilities provided
under the research intent MSM 6383917201 is highly appreciated.
APPENDIX

The deviations between experimental and simulated characteristics were determined as follows: 共i兲 for the average
chain length 具s典,
Di = 共具s典simulated − 具s典experiment兲2 ,

共2兲

共ii兲 for the dependence of average length on coverage,
⌰=0.25 ML

Dii =

1

simulated
− 具s典sexperiment
兲2 ,
兺
⌰
2 共具s典⌰

⌰=0.025 ML

共3兲

⌰

where 2⌰ is a weight parameter—mean-square deviation of
chain length at a given coverage ⌰ obtained from simulation
experiments;
共iii兲 for the scaled chain length distribution functions,
s=⬁

Diii = 兺 共f ssimulated − f sexperiment兲2 ,

共4兲

s=1

where function values f s are calculated for each chain length
of s atoms contained in the data.

165424-8

PHYSICAL REVIEW B 79, 165424 共2009兲

HETEROGENEOUS NUCLEATION AND ADATOM…

1 J.

N. Takeuchi, Phys. Rev. B 63, 035311 共2000兲.
J. Hamers and U. K. Köhler, J. Vac. Sci. Technol. A 7, 2854
共1989兲.
14
P. Kocán, P. Sobotík, and I. Ošt’ádal, Phys. Rev. B 74, 037401
共2006兲.
15 M. A. Albao, M. M. R. Evans, J. Nogami, D. Zorn, M. S. Gordon, and J. W. Evans, Phys. Rev. B 74, 037402 共2006兲.
16
P. Kocán, L. Jurczyszyn, P. Sobotík, and I. Ošt’ádal, Phys. Rev.
B 77, 113301 共2008兲.
17 M. Z. Hossain, Y. Yamashita, K. Mukai, and J. Yoshinobu, Phys.
Rev. B 67, 153307 共2003兲.
18
S. Okano and A. Oshiyama, Surf. Sci. 554, 272 共2004兲.
19 I. Ošt’ádal, J. Javorský, P. Kocán, P. Sobotík, and M. Setvín, J.
Phys.: Conf. Ser. 100, 072006 共2008兲.
20 M. C. Bartelt and J. W. Evans, Phys. Rev. B 46, 12675 共1992兲.
21 C. Ratsch, A. Zangwill, P. Šmilauer, and D. D. Vvedensky, Phys.
Rev. Lett. 72, 3194 共1994兲.
22
P. Sobotík and I. Ošt’ádal, Surf. Sci. 602, 2835 共2008兲.
23 M. Kotrla, Comput. Phys. Commun. 97, 82 共1996兲.
24 J. Evans and M. Bartelt, J. Vac. Sci. Technol. A 12, 1800 共1994兲.
12

*ivan.ostadal@mff.cuni.cz
Nogami, A. A. Baski, and C. F. Quate, Phys. Rev. B 44, 1415
共1991兲.
2 J. Nogami, S. Park, and C. F. Quate, Appl. Phys. Lett. 53, 2086
共1988兲.
3
A. A. Baski, J. Nogami, and C. F. Quate, Phys. Rev. B 43, 9316
共1991兲.
4 M. Kishida, A. A. Saranin, A. V. Zotov, V. G. Kotlyar, A.
Nishida, Y. Murata, H. Okado, M. Katayama, and K. Oura,
Appl. Surf. Sci. 237, 110 共2004兲.
5 B. Voigtländer and T. Weber, Phys. Rev. Lett. 77, 3861 共1996兲.
6
I. Ošt’ádal, P. Kocán, P. Sobotík, and J. Pudl, Phys. Rev. Lett.
95, 146101 共2005兲.
7
M. M. R. Evans and J. Nogami, Phys. Rev. B 59, 7644 共1999兲.
8 G. Brocks, P. J. Kelly, and R. Car, Phys. Rev. Lett. 70, 2786
共1993兲.
9 M. A. Albao, M. M. R. Evans, J. Nogami, D. Zorn, M. S. Gordon, and J. W. Evans, Phys. Rev. B 72, 035426 共2005兲.
10
P. Kocán, P. Sobotík, I. Ošt’ádal, J. Javorský, and M. Setvín,
Surf. Sci. 601, 4506 共2007兲.
11 V. I. Tokar and H. Dreyssé, Phys. Rev. B 74, 115414 共2006兲.

13 R.

165424-9

Chapter 5
Relation between activation
energies for hopping and
diffusion coefficient
The activation energies for hopping are the main factor that determines
diffusion of surface atoms. However, the diffusion process is also influenced
by the surface morphology - islands can block the diffusion and capture
diffusing atoms for certain time. The main goal of this chapter is to give
some idea about the relation between the activation energies for hopping of
a single adatom and the real distance that an adatom can reach in a given
time. Quantity suitable for description of the distance is the tracer diffusion
coefficient (equation 2.12).
In the previous chapter the activation energies for hopping of a single In atom on the Si(100)-(2×1) surface were determined by means of
KMC. The same algorithm is used in this chapter to discuss the relation
between the activation energies for hopping and the diffusion coefficient.
Indium adatoms can detach from the chain ends with an activation energy
of 0.82 eV [31]. Layers prepared close to room temperature reach dynamical equilibrium in several hours. When the system is in equilibrium, the
tracer diffusion coefficient can be calculated by a KMC simulation from its
definition (equation (2.12)).
The relation between the activation energies for hopping and the diffusion coefficient is trivial in a limit case of a single particle on an isotropic
surface [67].
EA
1 2
a ν = a2 ν0 exp(− ),
(5.1)
n
kT
where n is a number of positions where the atom may hop, a is a surface
lattice constant (0.384 nm for Si(100) surface) and ν is a total hopping rate
from the adsorption position. n disappeared from the second part because
ν is related to n processes but EA is related to an energy barrier of a parD=
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ticular process. This equation is no more valid when the diffusing particles
mutually interact. The Si(100) surface is even more intricate because the
activation energies are anisotropic and further the indium chains block diffusion in one direction. Real anisotropy of the movement of In atoms (in a
long–range point of view) is therefore result of both anisotropy of activation
energies and anisotropy of the layer morphology.
In case of anisotropic substrate the diffusion coefficient has a tensor
character. For the Si(100) we can write the tensor in coordinate system of
the surface symmetry axes (along and perpendicular to the indium chains)
and the nonzero matrix elements of the tensor are just the two diagonal
ones, Dk and D⊥ . These can be simply calculated as
1
|xi (t) − xi (0)|2
t→∞ 2t

Dk = lim

(5.2)

1
|yi (t) − yi (0)|2 ,
(5.3)
t→∞ 2t
where x is the direction of the metal chains (perpendicular to dimer
rows) and y is the direction perpendicular to the metal chains.
The algorithm used for simulating indium hopping and growth of the
first monolayer is described in detail in article attached to chapter 4 [112].
A simple extension of the algorithm allows to record time evolution of positions of single In adatoms and to calculate the tracer diffusion coefficient
by means of equations 5.2 and 5.3. Deposition parameters used in the simulations are similar to the experiments in Chapter 4. The layer is relaxed
after the deposition until a dynamic equilibrium is reached (several hours
of relaxation). Statistical properties of the layer in dynamic equilibrium depend only on the metal coverage and sample temperature [110]. There is
no dependence on the deposition conditions (there is just one equilibrium
state and it does not depend on the kinetic path leading to it). Calculating
the diffusion coefficient after relaxing the layer to dynamic equilibrium is
optimal because it eliminates its dependence on growth kinetics.
Time evolution of positions of In adatoms is recorded in the algorithm
and the time dependence of |∆x|2 and |∆y|2 is investigated. D is estimated by fitting a linear function through the dependence. Averaging
through 4 KMC simulations is used. C–defect concentration is set to zero
for simplicity. Energy for atom detachment from the chain is set to 0.82 eV
(according to the experimental data [31]). A temperature of 300 K and the
frequency prefactor ν0 = 1013 [s−1 ] are used.
D⊥ = lim

5.1

Verification of algorithm

First it is necessary to verify that the algorithm is working correctly. The
best way is to calculate the tracer diffusion coefficient for a situation that

5.2. Coverage dependence of diffusion coefficient
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Figure 5.1: Testing the algorithm for estimating the anisotropic tracer
diffusion coefficient at very low In coverage (0.01 ML). Activation energies
of hopping were set Ek =0.7 and E⊥ =0.8 eV for the test.
can be solved analytically (hopping of noninteracting particles – equation
5.1). A simulation for a low In coverage (0.01 ML) and anisotropic activation energies Ek =0.7 and E⊥ =0.8 eV is suitable to represent the 2–D gas of
noninteracting particles. The activation energies for hopping were set a little higher for the test than the values obtained in chapter 4. It slows down
adatom hopping and reduces nucleation of new chains. As a consequence,
most of indium atoms are freely moving and the number of In islands is
negligible.
The resulting time dependence of mean square displacements is in fig.
5.1. The values of diffusion coefficient calculated from equation 5.1 for
a system of non–interacting particles are Dk = 2.53 × 10−18 [m2 s−1 ] and
D⊥ = 5.28 × 10−20 [m2 s−1 ]. This is in a perfect agreement with the values
obtained from KMC, Dk = (2.54 ± 0.03) × 10−18 [m2 s−1 ] and D⊥ = (5.3 ± 0.1) ×
10−20 [m2 s−1 ].

