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Ramified Ag aggregate grown near a monatomic step on the Pt{111) surface

“Wissenschaft ist der Versuch, der chaotischen
Mannigfaltigkeit der Sinneserlebnisse, ein
logisch einheitliches gedankliches System

zuzuordnen.”

Albert Einstein (1940)







Résumé

Dans le but d'étudier les mécanismes microscopiques de I'épitaxie de
couches métalliques ultraminces, un microscope 2 effet tunnel 2a
température variable a été construit. Il permet d'effectuer des mesures in
situ 2 des températures comprises entre T = 25K et 800K. Le systéme modele
Ag/Pt(111) est obtenu sous ultravide par condensation de la vapeur d'argent
sur une surface monocristalline de Pt. Afin d'étudier les processus
d'agrégation, les modifications morphologiques ont été visualisées en

fonction de la température du substrat et du flux de déposition.

Dans le domaine au-dessous de la monocouche (ML: monolayer) et pour
des températures de substrat comprises entre 35K et 500K, on observe une
transition entre l'agrégation limitée par la diffusion et I'équilibre
thermodynamique des films d'Ag. En contrflant la température durant la
croissance, des morphologies bidimensionnelles de I'Ag peuvent étre
sélectionnées de manilre précise: distribution aléatoire d'adatomes et petits
agrégats ou ilots dendritiques et grands ilots denses ou encore mélange
bidimensionnel gaz-condensat a I'équilibre. Par recuit de 'Ag déposé a T <
50K, on obtient un collection d'agrégats avec une étroite distribution de

taille.

La nucléation 2 partir de la phase vapeur a été suivie a I'échelle atomique
entre 50K et 130K. Pour T < 110K, les germes stables pour la nucléation sont
des dimeres. Par comparaison avec les équations théoriques de taux de
nucléation, on obtient une barri¢re de diffusion latérale des adatomes d’'Ag
sur Pt(111) Ep = 157410 meV. Une estimation de 1'énergie de liaison Ag-Ag
donne Ej = 320430 meV.

Pour 110K < T £ 130K, on observe en fonction du flux une transition entre
une croissance ramifiée aléatoirement et la croissance fractale de dendrites.

Son origine microscopique réside dans la différence entre les deux directions
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de diffusion le long des bords données par le substrat. Cette anisotropie peut,
d'une part, étre dominante et la forme mésoscopique des agrégats obtenus
est dendritique. Elle peut, d’autre part, étre dégénérée et il en résulte des
structures fractales ramifiées aléatoirement. Les barrieres de diffusion ont
été estimées a l'aide de modeles théoriques de croissance fractale.

Pour T > 620K et des taux de recouvrement © < 1 ML, la déposition d'Ag
conduit a la formation d'un alliage bidimensionnel de surface. Celui-d est
constitué d'agrégats d'Ag dissous dans la couche de Pt et d'agrégats de Pt
inclus dans la premiere couche d'Ag (0.5 ML < © < 1 ML). Cette dissolution
se produit & partir des bords de marches et se trouve confinée dans la plus
haute couche du support. Les grains enveloppés ont une étroite distribution
de taille centrée autour de 10A pour © < 0.25 ML et > 0.75 ML. Aux
recouvrements intermédiaires, les agrégats sont disposés en stries.

La croissance de la premiere couche d'Ag sur Pt(111) est pseudomorphique.
La contrainte, issue du désaccord de maille de 4.3% dans la premiere couche
d'Ag compressé, se reliche dans la seconde couche grace a la formation de
deux structures faiblement incommensurables: la phase métastable
constituée de stries (T < 500K) et le réseau de parois de domaine obtenu lors
d'un recuit (T > 700K). La troisi®me couche et les suivantes présentent un
réseau hexagonal de dislocations que la microscopie a effet tunnel peut
résoudre jusqu'a 15 ML. Lorsque le recouvrement atteint 25 ML, la structure
est relaxée vers celle de I'Ag massif.

A T > 500K, les multicouches d'Ag forment un film continu. A plus basse
température, le transport de masse entre couches étant bloqué, le régime de
croissance devient cinétique. A partir d'un nombre critique de couches
variant entre n* = 1 (T = 130K) et n* = 10 ( T = 300K), la croissance devient
tridimensionnelle. Pour différents intervalles de n*, le transport de masse
entre couches a été étudié en fonction de la mobilité de I'adatome, de la
taille et de la forme des flots terminaux ainsi que de la barriere d'activation

Ve pour la descente d'une marche monoatomique.
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Abstract

Microscopic processes in the epitaxial growth of thin metal films has been
experimentally investigated. For this purpose a variable temperature
scanning tunneling microscope has been constructed allowing in situ
measurements between T = 25K and 800K. The studied model system is
vapor phase deposition of silver onto a monocrystalline (111) platinum
substrate. The overlayer aggregation process is studied by imaging of the Ag
film morphology as a function of substrate temperature and deposition flux.

In the submonolayer domain at substrate temperatures T between 35 K and
500 K a transition from diffusion limited aggregation to thermodynamic
equilibrium of the Ag films is observed. By temperature control the two-
dimensional morphologies can be tuned in a very defined way: from
randomly distributed adatoms and small clusters, through highly dendritic
islands, dense large islands with irregular or smooth boundaries to an
equilibrium 2D condensate-gas mixture. By annealing of Ag deposited at T <
50K size-selected clusters with a narrow size distribution are aggregated.

The vapor phase nucleation process is followed on atomic scale between
50K- 130K and dimers are identified as stable nuclei for T < 110K. The lateral
diffusion barrier for Ag adatoms on Pt(111), Ep = 15710 meV, is determined
by quantitative comparison with rate equations from nucleation theory. The
Ag-Ag binding energy is estimated to Ez = 320430 meV.

A transition from randomly ramified to dendritic fractal growth is observed
for 110K < T < 130K by variation of the deposition flux. The microscopic
origin of this crossover has been identified to be the anisotropy in step edge
diffusion. This anisotropy is either amplified to the mesoscopic cluster
shape and trigonal dendrites result, or it is degenerated and randomly
ramified fractals occur. The step edge diffusion barriers are estimated by

comparison with theoretical growth models.



For T > 620K and coverages © < 1 ML the deposition of Ag gives rise to the
formation of a two-dimensional surface alloy consisting of Ag-clusters
dissolved in the Pt-layer (8 < 0.5 ML) and Pt-clusters in the Ag-matrix layer
(0.5 ML < © < 1 ML), respectively. The dissolution of silver into the Pt
surface layer and vice versa proceeds from the step edges and is confined to
the topmost layer. The embedded clusters have a narrow size distribution
centered around 10 A for © < 0.25 ML and © > 0.75 ML. In the intermediate
coverage range the clusters are arranged in a striped phase.

The first Ag monolayer grows pseudomorphically on Pt(111). The 4.3%
misfit strain in the compressed monolayer is relieved in the Ag bilayer by
the formation of two weakly incommensurate structures: the metastable
striped phase (T < 500K) which converts into a trigonal network of domain
walls upon annealing (T > 700K). The third and higher layers exhibit a
hexagonal misfit dislocation network resolvable by STM up to 15 ML. After
© > 25 ML the film structure is relaxed with the natural Ag lattice constant.

In the thermodynamic growth regime (T > 500K) Ag multilayers grow
layerwise. At lower temperatures the mass transport between growing layers
is hindered, thus the film morphology is determined by kinetics. Two-
dimensional growth is observed up to a critical layer number n* which
increases with T from n* = 1 (T = 130K) to n* = 10 (T = 300K). The
dependence of the interlayer mass transport on the adatom mobility, the
size and shape of overlayer islands, and the activation barrier V¢ for Ag
atoms to step down from a growing island, is investigated for the different
n* ranges.



Table of contents

1. Introduction

2. Concepts in heteroepitaxial growth

4. Growth of Ag monolayers on Pt{111)

2.1 General principles

2.2 Energetics of epitaxial films.......cc.cceuvmeurvercenieseincrnenirersenns

2.2.1 Strain in epitaxial overlayers

2.22 Thermodynamic growth modes
23 Atomistic processes

2.3.1 Surface diffusion
2.3.2 Adsorption and "transient mobility”
2.3.3 Aggregation of clusters

2.34 Step down diffusion
2.3.5 Diffusion along step edges.

2.3.6 Interdiffusion
2.3.7 Desorption

3. Experimental

3.1 Scanning probe methods

32 Variable temperature scanning tunneling microscopy......
3.2.1 The "beetle" STM......riircriintcrernvmssstesssstessssssasssnsanss
3.2.2 Sample manipulator and UHV-chamber...........ccccceenv.....
3.2.3 Film preparation and image treatment.

3.2.4 Experimental outlook
33 STM imaging of Ag layers on Pt(111)

3.3.1 The s-wave-tip model
3.3.2 Ag/Pt(111): Imaging effects

4.1 From kinetics to thermodynamics

42 Low temperature nucleation and cluster aggregation........
4.2.1 Transition from nucleation to growth
4.2.2 Determination of the diffusion barrier Ep..........c...u......
4.2.3 Simulation of the nucleation to growth transition........
4.2.4 Cluster aggregation

vii



43 Fractal growth forms 85
4.3.1 Branching of small clusters 86
4.3.2 Large fractal islands 90
433 Anisotropy and growth speed 95
4.3.4 Estimation of the step edge diffusion barriers.................. 98

44 Thermodynamics of Ag monolayers 104
4.4.1 Fragmentation of compact Ag islands........ccucccenievsecrnenen. 105
4.42 2D-gas in equilibrium with a 2D-solid 110

5. Monolayer confined Ag/Pt alloy 115

5.1 Two-dimensional intermixing 115
5.1.1 Incomplete mixtures 116
5.1.2 Alloy formation kinetics. 121

5.2 Microscopic alloy structure ; 125
5.2.1 Disk and stripe patterns 125
5.2.2 Thermodynamics of the mixed Ag/Pt phase.................... 129

6. Multilayer structure and mass transport between growing layers 135

6.1 Strain relief by domain walls, 135

6.1.1 Weakly incommensurate phases at hexagonal close-
packed interfaces 135
6.1.2 Second layer strain relief: T < 700K 136
6.1.3 Equilibrium structure of the second layer...........ccccocern..... 140
6.1.4 Structure of the third and higher layers.........ccceouenn....e. 144
6.1.5 Ag layer stacking on P(111) 146
6.2 Multilayer growth kinetics 150

6.2.1 Step down diffusion from a monatomic thick island..... 151
6.2.2 Mass transport from the second to the first layer:

T < 150K 154
6.23 Transition from 2D to 3D-growth with n* = 2 at
170K s T £ 200K 161
6.2.4 Simulation of the 2D to 3D-growth transition (n* = 2)... 166
6.2.5 High temperature growth kinetics: T > 200K.................... 170
6.2.6 Strain relief mediated two-dimensional growth............. 174
7. Outlook 179

8. References 181

viii



1. Introduction

Thin film technology is simultaneously one of the oldest arts and one of the
newest sciences. The Egyptians appear to have been the earliest practitioners
of the art of gold beating and mechanical rolling to produce thin gold leafs
for durable ormamentation and protection purposes. Leaf samples dating
from the Eighteenth Dynasty (1567 - 1320 BC.) measured 0.3 microns in
thickness, thus comparable to the standards used in solid state device

fabrication nowadays [Ohr 92].

Improving surface properties by covering the outside of objects with
appropriate film layers is conceptually a simple approach. Its technical
optimization, however, demands detailed know-how. Since the mechanical
and chemical behavior of thin films is a fundamental factor in ail kinds of
industrial processes, research in this field has a long history. For example,
measurements on the stress present in films have been made as early as the

end of the nineteenth century [Mil 77].

Today, the development of thin film technologies is mainly triggered by the
technological possibilities of quantum semiconductor structures to tailor
their electronic and optical properties for specific device applications.
Molecular beam epitaxy (MBE) and related nonequilibrium growth
techniques have the ability to create superlattices with periodicity of a few
atomic layers (see e.g. [Par 85, Cha 85, Her 89]). Such metastable
heterostructures possess remarkable properties which cannot be obtained in

equilibrium systems, establishing new concepts in the physics of materials.

The phenomenon of epitaxial growth refers to the competition between two
crystalline phases. An epitaxial film looses its natural structure by matching

the substrate lattice. Since all electronic, optical and magnetic properties of a



material depend on its crystalline structure ("function follows form"), the
epitaxial strain can be handled as a tool. Designing semiconductor band gaps
in a predictable fashion is up to now the most important application of

strained layer epitaxy (see e.g. [Hul 90, Pea 90}).

Semiconductor-metal and metal-metal epitaxy became hot topics during
recent years. Potential applications such as the purposeful fabrication of new
magnetic materials or high Tc-superconducting multilayers have already
been realized [Fal 901). The strong correlation between magnetic properties
and morphology of strained two-dimensional iron grown on a W(110)
substrate [Elm 94] is an instructive example for the functional modification

of metallic overlayers by "epitaxial architecture".

Despite its importance, the knowledge of the nonequilibrium growth
techniques involved in the building of artificially structured materials is far
from being sufficient. Our understanding of the atomic processes that
control growth kinetics is remarkably primitive [Pee 90]. At first glance, this
is surprising, since mass transport by diffusion of particles on surfaces is an
important step in many other surface phenomena, such as heterogeneous
catalysis, phase transitions, segregation and sintering. This inability to
describe the formation of atomically engineered materials in a quantitative
manner appears even more evident when considering the complex

nonlinear coupling of the microscopic processes taking place in growth.

Over the last several years, scanning probe microscopies have advanced to
the leading experimental tool in thin film investigations. This is primarily
due to their ability to image film morphologies in real space and in a wide
lateral range (subnanometer range to several micrometers) with high
vertical (< 0.01 nm) and lateral resolution (< 0.1 nm). In this work scanning

tunneling microscopy (STM) [Bin 82] has been applied to study thin metal
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Fig. 1.1: Location of the main issues treated in this thesis displayed
in the (8,T)-plane of vapor phase growth of Ag on Pt(111).
film growth. In this framework it was enriched by the possibility of
measurements at variable substrate temperature in the large range from T =
25K to 800K.

As every thesis must necessarily establish its boundaries, in the present case
this task is rather simple: research on one heteroepitaxial model system is
presented. The formation of ultrathin Ag films, vapor deposited on the
Pt(111) surface has been investigated by means of variable temperature STM.
Fig. 1.1 displays the main issues reported in the chapters 4 to 6 covering the
results. In chapter 2, general principles and the different atomic motions
involved in vapor phase growth are introduced. The third chapter contains
experimental details, and furthermore deals with imaging effects. The latter
are important for the interpretation of STM topographies presented in

Chapter 5 (monolayer confined Ag/Pt alloy surface), and Chapter 6 (strain



relief structures visible on the film surface caused by the structural misfit

between Ag and Pt).

The ultimate goal of "epitaxial architecture” is the precise formation of
atomically sharp interfaces. In this thesis, the therefore required insight of
the atomic motions at the growing interface is obtained by nanoscale
characterization of the heteroepitaxial system. Because nonequilibrium film
morphologies are determined by the microscopic processes involved in
growth, it is, on the other hand, possible to learn something about these
processes by comparison of structures grown under different growth
conditions. A typical example is the measurement of the energetic barrier

for an activated process by variation of the temperature.

Once these atomistic quantities are determined, the resulting film
morphology can in principle be predicted for certain evaporation conditions
and can, by adjusting substrate temperature and deposition rate, i.e. the two
external growth parameters in the case of vapor phase growth, also be tuned
to almost any morphology desired. The latter is especially demonstrated in
chapter 4. By choosing the "proper” condensation kinetics small two-
dimensional Ag clusters of defined size (one to several hundred atoms) can
be formed in a parallel manner on the Pt substrate. This diffusion-
controlled aggregation is a distinctly different approach to build epitaxial
"nanostructures” in comparison to techniques which use local probe
microscopies to displace atoms on surfaces (see e.g. [Eig 90, Zep 92]). In
certain cases, the atom-by-atom manipulation can be replaced by the precise
knowledge of the "natural” aggregation process. For future technological
applications this concept has the advantage that more than one
nanostructure can be built at a time and represents, therefore, a promising

tool to tailor epitaxial structures on a nanometer scale.



2. Concepts in heteroepitaxial thin film
growth

The objective of this chapter is twofold. It serves as general introduction, as
well as guideline for the present work. General statements made here are
directly related with the behavior observed for Ag growth on Pt(111)
facilitating the detailed discussion in the following chapters. In the first
section general principles and definitions are introduced and the role of
thermodynamics and kinetics in thin film growth is discussed. The essential
energetics of film layers is briefly described in the second section. Finally, the
last section contains a survey of the microscopic processes involved in

heteroepitaxial growth.

2.1 General principles

Epitaxy is a relationship between two crystalline phases, which makes it
possible for a crystalline phase “g" (guest) to grow in a structure dependent
manner onto a given phase of given structure "h” (host). When the
substances of guest and host are the same the phenomenon is called
homoepitaxy, and otherwise heteroepitaxy. Such oriented deposits have a
long history in mineralogy [Pas 75, Sche 93], but the first systematic study of
epitaxy was carried out in 1928 by Royer [Roy 28] using X-ray diffraction. He
also introduced the name epitaxy (from the Greek "em — ta§16" meaning
"on” - "arrangement") for this phenomenon. The most important result of
his studies -the geometrical approach for the understanding of epitaxy- has
remained prominent up to present days. Oriented growth occurs only if it
involves two crystalline lattice planes that have networks of identical or
quasi-identical symmetry and of closely similar lattice constants. Thus

forming an epitaxial guest lattice different from its "natural” crystalline



structure requires a well adapted host phase. The degree to which the two

lattices match or not is the key parameter in the realization of epitaxy.

Epitaxial host-guest relationships occur frequently by the formation of solid
layers on single crystalline substrates either by electrochemical deposition
from solutions, or from melts, or from gas-phase deposits. In this thesis,
vapor phase deposition of thin epitaxial films is investigated using an
almost perfect single crystalline surface as host phase. The physical concepts
to describe thin film formation are closely related to the more general
subject of crystal growth (see e.g. [Har 73, Bar 79, Hur 93]). Indeed, also a
three-dimensional crystal grows at his two-dimensional interface to the
environment by attachment of atoms to the crystal surface. Thus, surface

and interface properties play an essential role in this field.

It was Kossel in 1927, who first analyzed the atomic inhomogeneity of a
crystal surface and emphasized the fundamental importance to the growth
process of atomic steps and kinks [Kos 27]. In 1949, Burton, Cabrera and
Frank showed that crystal dislocations were capable of providing the sources
of steps required for the continuous growth of a crystal even at low vapor
supersaturation [Bur 49]. A theoretical estimation of the crystal growth-rate
under the assumption of homogeneous vapor phase nucleation [Vol 26, Bec
35) exceeded the experimental value by a factor of 3600 ! Thus the up to that
time used approximation of perfect crystals which grow had to be dropped.
This recognition lead to a theory of growth of real crystals {Bur 51] which is
the nowadays base of an atomistic understanding of crystal growth [Gil 63).

Thin film growth, by definition, is a dynamic phenomenon. The
consideration of thermodynamics as well as kinetics is therefore essential.
While thermodynamics embodies the essence of the behavior of the

physical system at equilibrium, the kinetics controls the ability of the system



to move towards the equilibrium state within the given conditions. The
phenomena in vapor phase growth on solid substrates range from
"practically” equilibrium on the ore hand to "practically” nonequilibrium
on the other, as revealed in many studies of growing films (see e.g. [Ker 79,
Mer 84, Ven 84, Lag 90]). The microscopic processes involved in growth are
thermally activated. Their equilibration time may accordingly be anywhere
between real short and real long on the appropriate time scale, depending
strongly on the substrate temperature T. Consequently, a distinction

between an equilibrium and a kinetic growth form is not always possible.

In fact, the equilibrium state of the entire system, the substrate, the growing
film and the vapor is not possible. For growth to occur, a driving force for
attachment of vapor species to the solid surface at a rate higher than the rate
of loss due to evaporation must exist, implying departure from global
equilibrium. The degree of vapor supersaturation { is defined as the ratio of
deposition rate R to the rate of evaporation. The sticking coefficient of
metals on metallic substrates is nearly one in the substrate temperature
range of interest. As a consequence, { values of the order 1020 are reached for
typical growth rates. But distinction needs to be made between global, partial
and local equilibrium [Mad 83]. Even if the equilibrium state of the entire
system is not realized, partial equilibrium between the substrate and the
growing film may be established. Furthermore, on a local spatial scale the
use of equilibrium thermodynamics, specifically the minimum free energy
criteria, may be a valid approach to describe kinetically determined film

structures {Mer 84].



2.2 Energetics of epitaxial films
2.2.1 Strain in epitaxial overlayers

Atoms adsorbed on crystal surfaces often form ordered structures. Adsorbate
patterns and their phase transitions are a well-developed theoretical topic
(see e.g. [Das 75, Bak 82, Per 92]). Their symmetry and stability depend on the
adsorbate-substrate potential energy and the lateral adsorbate-adsorbate
interaction. These two elements are already included in the simple Frenkel-
Kontorova (FK) model [Fre 38] of a one-dimensional solid on a rigid

substrate (see Fig. 2.1).

A chain of atoms connected by harmonic springs is brought in contact with
a sinusoidal potential (periodicity a, amplitude V). The equilibrium
separation of atoms in the chain is b and the strength of the harmonic
restoring forces between them is measured by x. The total energy of the

system is given by the following Hamiltonian [Fra 491}:

H=F [x (Xpag=Xa=b) +V(1-cos2E x,,)]

n

where Xy is the absolute position of the nth atom. The problem contains

three parameters: the misfit f = b;—a and the two constants x and V. Their
relation determines the ground state atomic arrangement. For fixed misfit f

there are two limiting cases:

* When the spring constant x is large and the corrugation V of the
substrate adhesion is small, the springs dominate and the chain
retains its natural lattice constant b. This is the incommensurate

(D) state sketched in Fig. 2.1 a).



a)

0 L >

0 n
Q00000 QO O0000

ol

Fig.2.1: a) One-dimensional Frenkel - Kontorova (FK) model. An
array of atoms connected with harmonic springs with an equilibrium
“lattice constant" b interacts with a substrate potential of periodicity a.
b) Single domain wall solution of the FK model and the corresponding
atomic displacements. Over the length of the domain wall (centered at
n = 0) one atom is missing with respect to a commensurate layer (a), b)
from [Bak 82]).

¢ In the reverse case, i.e. for weak lateral interaction, the second
energy term in H dominates and the chain atoms "lock-in" the
potential valleys. This is the commensurate (C) state. Due to the
small x the deformation of the chain plays a negligible role in

energetics.

In the intermediate case, an energetic competition takes place between the
elastic energy to strain the overlayer and the "lock-in" energy which is
minimized when all chain atoms are in registry with the substrate. For
comparable spring and adhesive forces the outcome is a weakly
incommensurate phase. The displacement pattern is analytically calculable
in the continuum limit, i.e. by introducing the phase @, by x, =na+%q)n

and setting @,-¢,,=do/dn. Minimization of the corresponding



Hamiltonian yields a non-linear differential equation exhibiting many
solutions. Apart from the trivial C and I state also a soliton solution
emerges describing a wall which separates two commensurate regions. More

general solutions contain a periodic array of such domain walls [Bak 82].

Fig 2.1 b) shows the function ¢(n) for one soliton centered at n = 0 and
illustrates the atomic displacement for positive misfit (b > a). Within the
wall the adsorbate bonds are stretched while in the surrounding regions the
layer is compressed to match the substrate. This compromise between "lock-
in” and elastic energy represents an elegant way to relieve strain while
sacrificing only a small amount of substrate adhesion. Since atoms are
missing (or inserted for misfit f < 0) along the domain walls, the name

misfit dislocation (MD) is used in the context of thin film epitaxy.

At fixed x and V the variation of f leads to the following relations: small
misfit favors the C state while a large difference between the "lattice
constants” a and b favors the I state. It exists a critical misfit f. < fVTx above
which the coherently matched C state becomes unstable [Fra 492, Ker 88].
The concept of MD's plays a central role for the transition between C and I
state. When the distance 1 between MD's is large, the total energy E can be

written in the form:
E = é(fc —f)+§exp(——l-)
i 1 Io

where A, B, lp are positive constants [Bak 76, Zan 91]. The MD density -} is

connected to the average separation b between adjacent atoms through the
o 1_b-2a

equation: 1=~ 7 -

The first term in E can be regarded as an individual MD energy and the

second one as an exponentially decaying repulsive interaction between the

walls. When E is minimized with respect to 1 (the remaining free
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parameter), then the C-I transition can be seen in the following way: for f <
fc, both terms in E are positive and the minimum corresponds to 1 — <, i.e.
no MD's and the chain is in registry. For f > f¢ only the first term becomes
negative and the sum has its minimum at finite 1. The equilibrium MD-
density is therefore a compromise between the energy gain of MD creation

and the energy cost due the MD repulsion.

The FK-model is a rough approximation of the energetics of an epitaxial
monolayer. The forces to stretch (compress) atomic bonds have anharmonic
contributions, the substrate is not perfectly rigid and chemical bonding
considerations are completely neglected in the model. The latter is for
metallic cohesion of secondary importance due to the delocalized nature of
metallic bonds. Improvements to and generalization of the above analysis
enable a more realistic modeling of misfit accommodation in thin film
epitaxy (see e.g. [Mat 751, Mer 75, Hul 90, Zan 91]). It comes out that the basic

results of the FK-model remain valid.

When a critical misfit fo is exceeded, equilibrium requires the misfit
accommodation to be shared between homogeneous film strain and the
introduction of misfit dislocations. This is illustrated in Fig 2.2 a) where the
lattice energy of the film-substrate interface is qualitatively plotted as a
function of misfit. The curves refer to the two extreme cases: first, only
dislocations are used to adjust the film lattice on the substrate; second, the
pseudomorphic case, where the film is coherently strained to continue the
stacking sequence of the substrate. Pseudomorphy is only the ground state

for f < f¢, i.e. below the crossing point of the two curves.

The structural misfit between the face-centered-cubic (fcc) metals silver and
platinum is +4.3% (lattice constants at T = 300K: apt = 3.92A, aag = 4.09A). Ag

monolayers on the Pt(111) surface form a pseudomorphic structure, as

1
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valid for a homogeneously strained film (from [Lut 93]).

ENERGY per unit area
\
ENERGY per unit area
5.1
o

Y

revealed by STM in the present work, as well as by structural
characterization with low-energy electron diffraction (LEED) [Schm 89, Hir
93] and by a recent investigation using photoelectron forward scattering
[Ran 94). The coherent matching of the Ag monolayer corresponds to a
compression by 8.3% of its atomic density with respect to a bulk Ag(111)
plane. To stabilize this two-dimensional lattice the Ag-Pt bonding has to be
stronger than the lateral Ag-Ag interaction or, in other words, the critical

misfit f. is larger than 4.3%.

For a given film-substrate pair, all energetic and structural parameters are
fixed and the remaining question is what happens when the film grows in
height. The simplest answer incorporates the two-dimensional FK-result by
making the following replacement: x — «h, i.e. it is assumed that the
overlayer stiffness increases linearly with the film thickness h [Zan 91]).
Using the dependence f “W it follows fc«m and one expects a
critical thickness hg, above which a coherently strained film is no longer the

ground state.
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Although the above derivation is scanty, the result is in principle right, as
shown in Fig. 2.2 b). The elastic energy required to match homogeneously
the substrate is nearly proportional to the number of strained bonds. Thus,
the lattice energy E; of a coherently strained film increases linearly with h.
The film adjustment by dislocations is to first order independent of h, since
thicker films are no more stressed than thin ones. Thus, the energy Ep(h)
can be approximated by a straight line crossing the pseudomorphic energy

E; at the critical height he.

Quantitatively, the equilibrium theory of strained films is hardly verified in
real heteroepitaxial systems [Hul 90, Zan 91, Ter 942]. Structural defects
present on the substrate will propagate upward with the growing film
leading to relaxation by threading dislocations. If their density is low, the
growth of unrelaxed structures far beyond the critical thickness is possible.
This can be explained by the slow nucleation kinetics of misfit dislocations.
The large biaxial strain of these metastable structures plays an important

role in strained-layer devices {Pea 90, Pee 90].
2.2.2 Thermodynamic growth modes

The phenomenon by which thin films grow in different modes was first
addressed by Bauer [Bau 58]. He pointed out that three main growth modes
are obtained under quasi-equilibrium growth conditions. By using solely
thermodynamic parameters his characterization of film morphologies
focuses on the essential energetics: the work to create surfaces and interfaces.
This advantage of the model is at the same time its disadvantage, as will be

discussed below.

One way to derive the growth modes is the analysis of the wetting behavior
of a cap-shaped drop, as sketched in Fig 2.3 d). The contact angle ¢ depends

on the tensions Y, ¥¢,and y;, i.e. the characteristic free energies per unit
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a) Frank - van der Merve (FM) b) Volmer - Weber (VW)

Fig. 2.3: a)-c) Schematic representation of the three thermodynamic
growth modes. Two-dimensional growth in a), three-dimensional
growth in b) and the hybrid case of three-dimensional “islanding" after
layer-by-layer growth of one or several monolayer(s) in ¢} (from [Pee
90)).
d) Simplified picture of a cap-shaped island showing the directions of
the surface and interface tensions y,,v;, and y; (from [Liit 93)).
area to create an additional piece of surface, film and interface, respectively
[Gen 85). Since the ¥'s can also be interpreted as a force per unit length, force
equilibrium at the point where substrate and deposit touch requires:
¥s =7¥; +¥rcosd [You 05}. Complete wetting is achieved for ¢ = 0, thus the
following condition has to be fulfilled:

2V Y o (Y¢ +Yi -Y)=8Y £ 0

The minimum free energy configuration of a film as a function of height
can be deduced by using this wetting condition for each adlayer n [Bau 86] by

setting Y¢n +Yin —7¥s = &Y, S0, where y, remains the surface energy of the
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substrate, y¢, is the layer-dependent surface energy of the film and y;, the
interfacial energy between two successive layers. A sign change of Ayn(n) at
the critical layer number n* indicates the transition from a smooth 2D- to a

rough 3D-film morphology.

