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ABSTRACT

The recent development of temperature controlled scanning tunneling microscopy
opened the door to a fascinating new world on the nanometer scale. The atomic scale
information obtained provides unprecedented insight into the kinetics of surface phenomena
such as epitaxial growth or chemisorption. In particular, a rich variety of surface structures
could be observed, whose morphologies are determined by the self-assembly of the adsorbed -
particles. Temperature control allows for detailed investigations of the microscopic processes
which are at the origin of the self-assembly. Some illustrative examples are discussed,
particularly the initial stages in heteroepitaxial growth of metals (Ag, Cu) on fcc single crystal
metal substrates with different symmetry (Pd(110), Pt(111), Ni( 100)) with emphasis on the
island shapes as well as a novel pattern formation in dissociative adsorption of molecular
oxygen on Pt(111).

1. INTRODUCTION

In 2 world of continuing miniaturization, the science of nanostructures plays a vital role
for the optimization of existing and the development of future materials and technologies.
Extensive experimental and theoretical efforts are undertaken to explore the physical and
chemical properties of materials at the nanometer scale [1]. Novel scientific approaches for the
controlled formation and the characterization of nanostructured materials are in high demand.
The advent of variable temperature and 4 K scanning tunneling microscopy (STM) certainly
represent milestones in the development of techniques which can be used to investigate or
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influence ordering processes of particles on surfaces, be it directly by manipulation of
individual atoms at the lowest temperatures [2], or indirectly by exploiting the laws governing
their self-assembly [3]. The objective of the present contribution is to illustrate the capabilities
of variable temperature STM in the domain of nanostructuring on surfaces via self-assembly
by a discussion of a few selected examples.

Firstly, we concentrate on heteroepitaxial growth of metals on single crystal transition
metal substrates with different symmetry. In an experiment, where metal atoms are deposited
on a surface, aggregates will evolve, corresponding to a lowering of the system's free energy
[4]. However, the formation of aggregates (islands) is subjected to kinetic limitations [5],
which depend on the specific characteristics of the system and can be regulated by the substrate
temperature and deposition flux. Agglomeration necessitates surface diffusion of the adsorbed
metal atoms, initially randomly distributed on the substrate. The average adatom diffusion
length A, is strongly temperature (and flux) dependent (at constant flux: A, ~ exp(-xE /2kT),
where E’ is a corresponding activation energy and ¥ a scaling exponent). Once a minimum
number of atoms find each other, their growth becomes more likely than their dissolution and
a stable nucleus forms [5, 6]. The critical number of atoms which forms a stable nucleus upon
incorporation of exactly one additional atom is referred to as the critical nucleus size i, which
is the temperature dependent decisive parameter for the scaling exponent  [7]. Attachment
of additional diffusing atoms leads to the growth of the nucleus. The shape of the island
formed, will depend on the one hand on the substrate symmetry. It may be used to induce
anisotropies in the surface diffusion and the sticking of mobile atoms to islands, respectively.
On the other hand, the island shape is determined by the mobility of attached atoms along the
perimeter of the islands A,, which is again temperature dependent (A, ~ exp(E"/kT), and can
be similarly influenced by the substrate geometry. At the lowest temperatures, where A, is very
small, mechanisms with very limited edge mobility prevail, resulting in the formation of fractal
islands, resembling those known from diffusion limited aggregation (DLA) studies {8] (note,
however, that with all metal on metal systems investigated so far, edge mobilities in island
formation never could be completely suppressed as would be the case for an ideal DLA
growth). With increasing temperatures, the influence of A, becomes more pronounced, i.e., the
adatom migration along island edges strongly influences the island morphology. A further
parameter which influences the island shape, whose importance in heteroepitaxial growth was
realized only recently, is the strain present in the islands due to the mismatch between the
substrate and the adsorbate lattice. This can lead to symmetry breaking in growth and
corresponding formation of ramified islands even in thermodynamic equilibrium, due to a
more efficient strain relief associated with such structures.