5.2

Coverage dependence of diffusion coefficient

Now we can use the algorithm to obtain information about a coverage dependence of the tracer diffusion coefficient. Fig. 5.2 shows the coverage
dependence of the Dk and D⊥ . Both activation energies for hopping were
set equal to 0.64 eV (as determined from the experiment in chapter 4). The
diffusion coefficient is isotropic at coverages close to zero. However, increasing the coverage results in a significant decrease of D and its anisotropy.
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Figure 5.2: A coverage dependence of tracer diffusion coefficient. The activation energies for hopping were set isotropic Ek =E⊥ =0.64 eV.
The anisotropy of the diffusion coefficient is induced solely by one dimensional shape of the indium chains. It becomes visible at coverages about
≈0.04 ML and at 0.18 ML the difference between Dk and D⊥ is almost one
order of magnitude.

5.3

Hopping anisotropy
anisotropy

versus

diffusion

Finally let’s discuss the anisotropy of D in dependence on anisotropy of the
activation energies for hopping. Plots in fig. 5.3 show calculated Dk and D⊥
as a function of the activation energies. The anisotropy of the diffusion coefficient (which expresses the real anisotropy in movement of In adatoms) is
expressed as log(D⊥ /Dk ). The plots were calculated for several indium coverages. The zero coverage plots were calculated analytically from equation
5.1 and the other data were calculated by means of KMC.
Figure 5.3 shows one important fact: The anisotropy of the diffusion
coefficient at low coverage (0.05 ML) is quite similar to the plot calculated
for zero coverage. The diffusion anisotropy at low In coverages is therefore
determined by the anisotropy of the activation energies for hopping of a
single In adatom. However, the diffusion (in the meaning of a material
transport) becomes governed by the layer morphology at higher coverages.
This chapter hopefully illustrated some aspects of In adatom diffusion on
the Si(100) surface that are not obvious. It was shown that the anisotropy of
movement of a single adatom is not just a matter of anisotropy of activation

5.3. Hopping anisotropy versus diffusion anisotropy
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Figure 5.3: Dependence of diffusion coefficient for indium on Si(100)-(2×1)
surface on activation energies for hopping. The coverage dependence is plotted. For description see the text.
.
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energies for hopping. The diffusion coefficient is a complex function that is
strongly affected by layer morphology at coverages as low as 0.1 ML.

Chapter 6
Direct observation of Single In
atom hopping at low
temperature
6.1

Motivation for the experiment

In previous chapters we have used KMC simulations to determine the activation energies for hopping of a single In adatom on Si(100)-(2×1) reconstruction at room temperature. The resulting set of activation energies
for hopping in directions perpendicular and parallel to metal chains was
E⊥ = Ek = 0.64 eV. However, a new theoretical work has been recently published. Albao et al. used DFT to calculate the energy barriers for hopping of
an In atom on the Si(100)-c(4×2) reconstruction at zero temperature [64].
The calculated set of activation energies is E⊥ = 0.269 eV and Ek = 0.272 eV.
Both works therefore reported almost isotropic hopping but the activation energies estimated from KMC simulations are more than double than
those from the DFT calculation. There are more papers focused on the hopping of the group III metals on the Si(100) surface by various methods. A

Table 6.1: Activation energies for group III adatom hopping on the Si(100)
surface in directions parallel and perpendicular to metal chains – estimated
by different authors.
method

ref.

DFT
DFT
KMC
KMC

[68]
[64]
[29]
[112]

Al
E⊥ [eV] Ek [eV]
0.3
0.1
0.305
0.466

Ga
E⊥ [eV]
Ek
0.283
0.70

0.332
0.35

In
E⊥ [eV] Ek [eV]
0.269

0.272

0.64

0.64
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summary of the reported activation energies is in table 6.1. We can see
a disagreement between the values estimated for the same system by different methods. For example the activation energies for gallium hopping
predicted by KMC are also much higher than the results from DFT. Exactly
as in the case of indium hopping.
According to our best knowledge there is no paper focused on determining the activation energies from a direct STM measurement at low temperature. It is surprising, because this method has been successfully used for
hopping of metal atoms on other semiconductor reconstructions [54, 113–
115]. Peculiarities of direct observation of the single indium adatom hopping on the Si(100)-c(4×2) surface are described in the manuscript below.
The most important findings of the paper are following:
• Single indium adatoms on the Si(100) surface were imaged by STM
for the first time.
• The tunneling current in STM induces hopping of the In adatoms.
Currents as low as 25 pA are strong enough to induce measurable
hopping rates.
• Activation energies for hopping of a single In adatom on the Si(100)c(4×2) reconstruction were determined from direct observation of thermally activated hops. The energies are Ek = (0.26 ± 0.06) eV and
E⊥ = (0.28 ± 0.07) eV for directions parallel and perpendicular to Si
dimer rows.
Please note that the labeling of E⊥ and Ek is reversed compared to rest
of this thesis – parallel means parallel to Si dimer rows, not to the metal
chains.

6.2

Results

Competition between thermally activated and tip–induced hopping of indium atoms
on Si(100) surface
Martin Setvı́n,1, 2 Jakub Javorský,1, 2 Zsolt Majzik,2 Pavel Sobotı́k,1 Pavel Kocán,1 and Ivan Ošt’ádal1
1

Department of Surface and Plasma Science, Charles University,
V Holešovičkách 2, 180 00 Prague 8, Czech Republic
2
Institute of Physics, Academy of Sciences of the Czech Republic,
Cukrovarnická 10, 162 00, Prague, Czech Republic
Adsorption and dynamics of single indium atoms on Si(100) surface were studied by means of
Scanning Tunneling Microscopy in a temperature range from 30 to 130 K. Single In adatoms are
strongly influenced by a tip–surface interaction which is proportional to the tunneling current. Surface hopping of the In adatoms was recorded and conditions minimizing the tip–surface interaction
were investigated. Activation energies and frequency prefactors for thermally activated hopping
were calculated from a temperature dependence of lifetimes of In adatoms in adsorption positions.
PACS numbers: Valid PACS appear here

Parameters of fundamental processes like adsorption
and diffusion of metal atoms on semiconductor surfaces
are highly important for studying heteroepitaxial growth
and for technology applications. Individual behavior of
metal atoms on the reconstructed semiconductor surfaces has attracted lots of attention in past decades. It
was studied mostly by means of scanning tunneling microscopy (STM), density functional theory (DFT) and
kinetic Monte Carlo (KMC) simulations.
Si(100)-(2×1) is a technologically important surface.
It also attracts scientific attention because its unique
structure allows self-assembling of different species into
single atom wide chains due to surface polymerization
reaction.1 Typical examples are chains of group III and
IV metals (In, Al, Ga, Sn, Pb,...),2,3 but also other metals or even organic molecules have the ability to form
chains on the Si(100) surface.4 Adsorption and diffusion of single atoms on Si(100) surface was previously
investigated by means of DFT and KMC.1,5–8 DFT proposed activation energies for hopping of an In adatom
in directions parallel and perpendicular to Si dimer rows
Ek =0.269 eV and E⊥ =0.272 eV respectively.5 KMC proposed Ek ≈E⊥ ≈0.64 eV for the same system.6 Similar discrepancy was found in case of Ga diffusion where KMC
simulations of growth characteristics at room temperature (RT) also proposed much higher activation energies
than DFT.5,7 According to our best knowledge there is
no study using direct STM observation of single atom
hopping on Si(100) surface to obtain activation energies
experimentally. According to the predicted values of activation energies from 0.1 to 0.6 eV the hopping rate of single In adatoms in a temperature range from 30 to 200 K
should be suitable for direct STM observation.9–12
Several reconstructions can be observed on Si(100) surface due to dimer buckling. At RT the reconstruction appears as p(2×1) due to fast switching of buckled silicon
dimers. When the surface is cooled below 200 K, mixing
of reconstructions known as c(4×2), p(2×2) and p(2×1)
occurs on the surface.13 Recently it has been proved that
buckling orientation of the Si dimers on Si(100) surface

can be switched by tunneling electrons in STM or electron irradiation in LEED.13,14 The reconstruction with
the lowest total energy is the c(4×2) and the others are
tip induced, which was finally proved by means of non
contact AFM measurements.15
In this paper we first discuss scanning conditions that
minimize the tip–surface interaction and allow imaging
of single In adatoms. Then we interpret STM images of
single In atoms on the c(4×2) surface. Further we focus
on hopping of single adatoms on surface areas with the
c(4×2) reconstruction. The adatom mobility was studied in the temperature range 30÷130 K. According to
domination of tip induced or thermally activated events
the range can be divided into corresponding intervals.
Activation energies and frequency prefactors for hopping
of In adatom are evaluated from the thermally activated
events.
Experiments were carried out in UHV chamber with
base pressure <3×10−9 Pa equipped with an Omicron
VT STM head. Sb-doped Si(100) samples with resistivity 0.014 Ωcm were used. Indium was deposited from
a tantalum crucible heated by electron bombardment
(Omicron EFM3 evaporator). An external magnetic field
(≈0.1 T) was used to separate charged particles from a
beam of deposited indium atoms. Excess energy of deposited ions prolonged a process of thermalization on the
surface – indium chains (mostly dimers or trimers) appeared on the surface. Single In adatoms were missing
unless the indium ions were screened out.
Our measurements show that the tunneling current in
STM induces enhanced In adatom hopping. The effect
is similar to the current–induced switching of the dimer
buckling. Fig. 1 shows STM images taken at 78K and
tunneling currents 25 and 100 pA. Arrows mark positions
of single In adatoms. The imaging is stable at 25 pA, but
increasing the current to 100 pA considerably enhances
hopping of the single atoms that appear ‘fuzzy’ in Fig.
1 (b). The fast tip–induced hopping results either in
‘removing’ the adatoms from the scanned area or their
attachment to indium clusters (marked ’C’).2,16 The clus-