In Fig. 2.3 a), b) the degenerated cases n* = 0 and n* =  are illustrated. The
corresponding Volmer-Weber (VW) [Vol 26] and Frank-van der Merve
(FM) growth modes [Fra 492] describe 3D-islands on the bare substrate and
smooth stacking of an infinite thick film, respectively. The hybrid case of a
finite n* is shown in Fig. 2.3 ¢). In this case, for n > n*, the film bulls up into
3D-islands after the formation of smooth wetting layers up to n = n*.
Historically, this Stranski-Krastanov (SK) growth mechanism has been first
calculated for a monovalent ionic crystal (M*X-) onto a divalent (M2+X2")
substrate {Stra 38], where the initial formation of a monolayer is followed by

the condensation of two ions high nuclei.

The SK-growth mode is associated to an energetic instability occurring at
finite film height. Apart from the layer dependence of the misfit
accommodation another possibility is given by a symmetry break of the film
structure. A currently statement found in the literature is that the transition
from pseudomorphy to dislocation formation coincides with the critical
height n* coming out from the layer-dependent wetting condition (see e.g.
[Mat 752, Ber 88, Gen 92]). This point justifies reliable quantification [Mer 94].
One problem in this context is the use of the word "growth mode" causing
sometimes unclearness. Although defined by the above thermodynamic
conditions, "growth mode" is often used in a different way by describing the
fact that a system grows like the FM-, VW- or SK-morphology (under

certain nonequilibrium growth conditions).
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Nevertheless, the misfit accommodation is clearly a driving force for a sign
change of Ay,. The sum ¥, +7;, contains a chemical and a structural
component. A pseudomorphic growth of the first wetting layers results in a
positive strain energy contribution which increases with n. The negative
adhesion contribution due to the substrate influence decreases with n.
Finally, at the critical layer number n* the wetting condition can not be
fulfilled any longer, i.e. Y¢n+¥in27¥s, for n > n* In principle, the above
argumentation is nothing else than the derivation of the critical thickness
he in 2.2.1, but here in the formulation of surface and interface tensions. The

film can not form up to an infinite thickness a coherently strained surface.

One solution for the energetic instability is the introduction of misfit
dislocations. The growth mode criterion, on the other hand, suggests the
collection of subsequent deposited material into "strain-free” 3D-islands to
reduce surface and interface area. Both situations are observed in the
experiments. The apparent conflict is a problem of the growth mode model
to describe quantitatively the SK growth mode. In fact, the n-dependent
wetting condition is rigorously only valid in the homoepitaxial case or for
zero misfit [Bau 86). Using surface and interface energies to predict the film
instability requires a clear separation of the different energetic contributions

to ¥¢pn and 7;y, as recently pointed out by Raeker et al. [Rae 94].

Although the growth modes are well defined, they are based on the fact that
macroscopic properties (surface, interface energies) are attributed to
microscopic systems (down to one atomic layer !). Thus, the theory deals
with rather poor available quantities not directly related to measurable
parameters. This type of statement can already be found in Kossel's theory

of crystal growth written in 1927 [Kos 27]:
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"Man bemerkt ferner, wenn man sich die Molekularvorginge
beim Wachstum niher vorzustellen sucht, dal der Begriff der
Oberflichenenergie gegeniiber all dem, was hier im Einzelnen

vor sich gehen mus, allzu grob ist"

The surface energy relation of Ag(111) and P{(111) is Ymair) = 1.06 » Yaga1n
= 0.56 eV/atom [Mie 78]. By assuming Yg, =Y pg11) and a small influence of
Yin (factor 2 between ¥, and Y,) one expects the FM-growth mode. Indeed,
for substrate temperatures T > 500K a smooth Ag film forms on Pt(111).
Furthermore, a 25 layer thick film is completely relaxed to the bulk lattice of
Ag, as revealed by He-diffraction measurements [Rom 94]. Thus, the 4.3%
strain in this heteroepitaxial system can be relieved without formation of
3D-islands. This result is in disagreement with thermodynamic film models

predicting for non-zero misfit always film instability [Bru 87, Gra 88].

2.3 Atomistic processes

Thermodynamic considerations are independent of the question how an
epitaxial film is formed. In the kinetic growth regime, however, the film
formation has to be seen as a sequence of atomistic processes where the
outcome depends strongly on the particular way taken by the randomly
deposited atoms. Thus, predictions require detailed knowledge of the
microscopic processes relevant in vapor phase growth. The most important
processes are sketched in Fig. 2.4 a) and their essential properties are

discussed in this section.

The arriving film atom dissipates its heat of condensation E4 to the solid
through one or a series of inelastic collisions. Once bound at the surface its
motion will be governed by the corrugation of the binding potential (see Fig.
2.4 b)), as well as by its interaction with the other adsorbed film atoms. The
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a) @

Diffusion along steps

Ei fitial

Final
Xy Reaction coordinate

Fig. 2.4: a) Overview of atomistic processes taking place during vapor
phase growth of a thin film. The external controlled parameters are the
deposition flux R and the substrate temperature T.
b) Potential energy of a particle during adsorption. The ratio between
diffusion barrier Ep and adsorption energy E4 is about 1/10 to 1/20.
c) Energy diagram of a thermally activated process and the
corresponding transition rate v.
latter leads to coupling of the individual "growth trajectories” and ordering
of the adsorbate becomes possible. In this microscopic view, also defects, like
atomic steps participate in the growth scenario in the same way as each
deposited atom. The ordering kinetics is influenced by two external
controlled parameters marked in Fig. 2.4 a): the substrate temperature T and

the deposition flux R.
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Since all atomic displacements on the substrate are thermally activated
processes, the influence of T is most pronounced. The transition rate v
between two atomic states separated by an energy barrier AE depends
exponentially on T, as sketched in Fig. 2.4 ¢). Quantitatively, this
dependence is derived from the "transition state theory" [Gla 41] which is a
good approximation for all dynamic processes on surfaces (see e.g. [Lew 78,
Hen 91)). The transition rate v between initial and final state is proportional
to the probability to obtain the energy E; + AE of the transition state and
hence proportional to a Boltzmann-factor exp(—AE/KkT). The proportionality
constant vg can be interpreted as the number of attempts per unit time that
the system tries to overcome the barrier AE. The order of magnitude for vg is
given by the universal factor kKT/h (= 2x1010 [(sK)-!] T) entering usually in
the calculations of these processes (see e.g. [Chr 75, Wah 90]). Thus, the
attempt frequency vo corresponds to the typical frequency of lattice
vibrations (=1012-1013 Hz) and its T-dependence is usually negligible
regarding the Boltzmann-factor.

The average time between two deposition events (on a certain surface area)
is given by the deposition flux R. Thus, the appropriate time scale (with
respect to the atomic mobility) for modeling nonequilibrium morphologies
is set by the flux R which enters as important parameter in kinetic growth
theories (see e.g. [Kas 77, Lew 78, Sto 81, Ven 84]). Input parameters in such
an analysis are e.g. the energetic barriers, binding energies of clusters, etc. or

simply the probabilities of certain hopping events (Monte Carlo methods).

Unfortunately, these calculations require the knowledge of a large number
of kinetic parameters which are normally not available. In view of a
quantitative comparison with experiments, the important point is therefore
the reduction of complexity. Experimentally, one tries therefore to vary the

developing film structure (density, size and shape of adlayer islands) in such
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a way that differences (as a function of the external growth parameters) are

ideally caused by one or by only few of the microscopic processes.

In the following, a brief survey of the essential dynamic processes is given

in view of application to Ag growth kinetics on PH(111).
2.3.1 Surface diffusion

An adatom migrates along the surface by overcoming the activation barrier
Ep at the saddle points between neighboring sites (E; = Ef on a flat surface).
This hopping image is valid for kT « Ep, which means that the residence
time spent at the adsorption site is long compared with the time spent in
the transition state. This situation is in analogy to the two-dimensional
random walk where a particle on a discrete lattice has equal probability to
hop to neighboring sites. For kT » Ep no energetic barrier hinders the lateral
displacements of atoms and the adsorbate structure can be described e.g. by a
2D-gas equation.

The first quantitative theory of diffusion has been developed in the context
of Brownian motion [Ein 05, Smo 06). Experimentally, a microscopic view of
diffusion has become possible since 1937 by Miiller's invention of the field
emission microscope (FEM) [Miil 37]. Using the later developed field ion
microscope (FIM) [Miil 51] Ehrlich and Hubba carried out the first systematic
study of atomic diffusion in the sixties [Ehr 661].

FIM provides information about the location of individual adatoms and is
therefore the ideal method to verify the basic laws of diffusion by statistical
analysis of atomic displacements [Ehr 662]. The FIM image is formed from a
sharp tip by ionization of neutral gas atoms in the presence of the high
electric field (= 4 V/A) in the vicinity of the tip. Although restricted to small
substrates (a few hundred lattice sites) much information about microscopic

processes relevant in crystal growth has been obtained by this method (see
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e.g. [Ehr 84]). Due to the relatively low adsorption energy Ea of Ag on Pt(111)
(= 3 eV) a FIM-study of this system is not possible. The high imaging field

requires a minimum adsorption energy (> 4 eV) to avoid field desorption.

The classical Einstein-relation {Ax2)=2Dt describes well the statistics of the
motion of single metal atoms on metallic substrates [Ehr 91]. The mean
square displacement {Ax2) along one coordinate is proportional to the
diffusion time interval t and the diffusivity D (entering as material constant
in Fick's law of macroscopic diffusion). The connection with the energetic
corrugation of the substrate is given by the Arrhenius-behavior
D =Dy exp(~Ep/kT) where Dg is the preexponential factor. Under the
assumption of uncorrelated hops and negligible entropy of activation, the
following relation is valid: Dy =v, 12/4, where 1 is the distance between two
adsorption sites (jump length) and vg the above introduced attempt
frequency. Dg should be on the order of 10-3 cm?2/s for typical values | =~ 3A
and vg ~ 1013 Hz. Deviation from this behavior indicates a diffusion

mechanism which is not adequately described by the random walk model.

Fig. 2.5 a) illustrates the lattice symmetry of the Pt(111) surface. The bulk
stacking is continued by adsorption on a fcc- or bulk-site and is therefore the
expected adsorption site for Ag. Calculations for Ag/Pt(111) indicate indeed a
small energetic difference between the fcc- and hep-site in favor to a slightly
stronger binding of an Ag atom in fcc-geometry [Bla 92, Fei 941). For Ir on
Ir(111) the hcp- or surface-site is favored (Efcc - Ehcp = 0.04 eV) [Wan 911};
calculations for Al/Al(111) predict also an energetically preferred hcp-site
(Efcc - Ehcp = 0.04 eV) [Stu 941, Stu 942]. Consequently, the bulk structure
seems to play only a minor role for the energetics of a single adsorbed atom.
FIM results of Irx-clusters on Ir(111) confirm this picture. Although Epcp <

Efcc for single Ir adatoms, it has been found that atoms in a cluster prefer to
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Fig.2.5: a) Hexagonal symmetry of the (111) face of a face-centered-
cubic (fcc) crystal. The indicated ABC stacking sequence of subsequent
(111) planes produces two types of threefold hollow site labeled fcc and
hcp. Below the hep site, an atom of the second layer is situated as in the
hexagonal-close-packed (hcp) lattice having AB stacking sequence of
subsequent (0001) planes.
b) Transition state for Ag diffusion on Pt(111). The image shows the
bond charge density for optimal Ag adsorption in a two-fold bridge site
on Pt(111), as calculated by first principles calculations. Contour labels
are in units of 10-3 e/bohr3. Solid contours represent an increase in
electron density and dashed contours correspond to a decrease relative
to the sum of clean surface and isolated Pt atom pseudocharges. Details
in text (from [Fei 941]).

occupy fec-sites if the cluster size increases to x = 7, i.e. when the adsorbate
approaches the bulk structure [Wan 89).

First principles (FP) calculations predict the Ag adsorption energy on a
twofold bridge site 0.20 eV higher than on a foc/hcp-site [Fei 941]. Thus, for

hopping to the adjacent threefold hollow site an Ag atom has to overcome

the energetic barrier Ep = 0.20 eV. A calculation by means of the embedded
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atom method (EAM) [Daw 83, Daw 93] resulted in a static barrier of Ep =
0.051 eV, a molecular dynamics simulation with EAM potentials gave a
dynamic barrier of Ep = 0.058 eV {Bla 92, Mas 931]. The experimental value
derived in this work is Ep = 0.1574+ 0.01 eV.

The difference of the EAM-values to the FP- and experimental values can
qualitatively be understood based on the following arguments [Fei 941, Fei
942]. The EAM picture of metallic bonding is that each atom is embedded in
a host electron gas created by its neighboring atoms. The total energy of the
system is therefore mainly approximated by focusing on the many-atom
aspects of bonding (see also [Ner 93]) leading to the computational efficiency
of the EAM. Ag and Pt are reliably described by the EAM since they do not
tend to bond directionally because their valence d-shells are nearly full.

The application of the EAM to surface problems, however, leads
systematically to lower calculated energies due to the lower coordination of
surface atoms, without affecting the qualitative agreement between relative
values with experiments [Daw 93]. In the case of Ag adsorption on Pt the
directional bonding effects which are not countenanced by the EAM can be
seen in Fig 2.5 b) in form of the built-up of electron density in the middle of
each Ag-Pt bond [Fei 941]. The FP calculations, on the other hand, predict a
more corrugated Aé/Pt(l]l) potential with respect to the experimental
values, thus in the same way as observed for Pt/Pt(111) (Ep™P = 0.25 eV <
EpY = 0.38 eV) [Fei 9421,

2.2.2 Adsorption and "transjent mobility”

The fundamental question concerning the adsorption process itself is how a
condensing atom gives up its considerable heat of condensation to the
surface lattice. For example: it has been reported for Xe adsorption on Pt(111)

at T = 4K that impinging atomns can scatter hundreds of angstroms across the
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surface to reach step edges as preferred adsorption sites, although their
diffusion should be frozen [Wei 92, Abr 94]. The observed effect has been
attributed to "transient mobility", i.e. the idea that after impact a fraction of
the adsorption energy Ea is converted in kinetic energy to skip across the
surface. Due to the large difference between EA and Ep and the unknown
efficiency of the energy transfer to the surface, transient mobility effects

appear physically reasonable.

Concerning the condensation process for chemisorbed metal atoms on
metallic substrates contradictory results have been obtained. Transient
mobility has been attributed to cause low temperature quasi layer-by-layer
growth of several metals on Cu(100) and Ag(100) surfaces [Ege 89]). FIM
results [Wan 911] and molecular dynamics simulations [San 911, Lor 93],
however, indicate that the energy transfer at the first point of impact is
efficient and the deposited atom is rapidly localized. Also for Ag growth on
Pt(111) no indication of transient mobility, i.e clustering at very low

temperatures, has been observed (see 4.2.1).
2.3.3 Aggregation of clusters

In the classical capillary model of thin film nucleation (see e.g. [Neu 70, Liit
93]) positive fluctuations of the free-energy are required to form stable
aggregates on the surface. Using the thermodynamic liquid-drop model the
free energy of an aggregate goes through a maximum as it grows through its
“critical” size. The latter arises from the different size-dependencies of the
volume- and surface-energy term for small drops. To avoid the dissociation
into the vapor phase a vapor supersaturation greater than unity is therefore

required to overcome this condensation barrier ("nucleation work").

It was Walton, who first recognized that under usual growth conditions the

size of the critical nucleus is very small (a few atoms) [Wal 62]. The critical
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Fig. 2.6: Illustration of the interaction between different cluster
population nj in the early stages of film growth. The adatom
concentration nj determines the density of critical clusters (n;) and of
stable nuclei (ny). Decreasing of nj happens with the time constants of
nucleation (tp), evaporation (ta) and the capture rate (1) of stable
nuclei. This loss is compensated by the deposition flux R. The two
dotted lines indicate the processes which are less important for low
temperatures, i.e. the desorption of adatoms and the decay of stable
clusters (from [Ven 86]).

size i is thereby defined as the largest unstable cluster size, i.e. only clusters
with sizes j > i have a higher probability to grow than to decay. In atomistic
nucleation theories the building of critical and subsequent stable nuclei
proceeds by the statistically encounter of diffusing atoms and clusters on the

substrate [Zin 66, Lew 67, Ven 73]},

Fig. 2.6 is an illustration how the different cluster populations which are
present on the surface can interact. Nucleation of critical, and growth of
stable clusters are competing processes since both reduce the single adatom
density n1. With increasing deposition time adatoms are predominantly
captured by stable clusters which cover finally the whole substrate.
Nucleation theories predict the saturated nucleation density nx(R,T) as a

function of the external growth parameters (see e.g. [Lew 78, Ven 84]).
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Fig. 2.7: a) Possible structures of two-dimensional clusters up to the
size n = 13 on the (111) surface of a fcc crystal. Atoms with an in-plane
coordination number of two have been marked for cluster sizes n >7.
First row: n = 1 to 5; second row: n = 6 to 9, with the heptamer being
the smallest size where at least all the atoms are threefold-coordinated;
third row: n = 10 to 12, with n = 12 in a concentric arrangement
avoiding twofold-coordinated atoms in its elongated shape; fourth
row: n = 13 is the reverse case to n = 12. Here the concentric shell
structure leads to the lower dissociation energy due to the twofold-
coordinated border atom.

b) Dissociation energy (En-En.1-E1) of Agn clusters on Pt(111) calculated
with the embedded atom method. The theory predicts a stability gap of
about 0.13 eV between symmetric clusters and arrangements with
twofold-coordinated atoms. The open squares refer to elongated
structures and filled squares to concentric shell structures (from [Mas
931D

Comparison with experiments requires the knowledge of the critical cluster
size i, its binding energy E;j, the adatom diffusivity D (clusters are usually
assumed to be immobile), and the time constant of evaporation t;. The
function ny(R,T) depends strongly on the critical cluster size i since the

probability to produce statistically a certain cluster type changes dramatically




with the number of atoms involved. With increasing temperature T the
critical size i increases due to thermal dissociation of clusters, explaining the

n(R,T) dependence on the cluster binding energy E;.

Fig. 2.7 shows in a) some possible geometric structures of two-dimensional
Ag clusters on Pt{(111) and in b) the calculated dissociation energies as a
function of cluster size [Mas 931). Closed two-dimensional shells ("magic
clusters") give rise to a particular stability at certain sizes (n = 7, 10, 12, etc.).
This is the signature of the alternation between structures in which every
atom has at least three nearest neighbors and structures with one or two
atoms twofold coordinated. The simple correlation between the dissociation
energy and the coordination of border atoms has been confirmed by
calculations of Ni dusters on Ni(111) [Liu 92, Liu 93, Mas 932] and Pt clusters
on Pt(111) [Ner 93). FIM measurements of the dissociation temperature of
Irx-clusters on Ir(111) show a less pronounced stability effect for the

heptamer {Wan 90).
2.3.4 Step down diffusion

Every real substrate contains steps and the adsorption potential near a
monatomic step controls the "step-adatom” interaction. The detailed form
of the potential governs the mass transport between growing layers. An
adatom adsorbed close to the up- or down-side of a step will have a different
probability of moving into the step edge position [Schw 66). Thus, in
general, the step potential has an asymmetric form as shown in the upper
picture of Fig. 2.8 a). One lattice site away from an ascending step the atom
will “feel” the higher coordination at the step edge, while close to a
descending step an additional barrier Ve ("Schwoebel"-barrier) may be

present expressing the lower coordination during a “jump down" process.
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Fig. 2.8: a) Classical view of the potential at a step (upper curve) and
the potential consistent with FIM measurements (lower curve) of Ir
diffusion on Ir(111) (performed with an Ir cluster on top of the tip)
(from [Wan 912]).

b): Density-functional calculation of adsorption energy along the
diffusion path of an Al adatom crossing a B-type step on Al(111). The
generalized coordinate Q is X; + X2 where X; and Xz are the x
coordinates of the atoms labeled 1 and 2, respectively. The x axis is
parallel to the surface and perpendicular to the step orientation. The
upper curve is calculated for a "roll over” process of atom 1, while the
lower one shows the E(Q)-dependence for the exchange process, i.e
atom 1 takes the position of atom 2 and pushes the former one forward
(from [Stu 941))

The lower potential in a) is consistent with FIM measurements of Ir
incorporation at descending steps of Ir clusters [Wan 912]. For larger clusters
even a trapping of the Ir atom at the descending step rather than a reflection
due to a barrier V, has been found. The conditions for incorporation depend
quite sensitively to the local atomic arrangement and the "jump down"
mechanism may involve an exchange process with the step atoms as

revealed for W incorporation in descending Ir steps [Wan 912]. The latter is



illustrated in b) showing calculations of the step potential for Al/Al(111)
[Stu 941, Stu 942]. The theory predicts that an Al adatom has to pass a
considerably higher barrier, Ve, to descend the step by using the dassical
"roll over" path than by an exchange process.

In recent FIM studies it has been found that the "active” region of the step
potential is not restricted to the two lattice sites on both sides of the step
edge [Wan 932, Wan 931]. Ir growth on an Ir(111) surface with a central
iridium cluster adsorbed on it results in a depleted zone around the cluster.
Atoms deposited two sites apart from the ascending cluster step are trapped
even at T = 20K where diffusion on the terrace is frozen in. Thus, the
effective “capture radius” of a cluster is increased by the width of this empty

Zone.
2.3.5 Diffusion along step edges

One interesting aspect of fcc (111) surfaces is that there are two types of close-
packed step orientations, as shown in Fig. 2.9 a). Due to their different
atomic structure one expects a different diffusivity along A- and B-steps. An
atom adsorbed at the step is trapped in the potential minimum of the
ascending step as described in 2.3.4. Its diffusion is therefore restricted to a
one-dimensional random walk parallel to the step as illustrated in b). At a
kink site an atom increases its in-plane coordination by one bond, i.e. kinks
act as sinks for diffusing step atoms (as long as T is low enough that kink
dissociation is forbidden). The second possibility for a one-dimensional
condensation event is the encounter of two diffusing atoms at the step. By
this way a kink - anti-kink pair has nucleated and the step grows

perpendicular to its orientation.
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Fig.2.9: a) Side and top view of the two possible close-packed step
orientations on the (111) surface of a fecc lattice. The shown four-atom
wide stripe runs along a <110> direction. A-type steps have {100}
microfacets (see left hand side of the stripe), while the B-type step (right
hand side) forms a {111] facet with the layers below (from [Stu 941)).

b) Nlustration of one-dimensional diffusion along the steps and the
creation of a kink - anti-kink pair, i.e. the nucleation of a 1D layer.

¢) Wulff construction in two dimensions obtained by drawing planes
perpendicular to the radius vector y(n)n. The crystal equilibrium
shape is geometrically similar to the surface which can be reached from
the origin without crossing any of the constructed planes (from [Her
51)).

The growth shape of adlayer islands is determined by the diffusion kinetics
of the atoms adsorbed at its perimeter. Fast edge diffusion leads to low
growth speed perpendicular to the step direction. The best example in this
context has been given by Michely et al. for Pt growth on Pt(111) [Mic 93]
The authors could correlate the anisotropic growth shape of Pt island to the
different diffusivity of Pt atoms along A- and B-steps. At high temperature
the shape of an adlayer island is equilibrated and can be deduced from the
Wulff construction [Wul 01] (see Fig. 2.9 c)). The 2D-equilibrium shape on a
fee (111) surface is a hexagon solely bounded by close-packed steps to

minimize kinks and thus the total free energy of the border. The length
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ratio between A- and B-type steps of the equilibrium hexagon reflects
therefore the ratio between the step free energies vy, and yg [Mic 912, Mic
93]. B steps have in the case of Pt/Pt(111) the lower free energy per unit step
length which appears natural since {111} facets do have a lower surface free
energy than the {100} ones.

2.3.6 Interdiffusion

Interdiffusion between film and substrate atoms leads to smearing out of
the film-substrate interface. Alloy formation is observed for Ag films on
Pt(111) at submonolayer coverages (T > 620K). The driving force is the
discontinuity of physical properties, such as bonding, lattice parameter, and
thermal expansion coefficients [Mer 84]). The thermodynamic criterion for
the miscibility of two metallic components is discussed in chapter 5. Its use
in the framework of the growth mode model is difficult since the heat of
mixing is an additional contribution to the poorly defined interfacial energy
[Bau 82]. The formation kinetics for the necessary place exchanges between
film and substrate atoms proceeds by temperature dependent rate processes
[Bau 82, Mer 84).

Intermixing has been found at higher temperatures e.g. for the system
Ag/Pd(111) {Gug 80, Fis 93]. Here the Ag films are similarly strained as in the
case of Ag/PK111) because the lattice constants of Pt (ap; = 3.92A) and Pd (apg
= 3.89A) differ only slightly. Also the strain relief mechanism for Ag/Pd(111)
(Eis 93, Ran 94] is comparable with the results discussed in chapter 6. Thus,
similarly strained Ag layers intermix with two chemical different substrate
atoms which indicates the close relation between alloy formation of
heteroepitaxial films and the strain-driven tendency to smooth the film-

substrate interface.
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Fig. 2.10: Thermal desorption of Ag from Pt(111). At submonolayer
coverages, the TDS spectra show a single desorption peak with a peak
maximum at T = 1042K. For coverages 6 > 1 ML the development of a
second peak with a lower temperature maximum is seen, i.e. the
higher layers are less strongly bonded to the substrate (from [Har 93)).

2.3.7 Desorption

The mean residence time of single atoms on the surface before desorption is
1, = Vo~  exp(E, /KT). In several previous studies of Ag growth on Px(111)
(Dav 82, Paf 85, Har 93] thermal desorption spectroscopy (TDS) has been
applied to Ag films on Pt(111). The TDS-spectra shown in Fig. 2.10 give a
first hint for the layer dependent Ag structure on the substrate. The
activation energy Eq for desorption measured by TDS reflects directly the
strength of the adsorption potential Ex [Hen 91, Liit 93].

The analysis of the multilayer desorption peak corresponds to an activation
energy of Eq = 2.8610.04 eV (vg = 2x1014 Hz) [Hir 93). This energy is, within
the error margin, equal to the heat of sublimation of bulk Ag. The

desorption temperature maximum of the first monolayer, however, is
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about 70K higher yielding, according to first-order desorption kinetics
analysis, a 0.17 eV higher desorption energy (Eq = 3.0410.02 eV, vg =
1.540.5x1014 Hz) [Hir 93). Thus, Ag deposited on the Pt(111) surface seems to
be 6% more strongly bonded to the substrate than to a bulk surface of Ag.






3. Experimental

A short introduction in the field of scanning probe methods is followed by a
description of the developed STM instrumentation. The last section
contains theoretical results which are relevant for the image interpretation
in this thesis. This part displays typical measurements and is furthermore

used to quantify the performance of the constructed microscope.

3.1 Scanning probe methods

Due to its invention in 1981 by Binnig and Rohrer [Bin 82], the scanning
tunneling microscope has initiated a novel tool in experimental surface
science: the local probe microscopy. The interaction between a fixed probe
particle and the sample surface is used to measure the spatial dependence of
surface properties on a nanometer scale. Today, numerous scanning probe
microscopies (SPM) are available replacing the electron tunneling by other
interactions (various kinds of forces, heat transfer, ionic conductance,
optical and acoustic near-field microscopies, etc.) to address a variety of
insights from surfaces, interfaces and mesoscopic systems (a numerous
number of reviews and books are available, see e.g. [Wic 89, Mur 90, Beh 90,
Giin 92, Roh 94])

The fundamental new approach of these methods is the performance of an
experiment between atom-sized regions of the probe and the object of
investigation. The spatial resolution of a SPM method depends on the
effective probe size R, the distance d between probe and object, and the
distance dependence f(d) and the lateral variation of the interaction under
consideration [Roh 94]. For an exponential distance dependence f(d)e
exp(-xd), the localization is of the order f(d+R)/x, where 1/x is the decay

length of the interaction. For electron tunneling between two bare metal
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Fig.3.1: Operation principle of the scanning tunneling microscope in
the constant current mode. During scanning in x,y directions a
feedback circuit keeps constant the current Iy of electrons tunneling
between a sharp tip and the sample surface. The deflection Az(x,y) to
stabilize Ip is generated by the piezoelectric transducer Pz. The applied
tension Uzis at the same time measurement signal, i.e. AU,(x,y)
reflects the surface topography (from [Bin 863]).
surfaces, 1/x is about 0.4A and the tunneling distance d is between 5A to
10A. Thus, assuming a size R of several A for one of the tunneling

electrodes, most of the tunneling current flows between atom-sized regions.

The experimental requirement to use these microscopies is the macroscopic
control of the probe-sample interaction restricted to microscopic
dimensions. For electron tunneling this is possible by applying a voltage Ut
between a sharp tip and the sample surface and measuring the resulting
tunneling current I;. The ideal STM probe has only one atom on the tip
apex fixed in a chemically and mechanically stable position. In the constant
current mode of the STM (see Fig. 3.1) the tunneling current I; flowing
through the apex atom is kept constant at Iy stabilizing the tip-sample
interaction. The width d of the tunneling barrier is easily controlled with
subatomic precision, since It changes roughly by one order of magnitude for

every A change of d [Bin 81]. Scanning the tip in the orthogonal x,y



directions at constant tunneling parameters I;, Uy represents the spatial

dependence z(x,y) of tip positions with equal barrier width d IUt L

Several other STM modes of operation are widely used (see e.g. [Beh 86, Bon
93]). They follow other trajectories in the STM parameter space (x,y,z,It,Up)
to extract, for example, the spatial variation of the apparent barrier height
dl, /BzIUhlk. This quantity is (for large gap widths) proportional to the square
root of the local work function ¢ of the surface [Che 911, Schu 922]. On non-
homogeneous surfaces local changes of ¢ can be attributed to chemical and
structural defects resolvable by the map dI, /az|Up,t (x,y) [Beh 86]. Spatial
resolved tunneling spectroscopy records I(Up-curves as a function of the tip
position z(x,y) (see e.g. [Ham 89, Win 92]), historically the motivation for the
STM-development [Bin 87]. The spectroscopic use of the STM focuses on the

local electronic structure of surfaces. Unfortunately, a I,(U,)l spectrum

X,¥,2
results from a convolution of tip and sample properties with a complex
dependence on the barrier width d. Deconvolution is feasible [Che 92, Cro

932], but laborious since the imaging tip structure is in general unknown.