Secondly, the application of variable temperature STM to growth processes which
involve adsorption of gas molecules and surface chemical processes, will be demonstrated.
With such systems, adsorbed particles do not necessarily reach the minimum of the
chemisorption well directly, as opposed to the case of metal deposition. Rather, the
intermediate population of metastable precursor states frequently occurs, leading to very
different growth characteristics. By means of temperature controlled STM a comprebensive
characterization of such processes becomes accessible, as will be demonstrated below.
Additionally, it allows for an elucidation of the local chemical reactivity of the surface, which
can play a decisive role in the self-assembly of the surface chemical reaction products.
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2. EXPERIMENTAL

Experiments were performed in ultrahigh-vacuum chambers (base pressure = 1 x 101
Torr) with home-built beetle-type STMs cooled by liquid He [9, 10]. Sample preparation and
characterization followed standard procedures. The data presented were obtained in the
constant-current mode. Metals were deposited by vapor-phase epitaxy with commercial
Knudsen cells. Oxygen was exposed by back filling the chamber. Coverages are given in terms

of monolayers (ML, where 1 ML corresponds to one adsorbed metal atom or O, molecule per
substrate atom, respectively).
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Figure 1. Model of the anisotropic Pd(110) surface and STM data of Cu islands grown on

Pd(110). At T = 265 K monoatomic one-dimensional Cu chains forming the [110] channels

on the substrate, whereas at T = 320 K two-dimensional anisotropic growth prevails ®Oc, =
0.1 ML).

2.1. One-dimensional islands on anisotropic surfaces: Cu/Pd(110)

A conceptually simple way to synthesize islands with a desired shape is to take
advantage of the anisotropy provided by a substrate with low symmetry. This can be used to
obtain 1-dimensional aggregates, as demonstrated by the data reproduced in Fig. 1 for growth
of Cu on a Pd(110) surface [3, 11]. For this system, the diffusion barriers along the close-
packed [110] and open [001] direction were determined by a recent detailed analysis using
kinetic Monte Carlo simulations to = 0.30 eV and = 0.45 eV, respectively [12]. Hence surface
diffusion is predominantly one-dimensional at low temperatures and monoatomic chains of Cu
atoms form in the [110] channels of the Pd(110) substrate. The average length of these
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chains decreases with deposition temperature, allowing for controlled fabrication of
monoatomic wires of a desired length. The simulations revealed that the monoatomic wires
even evolve in the temperature regime where cross-channel diffusion is allowed.However,
anisotropic irreversible sticking of diffusing atoms to the islands must exist, i.e., atoms can
only be effectively bound to an island if they are attached at the energetically favorable next-
neighborsiteinthe [110] direction, whereas they are free to move if they are Iocated ina [110]
channel next to an island [12]. With deposition temperatures exceeding a critical temperature
of = 270 K, this sticking irreversibility is lifted, which results in the formation of rectangular
islands, whose average width can be controlled via the temperature.

Figure 2. Dendritic islands formed in epitaxial growth of AgonPt(111)at 130 Kand 80 K
(inset); ©,, = 0.12 ML, deposition flux 1.1 x 10 ML/s.

2.2, Dendritic islands by kinetic limitations in growth on a trigonal surface:
Ag/Pt(111)

At low temperature branched islands evolve in epitaxial metal growth on a close-
packed fec(111) metal substrate. This is demonstrated by the STM image reproduced in Fig.
2 for the Ag/Pt(111) system [13, 14]. With this system the individual Ag atoms, initially
present on the surface, are mobile even at low temperatures since the energy barrier for single
atom migration is small on a close-packed substrate (160 meV [6]). In the example shown, the
adatom aggregation leads to formation of dendritic islands with a trigonal symmetry reflecting
the threefold symmetry of the Pt(111) surface. The inset in Fig. 1 demonstrates the initial
branching for small islands obtained at T = 80K. These islands are Y-shaped with three
branches rotated by 120°. More detailed investigations allow for the identification of the
growth direction with the crystallographic [1I2] direction [6, 15]. Therefore the Y's
exclusively appear in one orientation. The larger dendrites formed at 130 K retain the
preferential growth direction, which leads to an overall triangular envelope of the islands.
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Figure 3. Model illustrating the mechanisms favoring formation of dendritic islands on a
fec(111) substrate and difference in total energy for the diffusion of a Ag atom from a corner
site (C) of a Ag heptameron Pt(111) to the two possible step types (A and B).