2

FIG. 1. (color online): Influence of the tunneling current
on imaging of single In adatoms. 25×25 nm STM images
measured at 78K, VS =−1.8 V and It a) 25 pA, b) 100 pA.
Arrows mark single indium atoms, feature C is indium cluster.

ters can be also manipulated by the tip but the interaction is much weaker. All STM images presented in this
paper were scanned at sample voltage from −1.5 to −2 V.
An influence of the tip on the single indium adatoms was
the weakest in this voltage range. Any attempt to image
the indium atoms in empty states resulted in immediate
‘tip crashing’ to the surface.
STM imaging of indium adatoms depends on the surface reconstruction. Fig. 2 (a) shows an area of Si(100)
with domains of c(4×2), p(2×2) and p(2×1) reconstructions scanned at 77K. Feature V represents an image of
In adatom typical for the c(4×2) reconstruction. It consists of two opposite V–shaped bright protrusions in the
neighboring dimer rows (a detail is in Fig. 2 (b)). Feature
S consists of the two V–shaped protrusions but mutually
shifted along the dimer rows by one lattice constant. This
feature can be observed mostly at domain boundaries of
the c(4×2) reconstruction or at p(2×2) domains. Both
features V and S contain one indium atom only. It was
unambiguously proved by observations of the object hopping and attachment to indium chains on the surface.
The two different types of In adatom imaging can be
explained as follows – adatom hopping among several adsorption positions is relatively fast with respect to scanning speed of the STM tip. It results in multiple imaging of the adatom. Similar effect was reported for metal
adatoms on the Si(111)-(7×7) surface.17,18 Potential energy surface reported for indium5,8 contains 4 equivalent
local minima in the area bordered by the two opposite
V–shapes - see Fig. 2 (c). The calculated activation energies for hopping among those positions are less than
0.2 eV. The barriers for leaving the area are predicted to
be 0.269 and 0.272 eV for directions parallel and perpendicular to the dimer rows, respectively.
Cooling the sample even below 30 K did not change the
single atom imaging in STM. It suggests that the local
adatom hopping inside the double V–shape protrusion is
tip induced. The interaction of the tip with the In atoms
is weakest on areas with the c(4×2) reconstruction. It is
the only reconstruction that allows recording the adatom
hops. When the In atom moves to p(2×2) or p(2×1)
domains, it is often ’dragged’ by the tip along the dimer

FIG. 2. (color online): a) STM image at 77 K, VS =−1.8 V,
25 pA. Features V and S mark two different types of single In
atom imaging. b) Detail of an indium atom on the c(4×2) reconstruction at 85 K, −2.0V, 30 pA. c) Model of In adsorption
and hopping according to results in Ref. 5.

rows or suddenly disappears from the scanned area.
The main goal of this work is to determine activaion
energies for hopping of single indium atoms in directions
parallel and perpendicular to dimer rows. For this we
need to determine a temperature dependence of mean
lifetime of the In atom at a single adsorption position
with respect to hopping in those directions. To separate
thermally activated hops from the tip–induced ones, the
rate of thermal hops must be much higher than the rate of
tip–induced hops. It is complicated by the fact that the
minimum tunneling current of our STM is ≈25 pA which
still induces some hopping. We processed only events observed on the c(4×2) reconstruction – the measurements
on the other reconstructions did not provide sufficiently
reproducible data. The hopping rate in a direction parallel to the dimer rows is about 5-10 times higher than
in a perpendicular one. First we discuss only the parallel
hops and ignore the perpendicular ones. The perpendicular hops are discussed later.
Due to the significant rate of tip–induced events we
need to combine several methods to determine the mean
lifetime. With respect to the time T0 , needed to obtain
a single STM image (T0 ≈60 s), the adatom mean lifetimes τ can be divided into three intervals: (i) τ > T0 ;
it is possible to observe and distinguish single hops and
determine the adatom stay times in single adsorption positions. An example of an image sequence is in Figs.
3 (a)–(d). The full ‘video’ is available in Ref. 19. (ii)
τ < T0 but we can still trace particular atoms. The
distance between adatom positions recorded in two consecutive images represent more than a single hop. An
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FIG. 4. (color online): Temperature dependence of mean lifetimes of indium adatom with respect to hopping in direction
parallel to dimer row. For details see the text.

FIG. 3. (color online): a)–d) Sequence of STM images taken
at 74 K, -1.8 V, 25 pA. e) Corresponding histogram of lifetimes. f)–i) Sequence at 104 K, -1.8 V, 25 pA. Atom hops by
more than 1 position between two images. j) Histogram of
hopping distances between two STM images (108 K, 25 pA).

n=

N
X

ai .

(2)

i=1

The mean distance is hni = hN i hai = 0 and a variance
of it can be expressed from a dispersion theorem
example is in Figs. 3 (f)–(i). (iii) τ  T0 . We can no
more trace atoms that appear only as fuzzy features in
STM images (see Fig. 1 (b)).
According to the observed hopping rates we used three
different methods to process the data. The first method
was commonly used in previous works.20 Adatom hopping is a Poisson process and the probability of finding
the atom in its original position exponentially decreases
with the time:

P (t) = exp(−t/τ )

(1)

Fitting a histogram of measured lifetimes by an exponential function provides the mean lifetime τ – see Fig.
3 (e).
The second approach is suitable when the atom performs more than one hop between two consecutive STM
images but it can be still identified on the surface. We
take into account only the hops that dominate – hops
parallel to the dimer rows. The hopping can be considered as one dimensional random walk. Each hop is a random event with two possible realizations: left (ai =+1) or
rigt (ai =−1) and characteristics hai = 0 and var(a) = 1
The adatom performs N hops between two STM images
where an average value hN i = T0 /τ (T0 is time for taking one STM image). The total distance represented by
a number of hops is

2

var(n) = hN i var(a) + hai var(N ) = hN i =

T0
.
τ

(3)

The mean lifetime is τ = T0 /var(n). For T0  τ (N 
1) the random quantity n is gaussian (see Fig. 3 (j)).
However, equation (3) is valid for any ratio between T0
and τ and var(n) can be estimated as well.
The third method uses fuzzy images shown in Fig.
1 (b). By measuring a size of the fuzzy object in an
appropriate direction as a number of STM lines we can
determine lifetime of the atom in the adsorption position
and process the data in the same way as in the first case.
The measured lifetimes corresponding to the hops in a
direction parallel to the dimer rows are plotted in Fig. 4,
using an Arrhenius scale. Activation energy for thermal
hopping can be obtained from the plot by means of formula τ = τ0 exp(EA /kT ), where τ0 is an inverse value of a
frequency prefactor, EA is activation energy for hopping,
T is temperature and k is the Boltzmann constant.
The mean lifetimes were measured for two values of
tunneling current: 25 and 50 pA. The lifetimes are temperature independent below 90 K which indicates the tip
induced hopping. Increasing the tunneling current to
50 pA resulted in decreasing the mean lifetime by more
than one order of magnitude. The tunneling current is
the main factor responsible for the tip–induced adatom
hopping. It is in agreement with previous theoretical and
experimental works that concluded that the electrons or
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holes injected to the Si(100) surface cause vibrational excitations of lattice.13,14
When the sample temperature increases above ≈ 95K
the mean lifetime significantly decreases. The temperature dependence shows arrhenian behavior and we consider the hopping in this temperature range as thermally
activated. The values of activation energy and frequency
prefactor estimated from the fit are Ek = (0.26±0.03) eV
and ν0 = 4 × 10(11±1) s−1 . Due to an error of temperature measurements (≈ 10 K) we estimate the real accuracy of hopping parameters as Ek = (0.26 ± 0.06) eV and
ν0 = 4 × 10(11±2) s−1 .
The number of hops in the direction perpendicular to
the dimer rows is (7±2) times lower than in the parallel
direction. It is difficult to gather enough events and we
cannot obtain the statistics as for the parallel direction
(Fig. 4). Alternatively we assume the same frequency
prefactors for both directions and the ratio of mean lifetimes R is reciprocal of the ratio of corresponding hopping rates. The E⊥ is kT × ln(R) ≈ (0.02 ± 0.01) eV
higher than the Ek , so E⊥ = (0.28 ± 0.07) eV.
Estimated activation energies are in excellent agreement with the values predicted by DFT,5 Ek = 0.269 eV
and E⊥ = 0.272 eV. On the other hand, our results
considerably differ from the values obtained by means
of KMC simulations,6 Ek = E⊥ = 0.64 eV. The almost isotropic diffusion is reproduced but the energies
are more than double. There may be several reasons why
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Discussion