It has been shown theoretically [Che 912] and experimentally [Diir 86, Diir
88] that forces are involved in the STM imaging process, at least at small gap
widths. This reveals 'the close relation of STM and atomic force microscopy
(AFM) [Bin 861]. Furthermore, the inelastic part of the tunneling current,
i.e. electrons which loose energy by traversing the barrier, is a further
channel of nanometer scale imaging. Photons are emitted {Gim 88, Ber 92]
and molecules may be excited in the tunneling gap [Per 86, Bar 88]. While
the latter is experimentally difficult to observe [Zep 912}, photon emission
from the STM is nowadays routinely used to characterize surfaces and
adsorbed molecules [Ber 93). Many other phenomena in the STM junction

have been reported, e.g. optical interactions induced by laser illumination in
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the tunneling gap [Arn 87, Kuk 90]. Thus, the "dlassical” STM remains a

fascinating tool to develop new scanning probe methods.

3.2 Variable temperature scanning tunneling microscopy

The formation of the chemically and structurally inhomogeneous
interfacial region between epitaxial film and substrate requires clean
experimental conditions to control the presence of impurities. Due to this
fact, substrate preparation, vapor phase deposition, and STM-measurements
were performed in an ultra-high vacuum (UHV) environment. The second
experimental requirement has been deduced in the second chapter and
consists of controlling the external growth parameters, i.e. the deposition
flux R and the substrate temperature T. Vapor phase deposition is
performed by evaporation of the film material. By choosing different
temperatures of the Knudsen effusion cell the flux R of the Ag beam is
easily adjustable [Knu 09). Controlling the influence of substrate
temperature T is experimentally more difficult. Imaging of metastable film
morphologies requires temperature control during all preparational stages
and during STM-observation. The latter is necessary to avoid post-growth
changes of the film due to the measuring conditions. For this purpose, a
home built STM has been used allowing variable temperature
measurements in the range from T = 25K to 800K. Thus, for a given
metastable morphology, an adapted imaging temperature can be chosen

preventing modifications of the film.
3.2.1 The "beetle" STM

The instrument built is based on the “beetle” STM [Bes 87, Fro 89, Mic 912].
Similar experimental set-ups for UHV characterization of metal surfaces

have been constructed by Michely [Mic 911} and by Wolf [Wol 90]. In the
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Fig. 3.2: Sketch of the used "beetle” STM. The microscope can be
lowered onto the sample holder by means of a UHV-manipulator on
which the support tube is mounted. During measurements the STM is
mechanically uncoupled from the support tube. The only exception is
the electrical contact of the piezoceramics performed with thin (s = 50
pm) wires.
present work, the accessible temperature range of this STM type (reported so
far 100K to 450K [Mic 912])) could be increased especially to lower
temperatures. General principles and design criteria for STM constructions

can be found e.g. in [Poh 86, Kuk 89].

The association with a beetle becomes evident by inspection of Fig. 3.2
showing the principal idea of the instrument [Bes 87]. The microscope
consists of an aluminum disc which holds four identical piezoceramic tubes
(1 = 13 mm, 8o = 2.6 mm, g; = 1.75 mm, material: "Vibrit" 420 [Sie]). The

three outer piezo tubes (the "legs”) are mounted in a threefold symmetric
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arrangement. In the center of the disc the central piezo tube (the "feeler")
carries the tunneling tip. The legs are equipped with small spheres to which
the whole microscope stands on a molybdenum ring with three ramps cut
into it. Each ramp is 0.4 mm high, spans an arc of 120° and is used as
“standing area” for one of the three "beetle" legs [Fro 89]. The Pt-crystal is
clamped between the sample holder and the ring.

Once the “beetle” STM is mechanically uncoupled from the upper support
tube, all displacements are generated by the piezo tubes by applying
appropriate voltage pulses to the piezo electrodes (see Fig. 3.3). The tip
approach is achieved by a collective motion of the legs rotating the
microscope clockwise. Thus, the instrument is "screwing" itself down the
ramps and moves the tip towards the sample. The rotation is automatically
stopped when a tunneling current is detected. Sample scans can now be
performed by two ways. Either the central tube scanner moves the tip in ail
three spatial directions, or scanning is done by the outer piezo tubes and

only the z movement is performed by the central piezo.

Changing the scanning region to investigate different sample areas is also
possible by two methods. First method: off-set voltages on the piezo legs
bend the hole disc to move the tip relatively to the sample. This method can
even be used during image acquisition and enables a continuous shifting of
the scanning zone. Second method: a linear transport of the hole
microscope as used for the coarse approach. The disadvantage of this
method is that tunneling has to be interrupted during the displacement.
The feedback circuit is too slow to follow the abrupt sliding of the metal
spheres over the ramps. The advantage of this linear transport is that larger
STM displacements are easily achieved without a new mechanical tip
approach, i.e. afterwards the tunneling contact can be achieved by means of

off-set voltages on the z-piezo electrode.
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a)

b)

Fig.3.3: a) Electrode segmentation of the radial polarized
piezoceramic tubes. The inner wall is grounded and voltage on the
outer electrode causes a uniform expansion or shrinkage of the tube
[Bin 862]. Left: central piezo holding the tip. The upper part is used for
displacements in z direction. The middle part is grounded to avoid
coupling with the lower scanning part [Car 88). Right: piezo tube acting
as "beetle" leg. Voltage on these vertical separated electrodes bend the
tube perpendicular to its symmetry axis (in the same way for the
scanning part of the central piezo). Due to the macroscopic tube
dimensions the bending angle is very small for the STM scan lengths
used leading only to a lateral displacement of the tube (from [Mic 911],
modified).

b) Displacement of the microscope by means of triangular pulses on
the outer piezo tubes. During the steep part of Us(t) the legs glide over
the ramps, while the disc doesn't move due to its inertia. This leads to
an effective transport with respect to the sample enabling tip approach
and lateral displacements to change the scanning region (from [Mic
911)).
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Routinely, the first scanning mode has been used: the tip is displaced alone
by means of the central piezo tube. Scanning with the legs has a lower
mechanical stability due to the lower resonance frequency of the whole disc
with respect to the single tube scanner. A second reason is that the outer
tube scanners are more sensitive for thermal drift effects, since they have

direct thermal contact with the sample.

The tip structure is continuously modified by applying voltage pulses which
leads to material exchange between tip and surface. Once this "trial and
error” procedure has led to satisfying resolution, the scanning region is
changed to record images. During this preparational method, the
continuous shifting of the scanning area performed with off-set voltages on
the legs is advantageous. Using this displacement method, it can be avoided
that an optimized tip structure is further altered by scanning on previously

modified surface regions.

The principal advantages of this microscope type are the following:

¢ The design of the "beetle” STM is simple and compact. Due to its
"pocket-size” and rigid construction it is not very sensitive to

external vibrations.

¢ The thermal drift is compensated by the fact that the microscope
stands on piezo legs which have equal thermal expansion rates as
the central tube scanner to which the tip is mounted. Thus, to
first order, the tip-sample distance remains unchanged upon

temperature variation.

¢ The STM requires only one flange (g; 2 63 mm) at the top of the
UHV chamber facilitating the combination with other analytical

methods [R6d 91). Since the microscope is placed on the sample,



no complicated sample transfer mechanisms inside the UHV

system are necessary.
3.2.2 Sample manipulator and UHV-chamber

The excellent temperature stability of the "beetle” STM allows
measurements at variable crystal temperature in a room temperature
environment. The temperature of the sample is changed by means of the
cryogenic specimen holder sketched in Fig. 3.4. As discussed below, this
implies essentially no cooling or heating of the microscope. The sample and
its small holder are contained in a rigid UHV-manipulator with only one
degree of freedom: a rotation around the horizontal axis of the support tube
(2o = 54 mm). After lifting of the STM, the crystal can be rotated under full
temperature control in front of the substrate and film preparation stages.
Due to this possibility, metastable film morphologies can be imaged at the

same temperature as prepared or at a desired different temperature.

The design goal of the sample manipulator is to achieve a compromise
between two requirements. First, a mechanically stiff construction
sufficiently damped is required to act as "beetle” STM base. Second, a
thermally isolated sample with a large range of temperature variability is
desired. Cooling of the sample is the technical critical point by finding a
good middle course between the two demands. Heating causes no
mechanical vibrations and can effortlessly integrate in a temperature
compensated STM design. Cooling, on the other hand, produces vibrations
due to the liquid He flux of the home made cryostat. The latter demands a
mechanically "soft” connection to the crystal holder with a high thermal
conductivity. For this purpose, the hat-shaped Pt-sample (6 = 11 mm) is
clamped to a small Cu piece which is connected to the cryostat heat

exchanger through a soft Cu braid (e = 4 mm, length 50 mm) [Dav 86, Mic
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Fig. 3.4: Essential elements of the UHV sample manipulator. Details
in text.
911). The braid is furthermore untwisted into several single cords to reduce

its stiffness.

In order to cool and heat only the sample, this small assembly is thermally
isolated from the big Cu block on which it is rigidly mounted. This fixation
is performed by three pulling and three pushing stainless steel screws (s =
1.4 mm). Their low thermal conductivity towards the Cu block allows
sample temperatures down to T = 25K [Dav 86]. The cylindrical Cu block
resides on viton spacers damping high frequency external vibrations [Mic
911] and has no otherwise mechanical contact inside the support tube. The
only exceptions are the electrical connections of the filament and the
thermocouple wires measuring the crystal temperature. As a further
vibration isolation the whole UHV chamber is mechanically damped
against low frequency excitations by an air suspension system. It has been

shown that the combination of an external low- with an internal high-



frequency damping stage yields optimum performance [Schm 92]. The
stiffness and the damping of the construction are sufficient for a vertical
STM stability of about 0.1A. Especially, no influence of the sample
temperature on the STM sensibility has been found, i.e. vibration caused by
the He flux are effectively suppressed by means of the soft Cu braid and the
big mass of the Cu block.

Heating is done either by radiation or by electron bombardment from the
W/Re filament (8 = 0.25 mm) located behind the sample. Annealing
temperatures up to T = 1300K are possible due to the negative bias on the
hot filament (-1250V with respect to the grounded sample). Temperature
control of the sample is achieved by Ni-CrNi-thermocouple wires (g, = 0.1
mm) spot welded onto the brim of the hat-shape crystal. During film
preparation and STM measurements the temperature is kept constant
within 10.1K by means of a commercial PID controller regulating the
filament current. From the nucleation studies at low temperatures in
chapter 4 the reproducibility of the substrate temperature can be determined
to 1K for T > 50K. Absolute temperature calibration has been checked by
holding the whole manipulator outside vacuum in liquid nitrogen yielding
AT = $£2K. The comparison of the low temperature STM data with thermal
energy helium scattering measurements [Rom 94] results in the same error

range of the absolute sample temperature calibration.

Lowering the microscope onto the cold or hot sample holder establishes a
temperature gradient between both, maintained by the low thermal
conductivity of the stainless steel spheres (8 = 2,5 mm) glued on the piezo
legs. Equilibration occurs within several minutes up to half an hour at the

lowest and highest temperatures.
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Fig 3.5: Plot of the STM temperature versus sample temperature
measured after an equilibration time > 1h.

The dependence of the equilibrated STM temperature on Tsample is shown
in Fig. 3.5, where TstM has been measured at the central tube scanner. For
Tsample < 300K the microscope temperature hardly changes, while for
Tsample > 300K the thermal radiation from the sample becomes increasingly
important. For Tsample > 600K the microscope temperature raises finally
with a slope of ~ 45K per 100K sample temperature increase. In the
temperature range 25K < Tsample < 500K, however, the microscope stays
basically at room temperature such that thermal effects on the
deflection/voltage characteristic of the used piezoceramics are negligible, i.
e. they are within the 5% errors bar of the STM calibration. The upper limit
is given by the depolarization of the ferroelectric piezoceramics and has
been fixed to the bake-out temperature of the UHV-system (450K), i.e.
Tsample = 800K.
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Fig.3.6: Sketch of the UHV chamber geometry. The shown section
lies in the center of the specimen holder. Details in text.

The sample manipulator is attached to a 8" o.d. double cross as UHV
chamber (base pressure in the upper 10-11 mbar range) sketched in Fig. 3.6.
The UHV system is equipped with a 340 1/s turbomolecular pump which

can be valved off, a 270 I/s jon pump, and a titanium sublimation pump. A

smaller (50 1/s) turbomolecular pump is used for pumping the gas inlet
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system and the differential pumped ion source. During STM measurements
all mechanical pumps are turned off in order to avoid vibrational
perturbations. The rotation of the sample manipulator is performed with a
differentially pumped rotary feedthrough. The vacuum of its spacer volume
(< 10-3 mbar), normally pumped by a rotary vane pump, is maintained by a
liquid nitrogen cooled sorption pump during measurements. The UHV
system is further equipped with the usual techniques for sample and film
preparation and its control: an ion gun, a quadrupole mass analyzer to
control the residual gas, a back view LEED, and a MBE Knudsen cell. The
LEED eleciron optics can also be used as retarding field energy analyzer for

Auger electron spectroscopy (AES).
3.2.3 Film preparation and image treatment

Experiments have been performed on two different high quality Pt-crystals
[Lin 85] oriented in the (111) direction with an accuracy better than 0.1°. The
substrates have been each cleaned in UHV by repeated cycles of Ar ion
bombardment (650 eV) at T = 850K, chemical treatment by exposing in an
oxygen atmosphere (T = 850K, 5x107 mbar) and subsequent flash annealing
to T = 1200K. Surface cleanness has been routinely checked by STM. After
the first cleaning cycles, control by AES was no more suitable due to the low
sensibility of the present AES set-up (= 1% of a monolayer). The clean
Pt(111) surface consists of flat terraces with an average width of 1300A
separated by steps of monatomic height. STM tips have been prepared by
electrochemical etching of polycrystalline W wires (9o = 0.25 mm) in 5%
Na(OH) solution as described in ref. [Mic 88].

Ag films were grown by means of the Knudsen-cell at a background
pressure better than 2x10-10 mbar. The rate of deposition was calibrated by

measuring the Ag-covered area in STM images at T = 300K for almost



monolayer coverage where the effect of borderlines is minimized. Once the
rate was calibrated this way, the deposited amounts of Ag lead reproducibly
to the expected coverages within 5%. The coverage is given in monolayers
of the P(111) substrate (1 ML = 1.50 x 1015 an-2). The flux has been varied by
changing the Ag evaporation temperature. The obtained flux changes AR
are well correlated with the tabulated vapor pressure dependence on
temperature. In the first experiments a coverage gradient at the crystal
borders was present due to an additional aperture in front of the source
(mounted to avoid evaporation on the surrounding molybdenum ring).

Higher error bars are attributed to the data extracted from these images.

The used electronics corresponds to the commercial "beetle" STM
electronics [Bes]. The calibration of the central scanner has been taken from
two identical microscopes [Hah 93, Buc 93]. The deflection/voltage
conversion of the central piezo tube turns out to 110 A/V in lateral and 30
A/V in vertical direction in fair agreement with ref. [Mic 911) where the
same piezo tubes were used. All images were obtained under constant
tunneling current condition with a scanning frequency of 4 Hz in the fast x-
direction. Topographies were recorded in the differential mode as in Fig. 3.7
or in the absolute height mode, where the gray scale reflects the absolute tip
height. In these irx{ages, as in Fig. 3.8, a planar background has been
subtracted to tilt atomic terraces in such a way that they are represented as
horizontal areas. In differential topographies a signal proportional to the
derivative 9z/9x is recorded using a high pass filter with a cut off frequency
of 33 Hz. In these images the film morphology is represented as if it would
be seen with illumination at glancing incidence from the left. Filtering of
data has been avoided, but in some images the removing of a 50 Hz

perturbation frequency has improved the presentation of the film structure.
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The lateral drift in the STM images is determined by comparison of
consecutive recorded images. The drift decreases during the equilibration
time, but increases by displacements of the microscope, i.e. depends on the
specific position of the microscope onto the sample. Independent of
position, a non-vanishing drift of the order 5 nm/min at cryogenic
temperatures is observed. Quantitative data extracted from STM images, e.g.
island densities, have been always corrected for drift effects. A lateral drift
correction of the STM topographies shown here was usually not necessary
(< 10% of the image size). Exceptions are the following images : Fig. 4.1, 4.3

b)and 6.9 b).
3.2.4 Experimental outlook

Several improvements of the STM system are possible since the system has
been mounted within half a year (project name: "STM Quick”). Some of
them have been realized during the redaction of this thesis:

* Around the sample manipulator a new UHV chamber has been
constructed avoiding geometric restrictions of the double cross
system, e.g. new space to add a cylindrical mirror analyzer (CMA)
for higher sensitive AES, a more favorable geometry of the

evaporation sources and sputter gun, additional flanges, etc.

¢ Improvements of the two vibration isolation stages have been
realized to increase stability and consequently the lateral and

vertical STM resolution.

¢ The sample has been electrically isolated from the chamber
without loosing stability or cooling power. This is one of the

requirements to perform a fast tunneling spectroscopy [Bru 92],



i.e. to record I‘(U.)L y,z SPectra with a spatial resolution of a few

A2

* A high performance STM electronics has been adapted to the
system leading to many new possibilities for image acquisition

and processing.

3.3 STM imaging of Ag layers on Pt(111)

The tunneling effect as a transfer of particles through energetically
forbidden regions is well understood for many phenomena and applications
[Roy 86, Feu 87]. Understanding STM images and spectra in terms of
microscopic tip and sample parameters is a more complex task (a
comprehensive summary of the "state of the art" in STM theory has been
given by Chen [Che 93]). The difficulty to describe atom-scale tunneling in a
quantitative way is best illustrated by application of the uncertainty
principle to the STM problem [Che 93]. Assuming typical values, the energy
uncertainty of the tunneling electron is larger than the absolute value of the
kinetic energy. Thus, the distinction between tunneling and ballistic
transport disappears. Application of the uncertainty relation between
coordinate and momentum leads to a position uncertainty much larger
than the barrier width. Consequently, for any time it is not predictable on

which side of the STM junction the electron can be found.
3.3.1 The s-wave-tip model

The first quantitative theory to explain the image contrast in STM has been
developed by Tersoff and Haman [Ter 83, Ter 85]. The modeling of the tip is
rather scarcely by assuming a spherical piece of free electron metal with a

radius of curvature R in the part where the tip approaches nearest the
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sample. First-order time-dependent perturbation theory yields the following

expression for I:

2
L = 223 E)[1-£E, ~eU)] M,,| 3E,-E) @
BV
where f(E) is the Fermi function and M,, , is the funneling matrix element
between the unperturbed tip and sample states ¥y, ¥, having energies Ep
and E,, respectively {Bar 61). In the case of low temperature and small bias

Uy one obtains an extremely simple dependence for the tunneling current:

E,
L= % )] = Uy pstioEp) @
E,=E,-eU,
where pg(Ty,EF) is the local density of states (LDOS) of the sample taken at
the Fermi-level Ep and the center of curvature of the tip Tg. The
exponential dependence I, «exp(-2xd) on the barrier width d can be
deduced with the help of the omitted prefactors in (2). The decay length x
turns out to 2m,¢ /A, where ¢ is the work function of tip and sample and

me the electron mass.

Thus, at constant I; and Uy, the tip follows the Lines of constant Fermi-level
LDOS. The LDOS is a well-known quantity in surface physics (see e.g. [Smi
75, Zan 88]). For free-electron metals, the Fermi-level LDOS values at a
distance from the surface almost coincide with the contours of the total
electron density. In this case, the contrast of a constant current topography is
therefore directly correlated with the surface charge-density. This basic
reading of an STM image is supported by the imaging effects observed for
strained Ag layers adsorbed on and embedded in the close-packed Pt(111)
surface, as discussed below.
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The most important approximation in the Tersoff/Haman theory lies in the
evaluation of the matrix element M,, , by using as tip wave functions only
solutions of the Schrédinger equation for a spherical potential wall of radius
R (s-waves). Thus, microscopic tip properties are taken out of the problem
and the Ii-characteristic reflects the property of the sample only. Coupling of
the two tunneling electrodes is not included. The wavefunction overlap in
the gap is calculated from eigenstates of the free tip and the free sample,
only. This drastic oversimplification together with the macroscopic tip
modeling restricts the validity of the s-wave model to large barrier widths.
In fact, the description of atomic resolution on low-index metal surfaces is
beyond the scope of the LDOS interpretation, as revealed experimentally
(Hal 87, Win 89) and theoretically [Che 901). The observed atomic
corrugation amplitudes are a factor 10-100 higher than the LDOS variations.

Using a modified perturbation approach Chen was able to treat the problem
of bias dependent coupling of the two unperturbed Hamiltonians of the tip
and the sample [Che 88]. By calculating tunneling matrix elements M, ,
with tip-states of s-, p- and d-symmetry [Che 902] the microscopic tip-sample
interaction is predictable. The often observed sudden change of resolution
and corrugation amplitudes in STM images is therefore quantitatively
describable by abrupt alteration of the imaging tip-state. Nevertheless, the s-
wave model holds its place as the macroscopic limit of the microscopic STM
theory. Zeppenfeld et al. confirmed this behavior by imaging the Py(111)
surface at atomic resolution for a wide range of experimental conditions
[Zep 911). "Low resolution tips" were found showing corrugation values

being consistent with the predictions of the Tersoff/Haman theory.



=50K, e=01ML

Fig.3.7: Lateral resolution limit of the home built STM. After
deposition of © = 0.1 ML at T = 50K a mixture of small clusters (average
size i = 2.840.4 atoms) has been formed. A few individual clusters can
be recognized. The encircled linear (left) and triangular (right) trimer
are imaged with a next neighbor distance of about 3A. This differential
STM image (68Ax68A) is an enlargement of Fig. 4.3 b).

3.3.2 Ag/Pt(111): Imaging effects

The lateral resolution limit (=3A) of the constructed STM is documented in
Fig. 3.7. From a mixture of small adsorbed Ag cluster only a few can be
recognized. The lack of atomic resolution images for a direct distinction of
cluster sizes leads to an indirect way of data evaluation. Cluster distributions
are in the following characterized by the calibrated coverage © of the deposit
and the island density p. The latter is evaluated by counting islands and
dividing their number by the area of the image. The ratio of coverage © [ML]
and island density p (in islands per Pt(111) adsorption site = [ML]) is then the

average island size T (in atoms per island).
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Fig. 3.8: a), b) Imaging height of monatomic thick Ag on Pt{111). The
absolute height STM topography shows in a) a large (Ix1) island
attached to an ascending Pt step. An imaging height difference of AZ g
= 0.7A between the Ag step and the Pt substrate step is observed. About
the same AZp value is visible in b) for diffusion limited grown Ag
attached to an ascending Pt step. The smallest width of the islands is
about 20A. Preparation: a) growth of © = 0.5 ML at 350K (imaging at
350K), b) growth of ©® = 0.1 ML at 120K (imaging at 120K) The shown
line scans are taken along the white bar marked in the images.
Tunneling parameters: a) Iy =20 nA, Uy =-12V,b) Iy = 1.0 nA, Uy =-1.0
V, image sizes: a) 1230Ax615A, b) 390Ax195A, used flux R = 1.1x10-3
ML/s.

Also the imaging of the atomic Pt(111) structure (next neighbor distance of
the surface atoms: 2.77A) was not successful even under stable external
conditions (night) and at the smallest gap resistance available (Rg = 250 k).
The reason is probably the insufficient stability of the present STM
excluding imaging with "high resolution tips". Thus, the below given
interpretation of imaging effects deals only with tip states for which the
charge-density interpretation of the STM contrast is a reasonable

assumption.



Absolute height STM topographies of two-dimensional Ag islands on
Pt(111) are shown in Fig. 3.8. The Ag islands (attached to an ascending Pt-
step) appear about AZpg = 0.7A higher than a monatomic step of the Pt-
substrate. This important imaging feature is observed under various
tunneling conditions and no dependence on the lateral size of the Ag
islands is remarkable. Even fractal Ag island having a width of a few atoms
exhibit the same imaging effect. The magnitude of this chemical contrast
between Ag and Pt depends slightly on the specific tip structure (variation
$0.24). Neither a specific dependence on the gap width, nor an influence of
the Up-polarity could be detected.

A STM image contains a mixture of geometrical and electronic information.
The geometrical height of a P#(111) step is 2.27A, whereas the spacing
between subsequent Ag(111) planes is 2.36A. As mentioned in 2.2.1, Ag
adsorbs pseudomorphically on Pt(111) and is therefore compressed by 8.3%
in density compared to its natural lattice. In view of this modified structure,
it is unreasonable to explain the observed imaging effect with the 0.1A step
height difference between Ag(111) and Pt(111). Obviously, the height
difference AZ g is related to the electronic properties of the strained two-

dimensional Ag.

The first possibility to cause a positive AZag value is a smaller apparent
barrier height above the Ag islands. If this would be the case, the same
tunneling current would lead to a larger gap distance on Ag than on Pt. As
mentioned above, the barrier height is to first order related to the work
function ¢. The work function change A¢ during Ag growth on Pt(111)
shows a linear drop by 1.2 eV after deposition of one monolayer [Paf 85, Hir
93]. The absolute ¢ value at © = 1ML is close to the one of Ag(111) suggesting
that monatomic Ag islands on Pt(111) exhibit the work function of bulk Ag.

Under this assumption, the imaging height difference AZpg due to the
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different decay constants xag and xpt is easily calculable. With an absolute
barrier width of d = 4-7A the work function difference Ap = 1.2 eV causes a
step height difference AZag of 0.5-0.8A in good agreement with the

experiment.

Two arguments contradict this work function explanation. First, the
quantity ¢ entering in the apparent barrier for the tunneling process cannot
directly be identified with the work function measured with a surface
integrating method [For 90]. Second, if the barrier height difference between
Ag and Pt would be responsible for the imaging effect, a systematic increase
of AZag with increasing gap width should exist. Since the latter was not

detectable the above argumentation leads to inconsistencies.

The second possibility to cause a positive AZ5g value is a higher surface
charge-density in the compressed Ag islands with respect to the Pt substrate.
For this purpose, the imaging of the second Ag layer is taken into account.
In the equilibrium structure of the Ag bilayer the compressive strain is
partly relieved by the introduction of domain walls. Their symmetry and
atomic structure will be discussed in detail in chapter 6. Obviously, any
relaxation of the film as its thickness increases has to contain expanded Ag
areas to approach the bulk structure of Ag.

The STM topography in Fig. 3.9 shows the Ag bilayer covering a substrate
step which crosses the image from the upper right to the lower left. The
second Ag layer of the lower Pt-terrace (left hand side) is attached to the first
Ag layer of the upper Pt-terrace (right hand side). The main part of the
upper Pt-terrace is covered with the second Ag layer but in the upper right
corner a small region of the first layer is visible. The compressed first layer
exhibits about the same imaging height as the Ag regions of the lower level

second layer which are separated by the domain wall network. Thus, the



released Ag - bilayer

Fig.3.9: Imaging height of the equilibrium relaxation pattern of the
Ag bilayer on Pt(111). The line scan reveals a height difference of up to
AZq = 0.7A between compressed Ag regions and diluted zones. Details
in text. Preparation: growth of ©® = 1.5 ML at 400K and subsequent
annealing to T = BOOK (imaging at 400K). The shown line scan is taken
along the white bar marked in the image. Tunneling parameters: I; =
1.2 nA, Uy = -1.5 V, Image size: 540Ax270A, used flux R = 1.1x103 ML/s.
domain walls represent diluted Ag zones surrounding the areas of
compressed Ag. The line scan in Fig. 3.9 compares the modulation of the
second layer with its step height and reveals that the domain walls are
imaged as depletions of up to AZye = 0.7A. This amplitude is not directly

comparable with AZ g but shows that expanding of the compressed Ag leads

to lower imaging height.

The imaging of the domain walls as depressions can be understood in terms
of their dilution causing a lower electronic-density, thus leading to an
imaging height close to their geometry, whereas the compressed areas are
imaged higher due to their increased electronic-density. In the same way the
compressive strain of the first Ag layer leads to a higher charge-density with

respect to the Pt-substrate explaining the imaging height difference AZ Ag.




This strain argumentation derived from the height modulation of the Ag
bilayer assumes that the surface charge densities of Ag(111) and Pt(111) differ
only slightly. This is confirmed by the fact that for both surfaces the STM
step height is measured close to the geometry [Wol 90, Ber 92].

A similarly increased imaging height (0.5A) has been observed in STM
images of Au on Ru(0001) [Schr 92}, where the Au (I1x1) layer is equally
compressed by 6.8%. Furthermore, a linear correlation between the surface
charge-density and the film atom density has been recently demonstrated
for pseudomorphic Cu layers grown on various metallic substrates (misfit
range: -5.4% to +15.4%) [Kam 94]. Thus, the observation of an increased
electronic-density due to compressive strain seems to be a general feature of

mismatched metallic overlayers.

Surprisingly, this "pillow effect” of the surface charge-density remains valid
even when both metals are situated in the same atomic plane. Fig. 3.10
shows the imaging heights which are relevant in STM topographies of the
Ag/Pt alloy surface. The formation and the structure of this monolayer
confined alloy is discussed in detail in chapter 5. The important issue here is
that the same chemical contrast between Ag and Pt regions is present. The
brighter areas in the STM topography comrespond to Ag which is deduced

from their augmentation with increasing Ag coverage.