The basic mechanisms leading to preferential growth directions, which are linked to
the substrate symmetry, are illustrated by the model and results of effective medium theory
(EMT [16]) calculations shown in Fig. 3 [15]. The starting point is a stable close-packed Ag-
heptamer consisting of 7 atoms located at the preferred fcc substrate hollow sites. It is
important to note that there are two different step types present on an fec(111) surface, labeled
A and B in the model. The A- or B-type step forms a {100}or {111} microfacet with the
underlying substrate, respectively. An atom which reaches the preferential capture site of the
island, a protruding comer (site C), faces two possibilities for edge diffusion along the
heptamer, leading to its attachment to an A or B type step with increased coordination and
hence higher binding energy. The EMT calculations, where the energetics of these two
pathways were calculated, clearly demonstrate that the energy barrier from C to A is much
smaller than that from C to B leading to the preferential population of A-type sites [15]. This
energy difference can be rationalized by inspection of the respective paths. Diffusing to site
B involves coming very close to the energetically unfavorable top position of a substrate
atom.In contrast, site A can be easily reached via diffusing over a neighboring hcp site, without
completely loosing the coordination to the heptamer. In a similar way, a randomly diffusing
adatom occupying the same similar hcp site close to the heptamer, is attracted towards an A-
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type step. This is a second reason for the directional growth. B-type steps cannot be reached
in the same way. Both processes are equally important for the preferred population of A-type
steps and the resulting directional growth.Nevertheless, there is a small statistical chance for
an attachment of diffusing atoms at B steps. This leads to some randomness apparent in the
islands. It is interesting to note, that for very low deposition rates with the same system the
growth behavior changes and fractal rather than dendritic islands form (13, 14].

Figure 4. Model for edge diffusion mechanisms in epitaxial growth on a square substrate.

2.3, Strain-induced island ramification in equilibrium on a square substrate:
Cu/Ni(100)

The discussion in the preceding section demonstrated that the dendritic growth of
islands on a close-packed substrate is possible since kinetic limitations prevent the realization
of the compact equilibrium shape. The symmetry of the fcc(111) surface plays a crucial role
in this process, since it provides the possibility to reach sites with higher coordination bya
single atom movement from a corner site to an edge. The anisotropy of this movement with
respect to the two different types of atomic steps results in distinct growth directions. The
situation is quite different for the quadratic fec(100) substrate, as illustrated by the model in
Fig. 4. Due to the substrate geometry there is no direct next-neighbor lateral binding at the
island corner site and in addition, atoms arriving there face an equal choice for two diffusion
processes towards similar island edges. Furthermore, once the atom is bound to the island
edge, its only chance two find an energetically favorable site with higher coordination is
diffusion to a kink site. Energetically favorable sites can usually not be reached by a single
atom hop.From this it was inferred that in epitaxial growth on an fee(100)square substrate a
sharp transition between two growth regimes should prevail [17] : (i) at the lowest
temperatures, where edge mobilities are possibly suppressed, fractal islands might form;(ii) if
the temperature is high enough to allow for motions along the edge, compact islands should
immediately evolve, since atoms at the edges remain mobile until the more stable kink sites
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are reached. So far these ideas seem to agree with experimental evidence and exclusively
compact islands have been observed in metal epitaxial growth on square substrates (e.g., [18-
20D.

Figure 5. Island ramification in heteroepitaxial growth of Cu on a square Ni(100) substrate
(deposition at 345 K, flux 1.5 x 10 ML/s) and ball model visualizing the local edge relaxation
due to the lattice mismatch of the materials, which induces the island shape transition.