We have used two different methods to determine the energy barriers for indium adatom hopping and we have obtained two strongly different results.
These were E⊥ = Ek = 0.64 eV from KMC simulations and Ek = 0.26 eV and
E⊥ = 0.28 eV (for directions parallel and perpendicular to Si dimer rows)
from the LT STM measurements.
Both results are supported by very strong arguments:
1. The low temperature observations are in a perfect agreement with the
values calculated by DFT [64]
2. Determination of the activation energies by means of KMC was performed for three independent experimental data sets – morphology
measured at In coverage of 0.04 ML, morphology at 0.08 ML and evolution of chain length in a coverage interval from 0.025 to 0.25 ML.
The same values of activation energies were obtained by fitting of all
three data sets (within the error). The growth model and the resulting
activation energies are therefore very consistent.
Further, the nearest neighbor interaction energy was determined
in chapter 4 from the layer morphology close to equilibrium:
VNxN = −0.17 eV. Assuming that the atom at the chain end is bound to
its neighbor by this energy and the activation energy for hopping is
0.64 eV, superposition of the energies provides 0.64 + 0.17 = 0.81 eV.
It agrees with the experimentally measured barrier for detaching
an atom from the chain end Edet = 0.82 eV [31]. Summation of the
two energies is a very approximative approach, but it again points to
consistency of the values obtained from KMC simulations.
The DFT calculations were done at zero sample temperature. The low
temperature measurements (≈ 100 K) are in better agreement with the DFT
results as the conditions are comparable. Results obtained from the KMC
simulations show that contrary to general expectations, it is N OT possible to extrapolate the energy barriers obtained on the Si(100)-c(4×2) reconstruction to room temperature by means of Arrhenius formula. The room
temperature experiments are completely inconsistent with the lower energy
barrier set. The KMC simulations show that if we simulate the room temperature growth process with energy barriers E⊥ = 0.26 eV, Ek = 0.28 eV, all
free indium atoms immediately stick to C–defects. On contrary, we experimentally observe indium chains with both ends defect–free at room temperature. The ratio of ‘free’ chains is up to 50% in the in − vivo measurements.
Similar discrepancy between activation energies obtained from KMC
and DFT was reported also for gallium hopping on Si(100) surface (see Table 6.1). There are several possible explanations for existence of different
energy barriers for room temperature and low temperature hopping.
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1. The Si(100) surface undergoes a phase transition from c(4×2) to (2×1)
reconstruction at 200 K. We can expect that the parameters of hopping differ on different reconstructions. However, the dimer flipping at
room temperature should rather induce easier hopping than strongly
increase the diffusion barriers.
2. There might exist some kind of interaction between the single indium
atoms. For example if the adatoms become charged, there would be a
long–range repulsive interaction that would appear as an increase of
energy barriers for nucleation of new islands.
The low temperature measurements suggest that single In atoms
might be interacting with charge carriers (electrons and holes) of the
Si substrate. For example, we can take empty state STM images
of a clean Si(100) surface at low temperature but presence of even
a small amount of free In atoms makes whole surface absolutely
non–conductive when a negative bias is applied to the tip. As the
substrate charge carrier density is strongly different at 100 K and
300 K, such a mechanism might result in different conditions for
chain nucleation. But this is just a speculation at the moment – just
one possibility which is worth considering at further research.
3. It is possible that the KMC simulations did not include some process
important for the adatom hopping and island nucleation. However,
the low temperature observations of In hopping generally support correctness of the used growth model.
The difference between the room temperature and low temperature behavior of the single In atoms leaves this area open for further research. It
would be interesting to find the temperature (or temperature range) which
corresponds to qualitative change in the adatom diffusion. A possible experiment would be measuring the statistics of indium chains grown in temperature range from 100 to 300 K. Comparing these results to KMC simulations
and thermodynamical rules [111] should bring some answers.
Another interesting topic would be to investigate the interaction of single indium atoms with the tip – dependence on the tunneling current, substrate doping and so on.

Chapter 7
Identification of single atoms in
heterogenous In–Sn chains by
nc–AFM
Single atom wide chains are interesting self–assembled nanostructures
formed on the Si(100) surface. Examples of the indium, tin, aluminum
and lead chains were introduced in Chapter 2. One–dimensional systems
are interesting for a possible use as conductors of electric current. The
chains composed of a single type of atoms have, however, semiconductive
character [33] even though they are composed of metal atoms.
The semiconductive character can be explained by simple electron counting. The chains are composed of dimers, where each dimer has even number of electrons. Mixing two types of metals in a single chain is one possible
way of ‘tuning’ electronic properties of the chains. There are several studies
focusing on combining two different metals on the Si(100) surface [76, 116–
120]. The heterogenous chains are interesting not only for their electronic
properties, but it is also a unique model system. It can be used for studying
fundaments of 1–D magnetic systems, testing new methods, etc.
A key problem at studying systems composed of more atom types is resolving the single species. This chapter is not directly oriented on electronic
properties of the chains. The main focus is the possibility of identifying single chemical species by means of nc–AFM measurements. A previous work
done by Sugimoto et al. [86] suggested that the maximum
√ √ attractive chemical force is specific for each chemical species in a ( 3 × 3) mosaic structure
of Pb/Si/Sn on the Si(111) surface. Here we would like to examine the chemical identification on a more complex system of mixed In–Sn dimers on the
Si(100) surface.
The appearance of mixed InSn chains in STM images is first briefly discussed and their elementary electronic properties are summarized. Then
the results obtained by nc–AFM are presented and compared to ab − initio
calculations. All experimental data presented in this chapter were mea-
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Figure 7.1: An example of mixed In-Sn chains imaged by STM. The ratio of
In:Sn is about 20:1 a) VS =−2.0 V, b) VS =+2.0 V. Bright spots in filled states
show positions that contain Sn atoms. A combination of filled and empty
state images allows to identify particular structures (marked by arrows,
see below).
sured by the author of the thesis. All DFT calculations were done by Pingo
Mutombo.

7.1

STM measurements

The layers investigated in this chapter were prepared by codeposition of In
and Sn on the Si(100)-(2×1) surface heated to 400–500 K. A ratio between
In and Sn was chosen strongly in favor of In because it allowed certain
possibility of identification of the species by STM. A typical ratio of In:Sn
was about 10:1. An example of STM images of a prepared layer is in fig.
7.1. This figure shows that the chain–like structure is preserved in case of
codeposition of In and Sn. Tin atoms have an extra electron compared to In,
therefore the bright spots in filled state STM images mark positions that
contain one or more Sn atoms (according to DFT calculations). Empty state
images, however, show various patterns at the corresponding positions.
This requires a comparison with DFT calculations. An atomic structure
of basic In–Sn mixed structures are in fig. 7.2 together with calculated
STM images. These are an In–Sn mixed dimer within an indium chain, an
Sn–Sn dimer, and finally a more complicated In–Sn Sn–In structure. All of
these structures appear as a single bright spot in filled state STM images.
The calculated empty state patterns can be found in experimental data (fig.
7.1). STM therefore gives some clue about these elementary structures, but
only at low Sn concentrations. When the In:Sn ratio reaches about 5:1,

7.2. AFM measurements
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Figure 7.2: Basic structures formed by mixing of In and Sn atoms. a) mixed
In-Sn dimer, b) alone standing Sn-Sn dimer in an indium chain, c) a very
stable In-Sn Sn-In structure. A structural model is on the left side, the right
side shows calculated STM images in empty and filled states.
these structures are no more alone–standing in an indium chain and their
electronic structure is affected by other tin atoms in the chain.
The STM images are included here just for integrity of this chapter – to
give the reader some clue about an electronic structure of the composites.
The basic structures in fig. 7.2 will be used below as model structures for
DFT calculations of force curves. The AFM measurements will show that
the whole matter is more complicated than as suggested here.
Just to show the basics about metallic/semiconductive character of the
basic mixed structures – DFT calculations predict that the alone–standing
In-Sn dimer is metallic while the other two structures are semiconducting.
Figure 7.3 supports this prediction. The empty state image of the mixed
chains allows identification of the structures. Fig. 7.3 (b) shows the same
area at very low sample bias (+0.1 V). The In-Sn dimers appear bright in
the image, which suggests an existence of an electronic state at the Fermi
level. Other structures do not show any state in proximity of the Fermi
level.

7.2

AFM measurements

It is interesting to compare the spatial resolution that can be obtained by
STM and AFM. It is generally accepted, that STM can provide an atomic
resolution. However, it is usually not possible to resolve each atom within
the metal chains grown on the Si(100) surface. STM allows to resolve only
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Figure 7.3: a) An empty state image of mixed In-Sn chains (VS =+1.7 V). The
image contrast was enhanced to allow identification of basic In-Sn structures. The Si substrate is not visible due to the contrast. b) A constant
height image of the same area taken at VS =+0.1 V. Only alone standing
In-Sn dimers show a metallic character.

Figure 7.4: Comparison of spatial resolution obtained by STM and nc–AFM.
a) An STM image of mixed In-Sn chains at VS =−2.0 V. b) An inset from (a)
imaged by nc–AFM. Constant height, f0 =73200 Hz, h∆f i=-7 Hz, A=280 pm.
c, d) details from (a) and (b) overlaid by an atomic model of the structure.
The image shows the superior resolution obtained by nc–AFM. The atomic
model is also included in (a) and (b) to show position of the magnified area.

7.2. AFM measurements
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Figure 7.5: Chains containing In and Sn. The species are separated to
sections and do not intermix here. a) An STM image at VS =−2.0 V. The
bright parts of chains correspond to Sn, the dark parts correspond to In. b)
nc–AFM image of the same area, h∆f i=-3.7 Hz. Bright spots correspond to
indium atoms. c) A detail of the interface between In and Sn part, h∆f i =
−5.0 Hz.
dimers or atoms buckled up. It means that any spectroscopic information
measured by STS has the same spatial limitation.
Figure 7.4 (a) shows an area of the Si(100) surface with mixed In-Sn
chains imaged by STM in filled states. The inset from fig. 7.4 (a) is imaged
by nc–AFM in fig. 7.4 (b). Unlike the STM image, AFM allows to clearly
recognize each atom within the metal chains. The resolution of substrate
atoms is also much better in AFM. The main reason is that the tip comes
much closer during AFM imaging and it can switch the dimer buckling.
When using STM to image the chains, most of the tunneling current comes
from the atoms buckled up and the buckled down atoms are not visible.
Figures 7.4 (c,d) show a magnified area from (a) and (b), overlaid by a model
of the surface atomic structure.
The superior spatial resolution obtained in AFM means that each atom
can be probed separately and the measured signal does not interfere with
other atoms.
AFM images show a map of ∆f signal. ∆f is a complex function of
attractive chemical forces (equation 3.8) and also contains a contribution
from long range forces. It means that the AFM images do not directly
contain chemical information. This information can be obtained from a
z–dependence of the short range chemical force between the tip and the
investigated atom [86].