The contrast of the linear Ag structure (=~ 10A wide) located in the middle of
the image has been marked as AZg. The line scan in b) compares AZag with
the step height Sag/p¢ and with two external calibration voltages Zal for the
z-displacement of the piezo scanner. The latter is simply a rectangular
modulation of the tip height in x-direction. The steep part of the voltage
pulse is much faster than the response time of the feedback loop. Thus, this
external tip modulation does not affect the imaging. A height modulation
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Fig. 3.10: a), b) Imaging height of monatomic thick Ag embedded in
the Pt(111) surface. Annealing of Ag submonolayer coverages to T >
650K for annealing times > 100s leads to interdiffusion of Ag in the
topmost Pt layer

a) absolute height STM image of the frozen-in structure after
deposition of 8 = 05 ML at T = 750K (imaging at 400K). The alloy
surface exhibits Ag regions of an average size of 10A separated by Pt
areas of the same size. Tunneling parameters: Iy = 1.0nA, Uy =-20 V,
Image size: 230Ax230A, used flux: 1.1x103 ML/s

b) The line scan along the bar AB marked in a) shows the imaging
height ;32,\3 of embedded Ag regions with respect to Pt areas. AZAE_ is
compared to the imaging heights of a monatomic alloy step Sag/pt
(upper part of the image) and two external voltage signals Z.y applied
during scanning of the lower image part. Details in text.

of Zcal = 35 mV corresponds to about 1A and again AZ g turns out to 0.7A.
In the case of embedded Ag the obtained amplitude AZ 5y depends more
strongly on the tip structure which is attributed to the small lateral size of

the Ag regions.
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A similar chemical contrast within one atomic plane has been reported by
Schmid et al. [Schm 93]. On the close-packed alloy surface Ptas Nips(111) Ni
and Pt atoms could be distinguished by a height difference of 0.3A. The
contrast mechanism has been attributed to an adsorbate on the tip which
tends to form a chemical bond more likely with one element than with the
other. Due to the obtained atomic resolution and corresponding small
tunnel distance (Rg = 50-300KQ) these measurements are not directly
comparable with Ag/Pt(111). Furthermore, the monolayer confined Ag/Pt
alloy exhibits a high degree of chemical order in contrast to Ptys Niys(111)

where only a short range order is present.

The embedded Ag exhibits basically the same strain of 4.3% as in the
adsorbed case which has been verified by LEED measurements (see also [Bec
93]). Thus, the STM contrast obtained at the alloy surface corroborates a
consistent image in which lateral compressive strain in monatomic Ag
layers increases substantially the surface charge-density. The latter is
observable by STM down to lateral sizes of 10A and is hardly affected by the
Ag environment, i.e. is valid for Ag adsorbed on Pt, adsorbed on strained Ag
with Pt-structure and embedded in Pt.

The STM images shown in the following chapters have been recorded with
tunneling currents of I = 1.0 to 3.0 nA at sample voltages from Uy = -0.5 to
-2.0 V (Rg = 170 MQ to 2 GQ). The relatively high voltages lead to large gap
widths and the used negative polarity samples mainly electrons from the
occupied surface states near the Fermi-level [Beh 86]. Thus, the chosen
tunneling parameters focused on the strain mediated imaging contrast

between Ag and Pt.
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4. Growth of Ag monolayers on Pt(111)

This chapter deals with low coverage (8 < 0.6 ML) films at substrate
temperatures between 35K and 500K. The coverage limit restricts the
discussed morphologies and their formation kinetics to two dimensions.
The upper temperature limit excludes exchange processes with substrate
atoms. Section 4.1 serves as an introduction. The following three sections
focus on the nucleation and cluster aggregation processes (4.2), the growth
shapes (4.3), and the thermodynamic equilibrium of adsorbed Ag

monolayers (4.4).

4.1 From kinetics to thermodynamics

The guideline for the discussion of growing Ag monolayer is given by the
four STM images in Fig. 4.1. They show, on a lateral scale of 0.2um, the
main features observed between T = 80K and 400K. Growth and imaging
temperatures of the films are identical.

At T = 80K a large number of round islands have nucleated with an average
size T of 844 atoms. Growth at the slightly increased temperature T = 120K
changes the island density drastically: here, only a few ramified Ag
aggregates are visible. At T = 220K, on substrate terraces of lengths
comparable to a) and b), no Ag islands are present. Most of the Ag is attached
to the ascending substrate step edges. The perimeter shape of the deposit is
still rather irregular and the average branch width has only slightly

increased from b) to ¢).

The global morphology in d) is surprisingly very similar to the T = 80K
structure, although grown at 400K. Again, small clusters appear on the
substrate terraces. In contrast to the low temperature case, also a large

amount of Ag is attached to the Pt step edges. The shape of this condensate
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Fig. 4.1: a)-d) Overview of Ag submonolayer morphologies on
Pt(111) as a function of temperature. The lateral scale of the four STM
images is 0.2um x 0.2pm. Coverage in monolayers: a) 2%, b)-d): 10%,
used deposition flux R: a) 2x104 ML/s, b)-d) 1.1x10-3 ML/s.

phase is smooth in comparison to b) and c). The Ag monolayer is here

already in thermodynamic equilibrium and the cluster phase on the terraces

can be interpreted as a two-dimensional gas, as discussed in section 4.4.




The morphologies in a)-c), however, are kinetically determined structures.
The transition observed in the three STM images can be understood in the
framework of simple qualitative arguments. For this purpose, the three

distances As, Ap and Ap are introduced:

* Ag is the average length of a substrate terrace

¢ Ap is the average diffusion length of an adatom condensed at the

perimeter of an Ag island

¢ Ap is the average lateral diffusion length of a deposited adatom

where Ap is defined as follows: the deposited adatoms migrate on the
surface and, when meeting each other, they can form critical nuclei, which
subsequently can grow to islands by attachment of further adatoms. The
diffusion of a Ag-adatom is terminated when it hits a critical nucleus or a
stable island and condenses there. With increasing coverage the density of
stable nuclei increases until a saturation density ny is reached. From there,
impinging Ag atoms condense solely at existing islands. At this state, they
are migrating the average distance Ap and the saturation density ny is

roughly l/Aé, thus Ap is about half the average island separation distance.

At low temperatures migration is slow with respect to the deposition rate
resulting in small values for Ap and a high density of stable nuclei. For T =
80K the saturated value ny is reached after deposition of about 0.5% of one
ML. Thus, the shown island density in a) (6 = 2% of one ML) is saturated

and reflects the distance Ap =~ 25A.

With further increasing Ap, the density ny decreases and larger clusters
(islands containing several tens to thousands of atoms) can grow, the shape
of which is now determined by the average diffusion length Ap of atoms

adsorbed at the perimeter of the island. For small values of Ap the islands
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grow ramified while for higher values of Ap the islands condense in
compact shapes. The ramified case is shown at 120K where the separation
between the islands (Ap ~ 250A) is large compared to Ap = 3A. This enables
the growth of large dendritic islands.

At even higher temperatures, the average adatom diffusion length becomes
of the order of the average length between two neighboring substrate steps
Ag. Heterogeneous nucleation can take place at substrate steps and
eventually for Ap >> Ag all islands grow from step edges, a phenomenon
which is called "step flow" [Bur 51). The perimeter shape of these islands is
still determined by the magnitude of Ap, and can be irregular or smooth. At
T = 220K, Ap is about 15A and remains thus small with respect to the lateral
scale of the deposit (Ap ~ 600A-700A), leading still to ramified structures.

The reason for the heterogeneous nucleation in the "step flow" regime is
that ascending step edges act as sinks for adatoms. The potential barrier V, at
descending steps, however, controls the interlayer mass transport, as
deduced in 2.3. For the low coverages in Fig. 4.1 landing events on top of the
growing structures have negligible influence on the growing morphologies.
But atoms interact from the beginning of deposition with the substrate
steps. Their influence on an approaching adatom and therefore the form of
the step edge potential can be deduced from the island distribution in the
vicinity of descending steps (see e.g. [Giin 93)).

In the case of vanishing "Schwoebel"-barrier Ve, all material landing within
a length comparable to Ap would be trapped by the step. Thus, a zone
denuded of stable islands would be observable on the upper terrace. In Fig.
4.1 a), b) no depletion zone of islands along the descending substrate step
edges can be found. Consequently, an additional barrier V. is present,

reflecting adatoms such that nucleation near the descending step remains
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possible. Unfortunately, one cannot distinguish if the repulsive potential
refers only to the Ag coated step or also to the pure Pt step edge because
already at lowest coverages the steps exhibit a narrow seam of Ag due to the

incorporation of diffusing atoms at ascending steps.

4.2 Low temperature nucleation and cluster aggregation

Experimental studies of nucleation phenomena on substrates have usually
applied Electron Microscopy (EM) to monitor the density of stable island as a
function of coverage and vapor supersaturation (see e.g. [Rob 64, Ker 79,
Ven 84)). Also surface integrating techniques are widely used to extract
island density data from nucleation experiments (see e.g. [Em 92, Zuo 94]).
STM studies in this field have mainly focused on homoepitaxial systems to
study the "pure” aggregation kinetics (see e.g. Si/Si(001) [Mo 911, Fe/Fe(001)
[Stro 93, Stro 94], Au/Au(100) [Giin 94]). In heteroepitaxy, studied here, the
structural and chemical competition between adlayer and substrate adds as
additional variable to the problem.

Studying nucleation demands the control of defects acting as preferential
nucleation sites. Structural defects on the surfaces, like steps and vacancies,
as well as adsorbates.trap migrating atoms before they encounter a partner of
their own. This defect density ng4 leads to a minimum density of stable
islands. If nx is the nuclei density which would be obtained on a "defect-
free” substrate, then, only for growth conditions with ng « nx, the measured
island density data can be evaluated under the assumption of statistical
aggregation of film atoms. This is the requirement to correlate the static
measurement of island densities with the dynamic parameters of the atomic

nucleation process.
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Fig. 4.2: Randomly distributed atoms at T = 35K. The average island

size has been determined to T = 1.24+0.3 (island density p = 0.083 ML).
The imaged round dots have a width of 4A to 7A. Image size:
68Ax68A; used flux R = 1.1x103 ML/s.

STM is a suitable method to control the influence of defects on nucleation
because it resolves imperfections on an atomic level and reveals their
influence on the film morphology in real space. The best example has been
given by Chambliss et al. [Cha 91]. Ni deposition at T = 300K on the
reconstructed Au(111) surface results in an ordered array of Ni nudei. Thus,
in this case ng = ny and the obtained film morphology reflects the natural
"defects-lattice” of the substrate, i.e. the U-turns of the "herringbone”

reconstruction (see e.g. [Bar 90] and also 6.1).

The Pt(111) surface is unreconstructed for T < 1330K [San 92] and in the
absence of a supersaturated Pt gas—pham' [Bot 93]. Thus on a well-prepared

Pt(111) substrate the remaining defects are substrate steps. In the present
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a) 6 =0.007 Ml

Fig. 4.3: a), b) Nucleation at T = 50K. Deposition of 0.7% and 12% of a
monolayer leads to island densities of p = 4.440.7x10-3 ML and p =
4.240.5x10-2 ML, respectively. The average island size changes only
slightly from R = 1.6%£0.6 in a) to T = 2.8+0.4 in b) due to the coverage
increase of a factor 17. Thus mostly dimers are formed under these
growth conditions. Image size: 95Ax220A, used flux R = 1.1x103 ML/s

work island densities have been evaluated on terrace areas far away from
steps. As seen in Fig. 4.1 b), c) it exists an upper temperature limit set by the
miscut of the used single crystal where the influence of steps is no more

negligible.




4.2,1 Transition from nucleation to growth

At the lowest substrate temperature studied (T = 35K) the lateral diffusion of
deposited Ag atoms is frozen. After deposition of © = 0.1 ML the average
island size fi turns out to be 1.24+0.3 atoms, as displayed in Fig. 4.2. The
obtained imaging size of Ag atoms (4-7A) is comparable to single Fe atoms
on P(111) which have been imaged at T = 4K with a mean width of 7A [Cro
93).

The onset of adatom mability is shown in the two STM images of Fig. 4.3
displaying the film morphology for deposition at T = 50K. For the low
coverages in a) the average island size turns out to T = 1.610.6 atoms per
island, and for the high coverage in b) to T = 2.840.4 atoms per island. The
increase of the coverage 6 by a factor of 17 cotresponds quite closely to a
factor of 10 increase in island density p. Thus we are in the coverage regime
of nucleation. In this regime, diffusing Ag atoms find a second mobile
partner to create a new nucleus more probably than to attach to an existing
island. The island density does not increase proportionally with & because
in b) partial growth occurs. On the other hand, these images show that

dimers are stable at 50K, therefore the critical nucleus is a single atom.

In general, the size of the critical nucleus can be deduced from STM data by
dividing the coverage © by the island density p at the coverage regime of
pure nucleation. Values of island densities versus coverage are shown in a
logarithmic plot in Fig. 4.4 for various temperatures. For T = 50K and 60K,
the island densities show a linear increase up to the highest coverage
investigated. This implies that at these temperatures, for coverages up to 0.1
ML, nucleation is not yet terminated, and arriving Ag atoms form new
islands rather than attach to existing ones. The average size of these islands

is approximately two Ag atoms (as can be seen from comparison with the
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Fig.44: Stable nucleus determination from island density versus
coverage data for T = 50, 60, 75, and 80K. Details in text.
dashed line). At 75K, however, the data show that saturation starts at 0.6%

of a monolayer; at 80K saturation occurs at coverages below 0.5% of a ML.

The island density p over the complete coverage regime from nucleation to
growth was monitored at T = 75K. Four STM images are shown in Fig. 4.5 in
order to illustrate how the island density as well as their shape changes
from nucleation to growth. In a) and b), it is seen that on the average, the
islands are still dimers (mean size T = 2.440.4 atoms and Tt = 2.640.5 atoms
for a) and b), respectively), which means that they show the nucleation
regime. The STM image in c), however, demonstrates the transition from
nucleation to growth. © was increased by a factor of 5 with respect to b),
which resulted in an increase in density by a factor of only 2 accompanied by

an increase in the average island size to Tt = 6.4%1.1 atoms. Further increase
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a) ©=0.0024 ML b) © = 0.006 ML

Fig. 4.5: a)-d) Evolution of island shape, density p [ML] and average
size T [atoms] as function of coverage at T = 75K. a) p = 0.10%, 11 =
2.410.4; b) p = 0.23%, T = 2.610.5; ©) p = 0.46%, T = 6.4%1.1; d) p = 0.50%,
= 11.942.0. Image size: 420Ax4204, used flux R = 1.1x10-3 ML/s.

of the coverage by a factor of 2 leads to exclusive island growth which results

in Il =11.94+2.0 atoms in d).

Thus, these images demonstrate the transition from pure nucleation, where
the island density increases proportionally to coverage, to the transition
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regime, where growth and nucleation occur simultaneously, and finally to
the pure growth regime where the island density ny has saturated. As can be
seen from d), island growth leads to branching of the islands, caused by the
low perimeter mobility for attaching atoms. This branching is not observed
in ¢), which implies that it proceeds only if the islands have reached a

certain size. This will be discussed in 4.3
4.2.2 Determination of the diffusion barrier Ep

The data in Fig. 4.4 showed that dimers are the stable nuclei for
temperatures between 50K and 80K. From the cluster aggregation
experiments described in 4.2.4 it turned out that dimers are indeed stable up
to about 100-110K; only above this temperature the onset of diffusion
and/or dissociation of Ag dimers is observed. It is therefore concluded that
for the lowest temperatures dimers are the stable clusters and consequently
monomers are the critical nuclei. This substantially simplifies the
nucleation process to the encounter of two atoms and thus facilitates

quantitative comparison with atomistic nucleation theories.

The main dependence of the saturation density ny on the adatom diffusivity
D and deposition flux R is understandable within an instructive "minimal
model" [Vil 92]. A deposited adatom has a certain lifetime 1 after which its
diffusion is finished. The Einstein relation Apz =D 1 connects t© with the
average lateral diffusion length Ap (defined in 4.1). The density p; of
adatoms per adsorption site is the product of the incoming rate R by the
lifetime 1. Thus, the order of magnitude for py is given by p; =R A /D. By
means of p1 the rate of pair formation, i.e. the nucleation rate 1/tpyc, can be
estimated. Each adatom has a probability p; A3 to meet another atom since
it visits about A2 sites during his 2D-random walk (Ap is measured in

atomic distance). It follows that the nucleation rate 1/%nyc is given by this
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probability times the incoming rate R and therefore I/t,,. = RplAg ~

R2Ap! /D. This gives a first estimate of 1/Tnuc.

Ap is also determined by the average separation distance between stable
nuclei. Consequently, in the area AgZ only one pair of adatom nucleates
which happens to first order during the time 1/R to complete one layer.
Thus, the second rough estimate of the adatom lifetime is 1/R times the
island density A52 and therefore the nucleation rate results in
Ytnue =R/A|§ . Setting equal this formula with the first estimate of 1/tnuc
yields:

R2304 erDT o AD'Z -nxs(%)ug

In general, a scaling relationship n, «(R/D)" is obtained, where the
exponent 7y is a rational fraction whose value depends on the size and
dimensionality of the critical nucleus and tﬁe presence or absence of
desorption (see e.g. [Zan 93]). Thus, the saturation island density nx(R,T)
contains direct information about the Ag adatom diffusion and should
follow an Arrhenius law due to D «<exp(-Ep/kT). The general formula
(equation (2.15) in ref. [Ven 84]) gives for complete condensation (desorption
is excluded at low temperature), for 2D islands and a critical nucleus size of i

(binding energy E; for the critical cluster):
ne o 16) Rfvg) i+ epEAR fkT)

where n(8) is a slow varying function of the coverage (see also [Spi 83, Ven
87)). For Ag/Pt(111) and T < 110K the simplest form of this equation is valid
(i =1, Ej = 0),ie. n(T) =(R vg)5 exp(Ep/3KT). Thus, in this case even the
rough approximations in the above derivation leads to the proper exponent

Y.
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Fig. 4.6: Arrhenius plot of saturation island densities nx obtained
with a deposition flux of R = 1.1x10-3 ML/s. Up to T = 110K the critical
nucleus is the adatom (i = 1) and the straight lines fitting the data
allows to deduce the diffusion barrier Ep. The discontinuous change in
the slope at T = 120K marks the transition to dimers (i = 2) as critical
nuclei. Details in text.

Saturation island densities nx versus the reciprocal of temperature are
shown in Fig. 4.6 for the T range from 65K to 130K and for constant flux R =
1.1x10-3 ML/s. Between 65K and 110K the saturation island densities ny lie
on a straight line in the Arrhenius representation (labeled i = 1). This
behavior allows one to determine rather precisely the migration barrier for
Ag adatom diffusion on Pt(111). From the slope of the line that fits the STM
data (65K <T < 110K) a migration barrier of Ep = 157+10 meV is obtained.
From the intersection with the ordinate axis an attempt frequency 1x1013 Hz
< vp < 4x1014 Hz is inferred. This number is in good agreement with the rate
constant for the Ag desorption from P{(111) (vg = 1.520.5x1014 Hz (see 2.3.7)),
as expected [Lew 78].

The for i = 1 expected flux dependence n, = RY? has been verified for the
two temperatures T = 80K and 110K as shown in Fig. 4.7. The measured
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Fig.4.7: Saturation island density nx as a function of deposition flux
R. The dashed lines have the theoretically expected slope for a critical
cluster size i = 1.
migration barrier of Ep = 157 meV is a rather reasonable value for diffusion
of metal atoms on close-packed metal surfaces. Values of 156122, 300, 2694,
and 150+100 meV have been obtained experimentally for self-diffusion on
(111) surfaces of the fcc metals Rh, Ni, Ir [Ehr 91] and Ag [Jon 90],

respectively.

The transition to the nucleation regime with trimers as stable nucleus is
located between T = 110K and 120K. This is deduced by the facts that at T =
110K the data point in the Arrhenius-plot lies on the "dimer fit" line and
the flux relation at this temperature is compatible to i = 1. Furthermore, at
T = 120K the measured saturation island density ny shows a substantial
deviation to lower values. For T > 130K the increasing influence of the
substrate steps and the low island densities avoided measurements of
statistical relevant ny-data. Thus, recording directly the Arrhenius behavior

for i = 2 was not possible.

The "trimer fit" marked in Fig. 4.6 is obtained by estimation of the Ag-Ag

binding energy on Pt(111) which enters as remaining unknown parameter
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in the theoretical ny(R,T) curve for i = 2. The binding energy E; can be
estimated to 320130 meV from the assumption that at T = 120K dimer
dissociation becomes detectable at the time scale of the experiment
(assuming an attempt frequency of v, =1x1012 Hz). Using this E; value, the
slope of the "trimer line” agrees with the remaining ny-data points obtained
at T = 120K and 130K. This dimer dissociation energy of Ag on Pt(111)
compares to the values obtained for Ag on Ag(111) (0.25+0.05 eV
experiment, 0.28 eV theory) [Jon 90]. On the other hand, E; = 0.18 eV has
been calculated for Ag/Pt(111) by means of the embedded atom method
(EAM) [Mas 931] (see Fig. 2.7 b)).

4.2.3 Simulation of the nucleation to growth transition

In the following the rate equations of nucleation are discussed and the
results obtained by their numerical integration are compared with the
experiment [Bru 941]. A linear plot of the island density nx versus coverage
at T = 75K is shown in Fig. 4.8. The STM data are represented by dots with
error bars, while continuous curves show the results from the calculations

as discussed below.

In general, in a plot of island density versus coverage, the reciprocal of the
initial slope directly reflects the size of the stable nucleus. For coverages
below 0.006 ML, the densities (the first two data points) are on the initial
slope of 0.5, indicating an average nucleus size of 2 (see dashed line). Above
this coverage the gradual transition from nucleation to growth takes place
up to 0.030 ML. At higher coverages, saturation sets in and island growth

predominantly occurs.

The differential equations of nucleation, in this simple case where dimers
are stable and desorption, as well as dimer migration, does not occur, are the

following:
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The terms in equation (1) describe the increase of the density of monomers
due to the flux R, their decrease due to encounter of two diffusing atoms
under creation of a dimer and disappearance of the two atoms, the decrease
occurring when a monomer is captured by a stable island, and the decrease
caused by atoms impinging on top of stable islands. In equation (2) the first
term is the increase of density of stable islands ny due to creation of dimers,
whereas the second term in brackets represents its decrease due to
coalescence (see eqns. (2.8), (29) and (2.11) in [Ven 84)). The diffusion is
given by D =i—v0 exp(~Ep/kT) in unit cells per second. The lower curve in
Fig. 4.8, labeled (i), shows the evolution of ny as obtained from integrating
eqns. (1) and (2) for Ag deposition onto the Pt(111) surface at T = 75K with
the flux used in the experiments. The migration barrier of Ep = 157 meV
derived from the STM data was used for the calculation. The attempt
frequency has been set to vg = 1.7x1013 Hz in order to achieve the

experimental saturation value for the island density ny.

For curve (i), the capture rates ¢ have been interpreted in an atomistic
model as cross sections for capture of diffusing atoms by islands or atoms.
Their size-dependence was empirically determined to be o(n) := 2+n1/1.7,
where n is the island size in number of atoms. Therefore monomers have
&1 = 3 which comes from the fact that besides central impact also atoms
approaching each other to one nearest neighbor distance are trapped. The
cross section increases as the 1.7'th root of island size rather than the square

root due to the fractal character of the islands (see 4.3). Accordingly in

78



island density [ML]

0.00 0.05 0.10
coverage [ML]

Fig.4.8: Linear plot of the island density versus coverage at T = 75K
compared with different solutions of the rate equations integration.
Details in text [Bru 941].

equations (1) and (2), ox has been taken to be dependent on the average

island size which is given by n = (Rt-n1)/ny.

The model simplifies the physical picture in so far as it assumes a
homogeneous distribution of mobile monomers, which are then either
trapped on their own or at condensed islands. However, it reproduces quite
well the main features of the experiment. Curve (i) has an initial slope of 0.5
and it shows the gradual transition from nucleation to growth. This
coincidence with exx;aeriment cannot be achieved if constant values for oy

are used, hence the size dependence of oy is essential.

Compared to the experiment, however, curve (i) has a curvature which is
too small. At the transition from nucleation to growth (0.01 - 0.03 ML) it lies
below the experimental data and at the onset of coalescence, which was
found between 0.06 and 0.12 ML, curve (i) continues to increase. The density
of diffusing monomers has been assumed to be isotropic for the calculation.

Actually, it decreases at the island edges due to capture there. For calculated
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curve (iii) (upper curve in Fig. 4.8) this is taken into account and the capture
rates are interpreted in the “classical” sense as the gradient of the monomer
concentration at the island edges. These gradients were obtained by solving
a 2D-diffusion equation in lattice approximation [Ven 73]. At the onset of
nucleation, curve (iii) overlaps with curve (i). However, it raises more
steeply and saturates earlier than curve (i), and thus shows better agreement

with experiment.

For the very low coverages, it should be emphasized that this calculation
gives the island densities during deposition, whereas the STM experiment
samples the distribution a few minutes after deposition. It has been,
therefore, calculated how the system develops if the flux is interrupted at
given coverages and one waits until the island densities have reached their
equilibrium value. At T = 75K the system equilibrates in less than 10 s, and,
therefore this equilibrium state is imaged with STM. The calculated
equilibrium density of stable islands, nx, which had developed 20 s after
interrupting the flux, is shown in the dash-dotted curve (ii) as function of
coverage. For this calculation, the choice between capture rates is of no
importance because curve (i) and (ii) overlap at low coverages. Thus for
simplicity, ox has been defined as in curve (i). Equilibration leads, for the
smallest coverages, to a slightly higher island density, due to the initially
high density of monomers which predominantly create new islands after
the flux is interrupted. Correspondingly, curve (ii) is closer to the
experiment for the very beginning of deposition. For coverages higher than
0.006 ML, however, it is seen that the island density imaged by STM is
exactly that present during deposition (curves (i) and (ii) are in coincidence).
This is due to the fact, that at coverages of 0.006 ML and higher, monomers
remaining after deposition predominantly attach to existing islands rather

than create new ones.
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Fig. 49: a)-d) Cluster aggregation by annealing of low temperature
deposited Ag atoms and small clusters (R 2-3 atoms). The total
coverage is always © = 0.1 ML and the deposition temperature is in a),
b) T = 35K and in ¢), d) T = 50K, respectively. a) Ta = 110K, §i = 6.010.5;
b) Ta = 140K, T = 14+1.0; ) Ta = 210K, 7 = 120+10; d) T = 250K, f

650+50. Image size: 400Ax400A, used flux R = 1.1x10-3 ML/s

The fact that the STM experiments show no difference in the densities

obtained during deposition, at least for saturation, in the whole temperature
4 ’ ’




range addressed in Fig. 4.6 is important to note. This is the condition to
extract diffusion constants from saturation island densities, because the flux

is the only parameter introducing time.
4.2.4 Cluster aggregation

The approximation that clusters are immobile and their diffusion does not
contribute to the nucleation and growth process is no more suitable at
higher temperatures. This is demonstrated by the cluster aggregation
experiment illustrated in Fig. 4.9. Small clusters (as shown in Fig. 4.3 b)) are
used to form larger clusters by thermally activated coalescence. In contrast to
the direct growth experiment the islands have compac‘t forms reflecting the
substantially different formation process. For the images a) and b) also a
narrow size distribution can be deduced from the STM imaging, while for
the larger islands in ¢) and d) the size distribution is broader (see also Fig.

4.18 a), b)).

The aggregation process uses as initial condition Ag atoms or clusters
formed by deposition of ® =0.1 ML at T = 35K (ii ~ 1 atom) and T = 50K (71 =
2-3 atoms), respectively. In the following growth step the film structure is
annealed to and imaged at the temperature Ta to evaluate the island
density p as a function of To. The obtained dependence Ti(Tj4) is shown in

Fig. 4.10 revealing an exponential increase of the average island size .

The data in Fig. 4.10 show hardly a difference between the two experiments.
Only for Ta < 100K the smaller initial cluster distribution (T = 35K) shows a
more continuous increase with respect to the larger one (T = 50K) which
stays nearly constant up to T4 = 100K (from fi = 2.8+0.4 at 50K to 1 =3.240.6
at 100K). This indicates the stability of the dimer up to about 100-110K, even

on the long time scale of this annealing experiment. This is in good
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Fig. 4.10: Cluster aggregation: average number N of atoms per island
versus TA for ® = 0.1 ML deposited at T = 35K and T = 50K,
respectively. Inset: same plot, but with a linear vertical scale showing
the exponential 11 increase. Details in text.

agreement with a critical cluster size i = 1 up to T = 110K, that was found in

the direct growth experiments (see 4.2.2).

Two microscopic processes contribute to the aggregation dynamics in this

annealing experiment:
1) the diffusion of small clusters

2) the thermal dissociation of clusters

The second process creates mobile adatoms or, again, small clusters leading
to material exchange between the islands. The diffusion of clusters results in

direct coalescence of the aggregates.

For Iry-clusters on Ir(111) the diffusion of clusters is observed prior to
dissociation if the substrate temperature is increased. The measured
diffusion barriers increase with the cluster size x and are about a factor 2-3

higher (for x < 5) than the Ir adatom barrier Ep {Wan 90]. Molecular
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dynamics simulations for Ag/Pt(111) predict diffusion barriers for the dimer
and trimer 1.5-2 times as high as for the adatom (Ef = 60 meV, Eg = 90
meV, Eﬁ” = 130 meV) [Bla 92, Mas 931]. The calculated dissociation energies
E; (see Fig. 2.7 b)) are about twice as high as the corresponding diffusion
barriers Egj.

Thus, it is likely to assume that at the onset of the cluster aggregation
experiment the cluster diffusion dominates their dissociation. On the other
hand, the dimer diffusion barrier Eg? can be estimated by scaling up of the
measured adatom barrier of Ag, EJ = 157 meV, with the ratios EF/EQ .
This leads to ED2 = 250 meV (measured Ir(111) ratio), Ef = 235 meV
(calculated Ag/Pt(111) ratio), and Egf = 335 meV by using the calculated ratio
Egf/Eg for Ni/Ni(111) [Liu 92]. These values have to be compared with the
above estimated dimer binding energy E; = 320£30 meV. Considering the
uncertainty of the preexponential factors for the dimer diffusion

/dissociation, a clear separation between the two processes is not possible.

The Arrhenius-plot of the island density data in Fig. 4.10, i.e. Inp(T4) versus
1/Ta, has a curved contour. Thus, by assuming p(Ta) < exp(-EA/kTa), the
slopes in the different Ta ranges leads to activation energies Es between =
10 meV and 120 meV at the lowest and highest temperatures, respectively.
Between Ta = 100K-170K the average slope yields E4 = 60 meV. It demands
further investigations, by variation of the total coverage O, finer
temperature distances between the measured p(Tp) values, and a better
STM resolution to distinguish the different cluster sizes, to establish a

relation between this values and the microscopic processes involved.