The STM data in Fig. 5 demonstrate, however, that island ramification in
heteroepitaxial growth on square substrates can definitely exist even for growth at elevated
temperature, where the edge mobilities are high enough to ensure equilibrium shapes. This
holds for a wide range of substrate temperature (250 - 370 K) and deposition flux(6 x 10° -

3 x 10% MLJs) [21]. Moreover, a statistical analysis of the observed island shapes reveals, that
the ramification is size-dependent and sets only in if the number of atoms forming Cu islands
exceeds a critical value of = 480 atoms, quite independent of the growth conditions. Small
islands remain compact, as expected, whereas the larger ones become irregular. These findings
cannot be associated with kinetic limitations in the island growth. Rather, they are rationalized
as a consequence of the positive lattice mismatch of the materials(+ 2.6 %). Since the islands
grow pseudomorphic in the coverage range investigated here, this mismatch creates strain
within the islands. Additionally, small displacements from the Cu atoms from the ideal
fourfold hollow substrate positions exist, which are assumed to be largest at the island edges,
as illustrated by the model in Fig. 5, corresponding to an effective strain relieve there. The
strain relieved at the island edges results in an energy gain by the island ramification, which
compensates for the loss of energy due to the increased perimeters of the irregular as compared
to compact islands. Indeed, these findings confirm earlier theoretical considerations [22],
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where a similar strain driven, island size dependent shape transition was derived : small islands
were predicted to be compact, whereas for larger islands a break of the symmetry allows for
a more effective stress relaxation.

2.4. Pattern formation in precursor mediated dissociative chemisorption :
0./Pt(111)

In contrast to metal deposition, for chemisorption of gases precursor states exist prior
to the equilibration of the adsorbates. As a consequence the distribution of the adsorbed
particles on a surface can be strongly affected by the precursor mobility on the surface, which
will be in general very different from that of the final state. Dissociative adsorption of oxygen
on Pt(111) proceeds via sequential population of precursor states [23-26], i.e., a physisorbed
and a chemisorbed molecular oxygen species, which can be stabilized on the surface by
reducing the crystal temperature to values below 30 K and 160 K, respectively. Our data show,
however, in agreement with electron energy-loss spectroscopy [27] and recent STM

observations [28], that for small coverages oxygen adsorbs dissociatively down to at least
=95K.

7780 100 120 140 160
Temperature (K)

Figure 6. STM images of Pt(111), recorded after adsorption of 1 L of O, at the indicated
temperatures and plot of the corresponding O,-coverages as a function of temperature.
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Thermally activated surface diffusion of chemisorbed O atoms is suppressed on the
time scale of the experiments at temperatures below 160 K [10] and hence the STM images
reproduced in Fig. 6, recorded after exposing the Pt(111) surface to an identical dose of 1 L
0, (1 L = 10% Torr s) at sample temperatures between 105 K and 160 K, reflect the
distributions of adatoms right after dissociation [29]. At the highest temperature, T =160 K,
the O-atoms always appear as pairs (imaged as dark spots) which are randomly distributed
across the surface. In agreement with previous findings, atoms in these pairs exhibit a
preferential separation of twice the lattice constant, 2a = 5.6 A, due to non-instantaneous
release of the excess energy with dissociative adsorption (‘hot atom' mechanism [30]) [10].
Upon lowering the substrate temperature to 115 K, cluster formation of the oxygen pairs is
predominant. At T = 110 K, these clusters have grown quasi-one-dimensionally along the
close-packed [110] directions on the surface, with lengths between 10 A and 50 A. At 105K
the atoms are almost exclusively arranged in such chains, which are partly interconnected now
forming an irregular network with about 40 A periodicity. Oxygen islands were observed
beginning with the lowest coverages and during in siru experiments at appropriate
temperatures. These observations rule out the possibility that island formation is due to a
locally enhanced sticking coefficient at the island edges. Rather, a mobile precursor state for
the oxygen molecules occupied prior to their dissociation must be invoked to account for this
process. The island formation is rationalized by the role of already chemisorbed oxygen as an
active site for the dissociation of this precursor. This behavior is similar to the O,/Ag(110)
system, where mobile 'hot' O,-precursors can be trapped by chemisorbed O,-molecules [31].
The oxygen coverages included in Fig. 6 indicate in agreement with earlier observations a
marked increase of the sticking probability at temperatures below 120 K [26]. It is obvious that
oxygen island formation and the increase of the sticking probability are directly correlated. The
temperature dependence of the sticking is understood as the result of the competition between
mobility, allowing to reach the active sites for equilibration, and thermal desorption of oxygen
molecules from their precursor state. This mechanism is substantiated with the help of the
atomic resolution STM data in Fig. 7. Initially, at 160 K, O, molecules may statistically
dissociate and form pairs. Already at 140 K some of the precursor molecules have a chance to
find their way to pairs of atoms where they dissociate (see Fig. 7). At even lower temperatures
this process is more pronounced leading to the larger agglomerates. With decreasing
temperature the lifetime of the precursor at the surface increases. Since the activation energy
for surface diffusion is generally merely a fraction of the adsorption energy, this causes an
increase of the diffusion length of the precursor on the surface. (Note that this contrasts the
behavior of nonevaporating particles like the metal-on-metal systems discussed above, where
the diffusion length increases with the temperature.)