7.2.1

Force curves above homogenous chains

Let’s begin with a simple system – Fig. 7.5 shows an area of Si(100) that
contains separate sections of Sn chains and In chains. The structure was
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Figure 7.6: Force curves measured above atoms in figure 7.5. a) Indium
atoms, b) Tin atoms. AFM image in (b) reveals a section of tin chains which
show marks of buckling.
prepared in a following way: Tin was first deposited at temperature about
400 K. Indium was then deposited at room temperature. This procedure
does not allow intermixing of the In and Sn sections. Finally a very small
amount of Sn was deposited to stabilize the structure (indium chains are
not very stable at room temperature [31]).
The chain section that appears ‘dark’ in the filled state STM image (fig.
7.5 (a) – top right) corresponds to a homogenous indium chain. The other
parts are homogenous tin chains. Figure 7.5 (b) shows the same area imaged by nc–AFM (constant height). The atoms in the indium section appear surprisingly brighter than the Sn section. To localize the Sn atoms
it is necessary to scan at much closer distance. Fig. 7.5 (c) shows the In–
Sn boundary (magnified) at a much closer scanning distance (about 30 pm
closer).
Figure 7.6 (a,b) shows F (z) dependence (force curves) measured above
indium atoms and above tin atoms, respectively. The curves are compared
to dependences calculated by DFT. The DFT calculations were performed
with a Si–adatom terminated tip, which is the most reactive tip model.
When the calculated forces are compared to the experiment, we always divide the calculation by a certain factor (between 1 and 2). This scaling eliminates the influence of the exact tip apex configuration [86]. The z scales in
Fig. 7.6 are equal in both plots. z = 0 corresponds to a plane of scanning.
The force curves measured above the indium atoms show an excellent
agreement with the theory. Tin atoms should basically show some marks of
buckling – there should be atoms buckled up and down. However, comparison of the experiment with theory shows that all measured curves follow
the calculated dependence for an atom buckled down. It means that the
system tip-surface is preferably in the configuration where the probed Sn
atom is always buckled down. Some of our AFM images above tin chains

7.2. AFM measurements
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Figure 7.7: a) STM image of mixed In-Sn chains at VS =-2.0 V. b) nc–AFM
image of the same area. c) Examples of force curves measured above atoms
of the chain.
show marks of buckling (see the inset in fig. 7.6 (b)) but the corresponding
difference in force curves is always very small, almost negligible.
The preferred buckling–down of the Sn atoms in homogenous chains explains why the tin atoms appear darker in fig. 7.5 b. The calculated buckling of Sn–Sn dimers is normally 96 pm. The contrast in the AFM image
is therefore governed mainly by vertical positions of the atoms, not by the
maximum force. From the above measurements we can make several conclusions:
1. The measured ratio between maximum attractive forces above Sn and
In atoms is 1.06. A previous study [86] reported a ratio of 1.07. The
agreement is excellent.
2. Maximum attractive forces are almost same for both Sn and In. It
will be probably very difficult to recognize these species only from the
maximum force. It will be necessary to compare more features, like
shape of the force minima or z–shift of the minima.

7.2.2

Force curves above mixed chains

After testing the method on a known system, we can turn to probing mixed
InSn chains. Figure 7.7 shows this case; (a) shows a filled state STM image,
(b) shows a nc–AFM image of the same area. (c) shows a set of force curves
measured above atoms of the chain. We can see that there are only few
types of curves that are drawn by different colors for clarity. Blue curves
have a nonzero chemical force quite far from the surface and correspond to
bright spots in the AFM image. Red curves have a very typical sharp shape
of the force minimum. Blue and red curves have a very similar values of
maximum attractive force. On the other hand, the black curves have much
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Figure 7.8: a) nc–AFM image of InSn chains, arrows point to positions of
force curve measurements. b) Force curves measured above atoms marked
in (a). The experiment is compared to a DFT calculation of In–Sn dimer.
bigger maximum force. Last, the dashed red curves have slightly smaller
maximum force than the red and blue ones.
All types of curves are plotted in a similar amount in fig. 7.7 (c). However, it is important to note that the red curves are most common. The ratio
of blue ones corresponds to a number of ‘bright’ atoms in AFM image (7.7
(b)). Black curves are slightly less populated than the blue ones and the
dotted red curves are very rare.
After outlining general shape of the curves we can focus on exact positions in the chain and compare the experimental data to DFT calculations.
The simplest case is in fig. 7.8. Force curves measured above dimers marked
in the AFM image (fig. 7.8 (a)) fit well calculated data for a mixed In–Sn
dimer that is alone standing in a long In chain. Sn atoms correspond to the
blue curves and In atoms to the red curves. According to the calculation, Sn
always tends to buckle up when it is in a dimer with In. The buckling is the
main reason why Sn interacts with the tip much earlier than the In.
Indium atoms are buckled down in the In–Sn dimers. The force is therefore almost zero at far tip–sample distances. The buckling is switched at a
certain point. It induces a sharp step in the force curve and then the force
immediately begins to decrease. This is the reason for the ‘sharp’ V–shape
of the force curve minimum. The measured ratio between maximum forces
of Sn and In atoms is 1.17 in this case, which is still quite close to the value
of 1.07 obtained in [86].
Now we need to explain the origin of the black force curves from fig.
7.7 (c). These curves show significantly bigger maximum attractive force
than In and Sn. That seems to be inconsistent with the basics of chemical
identification [86]. The black curve was very often (but not only) measured
above structures that were identified as In–Sn Sn–In from STM measurements. The In–Sn Sn–In like structures provide a very typical sequence of
force curves. Figure 7.9 shows four examples of the sequence measured in
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Figure 7.9: Examples of force curves measured above structures which were
identified as In–Sn Sn–In from STM measurements. a)–d) show results
obtained by different tips.

Figure 7.10: DFT calculations of force curves above a) In–Sn Sn–In structure, b) In–Sn Si–In structure.
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Figure 7.11: Mixed InSn chains with In:Sn ratio about 1:5. a,b) STM images
at VS =−2.0 V and +2.0 V, respectively. c) AFM image of the same area. d)
Force curves measured above atoms marked in (b) and (c).

different measuring sessions (with different tips).
The sequence is very similar in cases (a), (b) and (c). The green curve
is similar to the indium from previous case, but it is slightly shifted in z–
direction towards closer tip–sample distances and has a smaller maximum
force. The shape of the blue curve is characteristic for Sn atoms buckled up.
The black curve is the one with bigger force and the red one is similar to
the In atom in the previous case. The sequence 7.9 (d) does not contain the
curve with the bigger force.
Figure 7.10 (a) shows calculated force curves above the In–Sn Sn–In
structure. This calculation cannot explain the high force in the experiment.
Calculated force curves above both Sn atoms appear almost equal. It is logical, because the AFM tip can switch buckling in this structure very easily,
making it almost symmetric for AFM. We can find an agreement between
the calculation and figure 7.9 (d).
The inability to explain the bigger measured chemical force brought us
to an idea of replacing one Sn atom in the In–Sn Sn–In structure by a silicon atom. Si atom should have a very similar electronic structure to tin, but
the total attractive force should be bigger according to the previous study
[86]. Figure 7.10 (b) shows calculated force curves for the new In-Sn Si-In
structure. We can see that the agreement with the experimental data in
fig. 7.9 (a) is perfect and the agreement with figs. 7.9 (b,c) is quite good. It
means that Si atoms can intermix with atoms of the chains during preparation of the layer.
The ratio between measured maximum chemical force above tin and silicon atoms is 0.66 on average. This is very similar to the 0.72 obtained in
the previous work [86].

7.2. AFM measurements

7.2.3

87

Identification of unknown structure

So far we have discussed only simple structures, that can be identified from
STM measurements as well. Now we can illustrate the chemical identification by AFM for a layer where Sn concentration is higher. Fig. 7.11 shows
an example where the ratio In:Sn is about 5:1. STM imaging (Fig. 7.11 (a,b))
does not allow to recognize tin from indium any more – see the framed area
for example. However, the force curves measured above the corresponding
atoms still keep only few basic shapes that can be attributed to In, Sn and
Si atoms. The curves in Fig. 7.11 (d) show force curves measured above
atoms marked in (c). We can clearly identify two Sn atoms (curves no. 2
and 6), two Si atoms (no. 5 and 8) and two In atoms (no. 3 and 7). For
curves no. 1 and 4 we can say these are probably indium atoms, but it is not
entirely clear.
In a short summary:
• The spatial resolution obtained by nc–AFM is significantly better than
by STM.
• AFM allows us to directly identify most atoms within the mixed In/Sn/Si chains.
• Si substrate atoms can intermix with atoms of the chain during the
layer preparation.
• The measured force curves show excellent agreement with DFT calculations.