The inset in Fig. 4.10 shows a linear plot of T(T4) revealing a drastic
increase of the islands sizes around Ta = 200K. This indicates that from this

temperature on a 2D-adatom gas of reasonable density exists between the
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islands due to evaporation of atoms from the step edges. This Ostwald-
ripening [Ost 00] is further discussed in 4.4.1. The reduction of the density of
low temperature deposited Ag islands by coarsening effects starts also on the
Ag(111) surface at about TA = 200K [Ros 93].

4.3 Fractal growth shapes

The word "fractal" kas been introduced by Mandelbrot to represent shapes
or phenomena having no characteristic length, i.e exhibiting the property of
self-similarity [Man 82]. One characteristic of these objects is that their
mathematical description demands the introduction of a fractional
dimension in order to express their “infinite ramification” (see e.g. [Fal 902,
Tak 90]). For fractal patterns observed in nature the fractional scaling is
naturally limited: at small lengths by the finite size of the building matter,
as well as at larger lengths by the finite size of the whole pattern {Sta 86, Vic
89).

Fractal growth forms in metal-on-metal epitaxy have been first reported by
Hwang et al. [Hwa 91). Au deposition at T = 300K on the Ru(0001) surface
produces irregular shaped islands exhibiting over two orders of magnitude a
mass distribution described by a Hausdorff or fractal dimension of D =
1.7010.02. Annealing of the film to T = 650K smoothes the borders of the Au
aggregates and compact shapes are formed, proving the kinetic origin of this
phenomenon. Indeed, in the thermodynamic limit the length of the island
border is minimized to reduce the free step energy, i.e trivial Euclidean

dimension (D = 2) has to result.

The microscopic origin of fractal shapes in metal-on-metal epitaxy is the low
mobility of atoms attached to the island perimeter. "Low” has to be seen in
comparison with the lateral scale of the growing structures. The necessary



a) ©=0.037 ML

b) ©=0.12 Ml

Fig. 4.11: a), b) Shape of small Agn cluster grown at T = BOK. The
average island size is T = 1342.5 in a) and fi = 21%3.5 in b). While in the
upper image spherical and ramified clusters coexist, all islands in the
lower image have a branched structure. Image sizes: a) 615A x 480A, b)
615A x 195A; used flux R: a) 3.7x10-4ML/s, b) R = 3.6x10-3ML/s.
requirement is therefore given by Ap « Ap, i.e. a large difference of the two
relevant diffusion lengths determining the shape and size of growing
islands (see 4.1). It seems to be a general phenomenon that this kinetic
condition is fulfilled for metal atoms deposited on (111) surfaces of fcc-
metals due to the substantially lower diffusion barrier Ep with respect to the
B

- wd Yifhiad riore EAP (coe IEhr 911
step edge dittusion barriers E, (see e.g. [Ehr 91))

4.3.1 Branching of small clusters

Already in Fig. 4.5 it has been shown that after reaching a certain size
(between 6 to 12 atoms) the Ag islands exhibits a ramified shape. Fig. 4.11
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displays in detail the initial branching of the dusters at T = 80K. The smaller
islands in a) are imaged almost spherical and from their shape and the
island size distribution (T = 1342.5) it can be concluded that those small
islands are heptamers, i.e. they constitute the seed particles of branching.
The largest islands are forming Y's with arms 120° apart. This anisotropy in
growth is even better seen for somewhat larger clusters (fi = 2113.5) as
shown in b). At this larger average size all islands exhibit arms pointing

perpendicularly to the close-packed (170) directions of the substrate.

Ag atoms arrive from random directions at the seed-heptamers but the
branching takes preferentially place in only 3 of the 6 (112} directions, thus
is linked to the trigonal symmetry of the Pt(111) surface. This result is not
surprising since the perimeter diffusion governs the island shape and this
anisotropy reflects therefore a difference between the step edge diffusion
along A- and B-steps. This is further supported by the fact that all island
arms in Fig. 4.11 point in the same direction. In Fig. 4.12 the growth
directions of the Y's are compared with the known equilibrium form of
vacancy island on the Pt(111) surface {Mic 912, Mic 911]. This calibration
shows that growth of the Y-arms proceeds preferentially in the three (112)
directions which are perpendicular to the A-steps of the substrate.

To decide whether the A-step direction of the substrate coincides with the
A-steps of the seed duster requires the knowledge of the Ag adsorption site.
i.e. if the heptamer is absorbed on the hcp- or fcc-sites. As mentioned in
2.2.1, at Jeast for T > 300K Ag adsorbs pseudomorphically on the Pt(111)
surface, thus on fcc-sites [Ran 94]. A first hint that this is also valid for
smaller Agy-clusters is given by the STM imaging of Ag attached to Pt-steps.
In Fig. 4.12 even small islands are dislocation-free attached to the

neighboring Pt-layer at ascending steps. The STM images would reveal an
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Fig. 4.12: Calibration of the branching directions. Sputtering of = 0.5
ML at 600K and annealing to 700K for 10 min creates equilibrated
vacancy islands on the Pt(111) surface. The short sides of the hexagons
are A-steps, while the longer ones are B-steps [Mic 912, Mic 911].
Subsequent deposition of 0.1 ML Ag at T = 100K reveals that the Y-
shaped Ag islands as well as Ag attached to Pt-steps grow preferentially
perpendicularly to the A-steps. Image size: 520Ax520A, used flux R =
1.4x10-3 ML/s.

undulation if there was a stacking fault. However, the fact that the Ag

islands are imaged as a perfectly flat layer where they are connected to Pt-

steps indicates the absence of a stacking fault and thus the fcc-adsorption site

also for small Agn-clusters.

Two additional arguments already mentioned in 2.3.2 support the fcc site: in
the two independent calculations of Ag diffusion on Pt(111) the fcc-site
turns out as energetically preferred adatom adsorption site. For Ir/Ir(111)
larger clusters (n=7) exhibit the stacking of the complete monolayer (fcc)

although the adatom occupies the "wrong" site (hcp). Since in the case of
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Fig. 4.13: Microscopic model of the initial branching mechanism.
Details in text.

Ag/Pt(111) even the adatom seems not to occupy the hcp-site, it is thus very
unlikely that small Ag structures grow with a stacking fault (hcp), while the
complete monolayer at higher temperatures continues the substrate

stacking (fcc).

In Fig. 4.13 the branching mechanism of the fcc Ag islands is illustrated. The
explication is based on the requirements necessary for a preferred growth of
the observed Ya-clusters (sketched in ¢)). Y-branching of the heptamer is
possible in two ways: by adding Ag adatoms to its A-steps or to its B-steps.
Growth perpendicular to the A-steps demands that atoms which have
condensed at the B-steps diffuse in the A-positions. The Agjp-aggregate is
then oriented in the A-directions and furthermore exclusively bound by B-
steps as sketched in b). The second requirement to grow a stable expansion
in A-direction is that two diffusing perimeter atoms have to meet each
other at the aggregate’s corners (as illustrated in b)). Such an event,

however, becomes more probable the more diffusing atoms are present



similarly at the island perimeter. Their quantity is therefore directly related
to the impinging flux on the Agjg-aggregate.

The first requirement demands a faster step edge diffusion along the B-steps
at least for the heptamer. The second step of the Ya-branching is important
to explain the flux dependence of the larger island shapes and is discussed
below (see 4.3.3).

A faster step edge diffusion along the B-step is contrary to what is known for
homoepitaxial systems. Pt/Pt(111), Rh/Rh(111) and Ni/Ni(111) all have
lower diffusion barriers along A-steps [Ehr 91} and accordingly, for
homoepitaxy of Pt, preferred growth is observed perpendicular to B-steps
[Mic 93] (for the low temperatures in consideration here). This difference
might be due to strain in the (1x1) Ag islands, which preferentially is
relieved at steps where the atoms have lower coordination. This might shift
their position apart from the ideal hollow site and/or modify the electronic
structure at the step. Both are expected to have consequences on the

migration of a Ag atom along a step.
4.3.2 Large fractal islands

The two STM images in Fig. 4.14 a), b) show large Ag islands grown at T =
110K and T = 130K, respectively. The insets display film morphologies
grown at the same temperature but with a two orders of magnitude
different deposition flux R. Thus, the comparison between a) and b) points
out the flux dependence of the obtained structures. Since the island density
ny depends also on the flux R, the sizes of the islands in a) grown at 110K
with the low flux is comparable to those in b) obtained at T = 130K with the
high flux. The two diagrams in ¢) and d) show the evaluation of fractal

dimensions and are discussed below.
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Fig. 4.14: a), b) Transition between fractal (randomly ramified) in a)
and dendritic shape in b) of large Ag islands obtained by variation of
the deposition flux R by two orders of magnitude. Coverage: always ©
= 0.12 ML. Image sizes in a), b) 1230Ax1230A, insets: 530A x 330A in a)
and 830A x 520A in b).

a) T = 110K: low flux of 1.6x10-> ML/s, inset: small dendritic islands
obtained at high flux of 1.1x10 ML/s.

b) T = 130K: high flux of 1.1x10-3 ML/s, inset: large fractal island
obtained at low flux of 1.6x10-5 ML/s.

¢), d) Evaluation of the fractal dimension [Rom 93]. c) Ag aggregate (~
4000 atoms) on the right bottom in a) obeys a fractal dimension of D =
1.78 for the straight line fitted to the data. € is the border length of boxes
in pixel (1 pixel corresponds to 2.3A2), N is the number of pixels where
the surface is covered by Ag. d) Mass-length scaling of the biggest
dendrite (= 9000 atoms) in b).
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In a) large clusters (~3000 Ag atoms) with an open ramified structure are
formed by using a very low Ag flux of 1.6x10-3 ML/s. The branches of the
clusters frequently alter their direction of growth and thus show no iong
range correlation with the trigonal substrate symmetry. The arms thickness
is almost constant over the entire aggregate being only 31 atoms as
determined from the total branch length observed and the total amount of
deposited material. The branches are imaged 14+3A wide which is
consistent with their actual width if the finite curvature of the STM-tip is

taken into account.

A drastic change of the aggregate patterns is observed upon the use of a by
two orders of magnitude increased flux. This is demonstrated in b) showing
Ag-clusters (the biggest consists of ~9000 atoms) grown at T = 130K with the
increased flux. A nice dendritic pattern is observed with the characteristic
back-bones, whose orientation is determined by the crystalline anisotropy of
the substrate. In snow-flake terminology this dendrite is of the P2a type
(plane P, with irregular number of branches 2, three branched a) [Nak 54]
The three axes of preferred growth of the dendrite are oriented along the
crystallographic (11'2') directions of the substrate, as seen for the small Ag
clusters. The arm thickness (imaged width 1845A) has slightly increased to
4+1 atoms with respect to a)

The insets in a) and b) show that also at T = 130K randomly ramified
patterns with no preferred orientation result through application of the low
flux used in a). On the other hand, dendrites also grow at T = 110K upon
deposition with the high flux used in b). Therefore the parameter that
drives the crossover from ramified to dendritic patterns is the deposition

flux, i.e. the growth speed of the aggregate.
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In order to prove the fractal nature of the grown Ag structures in a) and b)
their fractal dimension has been evaluated {[Rom 93). For this purpose the
box-counting method has been used, i.e. the mass-length scaling is
measured by dividing the pattern of the clusters into boxes of size €. The log-
log plots of the occupancy number N(e) as a function of € shown in ¢) and d)
measure the mass fractal dimension D, i.e. N(g) < &-D (see e.g. [Mea 86, Tak
90, Fal 902]). The investigation of the fractal character yields scaling over two
orders of magnitude. While the qualitative growth form has changed
drastically due to the different used flux R in a) and b) the fractal dimension
is nearly unaffected. The randomly ramified aggregates have an average
fractal dimension of D = 1.76140.07, while for the biggest cluster in b) D=
1.7740.05 is obtained.

The classical diffusion limited aggregation (DLA) model [Wit 81, Wit 83] is
the direct theoretical counterpart to metal-on-metal epitaxy in the case
where the growth kinetics includes the relation Ap « Ap [Hwa 91]. DLA
models generate fractal clusters by depositing randomly on a lattice diffusing
particles which stick irreversibly to the perimeter of the growing aggregate.
Fig. 4.15 shows an example where the screening effect of this computer code
is illustrated. To produce fractal structures the 2D-random walk of the
particles towards clusters and therefore the growth dynamics are essential.
The growing tips collect all material coming from outside and screen by this
mechanism the center of the cluster. In the simpler Eden model, on the
other hand, particles are randomly placed on the non-occupied neighbor
sites of a growing cluster without a preceding diffusion. This mechanism
Ccreates compact aggregates with a fractal dimension equal to the dimension

of the investigated space [Jul 85].
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Fig. 4.15: Screening effect of the diffusion-limited aggregation (DLA)
model. In the image of the DLA cluster (3000 particles) the first 1500
particles to attach to the aggregate are open circles, the rest are dots. The
cluster had been simulated on a square lattice (from [Wit 83]).

The comparison of the theoretical cluster in Fig. 4.15 and the low flux grown
Ag aggregates at T = 110K in Fig. 4.14 a) indicates already that the experiment
is close to the hit and stick mechanism of the DLA model. Quantitatively it
turns out that both measured D values are in good agreement with the DLA
simulations for the relatively small cluster sizes under consideration here.
The simulated values for dendritic and fractal objects is D = 1.7 in two
dimensions. Only at very large sizes of more than 10% particles the
asymptotic limit is D = 1.5 for dendrites with large anisotropy whereas it
remains D = 1.7 for the dassical DLA fractals [Mea 86, Nit 86, Mea 88]. Thus,
the fractal dimension D is an insensitive number concerning the observed
transition between randomly ramified fractals at low flux and the dendrites

at high flux




4.3.3 Anisotropy and growth speed

The classical DLA algorithm always produce ramified fractal patterns, no
matter whether they are carried out on a lattice or on a flat surface (off-
lattice-DLA) [Mea 83, Eck 90]. Dendritic structures are obtained in DLA-like
models by different methods of "noise reduction” (e.g. reduction of the
sticking probability) and the resulting cluster shapes reflect therefore the
symmetry of the underlying lattice [Mea 86]. Accordingly, also transitions
between fractal and dendritic patterns are observed by "tuning" of these
mechanism, e.g. by increasing the "noise-reduction” [Mea 87] or the
curvature dependent sticking probabilities of the arriving particles [Vic 89).
A direct relation of these models to the experiment in order to reveal the
microscopic mechanism which amplifies the lattice symmetry to the global

shape of the growing clusters is hardly to obtain.

Comparison with experimental work on fractal growth phenomena shows
that similar transitions of fractal pattern have been observed: increasing the
growth speed (Zn2+ concentration and voltage) in electrochemical
deposition resulted in transition from fractal to dendritic patterns [Saw 86,
Gri 86]. In the propagation of a low viscous medium into a high viscous one
in a Hele-Shaw cell [Hel 98], from certain propagation speeds on, viscous
fingering occurs (Saffman-Taylor instability {Saf 58]). The dynamics is
dominated by tip bifurcations which lead to randomly branched structures.
When anisotropy is introduced into these systems, either by scratching a
lattice into one of the glass plates of the Hele-Shaw {Ben 85, Hor 87] or by use
of a liquid crystal as high viscous medium [Buk 86] a transition from
randomly ramified to dendritic patterns is found. This transition takes place
upon increase of the expansion rate, which, again is in accordance with the

results presented above. The hydrodynamic experiments, however,
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demonstrate that anisotropy is a necessary condition for dendritic growth, a
result which has also been found in statistical mechanics simulations of
these experiments [Nit 86, Nit 87). Therefore, a transition from fractal to

dendritic patterns is obtained when anisotropy dominates the noise.

The microscopic mechanism that establishes anisotropy in the case of
Ag/Pt(111) is given by the different step edge diffusion parameters for A-
and B-steps. Two experimental observations enable a connection between
the above discussed YA branching mechanism of small Agy-clusters with
the pattern transition of the large islands obtained by variation of the

growth rates:

1) The directional anisotropy is equal for the large dendrites and the
small Ya's. Both grow perpendicularly to the A-steps.

2) The arm widths of the large A islands in the T range between
110K and 130K are comparable (within a factor 1.5-2.0) with the
branch size of the Ya's.

From both observations a mechanism similar to the one illustrated in Fig.
4.13 has to be responsible for the oriented shape of large islands by using a
high flux. After the "orientation” of the small clusters due to the anisotropy
of the step edge diffusion the further step of the Ya-formation was the
growth of a stable extension by meeting of atoms at corners pointing in the
(112) directions. These corners are formed by two close-packed steps
running along a (ITO) direction. The number of atoms present at both steps
determines the probability of such a "meeting event” and therefore
increases for higher impinging flux. On the other hand, the mean free path
of a diffusing perimeter atom increases only with the square root of the
diffusion time (Einstein-relation). Thus, even when each diffusing step

atom has more time to grow an extension (low flux) the probability of a
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"meeting event” is to first order determined by the linear time dependence
of the step atom “production rate”, i.e. is directly related to the impinging

flux.

At the high flux used for the morphologies in Fig. 4.14 there are on the
average about 100 atoms arriving per second at the aggregate's perimeter,
whereas there is only about one per second at the low flux. Therefore the
probability for two atoms to meet at a corner is larger at increased flux, and,
due to faster migration along B-steps, also much more probable at those
corners pointing in A-direction. Thus dendrites with trigonal growth
perpendicular to A-steps are formed for high flux. At low flux, on the other
hand, interaction of two diffusing particles at the island corner is less
probable and predominantly single non interacting mobile atoms are
present at the step. Therefore the anisotropy looses more of its importance

in favor of noise and the aggregate grows randomly.

This kinetic growth effect caused by variation of the deposition flux is only
obtained in a small temperature range. Growing small clusters at T = 80K
produces even for the low flux preferred directions. This is in accordance
with the expectation that a kinetic difference between A- and B-steps
becomes more pronounced at lower temperature. On the other hand, higher
temperatures suppress the anisotropy since a globally higher mobility covers
the difference between the two step orientations. This can be seen in the
inset of Fig. 4.18 a) showing a fractal Ag island grown at T = 160K using the
high flux. Thicker island branches have developed (8+1.5 atoms wide) and
the global morphology of the aggregates does no more reflect the symmetry

of the substrate.



4.3.4 Estimation of the step edge diffusion barriers

Fig. 4.16 displays the island branch width as a function of growth
temperature. The average branch width W increases obviously with T (note
the different lateral scale in a) with respect to b)-d)). At T = 300K on substrate
terraces as wide as As = 2000A no homogeneous nucleation occurs and Ag
grows from the ascending steps. The STM image in d) shows that also in the
"step flow" regime the ramified shape of the deposit remains recognizable
up to © = 0.4 ML. The average branch width at room temperature and 6 =
0.1 ML is W = 3716 atoms and increases only by a factor of 2 for the four
times higher coverage in d) (W = 75£10). This non-linear behavior of W(8)
can be related to the screening effect of fractal growth and shows that also at
higher temperature (with active step edge diffusion) the aggregate edges are
partially screened by the growing tips.

It is instructive to compare the room temperature aggregation of the
systems Ag/Pt(111) and Au/Ru(0001). In the latter case, fractal islands (also
not correlated to the orientation of the substrate) could be grown on Ag > ~
1500A wide terraces by homogeneous nucleation (favored by a factor 27
higher deposition flux with respect to Fig. 4.16). The observed thickness of
the Au branches is about 100A - 150A (= 37- 56 atoms) at © = 0.15 ML (see Fig
1 () in ref. [Hwa 91]) and thus within the error margin comparable to
Ag/Pt(111). This suggests that also for Au/Ru(0001) fractal aggregates with a
branch thickness of only a few atoms should grow at lower temperatures

("atomic" DLA).

In the following the measured function W(T) (at constant deposition flux R
and coverage ©) is quantitatively compared with two fractal growth models
of Pimpinelli et al. [Pim 93] and Bartelt and Evans [Bar 941].
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a) T=160K b) T=200K

Fig.4.16: a)-d): Island branch widths as a function of growth
temperature T (constant deposition flux R = 1.1x10-3 ML/s). The
coverage is in a)-<) ® = 0.1 ML and in d) © = 0.4 ML. The inset in a)
shows an enlargement of an Ag aggregate grown at T = 160K. Average
arm width |[atoms] a) W = 8+1.5,b) W = 1342.5,c) W = 18.542.5,d) W =
75410 for © =0.4 ML. Image sizes: a) 2450Ax2450A, Inset: 460Ax460A ,
b)-d) 4900Ax4900A.

Both theories are based on the Mullins-Sekerka shape instability for

diffusion mediated processes [Mul 63]. Unlike classical DLA-models the
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perimeter mobility of the attaching particles is not frozen but permitted by a
finite step edge diffusion. Atoms adsorbed at the island perimeter can either
“scan” the step edge and attach to a kink site, or can meet another mobile
edge adatom nucleating new kinks (see also 2.3.5). The relative probability of
these events depends on the lateral size L of the step and the impinging flux
I on the island.

The basic idea of both models is to connect the hop rate h,=
lzﬁ exp(-E./kT) of mobile edge atoms, i.e. the diffusion constant De in
atomic units, with the parameters I and L to determine the critical step
length Lcn where a shape instability of the growing islands occurs. This is
the case, when nucleation events dominate the slow edge diffusion and the
step grows perpendicularly. Bartelt and Evans [Bar 941) propose the
instability criterion: 1; = t, where 1; is average time between two impinging
events, i.e. 7; =1/], and 1, is the average time for an atom to "scan” the step
length L. Using the Einstein relation L = h, 7, it follows 1, ~L*/h, and so,
for the critical length Lerit

1 L b
P x ~ L x &
tl l h te ori l

This result is supported by numerical simulations performed by Bartelt and
Evans (Bar 941] leading to the empirical formula Lg;L,, =17,/h/I, where
Lw is the average branch width of the computer generated fractals. Thus, the
branch width of the fractal islands reflects directly the size of the "fractal
grain” for the island ramification. Pimpinelli et al. [Pim 93] predict a
different dependence LogLy = %/l_\:/—l by introducing a density p of atoms at
the step length L and calculation of the pair formation probability (the

derivation is similar to the one presented in 4.2.2).

100



The average branch width W(T) has been evaluated from the STM images
by measuring the total branch length and dividing by the number of atoms
deposited on the corresponding area. It turns out that for small widths the
STM tip images the arms about 6A larger than their actual size. For the
higher temperatures the imaged branch widths have been corrected by this
offset. The flux I, i.e. the number of atoms arriving per second at the island
perimeter of an aggregate can be estimated as follows: every island has an
"active" area related to it, i.e. all atoms arriving onto this area, will, on
average, perform their random walk towards the island. This "active" area
is given by the inverse saturation island density, i.e n‘wAaz (same
argument as used in 4.1). The impinging flux I onto the islands is therefore I
= R/ny [Pim 93, Bar 941] (the accommodation probability is assumed to be

unity, which is likely at the low temperatures of the experiment).

Since most islands nucleate for T > 130K at preexisting Pt-steps no nx data
are available for the higher temperatures (see 4.2.2). The flux I has therefore
been evaluated by the introduction of an "active” area of a substrate step.
This "active" area of a substrate step was defined as the product Acri Aemp-
Aqi is the largest substrate terrace width where no homogeneous nucleation
occurs. Aemp, then, served as a fit parameter and was set to 300A in order to
archive correspondence with an extrapolation of the values obtained in the
island growth case. Since a substrate step collects about twice as much atoms
per unit time than an island (angle 2x) it follows I =2 R (Acix300A)-1. These
I-values match at T = 130K within 10% with the one obtained by I = R/ny.

Fig. 4.17 shows the Arrhenius plot of the measured (w ¥I) values (100K < T
< 300K; n=2, 3) and compares the data with the above theoretical predictions.
The expected Arrhenius behavior (W %) = ¥h, = "'/\Te/_z exp(~E¢/nkT) is
obviously for both models. The two data sets lie on straight lines. From the

slope of the fitting lines a surprisingly low diffusion barrier Ee is calculated:
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Fig.417: Arrhenius behavior of the average branch width W

evaluated according to the fractal growth theories of Pimpinelli et al.
[Pim 93] and Bartelt et al. {Bar 941). Details in text.

n=2 (Bartelt and Evans): Eq = 125¢10 meV
n=3 (Pimpinelli et al.): Ee = 160420 meV

Thus, the obtained step edge diffusion barriers are comparable with the
lateral diffusion barrier Ep = 157 meV. If only the high temperature data
(above T = 200K) are evaluated (in this region the mean width of the
branches is W 2 1312.5 which fulfills surely the assumptions of the models)
one gefs Eo = 145420 meV for n = 2 and E. = 200430 meV for n = 3.
Consequently, the intuitive requirement Ep « E, of fractal island growth
(see beginning of 4.3) is strongly violated.

The natural explanation for the failure of this criterion is given by the
evaluation of the attempt frequencies v from the Arrhenius plots and the
recognition that the condition Ep « E, is only valid for vp = ve, i.e. if the
attempt frequencies of terrace and edge diffusion are comparable. Using the
empirical formula ULy, ~17y/he/I (from the simulations of Bartelt et
Evans [Bar 941)) it can be concluded that the proportionality constant is of
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the order one (in atomic units). From the intersection of the two data sets
with the ordinate axis a step edge preexponential 2x105 Hz < ve < 2x1010 Hz
is inferred. Thus, the correct criterion for fractal growth reads Dp » De, i.e. a
large difference between the lateral and step edge diffusion coefficients,
which is fulfilled in the present case due to the inequation vp = 1013t1 Hz »
ve = 108%2 Hz. Thus, the fractal growth in the heteroepitaxial system
Ag/Pt(111) is to first order triggered by a slow step edge diffusion
mechanism associated with a low preexponential factor of the order Dg¥8® =
4x10-8t2 cm2/s. As mentioned in 2.3.1, this suggests a deviation from the
random walk model of diffusion. The low attempt frequency ve indicates an

exchange diffusion mechanism.

The attempt for an explanation of this effect refers to the statements given
in 4.3.1. The anisotropy between A- and B-steps that showed to be different
for hetero- and homoepitaxial systems was attributed to relaxation effects at
the step edges. The similar behavior of Au/Ru(0001) concerning the branch
widths at T = 300K suggests that indeed the 4.3% strain of the Ag islands is
relieved at steps. Also Au grows pseudomorphically on Ru(0001), i.e. is by
6.3% compressed with respect to its bulk structure. So it is likely to assume
that also in this strained system fractal growth is caused by a low

preexponential factor DF#°,

In the homoepitaxial case of Pt/Pt(111), on the other hand, the difference
between the lateral and the step edge diffusion coefficients is probably
smaller than for Ag/Pt(111). At T = 200K the island edges are atomically
rough but the island density is about a factor 30 higher than for Ag/Pt(111) at
T = 130K, thus smaller fractal islands develop (see Fig. 1 (a) in ref. [Mic 93]).
Step edge diffusion barriers EA/B and the terrace diffusion barrier Ep for
Pt/Pt(111) have been measured by Field Ion Microscopy. The lateral barrier
Ep = 0.25 eV [Fei 942] has been found to be a factor of 3 smaller than the edge
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barriers EA/B ~ 0.7-0.8 eV [Bas 78). The preexponential factors for both
diffusion mechanisms have about the same order of magnitude Dy ~ 10-3t1
cm2/s, [Bas 78, Fei 942} (al least for the B-steps). Thus, the temperature
dependence of the ratio De/Dp is governed by the Boltzmann-factor ~ exp(-
2Ep/kT), i.e. decreases strongly with increasing temperature. In the
heteroepitaxial case of Ag/P(111) (and probably Au/Ru(0001)), however, Ep
= E. and therefore the ratio De/Dp = ve/vp ~ 10-5%2 is to first order
independent of deposition temperature due to the constant ratio of the
attempt frequencies. This behavior favors also at higher temperatures
limited step edge diffusion while already high lateral mobility is present to
grow large islands.

4.4 Thermodynamics of Ag monolayers

Annealing of low temperature grown fractal islands to T > 200K leads to
conversion into much more compact forms. On the long time scale of such
an annealing experiment step edge diffusion sets massively in and finally
Ag atoms evaporate from the island edges, i.e. a two-dimensional adatom
gas establishes. By further increase of temperature morphological changes of
the Ag film become reversible in temperature, i.e. thermodynamic

prindples determine the adlayer structure.

The lateral Ag-Ag interaction is predominantly attractive. Due to the
relatively small electronegativity difference between Ag and Pt (Pauling
electronegativity Ag: 1.9, Pt: 2.2 [Pau 60)) the dipole-dipole repulsion is
dominated by the attractive direct electronic interaction between the
adsorbate atoms. As a consequence, at elevated temperatures phase
separation into a dilute 2D-vapor and a dense 2D-condensate occurs (see e.g.
[Bau 87]). The appearance of the vapor-condensate coexistence region has
already been displayed in Fig. 4.1 d). At © = 0.1 ML and T = 400K a 2D-gas
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phase composed of small Ag-clusters and (very probably) Ag-adatoms is
imaged. On the other hand, a 2D-solid Ag phase attached to the substrate
steps is formed. The 2D-vapor pressure of the condensate assures the
equilibrium between both phases. Atoms from the perimeter of the
condensed islands evaporate continuously onto the substrate terraces and

readsorb from them.
4.4.1 Fragmentation of compact Ag islands

The STM topographies in Fig. 4.18 show on a large lateral scale the further
thermal evolution of cluster aggregated Ag islands, i.e. the continuation of
the annealing experiment discussed in 4.2.4 (see Fig. 4.9). The transition
towards the thermodynamic equilibrium state of the morphology proceeds

via three stages:

1) Ostwald ripening of the Ag island between T = 230K and T = 280K
characterized by a broadened island size distribution and an

increased average size T in b) with respect to a).

2) Roughening of the island edges visible by comparison of the
insets in Fig. 4.18 b) and ¢). This is accompanied by a decreased
average island size T in ¢) which is deducible from the smaller
imaging size of the surviving larger islands (quantitative
evaluation of f is hindered by the large amount of Ag attached at
the substrate steps). Furthermore, small clusters are in coexistence

with the remaining large islands.