The mean free path of the precursor state is determined by its mean residence time ©
on the surface and its hopping rate v, on the surface, parameters determined by Arrhenius
equations. The mean free path of the molecules is then given by the expression A = avtv=a
[Vnop/Vaes eXPEges(1-2)/kT))'2, where E,, is the activation energy for desorption, ¢ the ratio
between the diffusion and the desorption barrier and v,,,, and v, the corresponding prefactors.
ASSUming Uy, = Vg and a = 0.2, a rule of thumb in surface diffusion, this expression reduces
to A = aexp (2 B,/ 5 KT). Taking E,., = 100 meV, which is the binding energy of physisorbed
molecules {24, 32}, the temperature dependence of the mean free paths matches very well the
requirements for the oxygen uptake curve and the pattern formation (e.g., A = 20 a, 100 a at
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Figure 7. Atomic resolution images of oxygen islands illustrating the enhanced precursor
dissociation probability near adsorbed atomic oxygen and the resulting quasi-one-dimensional
growth for T = 140 K : small clusters form (3L dose), T=105K : chain-shaped islands in
<110> comesponding to strings of oxygen pairs (1 L dose) and model visualizing the
directional growth of O, islands (black spheres) on Pt(111).

160 K, 100 K, respectively). The increased dissociation probability of the diffusing precursors
near already chemisorbed oxygen is attributed to an increase of the adsorption energy and
corresponding lowering of the activation barrier for dissociation near adsorbed oxygen atoms
which leads to the formation of 4 atom-clusters and continues with the creation of chains. The
quasi-one-dimensional growth of the clusters is very surprising in view of the threefold
symmetry of the substrate lattice. It cannot be explained by the diffusion of the precursor alone
and strongly contrasts the dendritic growth of metal islands on the same surface. It must be
related to an interaction anisotropy between the atoms in the chains and the molecular
precursor, which is associated with a higher chemical activity of O atoms at the chain ends due
to their lower coordination to neighboring O (see model in Fig. 7).
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3. CONCLUSIONS

The processes of self-assembly described above are believed to be of general
importance for the synthesis of nanostructures on surfaces. The knowledge of the parameters
governing the self-assembly of adsorbed particles may be transformed to obtain versatile tools
for the tailoring of islands with a desired shape : for growth systems in the kinetic regime via
diffusion-controlled aggregation and in the thermodynamic equilibrium regime via strain-
induced island shapes, respectively. In addition we demonstrated the complexity for growth
processes involving precursors and surface chemical reaction, resulting from the precursor
mobility and the heterogeneity created by the reaction products. The pathways revealed have
to be considered in catalytic reactions or chemical vapor deposition if diffusion lengths reach
certain critical values determined by the distribution of adsorbed particies, and might be thus
similarly useful for formation of nanostructures.
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