Chapter 8
Al nanostructures formed on
Si(100)-2×1 surface at
temperatures from 300 to 800 K
Growth of the first Al monolayer on the Si(100) surface is discussed in this
chapter. Aluminum forms a wide variety of structures in temperature range
from 300 to 800 K. It is therefore the most suitable element of group III
and group IV metals for illustrating the metals interaction with the Si(100)
plane. Other group III and IV metals show very similar behavior, but simpler than Al. The Al–Si heterostructures are closely connected to applications because the Al/Si(100) interface is frequently used in semiconductor
devices.
Submonolayer Al coverages on the Si(100) surface have been a subject
of many studies in past decades [69, 121–125]. It is known that Al deposited on the Si(100) surface close to room temperature (300 – 500 K) self–
assembles into linear chains with a parallel dimer structure [68, 126, 127].
Heating the layer to higher temperatures results in creation of more stable clusters consisting of mixture of Al an Si atoms. The most stable structures are magic clusters that can self–assemble into (4×5) or c(4×12) arrays
at temperatures about 800 K and Al coverage ranging from 0.5 to 1.0 ML
[128–133] (1 ML means the same atom concentration as the number of Si
atoms in one Si layer). While an atomic structure of the one–dimensional
chains is well known [68], there are several possible structural models for
the Al–Si clusters [70, 134–137]. Recently a ‘Bunk’ model [134] seems to be
the correct one because it is supported both by DFT calculations and many
experimental techniques [128]. Beyond the chains and clusters, we have
found several interesting metastable structures which are formed at intermediate temperatures (between the chain–like growth mode and the magic
clustering).
This chapter first brings a comprehensive summary of Al structures
formed at temperatures ranging from 300 to 800 K. Scanning Tunneling

90

8. Al nanostructures prepared at elevated temperatures

Figure 8.1: a) STM image of an Al layer deposited at room temperature.
Coverage about 0.08 ML, VS =+2.0 V. Al forms chains with kinks. b) Atomic
model of the kink.
Spectroscopy is then used for a detailed investigation of these structures
and their atomic arrangement is discussed with respect to the data obtained
by STM and STS. Finally a few interesting results obtained by nc-AFM on
In–Si(100) system are presented to support the conclusions.
STM and STS experiments were performed on STM head of own design
(developed at Charles University). Point STS spectra were measured at
open loop using a lock–in technique (modulation frequency 961 Hz and amplitude 50 meV). Each presented spectrum is an average of 10 – 20 spectra
measured at different equivalent positions of the sample. Reproducible results were acquired with different tips. Electrochemically etched tungsten
tips were used. Tips were first annealed by electron bombardment and then
treated on Pt(111) surface [95] to ensure a metallic character. AFM experiments were performed on an Omicron q–Plus head. Silicon samples were
resistively heated to desired temperature by DC current. Al was deposited
from an alumina crucible heated by a tungsten filament. Deposition speed
was typically 0.04 ML/s

8.1

Al growth at different temperatures

An example of an Al layer deposited at room temperature is in fig. 8.1. Aluminum forms 1–dimensional chains, but not straight ones as in case of the
other group III and IV metals (see figs. 2.6 and 2.7). The Al chains grown
at room temperature contain kinks. Similar kinks were observed in case of
Sn chains formed on Ge(100)-(2×1) surface [138], which is a substrate very
similar to the Si(100).
A proposed atomic model of the kink is shown in fig. 8.1 (b). Two consequent Al dimers are shifted by one lattice constant in direction of dimer
rows. This configuration leaves two dangling bonds of the substrate silicon
atoms unpaired, therefore we can expect that the kink is energetically less
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Figure 8.2: Al layer deposited at 400 K and annealed for several hours at
the same temperature (the images were taken at the same temperature).
Chains are straight but contain ‘defects’. a) VS =+1.4 V, b) VS =−1.2 V. Arrows point to ‘dark defects’ and circles mark ‘bright defects’ (see the text).
favorable than the ’straight’ configuration. The kinks are not stable at RT –
we can observe frequent changes in their configuration when scanning the
same area for several minutes.
Al deposition at slightly elevated substrate temperatures (350 K is
enough) results in disappearing of the kinks and straightening the chains.
An example of a layer deposited at 400 K is in fig. 8.2. There is one
interesting fact on Al chains grown at elevated temperatures – they are
never perfectly homogenous. Some dimers ale always imaged with different
brightness in STM filled or empty state images. The chains of other metals
(In, Ga, Sn, Pb) are generally homogenous. The unusual imaging of the Al
dimers will be therefore referred as ‘defects’.
There are two types of defects marked in fig. 8.2. The defects marked by
arrows appear as darker dimers in empty states and there is no significant
change in filled states. This type of defect will be called a ‘dark defect’ in the
text below. The other defect type is labeled by circles. It appears as a bright
protrusion in filled states. It will be called a ‘bright defect’ below. Both types
of defects can be found in other publications [69, 70, 121], but no attention
is paid to their origin. The defect concentration is determined mainly by
sample temperature during the layer preparation. ‘Dark defects’ are formed
at lower temperatures while ‘bright defects’ appear at temperatures from
≈500 K (or 400 K after prolonged annealing).
Magic clusters are formed when the Al is deposited at even higher temperatures. Figure 8.3 (a) shows a layer prepared at 650 K. Arrows mark
clusters that are typical for Al or In layers grown on the Si(100) surface
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Figure 8.3: a) STM image of Al layer deposited at 650 K. Sample heating was immediately switched off after the deposition. Arrows point to Al–
Si clusters. VS =−1.0 V. b,c) Detail of the magic cluster at VS =−1.5 V and
+1.5 V, respectively.
at high temperatures. The cluster appears as a single bright protrusion in
filled states and two protrusions in empty states – see figs. 8.3 (b,c). The
clusters are alone–standing at low metal coverage and form perfectly ordered arrays at higher coverages. Besides the magic clusters, we can find
couple of ‘bright defects’ in fig. 8.3 (a).

8.2

STS measurements

Clean Si
The first step of STS measurements is checking whether the tip electronic
structure is metallic. In case of studying submonolayer coverages of
Al/Si(100) we can use the areas of the Si(100)-(2×1) reconstruction for
this purpose. Figure 8.4 shows STS spectra measured above a dimer of
the Si(100)-(2×1) reconstruction with four different tips. In all cases we
can recognize the basic three peaks in the spectra (π state at −0.8 V,
π ∗ at +0.35 V and σ ∗ at +1.1 V), therefore all the tips are suitable for
STS measurements. It is very common in STS measurements that the
reference peaks are shifted further away from the Fermi level. It indicates
a semiconducting character of the tip. Data measured with a nonmetallic
tip are difficult to interpret and comparison with other experimental and
theoretical methods is complicated.
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Figure 8.4: STS spectra measured above Si dimers of the Si(100)-(2×1) reconstruction with different tips.
Al chains
Electronic structure of Al chains will be first discussed together with
changes in electronic structure of Si substrate in close proximity of the
chains. Figure 8.5 (a,b) shows STM images of Al chains in empty and filled
states. The sample bias is quite small (+0.9 V and -0.9 V), which reveals
some interesting features in the electronic structure.
First we can see that the substrate silicon dimers along the chains are
slightly different from a clean Si(100) surface. STS spectra mesured above
these dimers show that the peak at −0.8 V corresponding to π bonding state
is slightly higher and shifted towards the Fermi level by ≈50 meV. These
Si dimers consequently appear brighter in STM images taken at suitable
sample bias. On the other hand, the peak of the π ∗ state at +0.35 eV is
significantly lower than for normal Si dimers. These changes in electronic
structure of the substrate have two possible explanations: (i) There may be
a charge transfer between the Al chain and the substrate atoms in their
proximity. (ii) The change in electronic structure can have geometric origin
– presence of the chains induces local stress in the substrate that is reflected
in the electronic structure. The difference in electronic structure of these
Si dimers can be related to their properties (reactivity and stability). It
also shows that when using DFT to calculate an electronic structure of the
chains, at least the Si dimers adjacent to Al chains should be included in
the primitive unit cell.
Another interesting features are Al chain terminations. Fig. 8.5 (a)
shows that most of the chains are terminated by a protrusion of a ‘half
moon’ shape. These are unpaired dangling bonds of the Si dimers which
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Figure 8.5: a, b) STM images of Al chains at VS =+0.9 V and −0.9 V, respectively. c) STS spectra measured above Al chains and in their proximity.

Figure 8.6: STS spectra measured above ‘dark defects’ and ‘bright defect’ in
the Al chains.
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are ’cut’ by the last Al dimer in the chain (see fig. 8.1 (b)). STS spectra
measured above these terminations show that the band gap at the chain
terminations is much smaller than at clean Si(100)-(2×1) surface.
The ’half moon’ chain termination is the major type for Al chains. It
corresponds to a chain terminated by an Al dimer. We have not observed
monomer terminated Al chains that are common for of In/Si(100) [33]. The
lack of monomer terminated Al chains is in agreement with DFT calculations because the monomer temrination was predicted to be unstable for Al
[64].
Electronic structure of Al chains has a semiconductive character with a
band gap of about 0.9 eV. It is a result of the even number of electrons in
each Al dimer. All group III and group IV metal chains show semiconductive
tunneling spectra.
Chain defects
The ‘dark defects’ and ‘bright defects’ are very interesting features that deserve closer inspection.
STS spectra above ‘dark defects’ are very similar to those of a flawless
Al chain (fig. 8.6 (a)). The filled states spectra are equal in both cases and
only the state at +1.1 V is suppressed for the ‘dark defect’. Consequently
the defect appears less bright in empty state STM images. The STS spectra
suggest that the configuration of Al dimer is preserved in case of the ‘dark
defect’ and the small difference in electronic structure comes from some
anomaly in its proximity. The surface contains only Al and Si atoms, which
makes the number of possibilities quite small. It is worth mentioning that
STM measurements at elevated temperatures show that the ‘dark defect’ is
stable up to 500 K. It excludes the possibility that the ‘dark defect’ would
originate from trapping the Al dimer in a metastable configuration.
The key for resolving the origin of the ‘dark defect’ lies in figures 8.7
(a,b). It shows the same area in empty and filled states. ‘Dark defects’ can
be easily localized in empty states (marked by arrows) while the filled state
image shows that one silicon dimer row running from each defect is always
buckled. Silicon dimers on the Si(100) surface usually appear symmetric
due to fast flip-flop motion, unless the buckling is fixed by presence of a
defect [13, 139]. The ‘dark defect’ is probably related to existence of a defect
in a silicon substrate dimer neighboring to it. There are two possibilities
that are worth mentioning:
1. The defect that induces buckling of the Si dimer rows is a ‘native’ defect of the Si(100)-(2×1) reconstruction (possibly A or B–type defect
that was present before Al deposition).
2. A silicon substrate atom in a dimer adjacent to the chain is exchanged
for an Al atom. The exchange of Si substrate atoms for Al is known to

96

8. Al nanostructures prepared at elevated temperatures

Figure 8.7: Detail of Al chains with ‘dark defects’. a) VS =+0.9 V, b)
VS =−0.9 V. Si dimer rows show buckling in proximity of each ‘dark defect’.
be an important process during Al deposition at higher sample temperatures [70]. The suggested model is also in conformity with the
previous finding that the Si dimers adjacent to the chain are slightly
anomalous. They might act as a preferred site for exchange of Si for
Al.