3) Finally, the fragmentation of the Ag islands. The STM image in d)
shows that even on terraces as wide as Ag = 2000A eventually all
large islands are disintegrated and mainly the 2D-vapor phase is

present on the terraces.
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b) T=280K

800 A

Fig. 4.18: a)-d) Ostwald-ripening, roughening and fragmentation of
cluster aggregated Ag islands with increasing temperature. The total
coverage is in a)-d) © = 0.1 ML and the average island size is fi = 230+30
in a) and T =68070 in b). Image sizes: 2300Ax2300A, Insets in b) and c):
450Ax450A, used flux R = 1.1x103 ML/s.

Ostwald coarsening [Ost 00] is a well known process in the case of crystal
growth from the melt (see e.g. [Mye 93]). In the thermodynamic limit the

vapor pressure P(r) of a crystallite is described by the Gibbs-Thomson
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equation, i.e. P(r) increases as the size r decreases (see e.g. [Ker 82, Voo 92,
Zin 92]). At elevated temperatures diffusional mass transfer from regions of
high curvature to regions of low curvature takes place which reduces the
total interfacial area of the crystalline phase. Smaller crystallites have a
higher 2D-vapor pressure than larger ones, hence the exchange of atoms
leads to growth of the larger sizes while the neighboring smaller crystallites
decompose to maintain the concentration gradient toward the larger ones.
Consequently, the average size W increases and the size distribution

becomes broader.

Both effects are observed in the annealing experiment of low temperature
deposited Ag. While at low temperatures (T < 150K, i < =30) a solely
thermodynamic description is not appropriate (see 4.2.4), at higher
temperature the evaporation of atoms establishes an adatom gas between
the islands and the ripening of the island population proceeds by a two-
dimensional Ostwald coarsening process. Also for T > 200K a more detailed
understanding of the microscopic processes enabling the growth of size-
selected clusters demands further investigations, as already mentioned in

4.24.

The larger islands in Fig. 4.18 b) are close to their 2D-equilibrium form as
indicated by their hexagonal shape (see inset). From the observed length
ratio between A- and B-steps 1*/1° = 0.5£0.10 and by applying the Wulff-

construction (shown in Fig. 2.9 c)) to a 2D-hexagon, i.e. by using the relation:
vo _ [ y2erAp®

Ya B 10

the ratio Yg/Ya = 0.810.05 between the step free energies of A- and B-steps
is obtained. Thus, the B steps which form closed-packed {111} facets with
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the layers below have the lower step energy, as expected. The same is
observed for Pt vacancy and adatom islands on Pt(111) (yg/y, = 0.8710.02
Mic 912, Mic 93])). Consequently, the step energetics of Ag/P(111) is
comparable with the homoepitaxial case, i.e the ratio Yg/y, is not inverted
due to the strain in the (Ix1) Ag islands, in contrast to the observed relation

between the two step edge diffusion barriers EA’B and the low attempt

frequencies ve.

It is important to note that compact islands cannot be obtained by a direct
growth experiment at a certain temperature due to the fractal growth
kinetics of Ag/Pt(111) (see 4.3.4). The step edge diffusion which is necessary
to equilibrate the island shape sets in at temperatures where Ag grows in the
"step flow" mode, i.e. where no more homogeneous nucleation occurs.
Hence, only by annealing of low temperature deposited Ag the
thermodynamic properties of Ag islands are observable.

At T = 350K the decay of the equilibrium form starts and is completed at T =
400K as shown in Fig. 4.18 ¢) and d). In ¢) the step edges of the larger Ag
islands are imaged very rough (see inset), demonstrating that the
fragmentation is driven via kink excitation (edge roughening) and
subsequent evaporation of less coordinated edge atoms onto terraces. Closer
inspection of the STM images reveals that at T = 350K the condensate phase
(Ag attached to the substrate steps) exhibits no "frizzy” appearance. This is in
contrast to d) (at the 50K higher temperature) where on the same lateral
scale the condensate steps are imaged as rough as the edges of the islands in
.
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T=400K, ©=03ML

Fig. 4.19: Rough imaged step edges of the condensate phase. The
"frizzes" are caused by kink motion being rapid on the STM time scale.
The inset shows a subsequent recorded (time interval = 3 min)
enlargement of the upper left corner. The "frizzy" appearance of the step
has no correlation with the previously recorded image. Image sizes:
280Ax280A, Inset: 92Ax92A, used flux R = 1.1x10-3 ML/s.

A detailed STM image of the "frizzes” is shown in Fig. 4.19 for the
condensate at T = 400K. The imaged ruggedness of monatomic steps is
attributed to kink motion at the steps being much faster than the scanning
of the tip which finds, therefore, the step in each scanning line at a different
position (see e.g. [Wol 90, Poe 92, Gir 94]). The time dependence of the
position fluctuations is also directly observable by using faster or modified
STM scanning techniques (see e.g.[Kui 93, Gie 93]). In these cases the step
dynamics can be determined quantitatively by STM, e.g. by measuring the
temperature dependence of the "frizzes" to deduce the activation energies

for the emission of atoms from kink sites [Gie 93]




The different onset temperatures of the edge roughening of isolated Ag
islands with respect to Ag condensed at the steps can be attributed to a
stabilization effect of the substrate steps. Indeed, half of the condensate
boundary is "locked in" the substrate structure while for an isolated island
the whole perimeter consists of strained steps (without lateral "support”).
This interpretation is in good qualitative agreement with static and
molecular dynamics computations using embedded atom potentials by
Blandin et al. [Bla 941, Bla 942]. The static computation of the contour energy
of monatomic Ag on Pt(111) leads to a factor 2.5 lower value than the
calculation for Ag adsorbed on an artificially strained Pt substrate with Ag
lattice constant. This indicates that the 4.3% misfit strain plays a crudal role
for the edge roughening and therefore for the fragmentation of the islands.

The behavior of the computed slab (930 adsorption sites) in the molecular
dynamics simulations of Blandin et al. changes drastically by removing the
strain without altering the Ag-Ag interaction potential in a significant way.
The population of the artificial relaxed Ag layer (230 adsorbed atoms)
collapses after a few nsec into a unique aggregate. At the same simulation
temperature strained Ag, on the other hand, consists of a dilute vapor in
local equilibrium with a population of larger clusters (n = 30-40). Thus, the
essential experimental feature -the appearance of a 2D-vapor phase- is well
reproduced even on this short time scale. Also the predicted step-adsorbate
interaction (attractive for the ascending and slightly repulsive for the
descending substrate steps) is in good agreement with the STM experiment
[Bla 942].

4.4.2 2D-gas in equilibrium with a 2D-solid

In the following the real space observation of a two-dimensional

thermodynamic equilibrium state and the 2D-gas-condensate phase
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Fig. 4.20: Coexistence curve between single-phase (2D-gas) and two-
phase region (2D-gas + condensate) in the (8,T)-plane of Au/W(110)
The data points are derived from the reversible work function change
A$(©,T) of the gold film. The curve is the van der Waals coexistence
curve for T = 1130K and 6, = 0.26 ML. Details in text (from [Kol 84])
transition of the Ag monolayer is compared with the experimental results
of Kolaczkiewicz and Bauer [Kol 84, Kol 851, Kol 87]. They observed 2D-gas-
condensate phase transitions for (similar strained) metallic submonolayers

(Ag, Au, Cu, etc.) on the W(110) and Mo(001) surface.

Fig. 4.20 shows the (8,T) phase diagram derived from the reversible work
function change A¢ of Au submonolayers on W(110) with temperature. The
evaluation of the A¢ data is based on the dependence of the dipole moment
of an atom on its neighborhood. An isolated atom has a large dipole
moment p while the same atoms incorporated into a 2D-crystal have a
much smaller value. This change allows, therefore, to determine the

number density and fractional coverage of the two phases.
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The coexistence curve between gas and condensate in Fig. 4.20 is calculated
from the two-dimensional van der Waals equation which, just as in the 3D
case, serves as an interpolation formula to describe the behavior of 2D-gases
in the region of high density n (see e.g. [Das 75]). Two experimental
observations on Ag/Pi(111) can be compared with the 2D-gas-condensate
coexistence curve derived for Au/W(110) and similar heteroepitaxial

systems:

1. Atlow coverages solely the 2D-gas phase should be formed
before the condensation of large Ag islands should take place.

2. At constant coverage the density of the 2D-gas phase should

increase with increasing temperature.

For the first point the influence of the substrate step has to be taken into
account. The STM images in Fig. 4.21 show the morphology at T = S00K
which seems to be dominated by the gas phase at the low coverage of © =
0.05 ML but the substrate steps are wetied with a narrow Ag seam (= 30-35A
wide). Evaluation of coverage ratio between condensate and gas (from the
known total coverage) shows that about 65% of the Ag is condensed at the
steps. Hence, the comparison with the ideal thermodynamic behavior is
hindered by this stabilized condensate. The second point, however, is
confirmed by the real space observations on Ag/Pt(111) as shown in the two
STM images in Fig. 4.22. The 2D-gas phase increases with increasing
temperature at constant coverage ©.

Kolaczkiewicz and Bauer applied, furthermore, the two-dimensional
Clausius-Clapeyron equation to deduce the 2D-heat of evaporation versus
temperature [Kol 852, Kol 851, Kol 87], From their analysis they concluded
that a two-dimensional roughening transition of Ag island edges on W(110)
should take place at T = 500K [Kol 851). Although this result is compatible
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T=500K, ©=005ML

Fig. 4.21: a)-c) Mobility of gas-phase clusters on the STM time scale at
T = 500K. The time distance between each image is about 3 min. The
black encircled cluster groups remain basically constant, while clusters
in the white encircdled areas change their positions with respect to each
other. Image size: 1180Ax1180A, used flux R = 1.1x103 ML/s.

with the observations on Ag/Pt(111) the main approximation to extract the
relevant data is the assumption of a perfect monatomic gas, i.e. the 2D-
spreading pressure has been taken to & = nRT where n is the atomic density

of the gas phase.

This approximation is surely not fulfilled for Ag/Pt(111) because the 2D-gas
is imaged by STM and adatoms are invisible. From the derived diffusion
constants it can be calculated that at T = 400K an Ag atom makes about 1010
hops per sec which is orders of magnitudes faster than the tip scanning
motion. Thus the observed 2D-gas contains small clusters. Their mobility
on the STM time scale is displayed in Fig. 421. In the molecular dynamics
simulations of Blandin et al. stability peaks in the cluster size distributions
(at the "magic” sizes n = 7, 10, etc) appear for low simulation temperatures
while at higher T the clusters are observed to be “fluidlike™ without
preference for a certain size [Bla 942]. It is likely to assume that the imaged

small clusters in the T range from 350K to 500K are "magic” and have



Fig. 4.22: a), b) Decrease of the condensate-phase with increasing
temperature for © = 0.6 ML. Image size: 2450Ax2450A, used flux R =
1.1x103 ML /s,

threefold coordinated perimeter atoms, but unfortunately no experimental

evidence exists for this.

In summary, the microscopic picture given from the STM study is that the
2D-gas phase is highly non-ideal (which may be labeled as “real” gas) with a
strong tendency to form small dusters. Secondly, the substrate steps stabilize
the 2D-solid phase. Both results require sophisticated theoretical models to

extract quantitative thermodynamic parameters from the data.
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5. Monolayer confined Ag/Pt alloy

Deposition at, as well as annealing to T > 620K leads to interfacial alloy
formation. Since the second layer grows layerwise on top of the completed
first Ag layer (up to the desorption temperature) alloy formation is only
observed for submonolayer coverages (8 < 1 ML). Thus, the intermixing of
the two metals is confined to the topmost surface layer. In 5.1 the two-
dimensional intermixing process and the global morphology of the Ag/Pt
alloy surface are discussed. The microscopic structure of the mixed phase is

outlined in 5.2.

5.1 Two-dimensional intermixing

Exchange processes between chemical different atoms are frequently
observed in heteroepitaxial systems. For example: diffusion mechanisms on
metallic fee (110) surfaces often involve that a adsorbate atom takes the
position of a surface atom, i.e. the adsorbate becomes part of the substrate

(e.g. in the system Cu/Pd(110) [Hah 94)).

Alloy formation in metal-on-metal heteroepitaxy is a well known
phenomenon, e.g. for Au and Cu [Pal 682, Pal 681]. Since these two metals
form a well-ordered bulk alloy, this result is not surprising. On the other
hand, also metals which are not miscible in the bulk, intermix at surface;c,
(e.g- Au/Ni(110) [Nie 93], Rh/Au(111) [Alt 94]). Here, the miscibility of a
certain material combination can be substantially differ from the bulk
behavior. Surface segregation, i.e. the enrichment of one component in the
topmost layers of a bulk alloy (see e.g. [Buc 82]) has its origin in this
difference between surface and bulk misdbility. 3D-crystals of Ag and Pt are
known to be miscible at elevated temperatures (T > 700K) forming a

substitutional bulk alloy [Kar 87].
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5.1.1 Incomplete mixtures

Fig. 5.1 a) and b) show the Ag film morphology at 8 = 0.5 ML after annealing
to, as well as, after direct growth at T = 630K. Both structures have been
quenched to T = 400K for the recording of the STM images. Hence, they
display the frozen-in structure of the alloy. In the annealing case, the
intermixing process is visualized by the line scan in ¢). The global alloy
morphology in the direct growth case is shown in d). The origin of the
chemical Ag/Pt contrast in the STM images has already been discussed in
332

The Pt-terraces in the STM topography in a) appear spotted with small
protrusions of an approximate diameter of 10A. In contrast, the Ag islands
are distorted by indentations of comparable width. Their apparent height in
the STM images is about that of the former Pt steps. On the other hand, the
height of the protrusions inside the Pt terraces (Ah = 0.6-0.7A relative to
surrounding Pt) is equivalent to the height of the adsorbed Ag islands,
visible in the line scan in c). Hence, it is straightforward to identify the
inclusions inside the Pt terraces with small two-dimensional Ag clusters
which have diffused into the Pt terraces, whereas the indentations in the Ag
islands must be associated with Pt clusters which mixed into the Ag islands.

The obvious roughening of the one-dimensional interface between Ag
islands and Pi-steps and the increase of the density of the clusters towards
the former step edges indicate that the interdiffusion of Ag into the first Pt
layer proceeds from the lower step edge side, and that of Pt into the Ag
islands on the lower terrace through the wetted Ag-Pt interface. Also in the
vicinity of separated Ag islands (in the middle of the Pt terraces) an

increased cluster density is remarkable.
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a) Annealing to T =630 K

L

b) Growth at T=630K

¥

Ag embedded in Pt AA JB

|

Pt embedded in Ag

Fig. 51: a), b) Formation of the monolayer confined Ag/Pt alloy. In a)
the coverage © = 0.5 ML has been annealed to T = 630K for 100s, while in
b) the same amount of Ag has been directly deposited at T = 630K. Both
STM images show the frozen-in structure of the film at T = 400K. In b) the
contrast on each terrace has been separately adjusted.

¢) Line scan along the bar AB marked in the absolute STM image in a)
showing the interdiffusion of Ag clusters in the Pt-terrace and Pt clusters
in the Ag-layer.

d) Morphology on a larger Pt-terrace in the direct growth experiment.
Image sizes: a), b) 600Ax600A, d) 1150Ax11504A, inset in b): 160Ax1204,
used flux R = 1.1x10-3 ML/s.
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In the annealing case, the steps present at the surface (predominantly the
Ag-wetted Pt-steps) are, therefore, the active sites for the mixing process. In
the direct growth experiment, on the other hand, the crucial role of the
substrate steps is further supported. In b) on terrace widths Ag ~ 3004, the
uniformly impinging Ag atoms have mixed into Pt solely at substrate step
edges, which is obvious from the decreasing local Ag coverage with
increasing distance from the step. In the inset an enlargement is shown
where the local Ag coverage has reduced by 40%, when going from 60A to
120A away from the former Pt-step.

The morphology on a large substrate terrace, as the one shown in d) (As >
1200A), reveals that in absence of steps Ag-enriched islands are formed. This
is a further indication that mixing processes are restricted to step edges and
alloying does not occur on terraces. A molecular dynamics simulation
supports the observation that alloy formation dynamics can be triggered by
the step edges. Raeker and DePristo observed in their simulations of
Ni/Cu(111) that Ni atoms are incorporated on the upper substrate terrace
near the step edge through displacement of the edge outwards [Rae 92].
Mixing on the terrace was not observed by the authors.

The conclusion that the Ag/Pt intermixing is confined to the topmost layer
has been derived from the following two observations:

1) The apparent Ag concentration in the topmost layer, derived
from the height distribution on the terraces, agrees within errors
with the deposited amount of Ag.

2) The coverage region close to the complete Ag monolayer was
carefully examined revealing that mixing occurs only for © <1

ML. At the crystal locations where the local coverage was slightly
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Fig. 52: Hlustration of the lateral Ag/Pt mixing process leading to the
monolayer confined alloy surface. Ag diffusion into deeper layers is
kinetically hindered by an activation energy which cannot be
overcome before thermal desorption sets in.

higher than 1 ML, the first layer was completed with second layer

island on top.

Fig. 5.2 illustrates the essential requirement for a restriction of the Ag/Pt
mixing process to two dimensions: Diffusion into deeper layers must be
kinetically hindered by an activation energy for interlayer mass transport
which cannot be overcome before thermal desorption sets in. The latter
starts at T ~ 900K (see Fig. 2.10). This holds true for all Ag coverages 8 <1
ML and all temperatures up to the desorption threshold. Since in
heteroepitaxial growth the Ag adsorbate is never covered by Pt atoms, it is
likely to assume that also bulk alloying of Ag and Pt proceeds not via {111}

facets.

The formation of the monolayer confined Ag/Pt alloy has first been detected
by He scattering. During the alloy formation Becker et al. [Bec 93] observed a
decrease of the He-reflectivity which they attributed to adsorbed Ag
fragmented in small clusters, although this decay of the specular He signal is
caused by the enhanced diffuse scattering of embedded Ag and Pt clusters.
The fragmentation hypothesis of Becker et al. was supported by LEED
measurements suggesting that the height of the diffuse scattering clusters is
2.3A. Since for the quantitative evaluation of the LEED data kinematic
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b) T=640K, 1min

a) T=630K, 10 min

¢) T=700K, 1min d) T=630K, 100 min

Fig.53: a)-d): Influence of annealing time and temperature on the
two-dimensional Ag/Pt intermixing process at © = 0.5 ML. The alloy
surface in a) has been further annealed in b) and c) up to the indicated

temperatures. The morphology in d), on the other hand, was only
annealed for 100 min at T = 630K. The images show the frozen-in

structure at T = 400K. Image size: 1150AX1150A, used flux R = 10-3
ML/s.

diffraction theory has been applied it seems that the latter is not adequate for

the analysis of the Ag/Pt alloy surface
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The subatomic STM imaging height of the alloy structures has been
additionally confirmed by recent He diffraction measurements [Krz 94]. The
intensity of the corresponding He diffraction peak changes as a function of
the He-energy ("rocking curves") in such a way that the "step height" of the
clusters is smaller than 0.2A.

5.1.2 Alloy formation kinetics

The same inhomogeneous cluster distribution, as shown in Fig 5.1, can be
obtained by anneadling to slightly lower temperatures with subsequently
longer annealing times. This gives support to the interpretation of a
quenched, incomplete mixing of Ag and Pt which is observed after cooling
to T = 400K. The influence of annealing temperature and time on the
intermixing process is displayed in Fig. 5.3. The four STM images show alloy
morphologies at © = 0.5 ML on substrate terrace widths Ag = 400-700A. In the
series from a) to ¢), the annealing time and temperature have been

subsequently increased.

The start morphology in a) is six times longer annealed at T = 630K than the -

mixture in Fig. 5.1 a). Ag-rich and Pt-rich areas are still visible. Also in b)
this remains valid, but here the "global" chemical contrast between Ag-rich
and Pt-rich regions is only recognizable near the former substrate steps. This
changes drastically in c), the surface is now a complete mixture of Ag and Pt
since the terraces are homogeneous spotted with the 10A wide protrusions
corresponding to embedded Ag. All step edges of the complete mixed alloy

surface are wetted with a about 10A wide Ag seam.

The influence of the annealing time is displayed in d). Annealing the same
Ag coverage for 100 min at T = 630K leads to the same homogeneous

mixture than the one additional minute at T = 700K in the transition from
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Fig.54: Two-dimensional "frozen drops" of the quenched alloy
surface after annealing of © = 0.5 ML for 100s at T = 700K. Image size:
2200Ax2200A, used flux R = 1.1x103 ML/s.
b) to c). Thus, the outcome of the alloy formation kinetics is a function of
annealing time and temperature, as expected for temperature dependent
rate processes controlling the mixing of the two metals. Annealing to T >

650K for more than 100s leads to the completion of the mixing process.

Surprisingly, the dissolution of Ag into the Pt(111) surface is not complete,
i.e continues not to an atomic mixture. Further increasing of the annealing
temperature (and time) leads only to modifications of the global alloy
morphology. The microscopic surface composition and the size of the Ag
clusters, however, remain unchanged up to the onset of thermal
desorption. The Ag dissolution comes to a standstill at a finite cluster size
imaged by STM with a width of about 10A. The origin of the microscopic

alloy structure and its dependence on the Ag coverage is discussed in 5.2.



b) T=600K

500 A

—_—

Fig. 5.5: a)-d) Morphological transitions in the beginning of the alloy

formation in a), b) and at the end of the high temperature treatment in

c), d). The coverage of the "frozen-in" structures is always © = 0.5 ML

The film in a) (100s at T =550K) has been annealed a further 100s at T =

600K, shown in b). The transition between c) (100s at T =850K) and d) is

caused by a subsequent anneal for 100s at T = 900K. Image size:
, 2300AX2300A, used flux R = 1.1x10-3 ML/s

Alloy morphologies of the coverage © = 0.5 ML are displayed in the figures

54 and 5.5. The STM topography in Fig. 5.4 shows the completely mixed
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b) T=700K

Fig. 5.6: a) b) Morphological features of the quenched Ag-rich alloy
surface with a coverage © = 0.75 ML. Round alloy islands are isolated
in holes of the mixture network. a) 100s anneal at T = 550 and 600K, b)
subsequent anneal for 100s at T = 650K and 700K. Image size:
2300Ax2300A, used flux R =103 ML/s.
alloy surface after annealing for 100s at T = 700K. "Drop-like" structures
attached to the former substrate steps are formed. Fig. 5.5 shows in a) and b)
on a large lateral scale the fragmentation of the annealed Ag, when the two-
dimensional intermixing sets in. Between c) and d) the same morphological

transition takes place on substrate terrace widths of As = 1500-2000A, as

displayed in Fig. 5.3 c) and d) on smaller terraces.

The increasing of the product "annealing time x temperature” leads to a
"cut off" process of the two-dimensional "liquid-like” drops attached to the
substrate steps. At the end, one remains only with round shaped alloy
islands on the terraces. This is shown in Fig. 5.5 d) for a large terrace and in
Fig. 5.3 d) for smaller terraces and an accordingly lower product "annealing
time x temperature”. In Fig. 5.6 a similar morphological effect is displayed

for the Ag-rich alloy surface (@ = 0.75 ML). In this case, the mixing process
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leads to isolated alloy islands located in the holes of an alloy network
attached to the substrate steps.

The border length of isolated alloy islands seems to be minimized, whereas
islands connected to a substrate step appear to maximize their perimeter
length. The kinetic effects producing these "drop"-structures have their
origin in the constitution of the second layer of the crystal, which is pure Pt,
and its consequence on the lateral mobility of the alloy layer. If, for instance,
an alloy island changes its size or shape, Ag has to be transferred to the
topmost layer at the alloy step edges in order to "create” new second layer

area. Thus, exchange processes cannot be restricted to two dimensions.

Morphological changes are determined by the lateral mass transport at the
former substrate steps, as well as by vertical exchange processes taking place
at the Ag-wetted alloy step edges. The shape and size of isolated alloy islands
are solely governed by this (isotropic) interlayer mass transport. "Drop"-
structures, on the other hand, have in addition intralayer mass transport
via the former substrate steps. At intermediate annealing temperatures, this
additional (and anisotropic) material exchange causes a roughening of the
one-dimensional border of those alloy structures which are connected to
substrate steps. This kinetic effect vanishes for high annealing temperatures
(or long annealing times). Then, the equilibrium surface morphology
exhibits even on large terraces no alloy islands and the Ag-wetted alloy step

edges minimize their border length.

5.2 Microscopic alloy structure

5.2.1 Disk and stripe pattems

Fig. 5.7 displays the coverage dependence of the microscopic alloy structure.
For © < 0.25 ML small dissolved Ag-islands ("disks") are homogeneously
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a) ©=0.08 ML b) ©6=022 ML

c) ©=030ML d) ©=0.55 ML

100 A

—

Fig.57: a)-d) Disk to stripe transition of embedded Ag clusters with
increasing coverage. The average size of the disks is i = 9.042 in a) and
fi = 9.5¢1 in b). Image size: 225Ax225A, Annealing temperatures: a) T =
700K, ¢) T = 800K, b), d) T = 850K; used flux R = 1.1x10-3 ML/s.
distributed over the terraces. The clusters reveal a narrow distribution of the
imaging size, centered at approximately 10-13A. The average cluster size &
has been determined by the cluster density and the calibrated coverage, and

turns out to i = 9.5%1.0 atoms which is in accordance with the imaging size.




a) T=850K

¢) T=1000 K d) T=1050K

200 A

—

Fig. 58: a)-d) Stripe to disk transition by thermal desorption. The
coverage © = 0.5 ML is from a) to d) subsequently desorbed by annealing
for 100s to the indicated temperatures. In d) no more Ag can be detected
in the Pt-terraces, while the defect in the right side of the image is clearly
resolved. Image size: 615Ax615A; used flux R = 1.1x103 ML/s.

At coverages © 2 0.3 ML, displayed in Fig. 5.7 ¢) and d), the clusters touch
each other which leads to a striped pattern. The width of this fingerlike

agglomerations of clusters is again about 10-13A which supports the
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a) 8=070 ML b) 8 =0.80 ML

¢) ©=0.90ML d) ©=095ML

|100A[

Fig. 59: a)-d) Stripe to disk transition of embedded Pt with increasing
Ag coverage. The coverages in these images is estimated. Details in
text. The average size of the disks is i = 10 in d) Image size:
420Ax420A, Annealing temperatures: a)-c) T =750K, d) T = 650K; used
flux R = 1.1x10-3 ML/s.

interpretation of random agglomerations of single clusters. Fig. 5.8 shows
the "reverse” transition from stripes to disks by thermal desorption of the

coverage © = 0.5 ML.



The inverted situation is displayed in Fig. 5.9 at Ag coverages © 2 0.7 ML.
The coverage of these STM images is estimated since they were recorded at
the border of the Pt-crystal where a coverage gradient was present. Small Pt
clusters are dissolved in the topmost Ag layer. The apparent width of these
embedded Pt clusters equals to that of the embedded Ag clusters in the Pt
surface. From their imaging width, the cluster density and the estimated
coverage it can be concluded Tl = 10 atoms. Thus, again agglomerations of 7
to 12 Pt-atoms are involved in the formation of the monolayer confined
Ag/Pt alloy surface for © > 0.75 ML. This symmetry of the alloy structure for
low and high Ag coverages is consistent with the symmetric enthalpy of

mixing found for the liquid silver-platinum solution [Kar 87].
5.2.2 Thermodynamics of the mixed Ag/Pt phase

In a model binary mixture, including interaction between the particles, the
thermodynamic equilibrium cluster size is determined by the minimum of
the free energy of the system, i.e. the competition of the boundary energy,
which in this case is the energy of the one-dimensional Ag/Pt-interface, and
the mixing entropy, which is proportional to the number of clusters. The
variation of the boundary energy is supposed to be linear with the length of
the boundary, or the width of the clusters, whereas the mixing entropy or
the number of clusters is indirect proportional to the squared cluster size.
When this simple concept of a potential energy, only depending on the
length of the boundary, would be applicable in the Ag/Pt case, strong
variations of the cluster size on the entropy term of the free energy, or the

temperature, respectively, would have to be expected.

A series of annealing experiments for & = 0.2 ML (up to the desorption
threshold) showed any dependence of the cluster size on the annealing

temperature. Hence, the simple concept of the internal energy of the
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clusters, depending simply on the boundary length does not apply here.
There must exist an important contribution to this internal energy, strongly
varying with the cluster size and providing a local minimum at a cluster
size of about 7 to 12 atoms. This term overrides the variation of the entropy
with temperature. This is further supported by the observation that the Ag-
(8 < 0.25 ML) and the Pt- (8 > 0.75 ML) cluster sizes are independent of the

coverage.

The occurrence of “magic” numbers in the stability of small adsorbed two-
dimensional clusters on hexagonal close-packed surfaces has been already
mentioned in 2.3.6. In particular the clusters of n = 7, 10 and 12 atoms, the
smallest structures with at least threefold coordinations at the entire cluster
perimeter, are found to be substantially stabilized. With respect to dimers,
adsorbed Agy 10,12 -clusters are energetically favored by 0.20 - 0.22 eV/atom,
as calculated with the embedded atom method {Mas 931) (see Fig. 2.7 b)).
This high dissociation energy clearly overrides the entropy term, i.e. AE >>
kT.

In contrast to adsorbed dusters, perimeter atoms of embedded Ag clusters
exhibit three additional bonds. Nevertheless, the observed medium size T =
9.541.0 atoms at low and high Ag coverages, as well as the STM imaging size
are in good agreement with a distribution of embedded Agn- and Pty-clusters
with n = 7, 10, 12. Thus, to first order, also the “frozen-in" structure (T <
500K) of the two-dimensional Ag/Pt alloy appears to be governed by the
high internal energy of symmetric cluster structures. At higher
temperatures (T > 600K), however, entropy effects leads to a reversible
transformation into a truly disordered 2D alioy, as revealed by He scattering
and high temperature STM [Zep 942].
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a) ordered alloy b) random alloy

Fig. 5.10: a)-d) Illustration of different types of alloy structures
described in the text.