‘Bright defects’ show tunneling spectra strongly different from the standard Al chains. ‘Bright defects’ are metallic, which suggests that the original structure of the Al dimer is broken. A reasonable structural model
is that the ‘bright defect’ is created by a mixed Al-Si dimer in the Al chain.
Mixed group III – IV dimers have an odd number of electrons, which results
in a metallic electronic structure. The previous chapter showed that intermixing of Si substrate atoms into the mixed In–Sn chains was possible. The
In–Sn chains were prepared typically at temperatures about 450 K, which
is very similar to the sample temperature that corresponds to appearing of
the ‘bright defects’ in Al chains.
The above models of the ‘bright’ and ‘dark defects’ are just proposals.
It is still necessary to use DFT to calculate an electronic structure of the
proposed configurations and compare it to the experimental data.
Observing the Al deposition in − vivo could also bring new information
about the origin of the ‘bright’ and ‘dark defects’. The in − vivo experiments
have the big advantage that the initial layout of A and B–type defects in
the scanned area is known. Observing Al deposition in − vivo at elevated
temperature would also bring the information how the ‘bright’ and ‘dark
defects’ are formed.

8.3. nc-AFM measurements
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Figure 8.8: a) STS spectra measured above the Al–Si magic clusters. Tunneling spectra of the Si(100)-(2×1) reconstruction and Al chain are added as
a reference. b) The ‘Bunk’ model of the magic cluster taken from ref. [140]
Clusters
The Bunk model [134] (see fig. 8.8 (b)) is nowadays a widely accepted model
of the Al–Si magic cluster. According to the model, each cluster contains 6
aluminum atoms - four of them are exchanged for substrate silicon atoms
and two are one atomic layer higher. Positions of the latter correspond to
the two bright spots observed in empty state STM images.
STS spectra of the cluster show a semiconductive character with a band
gap of 0.9 eV. Presence of the relatively wide band gap suggests that there
are no unsaturated dangling bonds in the cluster. It is in agreement with
the Bunk model.
The remarks made from observation of the ‘dark’ and ‘bright defects’ are
in correspondence with the Bunk model – our measurements suggest that
the Al atoms may exchange for Si substrate atoms at temperatures slightly
above RT (≈350 K). The atoms of Al chains can exchange for Si atoms when
the temperature is further increased (≈500 K). Finally the magic clusters
are formed at temperatures from 650 to 850 K.

8.3

nc-AFM measurements

This section presents several nc-AFM results that are connected to the Al
structures grown on the Si(100) surface. Images in this section were obtained during measurements of In–Sn composites performed in chapter 7.
Atomic structures of both aluminum and indium structures are very similar
in both cases [133, 140] as well as the electronic structures. The AFM measurements therefore bring interesting complementary data to the STM/STS
data presented above, even though the measurements were performed on
indium clusters.
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Figure 8.9: a) Constant height AFM image of a single indium chain. Silicon
dimers adjacent to the chain appear brighter than the others. b) AFM image of indium chains running along a step edge. A contrast change (due to
a change of tip apex) is visible in the lower part of the image. f0 =75600 Hz,
oscillation amplitude 280 pm, VS = +50 mV, ∆f=−28 Hz and −26 Hz, respectively.
The first interesting result is related to the STS measurements performed above Si dimers adjacent to the Al chains. STS data suggest that
these dimers may have a different electronic structure than normal dimers
on the Si(100)-(2×1) reconstruction. Figure 8.9 shows AFM images of indium chains on Si(100) surface. The chains contain a little tin (about 5%)
but it is not important for the discussed matter. Images in fig. 8.9 are quite
different from those presented in chapter 7 - the tip was terminated by some
kind of contamination. Probably by an oxygen atom, because these images
were typically measured with a new tip that had not been perfectly cleaned.
With this kind of tip it was possible to scan very close to the surface without a destructive interaction with the chain. It means that the tip possibly
could not form covalent bonds with the substrate and the imaged forces had
rather electrostatic origin.
The chains do not appear as bright lines, but we can see Si substrate
atoms. The substrate atoms adjacent to the chain appear more bright than
the regular ones. This supports the previous speculation that there is a
charge transport between the chain and the adjacent Si dimers. It also
supports the idea of a different reactivity of these Si dimers, because the
brightness in AFM images is directly related to forces between the tip and
sample.
We have encountered this type of contrast only several times. Fig. 8.9 (b)
shows switching between the standard (chains consist of bright spots) and
‘anomalous’ contrast in the bottom part of the image. Scanning direction
was from down to up.
The second interesting AFM result is related to the Al magic clusters.
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Figure 8.10: a) Tunneling current recorded during constant heigt AFM
imaging of In magic clusters, VS = +0.4 V. b) A constant ∆f AFM image of In
magic clusters at ∆f=−14 Hz. Height profile of the marked line is shown.
Figure 8.10 (a) shows a current image of an area of the Si(100) surface
with indium magic clusters. Tunneling current was measured in a quasi–
constant height mode maintained by ∆f–feedback. This configuration allows us to scan the surface at very small tip–sample distances (close to the
region of short range forces). This often brings much better spatial resolution in the current image than a standard constant–current STM mode.
There are few reasons for it. First, the tip can switch dimer buckling by
its attractive chemical force. We can therefore localize even atoms that are
normally buckled down. Second, the z–dependence of the tunneling current
is no more exponentially growing in this region. The ratio between the tunneling current from lower and upper atoms is therefore higher than in the
exponential region and the lower atoms are imaged with better contrast.
Third, we can keep the sample bias very low, even in the band gap.
Figure 8.10 (a) shows the clusters where all three spots are in a single
image. The central spot is usually visible only in filled states and it comes
from the silicon atom. The side spots originate from In atoms and are normally imaged only in empty states. The image further shows another four
spots in the dark area around the cluster. These spots correspond to positions of four In atoms one atomic layer lower. These atoms are usually not
visible in STM images.
Figure 8.10 (b) shows an AFM image of magic clusters measured in a
constant ∆f mode. Unlike STM images, the AFM images measured in a
region of short range attractive forces are closely related to vertical positions of atoms. A height profile of the line marked in the image is shown.
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This allows to estimate the height of the cluster as 0.12 nm. Height profiles measured from STM images do not provide such a precise information,
because comparing heights of of objects with different electronic structures
is strongly bias-dependent and the precision is in order of 0.1 nm. Height
profiles obtained from AFM images confirm that atoms of the cluster create
quite a high protrusion on the surface. Ordered arrays of those clusters are
therefore considerably rough, but keep perfect periodicity (see Fig. 2.8).

Chapter 9
Summary
Interaction of metals with the Si(100) surface was studied. Adsorption and
diffusion of single adatoms was discussed in Chapters 4, 5 and 6. Atomic
structure and chemical composition of mixed In–Sn chains were investigated in Chapter 7 by means of AFM. Finally an electronic structure of
various metal nanostructures was studied by STS in Chapter 8. The main
obtained results are summarized in following paragraphs.
Hopping of single indium atoms
The hopping of single In adatoms was studied by two different methods,
KMC simulations of the growth process at room temperature and by means
of direct observation of a single In adatom hopping at low temperature.
The KMC simulations show that the energy barriers for hopping in directions parallel and perpendicular to Si dimer rows are almost equal, about
0.64 eV (assuming a frequency prefactor 1013 Hz).
LT STM measurements provided activation energies for anisotropic hopping 0.26 and 0.28 eV in directions parallel and perpendicular to Si dimer
rows, respectively. The frequency prefactor was estimated as 4 × 10−11 s−1 .
Hopping of a single metal adatom on the Si(100) surface was directly observed for the first time. The measurements show that the hopping is
strongly influenced by the tunneling current between the tip and sample.
There is a big difference between the activation energies obtained by
the two methods. There are strong arguments supporting correctness of
both results. It means that the behavior of single adatoms follows different
rules at low temperature on the Si(100)-c(4×2) reconstruction and at room
temperature on the Si(100)-(2×1) reconstruction. It is not possible to use
the Arrhenius equation to interpolate the hopping rates between low temperature (≈100 K) and room temperature, probably because of the phase
transition between the two reconstructions occurring at ≈200 K.
The results presented in this work bring questions that can be subject of
further research:
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• At the moment we do not understand what is the exact reason for the
difference between the room temperature and low temperature activation energies. Measuring a temperature dependence of the activation energies in the range from 100 to 300 K could provide some clue
to answer this question. The temperature dependence of activation
energies could be determined by depositing indium layers at several
different temperatures and simulating each growth process by means
of KMC.
• Our measurements show that the single indium adatoms can be easily
manipulated by the tunneling current. Atom manipulation is a frequently investigated problem because of the possibility to build model
structures at atomic scale. The instrument used for our measurements
(Omicron VT STM) did not allow to investigate the tip–sample interaction in detail because the minimum tunneling current (25 pA) still
induced frequent hopping. However, STM preamplifiers that allow
to measure at tunneling currents below 1 pA are available. Few pA
would be current low enough for imaging the surface without manipulating the adatoms, which is the basic condition for research of the
atom manipulation.
Chemical identification of atoms within mixed In–Sn chains
Using the nc–AFM on self assembled In–Sn heterogenous chains, it was
proved that this method is a very powerful tool for investigating this system. The obtained spatial resolution was significantly better than in conventional STM measurements. Analysis of force curves measured above
single atoms within the chains allowed their chemical identification. The
measured force curves show excellent agreement with DFT calculations. It
was proved that silicon substrate atoms intermix with atoms of the chains
during the layer preparation (at temperatures about 400–500 K).
The presented measurements are quite unique. So far there was published only one work that could use the nc–AFM to identify single chemical
species on a semiconductor surface [86].
Aluminum structures formed at elevated temperatures
Finally an electronic structure of various Al nanostructures on the Si(100)
surface was investigated by STS – Al chains, Al clusters formed at elevated
temperatures and intermediate structures that appear as defects in the Al
chains. The measurements suggest that substrate Si atoms can intermix
with the Al chains, in a similar way as was observed in the heterogenous
In–Sn chains. The structure that was identified as a mixed Al–Si dimer is
metallic, unlike the chains composed of a single atom type.
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The experimental data were used to propose structural models of Al
chains and Al–Si structures. The group of prof. Jurczyszyn (Wroclaw)
uses the experimental data for theoretical verification of various models
by means of DFT calculations.

Bibliography
[1] R. E. Schlier and H. E. Farnsworth J. Chem. Phys., vol. 30, p. 1959,
1959.
[2] D. K. Ferry Science, vol. 319, p. 579, 2008.
[3] J. Chen, Introduction to Scanning Tunneling Microscopy. Oxford University Press, 1993.
[4] E. Meyer, H. J. Hug, and R. Bennewitz, Scanning Probe Microscopy.
Springer, 2003.
[5] F. J. Giessibl Science, vol. 267, p. 68, 1995.
[6] W. Cheng, A. Teramoto, M. Hirayama, S. Sugawara, and T. Ohmi Jpn.
J. Appl. Phys., vol. 45, p. 3110, 2006.
[7] Y. Suda, N. Hosoya, and D. Shiratori J. Cryst. Growth, vol. 237-239,
p. 1404, 2002.
[8] Y. Suda, N. Hosoya, and K. Miki Appl. Surf. Sci, vol. 216, p. 424, 2003.
[9] M. Hortamani, Theory of Adsoption, Diffusion and Spinpolarization
of Mn on Si(100) and Si(111) substrates. Freie Universitat Berlin,
2006.
[10] R. A. Wolkow Phys. Rev. Lett, vol. 68, p. 2636, 1992.
[11] K. Hata, Y. Sainoo, and H. Shigekawa Phys. Rev. Lett, vol. 86, p. 3084,
2001.
[12] T. Uda, H. Shigekawa, Y. Sugawara, T. Mizuno, H. Tochihara, Y. Yamashita, J. Yoshinobu, K. Nakatsuji, H. Kawai, and F. Komori
Progress in Surface Science, vol. 76, p. 147, 2004.
[13] A. R. Smith, F. K. Men, K.-J. Chao, and C. K. Shih J. Vac. Sci Technol.
B, vol. 14, p. 914, 1996.
[14] H. Shigekawa, T. Hata, K. Miyake, M. Ishida, and S. Ozawa Phys.
Rev. B, vol. 55, p. 15448, 1997.

106

Bibliography

[15] M. Ono, A. Kamoshida, N. Matsuura, T. Eguchi, and Y. Hasegawa
Physica B, vol. 329-333, p. 1644, 2003.
[16] T. Yokoyama and K. Takayanagi Phys. Rev. B, vol. 56, p. 10483, 1997.
[17] K. Tomatsu, K. N. and. M. Yamada, F. Komori, B. Yan, C. Yam,
T. Frauenheim, Y. Xu, and W. Duan Phys. Rev. Lett., vol. 103,
p. 266102, 2009.
[18] Y. J. Li, H. Nomura, N. Ozaki, Y. Naitoh, M. Kageshima, Y. Sugawara,
C. Hobbs, and L. Kantorovich Phys. Rev. Lett., vol. 96, p. 106104, 2006.
[19] A. Sweetman, S. Gangophadhyay, R. Danza, N. Berdunov, and P. Moriarty Appl. Phys. Lett., vol. 95, p. 063112, 2009.
[20] A. Sweetman, S. Jarvis, R. Danza, J. Bamidele, S. Gangophadhyay,
G. A. Shaw, L. Kantorowich, and P. Moriarty Phys. Rev. Lett., vol. 106,
p. 136101, 2011.
[21] M. Uchikawa, M. Ichida, K. Miyake, K. Hata, R. Yoshizaki, and
H. Shigekawa Surf. Sci., vol. 357, p. 468, 1995.
[22] R. J. Hamers and U. K. Kohler J. Vac. Sci. Technol. A, vol. 7, p. 2856,
1989.
[23] K. Hata, S. Ozawa, and H. Shigekawa Surf. Sci., vol. 441, p. 140,
1999.
[24] K. Hata, S. Ozawa, Y. Sainoo, K. Miyake, and H. Shigekawa Surf.
Sci., vol. 447, p. 156, 2000.
[25] M. Nishizawa, T. Yasuda, S. Yamazaki, K. Miki, M. Shinohara, T. Kamakura, Y. Kimura, and M. Niwano Phys. Rev. B, vol. 65, p. 161302,
2002.
[26] M. Z. Hossain, Y. Yamashita, K. Mukai, and J. Yoshinobu Phys. Rev.
B, vol. 67, p. 153307, 2000.
[27] M. Chander, Y. Z. Li, J. C. Patrin, and J. H. Weaver Phys. Rev. B,
vol. 48, p. 2493, 1993.
[28] S. Okano and A. Oshiyama Surf. Sci., vol. 554, p. 272, 2004.
[29] M. A. Albao, M. M. R. Evans, J. Nogami, D. Zorn, M. S. Gordon, and
J. W. Evans Phys. Rev. B, vol. 72, p. 035426, 2005.
[30] M. A. Albao, M. M. R. Evans, J. Nogami, D. Zorn, M. S. Gordon, and
J. W. Evans Phys. Rev. B, vol. 74, p. 047402, 2006.

107
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[34] P. Kocán, P. Sobotı́k, I. Ošt’ádal, M. Setvı́n, and S. Haviár Phys. Rev.
E, vol. 80, p. 061603, 2009.
[35] K. Takayanagia, Y. Tanishiro, M. Takahashi, and S. Takahashi J. Vac.
Sci. Technol. A, vol. 3, p. 1502, 1985.
[36] R. J. Hamers, R. M. Tromp, and J. E. Demuth Phys. Rev. Lett., vol. 56,
p. 1972, 1986.
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Appendix A
Instrumentation
A.1

Silicon samples

Sb–doped (n − type) Si(100) samples with resistivity 0.014 Ωcm were used
as a substrate for all experiments.

A.2
A.2.1

Metal deposition
In

Two ways of In evaporation were used:
1. A droplet of In (about 1 mm diameter) was kept on a tungsten wire
(about 0.1 mm diameter). The wire was heated by a DC current. This
method was used in chapter 4.
2. In was deposited from a tantalum crucible heated by electron bombardment (Omicron EFM3 evaporator). This method was used in
chapters 6 and 7.

A.2.2

Al

Al was deposited from an alumina crucible heated by a tungsten wire.

A.2.3

Sn

Sn was deposited from a tantalum crucible heated by an electron bombardment(Omicron EFM3 evaporator).

A.3
A.3.1

SPM machines
STM at Charles University (own design)

An UHV chamber built at Charles University in Prague. Base pressure of
the chamber is below 3×10−9 Pa. The STM head allows measuring at room
temperature or heating the sample by a DC current up to 600 K during
scanning. The chamber is equipped with a couple of evaporators which allow either deposition of metals when the sample is in a preparation position
or deposition during STM scanning (in/vivo).

A.3.2

Omicron VT STM

A commercial UHV chamber located at Academy of Sciences, Institute of
Physics, Prague, Cukrovarnicka. Base pressure of the chamber is below
1×10−9 Pa. The Omicron VT STM head allows measuring at sample temperatures from 20 to 900 K, the tip stays at room temperature.

A.3.3

Omicron Q-plus VT

An UHV chamber located at Academy of Sciences, Institute of Physics,
Prague, Cukrovarnicka. Base pressure of the chamber is below 6×10−9 Pa.
Combined STM/AFM head allows measuring at sample temperatures from
40 to 500 K. A tuning fork–type sensor with a glued tungsten tip was used
as a probe.

A.4

STM/AFM tips

Electrochemically etched tungsten tips were used for all experiments.
For STS experiments, the tip was annealed by electron bombardment
and then treated on Pt(111) surface to ensure its metallic character.
For AFM experiments, tungsten tips attached to tuning forks were used.
Prior to each experiment, the tip apex was first brought into a contact with
a hot tungsten filament (≈2500 K) to remove any contamination. After approaching the tip to a tunneling contact with the Si sample, voltage pulses
(5–10 V) were applied to ‘pick’ a silicon cluster from the surface. The experimental data in Chapter 7 were therefore compared to DFT calculations that
used a model tip consisting of a silicon cluster terminated by a Si adatom.
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