The chemical order of the frozen-in alloy structure is determined by the
mixing enthalpy AHmix representing the difference in internal energy before
and after mixing (at constant pressure) (see e.g. [Por 81]). For AHpix = 0 (ideal
solution), a random arrangement of atoms is the equilibrium state (random
alloy). For AHmix # 0, the actual arrangement will be a compromise that
gives the lowest internal energy consistent with sufficient entropy, or
randomness, to achieve the minimum free energy G = H -TS of the alloy. In
the quasi-chemical model it is assumed that AHmix is only given by the bond

energies between adjacent atoms. Mixed phases are known as regular
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solutions, when their AHnmix dependence on temperature and composition
is closely described by this approximation. In this case, it can be shown:
AHpy;, = 2€ X X, where z is the number of bonds per A-and B-atom of the
A/B binary solid solution (concentrations Xa, Xg) [Por 81]. e is the difference
between the A-B bond energy eap and the average of the A-A and B-B bond
energies €aa and €pp, i.e. E=epp— %(e AA +€pB), by considering zero energy
to be the state where the atoms are separated to infinity (g; < 0).

The ideal solution (e = 0) shows no chemical ordering, while for € < 0 the
atoms will prefer to be surrounded by atoms of the opposite type since the
internal energy is reduced by increasing the number of A-B bonds (ordered
alloy). The frozen-in Ag/Pt alloy surface, on the other hand, is an example
for € < 0 since clustering occurs, i.e. the internal energy can be reduced by
increasing the number of Ag-Ag and Pt-Pt bonds. However, the degree of
ordering will decrease as temperature increases due to the increasing
importance of entropy, as observed for the monolayer confined alloy at T >
600K [Zep 942].

If the mixed atoms exhibit a size difference, an additional energetic
contribution is the elastic strain field which introduce a strain energy term
into AHmix. Zeppenfeld et al. [Zep 941] showed that strained layers and,
more generally, surface systems governed by effective long-range
interactions decaying as 1/r2 exhibit periodically ordered domain structures.
From the minimization of the free energy the authors could deduce a firm
relation between the size 1 of a single domain (at low concentration ) and
the minimum separation Dmin between them at intermediate concentration
O. This size ratio is about 1: 3, i.e.

sizelg =1(6 - 0) .1
periodicity Dy =D(@ =0.5) 3
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The above relation is independent of the symmetry (striped or various two-
dimensional arrangements) of the domain pattern and is observed for a

variety of different systems.

He diffraction measurements show that the frozen-in Ag/Pt mixture at Ag
coverages 0.1 ML £ © < 0.75 ML exhibits superstructure features
corresponding to a characteristic lateral distance in real space of D = 30A [Zep
942]. This is in good agreement with the mean separation D (which varies
slowly with the coverage ©) of the embedded Ag and Pt clusters (size 1 =
10A), as resolved by STM. The experimental confirmation of the above size
relation reveals the strong influence of the strain relief on the energetics of
the monolayer confined alloy. Furthermore, the observation of the disk to
stripe transition with increasing coverage (illustrated in Fig. 5.10 ¢) and d)) is
an additional confirmation that the strain field stabilizes the Ag/Pt alloy
structure, since both symmetries are compatible with the model of

Zeppenfeld et al..

The spectroscopic confirmation of the monolayer confined mixing has been
given by Striiber et al. [Star 93]. Their main results are shown in Fig. 5.7 and
are in very good agreement with the STM results. Similar mixing effects as
observed for Ag/Pt(111) seem to occur for Ag growth on the other two low-
index Pt surfaces (100) and (110) [Star 94]. Unfortunately, Rodriguez et al. did
not anneal Ag submonolayer coverages on Pt(111) high enough (T < 600K)
to observe a change of their infrared spectra due to the monolayer confined
mixing [Rod 92]. In their FT-IRAS-study of adsorbed CO on the Ag covered
Pt(111) surface the authors focused on the "screening” effect of CO adsorbed
on Ag layers. Even at coverages ©5g < 0.7 ML CO molecules adsorbed on

Pt(111) are "invisible" for the infrared spectroscopy.
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Fig. 5.11: a), b) Spectroscopic confirmation of the monolayer confined
Ag/Ptalloy by XPS and CO-TDS.

a) Position of the XPS peak maxima of the 3ds/2 Ag core level for© < 1
ML after deposition at T = 150K and subsequent annealing to T = 300K
and 760K, respectively. A peak shift for embedded with respect to
adsorbed Ag is visible.

b) Desorption spectra of CO from the Ag/Pt alloy surface (0.5 Langmuir
CO exposure) as a function of Ag coverage. For © > 0.5 ML a second
desorption peak develops referring to a Pt-cluster adsorption site of the
CO. a), b) from [Strii 93).

134



6. Multilayer structure and mass transport
between growing layers

In this chapter the restriction to two dimensions is lifted and the structure
and growth kinetics of the higher Ag layers are analyzed. The presentation
of the results is divided in two parts. In 6.1 the strain relief mechanism of
the second and higher layers is discussed. Thus, this section focuses on
structural aspects, i.e. the kinetics and energetics of misfit dislocations. The
atomistic processes and the kinetic barriers involved in multilayer growth

are analyzed in 6.2.

6.1 Strain relief by domain wall formation

From the structural point of view there is one main question: how can the
pseudomorphically, i.e. by 8.3% (in density) compressed Ag monolayer,

develop into a strain-free multilayer film with Ag bulk structure ?

In general, the lattice mismatch is locally relieved by the introduction of
misfit dislocations, as mentioned in 2.2. Thus, in the intermediate thickness
range the Ag layers consist of large areas which are nearly commensurate,

separated by relatively narrow domain walls or discommensurations.
6.1.1 Weakly incommensurate phases at hexagonal close-packed interfaces

Apart from mismatched heteroepitaxial films, weakly incommensurate
layers are also observed on reconstructed close-packed metal surfaces, which
are up to present knowledge the (111)-oriented surfaces of Au [Per 74, Tan
81] and Pt [San 92, Bot 93]. These reconstructions are driven by the
considerable tensile stress in the outermost layer (see e.g. [Man 90, Nee 91]
and they consist in the introduction of a certain density of domain walls

between alternating fcc and hcp stacking regions. For Au(111) the 4%
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compression of the first layer is achieved by two domain-walls per (+3x22)-
unit cell, each inserting one half extra atom, thus leading to 23 atoms
adsorbed on 22 second layer atoms along the close packed [1T0]-direction
[Har 85, Bar 90]. Due to the difference in energy more fce- than hep-sites are
populated giving rise to a pairwise arrangement of the [112]-oriented
domain-walls. Locally the compression is unidirectional, however on larger
terraces a mesoscopic order of the domain walls is established: The domain
walls bend by $120° with a period of 250A [Bar 90] forming the so called
herringbone structure which reduces the anisotropy of the surface stress
tensor [Bar 90, Nar 92].

6.1.2 Second layer strain relief: T < 700K

The structure of the second Ag monolayer grown at T = 340K is
characterized by the STM image in Fig 6.1 a). The structural model in b) will
be discussed below [Bru 942].

The lower left part and a few holes one monolayer deep in the upper part of
the STM topography still show the first Ag monolayer which is imaged flat
due to its (1x1) structure. In contrast the second monolayer terrace covering
most of the image reveals two domains of a striped structure rotated by 120°.
Localized stripes, imaged dark, are pairwise arranged and separate brighter
imaged areas with two different widths. These stripes are running along the
[11Z]direction and are bended to U’s in the vicinity of the descending Ag
step preventing that the narrower ones of the bright areas touch the step.
The orientation and the pairwise arrangement as well as the U-turns of
these stripes are very similar to the domain walls on Au(111) [Bar 90]. Thus,
an interpretation of these lines as diluted walls separating fcc- and hcp-
stacking regions is straight-forward. Their dark imaging has already been
discussed in 3.3.2.
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Fig.6.1: a) Growth at T = 340K: unidirectional relaxed phase of the
second Ag layer. Image size: 520Ax520A, used flux R = 1.1x10-3 ML/s.

b) Atomic model for the striped incommensurate (SI) phase. Black
dots: 1st layer atoms , bright and dark filled circles: 2nd layer atoms on
fcc- and hep-positions, respectively.

Those bright areas which face the descending steps are assumed to be fcc
regions because it is reasonable to assume bulk stacking in the vicinity of the
steps [Bar 90]. In accordance with this interpretation, these areas are by a
factor of 2 larger than those corresponding to the less favorable hcp-stacking.
The period of this striped phase varies around 37+3A, and can thus be

characterized by a i.\.-'gxp) unit cell with p = (14£1).



In the known examples of linear incommensurate phases, as Au(111) and
Cu/Ru(0001) [P5t 91), the topmost layers are unidirectional compressed
relative to the underlying ones, whereas the second Ag layer adsorbed on
Pt(111) is unidirectional expanded. The model in b) for the (+/3xp) unit cell
therefore consists of (p-1) second layer atoms adsorbed on p atoms of the
first Ag (1x1)-layer. At the domain walls the stacking transition from fcc to
hcp and vice versa takes place by stretching the Ag-Ag bond along the close
packed [170] direction corresponding to half an atom missing. Thus, for p =
14 this yields 8 atoms adsorbed on fcc sites and 5 atoms have to reside on hcp
sites, corresponding to an average relaxation by 7.1% along [1'1'0].

The small width of the dark lines (5£1A) indicates that the domain walls are
rather narrow. Hence, the dilution of the second Ag layer must be rather
localized to the immediate vicinity of the domain walls. To take account for
this, it is assumed that only three Ag-Ag bonds around the domain wall are
stretched along [170] and further on, that most of this stretching is localized
to the bond directly at the domain wall. Therefore the two adjacent atoms to
the left and right from the domain wall are shifted only slightly from their
hollow position towards each other. Any more homogeneous stretching
would result in broader domain walls than the abserved one.

This rather localized dilution, i.e. one relatively stretched Ag-Ag bond in
favor of a more homogeneous distributed strain relief, is energetically
preferred for two reasons. First, the disadvantageous bridge sites are not
populated in these domain walls. The second argument for a localized
stretching of bonds is the unsymmetry of the atomic interaction potential
around its minimum: For compressed layers one deals with the steep
ascending repulsive part of the lateral interaction potential which makes
the layer stiff and rectifies the population of unfavorable sites as bridge- and
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a) T=500K, ©=15ML b) T=600K, ©=15ML
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Fig.6.2: a), b) Annealing to T = 500K and 600K: Transition of
unidirectional to isotropic strain relief of the second layer by crossing
of the misfit dislocation lines. Image sizes: 540Ax540A, used flux R =
1.1x103 ML /s
almost on top-sites in U’s and stars on Au and Pt(111), respectively [Bar 90,
Bot 93]. However, for diluted layers as in the present case, the soft attractive

branch of the potential allows for rather localized stretching of bonds which

causes more abrupt changes between the two stacking types.

Fig. 6.2 displays the Ag bilayer after annealing to T = 500 and 600K,
respectively. These STM images, as well as the in the following presented
topographies of relaxation structures, has been recorded at T < 400K. Due to
the slow misfit dislocation kinetics this quenching has no influence on the

interpretation of kinetic effects.

In a) the coexistence of the striped incommensurable (SI) phase with a
network of crossing domain walls is visible. The different atomic structure
of these walls is already indicated by the fact that they are running along the
close packed [ITO] direction, thus rotated by 30° against the Sl-phase. In b),

after annealing to T = 600K, the second layer island exhibits a more regular
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domain wall network with a hexagonal arrangement of the crossing

regions.

In general, the energy of a dislocation network consists of three
contributions: wall, wall-repulsion-, and wall-crossing energy. By annealing
of the Sl-phase to T = 500K the kinetic barrier to nucleate areas where
domain walls can cross can be overcome. Since the distances between the
walls remain approximately constant mainly the energy cost for wall
crossing is overbalanced by the more isotropic strain relief. For T < 700K, all
the created patterns are rather irregular and depend on the terrace width Ag
and the island shape, respectively. Both networks shown in the STM images
of Fig. 6.2, as well as the Sl-phase, are kinetically determined structures, i.e.

intermediate "solutions” of the second layer to relieve the strain.
6.1.3 Equilibrium structure of the second layer

Annealed to T > 700K, the Ag bilayer forms its equilibrium structure
consisting of a trigonal network of domain walls, as shown in Fig. 6.3 a). An
atomic model for the trigonal structure is sketched in b) [Bru 942].

The STM image shows two subsequent atomic terraces, both covered with
two Ag monolayers. A small area on the right hand side still shows the
commensurate first layer and the position of the former substrate step (see
also the description of Fig. 3.9 in 3.3.2). On the second layer two almost
parallel sets of domain walls rotated by 120° are clearly visible. They are
crossing each other enclosing rhombi of slightly elevated imaged areas
separated by the dark imaged domain walls. In addition each rhombus has a
small triangle inscribed on top. Two borders of these triangles consist of the
two sets of domain walls, the third borders running almost horizontally are
formed by a third set of parallel domain walls.
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Fig. 6.3: a) Annealing to T = 800K: trigonal network constituting the
equilibrium structure of the second Ag layer. Inset: Model for the
trigonal network, where domain walls (dark lines) separate fcc- and
hep- (hatched) areas. Image size: 520Ax520A, used flux R = 1.1x10-3
ML/s.

b) Atomic model of the trigonal incommensurate phase. Black dots: st
layer atoms, bright and dark filled circles: 2nd layer atoms on fcc- and
hcp-positions, respectively, unfilled circles: 2nd layer atoms on bridge
positions.
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These domain walls are clearly visible in the vicinity of these triangles, but
they are harder to identify in the areas between adjacent triangles where
they are crossing the rhombi. The lower contrast for the third set of domain
walls is due to recording of the 9z/dx-signal, which is less sensitive to
features that are oriented to the horizontal x direction.

A model for this trigonal incommensurate (TI) phase is shown in the inset
of a). The three classes of parallel domain walls don't cross in one point, i. e.
one set has an offset & with respect to the crossing point of the other two
sets. This generates the small triangles characterizing the structure and
allows for a higher amount of fec- than hcp- stacking. The measured value
for the offset 5 is 0.3 times the period of the network. As evident from the
STM image this network is also not very regular and reveals many defects.
The average period as deduced from STM is 44.841.4A. It thus can
approximately be described by a (16x16) unit cell, as sketched in Fig. 6.3 b).

Inside one unit cell there are a smaller and a bigger triangle, both of which
are hep-stacked, and an foe-stacked hexagon with 3 longer and three shorter
borders. The borders are formed by the [170]-oriented domain walls.
Resulting from symmetry there are two different types for these domain
walls. The longer borders of the hexagon which incline also the larger
triangles are simply stacking transitions from ideal fcc- to hcp- positions.
The Ag atoms at the domain wall have only five bonds, the one which
crosses the domain wall is stretched by 15%. In the shorter borders, inclining
the small triangles, the atoms populate bridge sites. Evidently, the latter type
of domain walls reveals a higher dilution (bonds are stretched by 26%).
Hence, it should appear lower than the first type, due to the total "charge
density imaging". This is indeed found in Fig. 6.3 a). The higher geometry of
the bridge site is assumed to be overbalanced by the charge density effect.
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a) ®=15ML

b)
2. Ag layer \

1. Ag layer

X Pt

Fig. 6.4: a) Large scale topography of the trigonal network. The flat
imaged (1x1) first layer terrace is disturbed by dark imaged linear stripes
(white encircled). These local dilutions are induced by the domain wall
network touching the first layer at the ascending substrate step. Image
size: 2450Ax2450A, used flux R = 1.1x103 ML/s.

b) Schematic profile showing the stacking of atomic layers in a
horizontal cut along the white arrows in a).

In agreement with the STM data, the threefold symmetry of the annealed
second layer has also been seen in helium diffraction measurements [Poe 93,
Rom 94]. It results from the unequal size of the two hcp stacked triangles
and from the stacking transitions inside the unit cell. According to the
atomic model in b) the density of the second layer is reduced by 7.0%, i.e. 238

second layer atoms are adsorbed on 256 atoms of the first layer. The ratio of
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feo- to hep- sites is 2.8, which lies in between the value of 2.0 for Au(111) [Bar
90] and of 3.8 for P(111) [San 92).

Fig. 6.4 shows a large scale STM image of several atomic terraces partly
covered by the second layer. The second layer domain wall network is in
coexistence with terraces covered by the flat imaged first layer. In the middle
of the image there is a Ag (1x1) terrace that exhibits two worm-shaped
depletions. They extend more than 100A into the first layer terrace.
Comparison with the orientation of the domain walls shows that they run
along the [112}-direction. These linear depletions are never found for
submonolayer coverages and are always restricted to the area where the first
and the second layer terrace touch each other. They can be considered as a
localized restructuring of the first layer which has been induced by the
presence of the second layer. Due to the equal imaging height of these linear
depletions and domain walls from the network, they have to be areas of
locally reduced Ag atom density. However, their structure can not be the
one of simple domain walls, because they do not separate fcc and hep
stacking areas. Presumably, the structure inside these stripes is similar to

two adjacent domain walls from the SI phase described above.
6.1.4 Structure of the third and higher layers

The kinetics of the third layer strain relief is displayed in Fig. 6.5. Crossing of
domain walls is already observed for T = 250K, as shown in a). At T = 310K,
where the second layer exhibits the kinetic SI-phase, the third layer is
already in its hexagonal equilibrium structure (visible by the two small third
layer regions in b)). Thus, the symmetry of the equilibrium pattern changes
between the second and third layer from trigonal to hexagonal which is in
accordance with observations from He diffraction [Poe 93, Rom 94].
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a) T=250K, ©=3ML b) T=310K, ©=25ML

A

200 A

S

Fig. 6.5: a) b) Misfit dislocation kinetics of the third Ag layer. The
striped pattern in a) transforms to a hexagonal pattern already by a
slight temperature increase of 60K, as shown in b). The main part of
the STM image in b) is covered with the Sl-phase of the second layer.
Two small areas in the upper part and at the right hand side show the
hexagonal equilibrium structure of the third layer. Image size:
615Ax465A, used flux R = 1.1x103 ML/s.

If annealed to T 2 500K, the third layer structure does not undergo any more
structural changes. The STM images in Fig. 6.6 reveal a periodic structure
consisting of hexagonally arranged protruding areas surrounded by darker
lines which separate them from a homogeneously protruding area. The
orientation of the unit cell characterizing this structure is parallel to the SI-
phase and therefore rotated by 30° against the equilibrium structure of the
second layer. The periodicity of the third layer has been determined by STM
to 23.543A as nearest neighbor distance of the hexagonal areas. The pattern
remains irregular even after annealing just below the desorption threshold,

as shown in b).

The equilibrium structure of the fourth and higher layers is displayed in Fig
6.7. A modulation of the film surface is resolvable by STM up to 15 ML. The
imaging features are similar to the third layer structure and even the period

of the protruding areas hardly changes (n=4: 24.513}\, n=5: 23.4?3,5\, n=10:
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b) T=800K, ©=3ML

50 A

ELY

Fig. 6.6: a) b) Hexagonal domain wall pattern of the third layer. The
close-packed direction runs along the [lli] direction, i.e. parallel to the
second layer Sl-phase second visible in the upper part of the STM
image. The hexagonally arranged protruding areas remains irregular
even after annealing to T = 800K, Image sizes: a) 520AX520A, b)
220Ax220A, used flux 1.1x10-3 ML/s.

25.543A). However, the STM topographies in Fig. 6.6 and 6.7 show that the

third and higher layers still are incommensurate and have a non isotropic

stress tensor. The strain relief of the Ag film has finished after 25 ML as

revealed by He diffraction measurements [Rom 94] which is in good

agreement with the STM results.
6.1.5 Ag layer stacking on Pt{111)

The metastable Sl-phase formed by the non annealed second Ag layer is
similar to the Au(111) reconstruction and the striped phase for the
Cu/Ru(0001) system [P5t 91]. The Pt(111) reconstruction is also an example
for a pairwise arrangement of domain walls [Bot 93]. Thus, this symmetry is
found for many weakly incommensurate phases on hexagonal close-packed

metal surfaces.




a) 4 ML

| 10A |

Fig. 6.7: a)- d) Equilibrium structure of the higher Ag layers after
annealing to T = 800K. Image sizes: a), b) 250Ax250A; c), d) 365Ax365A,
used flux R = 1.1x10-3 ML/s.

In contrast to the Ag bilayer on Pt(111), in all these examples the topmost
layers reveal a higher density compared to the underlying bulk. This
involves domain walls with a locally increased density. For the second Ag

layer, the atomic density is locally reduced at the domain walls. This has the
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structural consequence that they are narrower (imaged 5¢14) and offer a
lower quantity of unfavorable adsorption sites. The small width of the
domain walls is confirmed by the He diffraction data (2-5A [Rom 94]).

The fact that the Sl-phase is metastable is due to its restriction to locally
unidirectional strain relief. In the case of Au, Pt and Cu/Ru(0001) this
handicap is overcome by alteration of the domain walls. For these systems
this seems to be the only way to a more isotropic strain relief. The SI-phase
is stable for Cu/Ru(0001) upon annealing to 1000K, Au(111) reveals this
phase up to 880K [San 912}, and the Pt(111) structure imaged by STM at low
temperatures [Bot 93] is considered to be very similar to the reconstruction
appearing for T > 1300K [San 92]. Thus, the domain wall interaction energy
in these three examples seems to be too high to allow the crossing of
domain walls. This could be caused by the on-top adsorption sites which
would have to be occupied in these crossing points. For the Ag bilayer on
Pt(111) domain walls are diluted zones which apparently have a lower
interaction energy. Especially, they do not involve unfavorable sites at their
crossing points. This makes it reasonable that a trigonal domain wall
network can establish upon annealing which allows for an isotropic strain

relief on a more local scale.

Networks which are similar to the TI-phase have been observed in
surfactant mediated growth of Ge on Si(111) [Hor 93] and for Na adsorption
on Au(111) [Bar 942). These systems try to increase their fraction of ideal
stacking with respect to the faulted one. For Na/Au(111) the domain walls
are crossing in one point and incline alternating smaller (hcp) and bigger
(fco) triangles. In the Ag/Pt(111) case, the introduction of a phase shift § (see
Fig. 6.3) allows for every fraction of fcc- to hep-stacking between 1 (offset § =
0) and 3 (5 = 0.5a). The further advantage of this phase shift is that crossing
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of all three domain walls is avoided. The value 8 = 0.3 deduced from the
STM data is compatible with the one that fits the He diffraction spectra
[Rom 94].

Although the symmetry of the dislocation networks for the second and
higher Ag layers derived from STM agree well with the results of surface
integrating methods, there exist two disagreements. First, the periodicitys
are too low in comparison with the He diffraction and SPA-LEED (Spot
profile analyzing LEED) data (=~ (25x25) for the second and = (22x22) for the
third layer [Poe 93, Rom 94] against = (16x16) and =~ (8x8) derived from the
STM imaging). This difference is beyond a calibration error of the STM tube
scanner regarding all the other data derived from the deflection
characteristic of the piezoceramic tube which are compatible with surface
integrating methods. One explanation may be the irregularity of the domain
wall networks. Their symmetry and therefore the essential physics is not

touched by this non resolved difference.

The second point concerns the relation between fcc and hep areas of the
kinetic SI-phase. In the photoelectron forward scattering study of Rangelov
et al. [Ran 94] a majority of hcp-sites has been determined for the room
temperature grown Ag bilayer. The argumentation in 6.1.2 used a
thermodynamic argument to distinguish both types of occupation sites, i.e.
energetically preferred bulk stacking near the descending step edges of the
second Ag layer islands has been assumed to relate the wider stripes of the
SI-phase to fcc-sites. Since this domain wall network is determined by the
relaxation kinetics this disagreement is not major. After annealing the
majority of second layer atoms are on fcc-sites [Ran 94], as energetically

expected and used in the modeling of the TI-phase.
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The relaxation of the Ag film depends on the annealing history. Rangelov
et al. [Ran 94] revealed that multilayer films grown at T = 300K conserve the
stacking fault (hcp) between the first and second layer even after annealing.
On the other hand, a fcc-oriented Ag film is produced by stopping the
deposition after © = 2 ML, annealing the second monolayer, i.e. converting
the SI- to the TI-phase, and continue the growth of the higher multilayers.
The epitaxial orientation of the film depends, therefore, on the fact if the
second layer is covered during the anneal or not. This effect is a
consequence of the vertical film relaxation which is also neglected in the
atomic models of the SI- and Tl-phase, i.e. it has been assumed that the
pseudomorphic first layer doesn't relieve its strain by adsorption of the
second layer. In the present case, this approximation is likely and is
furthermore justified by the fact that the atomic models of the SI- and TI-
phase reflect many experimental observations. On the other hand, a detailed
modeling of the third and higher layer structures without the consideration
of the relaxation of the layers below is unrealistic.

6.2 Multilayer growth kinetics

The thermodynamic FM-growth mode of Ag/Pt(111) (see 2.1.2) is obtained
for deposition temperatures above T = 500K. At lower temperatures, the
interlayer mass transport is hindered by kinetic barriers, i.e. atoms deposited
on higher layers cannot diffuse to the not yet completed lower layers.
Consequently, high coverage films grown at T < 500K exhibit morphologies
where several layers are simultaneously exposed.

The analysis of the multilayer growth kinetics has to separate two main
factors determining the effectiveness of the interlayer mass transport:
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* The form of the adsorption potential near a descending step.
¢ The transport of atoms to the step edge sites.

A film atom has to overcome the "Schwoebel"-barrier Ve to descend one
layer level (see 2.3.4). Assuming that these jump down processes are
thermally activated the interlayer diffusion may be in addition hindered by
a blocked transport to the step edge sites. Before atoms can reach a step to
jump down they may be captured by nucleation and successive growth of
“"on top islands". Whether this happens depends on the morphology of the
uncompleted layer (density, size and shape of adlayer islands), the
deposition rate and the on top diffusivity. In heteroepitaxial systems all
these factors vary furthermore with the layer number n which complicates

substantially the analysis in comparison with homoepitaxial systems.
6.2.1 Step down diffusion from monatomic thick islands

A nonequilibrium film morphology will be smooth if atoms can leave the
tops of islands fast enough that their density p (on top of an island) remains
always below a critical nucleation threshold. If this stays valid until the
completion of the growing layer, i.e. even for large islands after the
beginning of coalescence, the multilayer growth proceeds layer-by-layer

wise.

Zhang et al. [Zha 94] introduced a determinant factor F discriminating the
different contributions to the adatom density p on top of a monatomic high
island of lateral size L (see Fig. 6.8). The adlayer island is characterized by its
ratio Nper/Niot, where Nper is the number of perimeter sites and Ny is the
total number of adsorption sites on the island. Since a deposited atom is
randomly situated the ratio Nper/Ntot can be interpreted as the fraction of

hop attempts to jump down from the island perimeter. The latter is
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- L >

Fig. 6.8 IDlustration of the main contributions to the adatom density

p on top of a monatomic adlayer island of size L:

p increases with the rate (t1)-1, where t; is the average time between

two landing events on the island. The probability that an adatom can

reach a perimeter site and jumps down to the lower level is

determined by the on top diffusion rate (to)-! = vyexp{-Ep/kT} and

the "Schwoebel"- barrier Ve at the descending step edges.
successful with a probability «exp{-Ve /kT} The lower limit for the
number of hops before a meeting event with another atom can occur is
given by the time ratio t1/ty, where t, is the average time interval between
two landing events on the island and ¢, is the residence time spent at each
adsorption site, i.e. (to)! = vyexp{-Ep/kT}, where vo and Ep are the attempt
frequency and the barrier for diffusion on top of the island. In summary, the
factor F is composed of the three terms desaibed above:

F o t1ftgx Nper /Ntot x exp{—V%T}

F is to a good approximation proportional to the probability that an adatom
can hop to the lower layer before being joined by a second deposited atom
landing on the same island. If the critical cluster size on top of the island is
the adatom (i = 1), then F measures directly the probability of a nucleation
event. Also for i 2 2 the factor F remains to first order applicable since the

building of larger nucleus sizes requires the formation of critical (i = 2) or

152



sub critical (i > 2) dimers. Since large F implies a low adatom density p one
expects to observe improved layer-by-layer growth behavior whenever the
value of F is quantitatively enlarged.

At constant deposition flux R and temperature T the interlayer mass
transport depends on the island properties, i.e. its size and shape determine
t1 and Nper/Niot, while V, is given by its step edge structure. Assuming a
compact shaped island (Nper/Ntot « 1) of size L, then t; =1 JR1? and
Nper [Niot = 1/L, thus F decreases with 1 /13 as the island grows laterally.
Finally, at the critical size Lcr, the adatom density p becomes high enough
that nucleation on top sets in. If Lo(R,T) is smaller than the average island
spacing of the layer, then the next layer nucleates before the growing layer
has completed and 3D-growth occurs [Ter 941]. Rosenfeld et al. [Ros 93] have
experimentally verified this island size effect for Ag deposition on Ag(111).
An enhanced interlayer mass transport has been monitored as the size of

the compact shaped Ag islands was artificially decreased.

Fractal islands exhibit a ratio Nper/Nyot of the order one which implies a
larger F with respect to compact shaped islands. Two additional factors
which are not contained in the above derivation of the determinant factor F
favor the interlayer mass transport in this case. First, FIM studies suggest a
reduction of the potential barrier V, with decreasing lateral size up to a
break down around 20A [Fin 84], Second, step edges of ramified islands
exhibit an increased number of kink sites. Here, the barrier V,, is predicted
to be considerable lower with respect to straight step edges running along

close-packed directions (Jac 94, Vil 942].

The most prominent example in which fractal shape effects play an
important role for the multilayer growth kinetics is the reentrant 2D-growth
behavior of Pt/Pt(111) (Kun 90]. In this system, 2D-growth occurs at high
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temperature, while for T < 620K the Pt film grows three-dimensionally
rough. Surprisingly, an enhanced interlayer mass transport is observed at
even lower temperatures (T < 275K). Since in this temperature range the
aggregated Pt islands are small and have a branched shape [Bot 92], the
above discussed additional effects on the factor F seem to cause this
unexpected interlayer diffusion [Jac 94, Poe 91, Bot 92, Wan 94, Vil 941, Vil
942].

In the following the main factors hindering the interlayer mass transport of
Ag/Pt(111) are qualitatively deduced for three different temperature ranges.
In the last section a consistent picture of the multilayer growth kinetics as a
function of coverage and temperature is proposed.

6.2.2 Mass transport from the second to the first layer: T < 150K

Two STM images in Fig. 6.9 show the atomically rough morphology of a Ag
film grown at T = 40K. At this temperature lateral as well as vertical
diffusion is completely frozen in. This result is in accordance with He-

diffraction measurements [Krz 94].

The growth scenario at T = 80K is displayed in Fig. 6.10 as a function of
coverage. After deposition of © = 0.05 ML the average island size is T = 162
as shown in a). Subsequent Ag-deposition leads exclusively to the growth of
the existing islands. Atoms landing on top are incorporated up to about 0.5
ML at the perimeter of the two-dimensional islands, thus interlayer mass
transport occurs. The coalescence of the islands does not promote the second
layer nudeation which can be seen in b). At © = 0.6 ML only a few second
layer islands are visible while the first layer is connected in a coalescence

network.
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b) ®=13ML
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25 A 50 A

Fig.6.9: a)-c) Three-dimensional growth at T = 40K. The film
morphology is atomically rough at © = 0.45 ML as revealed by the line
scan in ¢). The imaging width of the second layer atom is 7+1A. In b)
only in the middle part of the STM image the topography of the Ag
film (4 exposed layers) could be resolved. Image sizes: a), 125Ax125A b)
300Ax300A, used flux R = 1.1x103 ML/s.

At © = 1.1 ML the second layer is formed on nearly every former first layer
island and the nucleation of the third layer has already started. In d), at the
highest coverage investigated (@ = 1.6 ML), the morphology is rough on a
lateral scale of 20A to 40A within 5 exposed layers. Due to the finite
curvature of the STM tip the substrate height level is no more resolvable in

d), which was still possible in c) at the 0.5 ML lower Ag coverage (see line

155




a) ©=0.05ML b) ©=0.6 ML
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Fig. 6.10: a)-d) Morphology as a function of coverage at T = 80K. Image
size: 400Ax180A, used flux R = 5x104 ML/s.

e), f) Line scans along the bars AB, CD marked in the absolute STM
images c) and d) showing the different Ag layer heights.
scans in e) and f)). Thus, the multilayer growth kinetics at T = 80K is
characterized by an activate interlayer diffusion from the top of the first
layer islands. The mass transport between the higher layer levels, however,

is strongly hindered.

Increasing of the temperatures leads to large fractal islands at low coverages,

as demonstrated in Fig. 6.11 a) and b). Further deposition results in filling of
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Fig. 6.11: a)-d) Densification of fractal islands with increasing coverage.
a), b) T = 95K and o), d) T = 130K. Image sizes: 615Ax615A in a), b) and
1230Ax1230A in ¢), d), used flux R = 1.1x103 ML/s

the spacing between the island branches, as becomes evident by inspection

of ¢) and d).

As the radial extent of the aggregates is even at low coverages comparable to

the average separation between them, deposition events in-between and
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directly onto the arms are the dominant processes for the island
densification. The increase of the average branch width W with @ is in full
agreement to the coverage dependence of fractal Au islands grown on
Ru(0001) at T = 300K (Hwa 91].

The following two figures focus on the interlayer diffusion at T = 130K as a
function of island shape. Fig. 6.12 and 6.13 display the qualitative results for
the first two Ag layers on Pt(111) and Ag homoepitaxy on Ag(111),
respectively. As discussed above, an enhanced layer-by-layer growth
behavior is expected for fractal islands with respect to compact ones. In the
following it is demonstrated that fractal island shapes not always imply 2D-
growth behavior (second Ag layer on Pt(111) and Ag/Ag(111)). On the other
hand, the first Ag layer on Pi(111) gives an example that the fractal island
shape is not always the responsible factor for an activated interlayer mass

transport.

For the experiment shown in Fig. 6.12, first compact islands of several
hundred atoms in size have been cluster aggregated, as described in 4.24. In
a next step, further 0.1 ML have been deposited at T = 130K, i.e. with the
same adatom mobility on top of the islands as present during the growth of
the morphologies displayed in Fig. 6.11 ¢) and d). The produced hybrid
islands are shown in Fig. 6.12 b). Due to the restricted step edge mobility of
the subsequent deposited Ag the predeposited compact nucleus is
surrounded by fractal extensions. Surprisingly, no nucleation on top of the
islands occurs, although with respect to Fig. 6.11 ¢) the "branch width" has
increased by a factor 4. Comequently, the low nucleation probability on top
of the first layer islands is not promoted by the ramified shape. Within the
"compact shape” terminology this can be expressed by a critical island size
La(R = 1.1x10-3 ML/s, T = 130K) > 100A.
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a) 8=01ML b) 8=02ML

Fig. 6.12: a), b) Island shape independence of the interlayer diffusion
for the first layer. a) Compact Ag islands produced by annealing of © =
0.1 ML deposited at T = 50K to T = 280K. b) Subsequent growth of 0.1
ML Ag at T = 130K showing that no nucleation on top of the compact
islands in a) occurs. Image sizes: 765Ax765A, used flux R = 1.1x10-3
ML/s.

Hence, the loss of adatoms from the top of first Ag layer islands is
independent of the island shape at T = 130K. A repetition of the same
experiment at T = 80K shows that even a further reduction of the adatom
mobility on top of the islands is not sufficient to nucleate the second layer
on each of the compact islands. The strongly activated interlayer mass
transport results either from a low "Schwoebel"- barrier V&1, a low on top
diffusion barrier F_Dn=1, or a combination of both (here n denotes the
number of Ag layers). For T 2 80K (and R= 1.1x10-* ML/s), one cannot
distinguish if the 2D growth of the first layer is mainly caused by a fast
transport to the perimeter sizes or by the low energetic barrier for jump

down processes.




a) ®=13ML b) © =40 ML + 0.1 ML

'f?',- L

branched Ag islands. a) second layer island on Pt(111), b) unstrained Ag
island on Ag(111).

a) Growth at T =130K of ©® = 1.3 ML: the first layer islands have
coalesced and, on top of the branched second layer islands, third layer
nucleation takes place.

b) Growth at T = 110K of © = 0.1 ML on an annealed Ag film of 40 ML:
Dendritic islands obtained in Ag/Ag(111) homoepitaxy show the same
effect. The interlayer diffusion from the top of the small island arms is
strongly hindered. Image sizes: 1230Ax1230A, used flux R = 1.1x10-3
ML/s.

I
I
Fig. 6.13: a), b) Hindered interlayer mass transport from the top of

Fig. 6.13 displays the opposite behavior which is found for n > 1. The two
STM images show fractal islands exhibiting a low interlayer mass transport
which is seen on hand of the nudei on top of the small island branches (w =
20-50A). In a), the coverage © = 1.3 ML has been deposited at T = 130K
leading to an almost complete first layer and ramified second layer islands
The latter have a largest branch width of about 50A. In b) 0.1 ML has been
deposited at T = 110K on an annealed 40 ML thick Ag film, i.e. this

experiment is the direct comparison with the homoepitaxial system

Ag/Ag(111). Again, 3D-growth is observed on branch widths w = 20-30A.




Thus, in this temperature range the behavior of the second layer islands on
Pt(111) is qualitatively comparable with Ag/Ag(111). In both cases, the fractal
island shape doesn't hinder the 3D-growth, i.e. the shape independent
factors influencing the interlayer mass transport dominate. It is likely to
assume that the second Ag layer on Pt(111), when grown at low
temperatures, behaves “Ag(111)-like", i.e. its interlayer mass transport is
governed by the same kinetic parameters. This will be discussed in further
detail in 6.2.6.

In summary, for T < 150K the second and higher layers show strong
hindered interlayer diffusion, while atoms deposited on top of the first Ag
layer have even at T = 80K a negligible kinetic barrier to step down. This
difference is responsible for the kinetically caused "SK-morphology” with a

critical layer number of n* = 1.
6.2.3 Transition from 2D to 3D-growth with n* = 2at 170K < T < 200K

The coverage series in Fig. 6.14 shows the growth scenario at T = 170K.
Lateral mobility of atoms deposited on the substrate is high, leading to "step
flow" growth of the first layer. In b) at = 1.1 ML, the first layer is nearly
completed. Large second layer islands grow from the transition line between
the upper substrate terrace and the first Ag layer attached to it at the
ascending step. In ¢) at © = 2.1 ML, the second layer is complete to 85% and

homogeneous nucleation of third and forth layer islands occurs.

Atoms deposited on the first layer of the lower terrace can not overcome a
repulsive potential barrier at the transition line where Ag is attached to Pt
substrate steps. Its existence is proved by the fact that, without a barrier, the
first layer of the upper terraces in b) would have been completed to 100%.
The repulsive potential at the other side of the transition line has already
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Fig. 6.14: a)-c) Growth scenario at T = 170K as a function of coverage.
The images show in a): the step-flow growth of the first layer, in b): the
formation of second layer islands at the transition line of lower terrace
Ag and higher terrace Pt and in ) the homogeneous nucleation of the
third and fourth layer at further deposition. Image sizes: 1230Ax1230A,
used flux R = 1.1x10-3 ML/s.

d): Exposed coverages Op, - ©p.1 for © = 2.1 ML as a function of n and its
comparison with the Poisson distribution for 1.1 ML on top of the first
layer.

been deduced in 4.1, i.e. atoms deposited on the upper Pt-terrace cannot

migrate on the lower level Ag.




There exist two possible reasons for the heterogeneous nucleation of the
second layer islands. First, a high adatom density can only be reached far
away from the first layer descending step edges, since atoms can easily
overcome V,"*! to step down on the substrate. The second possibility is that
the potential at the Ag/Pt transition line exhibits additionally to the
repulsive barrier also a small potential minimum on the lower terrace side
which increases the adatom density in its proximity [Giin 93]. Independent
of these two possibilities is the following conclusion: the appearance of the
"step flow" growth for the layer number n = 2 at the same temperature as
observed for n = 1, implies that the lateral mobilities on the substrate and on

the first layer are at least comparable, ie. E§~'s ES=0 .

The film morphology at © = 2.1 ML in Fig. 6.14 c¢) shows on relatively
narrow substrate terraces (Ag = 300-600A) compact third and forth layer
islands of a size L 2 100A. This allows the evaluation of the different layer
coverages On by simple integration of island areas without errors due to
STM imaging effects at the island borderlines. In d) the exposed coverage of
the nth layer, i.e. ©n - ©n41, is plotted as a function of the layer number n for
the STM topography in c). This form of data presentation is suitable, because
ideal 3D-growth behavior (each atom stays on the level where it has been
deposited) results in a simple poisson distribution of Oy - .1 (n) (see e.g.
[Coh 89)). Since the first layer grows layer-by-layer wise, the experimental
data are compared with the poisson distribution starting at 1 ML, i.e. ©; is
set to 1 ML.

Obviously, there exists a large deviation between the ideal 3D-growth and
the observed layer coverages ©n. Especially, the ratio ©3/0, is measured to
0.27, while forbidden interlayer mass transport demands ©5/6, = 0.45.

Thus, there is a large flow of third layer atoms downward to the second
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Fig. 6.15: (next page) a)-d) SK-growth scenario at T = 200K with critical
layer number n* = 2. a), b) Second layer formation revealing a large
mass transport from the third to the second layer. ¢), d) Nearly perfect
3D-growth on top of the second layer. Image sizes: 1230Ax1230A, used
flux R = 1.1x10-3 ML/s.
e), f) Exposed coverage versus layer number n for ¢), d) and its
simulation by taking the experimental layer distribution from € = 1.7
ML in b) and subsequent ideal 3D deposition up to the indicated
coverages.
layer, which also causes the differences between the poisson and
experimental values of the higher n. At T = 200K and € = 1.7 ML this
misalignment is even warse. This is shown in the STM image in Fig. 6.15 b).
The corresponding layer occupation statistic is displayed in Fig. 6.17 a),
further below. The experimental ratio €3 /0, is only 0.05 while the ideal

3D-growth demands 0.32.

The coverage series shown in Fig. 6.15 reveals that the 2D-growth behavior
at T = 200K is restricted to the second layer. At ® = 3.9 ML 3D-pyramids on
top of the smooth film structure in b) have developed (7 layers are found to
be exposed simultaneously). By taking the experimental 6y distribution at ©
= 1.7 ML in b) as starting condition for subsequent ideal 3D-growth a
reasonable agreement is obtained (see Fig. 6.15 e) and f)) between the
simulated (poisson) and the observed exposed coverages €y, - Op.1 (n).

Therefore, the common feature of the coverage series at T = 170K and 200K
is the abrupt transition from ideal 2D- to kinetic 3D-growth after completion
of the second layer. Thus, in analogy to T < 150K with n* = 1, a kinetic "SK-
growth scenario” with n* = 2 is observed which is caused by the activated
interlayer mass transpart between the third and second layer and the
hindered step down diffusion for the higher layers. In the following, the
phenomenon is analyzed in terms of the two kinetic barriers E§*2 and

o=z,
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The lateral mobility on top of the compact second layer islands can be
estimated by the average separation of the third layer islands. At T = 170K
the islands are about 150A to 200A apart (see Fig. 6.14 ¢)), while at T = 200K
their density is roughly a factor two smaller, leading to island separations of
about 250A to 350A (see Fig. 6.15 b)). Close inspection of these two STM
images reveals the presence of second layer step edges always between and
also very close to the third layer islands. Atoms which are deposited on the
exposed coverage 62 - 63 have, therefore, a high probability to meet a step.
Thus, for 170K < T $ 200K the adatom mobility on the second layer is high
enough to ensure an effective transport to the perimeter sites. This leads to
the conclusion that the interlayer diffusion is mainly governed by the

“Schwoebel"-barrier V=2
6.2,4 Simulation of the 2D to 3D-growth transition (n* = 2)

In the following, a linear interlayer transport model in the formulation of
van der Vegt et al. [Veg 92] is used to simulate the kinetic SK-growth
scenario with a critical film thickness of two layers (n* =2) grown at 170K s T
< 200K. The interpretation of the simulation leads to an estimate of the
barrier V22 for a Ag atom to step down from the second layer.

On the exposed coverage of the level n R(@, ~©,,;) atoms are deposited per
unit time (R is the incoming flux). The fraction A, of these atoms jumps
down to level n increasing ©n while the similarly expressed flux towards
level n-1 decreases 8n. This yields the following set of coupled differential
equations describing the interlayer mass transport:

idqt-&= (l_ln-l)R(en-l "en)"'kn R (en -enﬂ)
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Fig. 6.16: a) lllustration of the simulation model that provides the step
down diffusion barrier of the second layer. An atom landing on the
exposed coverage 62-83 jumps down with a probability A2 or attaches
to a third layer island with a probability 1-A2. Mass transport from the
higher layer levels is forbidden, i.e. A; = 0 fori 2 3.

b) Qualitative plot of the simulated functions ©,(t), ©2(t) and O3(t)
during the transition from 2D- to 3D-growth. The simulation starts
after layerwise growth of the coverage © =1 ML + .

The experimental situation for Ag growth on Pt(111) between T = 170K and
200K is described by 81 =1, A; =1 and A, =0 for n =0 and n > 2, i.e. layer-by-
layer growth of the first layer and ideal 3D-growth on top of the third and
Thus, the only free parameter is X, i.e. the fraction of atoms
incorporated in the second layer while deposited on top. The analytical
solution of the differential equations with the initial conditions 62(t=0) = a,
93(t=0) = B, ©4(t=0) = 0 has been calculated up to n = 4, i.e. up to the highest

occupied level observed for total coverages © < 2.1 ML:
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ez(t)= 1+ A0 +iN)t L B (0-iK)t
B5(t)=1+iZAO+iN)t ;TR e(0- 1Mt

84 =1+Ce R+ (- +iDALO+HWt (T i HZ O~
with o=-R(1-1); x=RJA(I-1);
A=%(a—1+i§(ﬁ—l))~ C=(lii(a—1)—ﬂ)

The qualitative form of these functions is sketched in Fig. 6.16 b). The
parameter « is introduced to account for the start of the third layer
nudeation at 82 = 0.1 ML (see Fig. 6.13 b) and 6.14 a)), f has been set 0. Fig.
6.17 b) shows the resulting A;(@) dependence yielding for each data point
reasonable agreement (see Fig. 6.17 a)) with the experimental &,
distributions. Up to a = 0.3 ML, the influence of the layer-by-layer growth
parameter « is very weak indicating the strong dependence of the model on
;. The A, values for o = 0.1 ML turn out to AJK = 45.5% and A %K =
86.3%. Thus, the simulation predicts that the transport coefficients A, differ
between T = 170K and 200K by about a factor two.

The interpretation of this result is as follows: during its random walk an
atom jumps down to the second layer with a probability p, =
R exp{-ve“‘2 /kT}, where R is the average number of step down attempts
on its trajectory. As discussed above, the adatom mobility on top of the
second layer is high and suffident perimeter sites are present. Consequently,
an atom can make many attempts to overcome the step down barrier V=2,
Thus, fi is large enough that to a good approximation all atoms deposited
on the exposed coverage 62 - O3 form a statistical ensemble characterized by
the two parameters p; and T.
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Fig. 6.17: a) Layer occupation statistic for ® = 1.7 ML at T = 200K in

comparison with the ideal 3D-growth and the simulation result

discussed in the text. b): Plot of the A versus a dependence yielding a

good fit of the experimental data for 1.7 ML at T = 200K and 2.1 ML at T

= 170K, respectively.
Consequently, the fraction A, simulated in the model is a realistic estimate
of the probability p,. Thus, p; =< A,, with a proportionality constant close to
one having a weak temperature dependence. Also T is to first order a slow
varying function of T since the film morphologies at T = 170K and 200K
differ only slightly and thus an adatom visits on average the same number
of perimeter sites at both temperatures. By setting R170K = 720K, the ratio

237K /229K js therefore a direct measure of the step down barrier, and, by

inserting the two simulated numbers, Ven=2 turns out to 62 meV.
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Assuming an error interval from 0.2 to 5 for the ratio A7VK/f20K the V=2
estimate lies between 22 and 95 meV. A higher error assumption has to take
into account compensating effects of the used approximations. While for T
= 170K the higher third layer island density indicates fiIPK < R20K, the
second layer step density leads to the opposite direction. At T = 200K the
second layer grows more perfectly and thus 2K should be smaller than
170K,

The estimated "Schwoebel™barrier" V2 of the second Ag layer on Pt(111)
grown at 170K < T < 200K can be compared with VAS3!Y = 150130 meV
which has been derived for Ag/Ag(111) [Vri 94). The value V2 from the
simulation is about a factor 2.5 lower than VA8V This is in agreement
with the observed 2D-growth behavior of the second Ag layer on Pt(111),
whereas Ag/Ag(111) grows in this temperature range three-dimensionally
rough [Veg 92, Ros 93, Vri 94, Amm 94].

6.2.5 High temperature growth kinetics: T > 200K

Fig. 6.18 displays the Ag film morphology grown at T = 220K. This is the
lowest temperature at which relaxation patterns on the exposed Ag layers
could be resolved by STM. In a) slight indentations and protrusions on the
third layer islands are visible. In b) at © = 5 ML, the film morphology is
smoother than the one for © = 3.9 ML at T = 200K (see Fig. 6.15 d)). Although
one ML more has been deposited, the same amount of exposed layers are
visible (thus one "wetting" layer more is present). As expected, at a higher
temperature the interlayer mass transport is increased. This is also visible by
inspection of Fig. 6.5 a) showing the relaxed film morphology at © = 3 ML
grown at T = 250K. At his slightly higher temperature, three "wetting” layers
are formed which can be compared with Fig. 6.18 a) at the same coverage.
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a) ©=3ML
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prmwicninl

Fig. 6.18: a), b) Film morphology at T = 220K revealing in a) the
thermal onset of the strain relief in the film and in b) the pyramidal
growth on top of three completed layers. Image sizes: 770Ax770A, used
flux R = 3.5x103 ML/s.

Fig. 6.19 shows film morphology grown at room temperature as a function
of increasing coverage. Heterogeneous nucleation at the step edges takes
place even on large terraces (Ag > 2000A) up to about 10 ML. The Ag film
reflects therefore the substrate step structure, i.e. "step flow" growth of the
higher layers occur. The growth is not perfect as revealed by the line scan in
e) showing that up to 5 ML deep holes are produced for the 9 ML thick film
in ¢). Thus, at T = 300K the evaporation of atoms from the step edges is not
yet thermally activated to close these holes. This is in accordance with SPA-

LEED observations on Ag/Ag(111) [Amm 94].

Fig. 6.19: (next page) a)-d) SK-growth scenario of room temperature
deposited Ag resulting in a critical layer number of n* = 10. Image
sizes: a)-¢) 2460Ax2460A, d) 3880Ax3880A; used flux R = 1.1x103 ML/s.
e), f): Line scans along the bars AB, CD marked in the absolute STM
images c) and d) showing up to 5 layer deep holes at © = 9 ML and up
to 10 layer high 3D-pyramids at © = 25 ML.
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a) T=450K, ©=25ML

Fig. 6.20: a), b) Morphology of a 25 ML Ag film grown at 450K in a) and
annealed to 600K on a highly stepped area in b). The inset in b) shows
the enlargement of some screw dislocations and stacking faults. Image
sizes: 2000Ax2000A, inset in b) 430Ax430A, used flux R: a) 1.6x10-2
ML/s b) 35x10-2 ML/s.

In the STM image in Fig. 6.19 d) the "SK-growth scenario” reappears at © =
25 ML. The line scan in f) reveals 10 layer high growth pyramids. The
transition to homogeneous nucleation and hindered interlayer mass
transport depends on the terrace width Ag. The critical layer number is

roughly n*(T= 300K) = 10 for As =~ 500A.

In Fig. 6.20 the transition to the thermodynamic FM-growth mode is shown
The 25 ML thick film in a) has been grown at T = 450K and is smooth with
respect to the room temperature experiment (see Fig. 6.19 d)). After
annealing to T = 600K, the in a) remaining imperfections of the deposit
vanish, even on highly stepped areas like those shown in b). Evaporation
from the step edges fills holes and leads to a "wetting” multilayer film. The
shown screw dislocations and stacking faults seem to be typically for Ag and

have also been observed on a vicinal Ag (111) surface [Wol 90, Wol 91] and
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on a Ag film grown on Si(111) at T = 80K with a further anneal to 300K-400K
(Mey 94].

6.2.6 Strain relief mediated two-dimensional growth

The STM results derived in the sections 6.2.2 to 6.2.5 give a consistent
picture of the Ag/Pt(111) multilayer growth kinetics when compared with
the well-studied growth kinetics of Ag/Ag(111) [Veg 92, Ros 93, Vri 94,
Amm 94). Its interlayer mass transport is strongly hindered leading to a
transition from 3D-growth behavior to "step flow" growth with increasing
temperature (threshold temperature = 400K). The interlayer diffusion is
governed by a large "Schwoebel™barrier" VASI!) = 150430 meV as deduced
in a recent STM-study by Vrijmoeth et al. [Vri 94]. Indeed, the lateral
mobility of a Ag atom on Ag(111) is higher than on P111) (Ep**'? < 100
meV < EpP11V= 157 meV [Bro 94)). Thus, the transport of atoms to the

perimeter sites seems not to be the hindering factor.

As derived in 6.2.3, the mobility on top of the strained first Ag layer is at
least comparable to the one on Pi111) [Bro 94). This corroborates the
intuitive picture that the compression of the Ag layer should decrease the
corrugation of the adsorption potential, thus increase the adatom mobility.
Furthermore, it has been deduced that the mobility on top of the second Ag
layer grown at 170K < T < 200K influences not substantially the interlayer
mass transport. Thus, it is likely to assume that the adatom mobility plays
only a minor role for the interlayer diffusion of Ag/Pt(111), as it is the case
for unstrained Ag layers in Ag/Ag(111) homoepitaxy.

For T > 200K the Ag layers are relaxed and the diffusivity may decrease due
to the domain walls separating the areas of compressed Ag. On the other
hand, this "negative” mobility effect on the interlayer diffusion has not to
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be the dominating factor of the interlayer diffusion. As will be seen in the
following, the higher temperature morphologies fit well in a picture which
focuses solely on the "Schwoebel"-barrier as the dominating factor

governing the interlayer mass transport.

The observations in the three temperature ranges treated above propose the

following relations explaining the n*(T) dependence:
T < 150K: =1 VA2 . yAsa)
170K < T<200K: n*=2 V22 =60meV< V23 = v AsD
T > 200K: n*23 VAN L yASID | 450 mey

Thus, the multilayer growth kinetics can be explained by the simple relation
that hindered mass transport is attributed to "strain-free" Ag, while strained
Ag is connected with a small or vanishing "Schwoebel™-barrier. Changes of
the step down barriers V' with temperatures are caused by the temperature
(and film thickness) dependence of the strain relieve mechanism leading to

different layer structures.

The proposed scenario justifies the name "kinetic SK-mechanism”, since
the obtained nonequilibrium morphologies are caused by the strain present
in the film layers. This kinetic effect is therefore in close analogy to the
main reason for the thermodynamic film instability leading to the SK-

growth mode (see 2.2.2).

For T < 150K, the fractal island shape has no influence on the interlayer
diffusion of the first and second Ag layer, as discussed in 6.2.2. The direct
comparison with Ag homoepitaxy in Fig. 6.13 suggests that the fractal

branches of the second layer islands are too small to completely adapt the
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lattice of the pseudomorphic first layer, i.e lateral Ag-Ag interaction may
dominate and therefore Ag(111) behavior establishes, i.e. V=2 » VASIID

The correlation between the change in growth behavior and the transition
in film structure is most pronounced around T = 200K. For T > 200K the
stored misfit strain is relieved as resolved by STM. On the other hand, for
170K < T < 200K no relaxation patterns could be detected. Thus, basically the
second Ag layer is in registry with the P(111) surface but stays at the
threshold to relax laterally. The growth kinetics can be interpreted that at
the step edges the strain is already partially relieved which may facilitate
exchange processes to step down (see Fig. 2.8 b)) resulting in a lower barrier
VI=2 ¢ yAsmID

On the other hand, the third and higher layer islands exhibit a "Ag(111)-
like" behavior, i.e. V' 23 -VeAs(‘“), since the substrate influence decays
with increasing film height. This argumentation is supported by the
pyramidal shape of the 3D-overgrowth on top of the two "wetting" layers
(see Fig. 6.14 d)). To grow these pyramids demands a low island density at
the bottom and the nucleation of the higher layers while the former ones
are still small IGiin 93). Thus, the growth of the 3D-pyramids occurs
presumably because successive layers in these pyramids grow from one
single nucleus each. Consequently, for n 2 3 the critical island sizes Ler are
small (around 100 to 1504) which does not favor relaxation of the island, as
discussed for T < 150K. In consequence, the assumption of unstrained step
edges structures with V™* ~ VAS( s reasonable in the temperature

range 170K < T < 200K.

Between T = 200K and 300K the critical layer height n* increases
progressively up to n* =~ 10. In the same temperature range also the
relaxation kinetics of the Ag layers starts which seems to be reflected in the
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growth kinetics by an increasing "Schwoebel"-barrier as the film height
increases. For T = 300K this transition of the film structure at 9-10 ML has
been detected in He-diffraction measurements [Rom 94]. At this thickness a
weakly modulated incommensurate structure with Ag(111) interplanar
lattice constant has been detected. This is well correlated with the change of

the growth behavior at n* = 10 and fits well in the above proposed scenario.

It is instructive to compare the FM-growth mode and the strain relief of
Ag/Pt(111) with similar heteroepitaxial systems. Au, Co and Cu layers on
Ru(0001) are comparably mismatched when adsorbed on the close-packed
Ru substrate: Au is compressed by 6.8%; Co and Cu are expanded by 7.0%
and 5.5%, respectively. The relations of the surface and film free energies are
similar to Ag/Pt(111): YRu = 1.20 » YAy = 0,70, ¥Co = 0.87, YCu = 0.65 eV/atom
[Mie 78). Au and Co on Ru(0001) exhibit the SK-growth mode: after
annealing to T 2 925K large three-dimensional Au/Co-crystallites of several
layers height are observed. The critical layer height is n* = 2 for Au and n* =
1 for Co. In the STM studies of these systems no indications for a strain

relief mechanism of the film layers have been found [Giin 93).

Cu/Ru(0001), on the other hand, is the interesting case where the misfit
strain is relieved upon annealing to T = 520K [P&t 91), This system is,
therefore, a good candidate to compare the relation between multilayer
growth behavior and strain relief with the one obtained for Ag/Pt(111).
Unfortunately, neither the detailed multilayer growth kinetics as a function
of temperature nor the thermodynamic growth mode of Cu/Ru(0001) is
reported. STM images of high coverage (> 5 ML) Cu films grown at T = 300K
exhibits the same pyramidal structure as observed for Ag/Pt(1111) at T =
200K [Giin 93). Since the misfit strain relieve of the second Cu layer on

Ru(0001) sets in at T = 520K it may be speculated that this film morphology

177



obtained at T = 300K is a comparable "transition state” towards the FM-
growth mode as observed for Ag/Px(111) at T = 200K.
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7. Outlook

In this thesis one specific heteroepitaxial system has been studied and a
consistent picture of the model system "Ag vapor deposited on Pt(111)" has

been developed by means of variable temperature STM.

Many parameters which determine thin film growth were fixed by the
choice of the two materials Ag and Pt and the lattice symmetry of the
substrate. The richness of epitaxial phenomena, however, becomes aware by
comparing different heteroepitaxial systems. The informations obtained
during this work for one special system may help to establish general rules
of metal-on-metal epitaxy. Important effects found in Ag/Pt(111) epitaxy and
other systems (e.g. {Aug 94]) can, by the means of educated guess, be
transferred to other film/substrate combinations. Hereafter, the detailed

growth behavior of adsorbate A on substrate B may be predictable.

Nevertheless, there remain also for the system Ag/Pt(111) interesting fields

for further studies:

a) It has been demonstrated that detailed structuring on the
nanometer scale by using solely externally controlled growth
parameter is possible. In the future, progress in this field may base
on the knowledge that was acquired during this work.

b) The influence of misfit strain proved to play an important role in
this system. The explanation of the phenomenon strain on an
atomic scale, on the other hand, remains to be a question of great
importance.

For further progress in the understanding of the system Ag/Pt(111) the
improvement of the performance of the variable temperature STM

("atomic resolution”) will help to solve remaining questions.
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