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The effect of oxygen on the growth and relaxation of Ag thin films and associated
nanostructures deposited on Ag(100)

Anthony R. Layson

Major Professor: Patricia A. Thiel
Iowa State University

We report the effects of oxygen on the nucleation, growth and relaxation of Ag
nanostructures on Ag(100). Comparisons with previous observations on the clean, oxygen-
free Ag(100) surface, provide an indirect method to determine how oxygen affects the
atomic-scale diffusional processes on the surface. Experiments were performed in UHV
using High-Resolution Low Energy Electron Diffraction and Variable Temperature Scanning
Tunneling Microscopy. Oxygen exposures were performed prior-to, during, and after the
deposition of Ag at temperatures usually <250 K.

Experimental data show that the mechanism for submonolayer-island coarsening
changes from island diffusion/coalescence to Ostwald ripening after exposure to oxygen.
The change in mechanism is manifest in an increase in the rate for island coarsening.
Exposure to oxygen also enhances the rate for smoothing of mounded muitilayer films.
Decay analysis of multilayer island stacks reveals that oxygen adatoms (O,q4) are mobile on
the Ag terraces, and are able to freely attach/detach from terrace steps. It is speculated that
O,q aids in the detachment of Ag,O (n=1,2) from the surface steps, driving the coarsening
process. After extended island evolution, Ag islands undergo a change in size and shape,
with island and terrace steps adopting the less favorable (open) [100] orientation. The
change in surface step geometry is a result of oxygen-induced formation and stabilization of

kinks at the surface steps.



We also show that the presence of O,q prior to the deposition of Ag results in the
decrease in the initial island density of surface islands. This implies that mobile O,qand/or
Ag,0O interferes with Ag deposition. It is also possible that incorporation of oxygen
destabilizes small Ag clusters, causing them to break apart, or makes the entire cluster itself
mobile. Further analysis through multiple-step deposition experiments verifies the existence
of mobile O-species. The change in island density demonstrates that the pre-exposure of the
Ag surface to oxygen provides an interesting means to control the formation of Ag

nanostructures during the deposition process.
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I. GENERAL INTRODUCTION

1. Adsorbates in metal film growth

The deposition, growth, and equilibration of thin films and nanostructures hold
considerable technological importance, and have recently been a subject of much interest [1].
For example, significant advancements in the field of thin films have driven the transistor
size on integrated circuits down to the 100-nm regime. Fabrication of promising structures
such as nanowires [2,3], quantum dots [4] and novel nanoelectromechanical devices [5] has
also benefited from advancements in thin film growth techniques. However, consistency in
the control and reproduction of nanostructures with very small lateral size (< 10 nm) has
proven to be difficult. To compound this problem, the interactions between these
nanostructures with the surface, deposited atoms and other structures themselves are not fully
understood.

As the size of the thin films and nanostructures continue to become smaller,
manipulation and control over these structures depends on understanding the fundamental
interactions between the substrate and deposited material. Ultimately this means
understanding the growth process at the atomic level. To achieve this goal, experiments must
be conducted in ultra-clean environments, free from interference from unwanted elements.
Ultrahigh vacuum conditions are chosen to ensure the highest level of cleanliness so the
interactions of interest proceed unimpeded. However, even in the cleanest environments,
contamination from foreign species can never be entirely eliminated. Consequently

contaminants, such as an adsorbate species, may adversely affect film growth and surface



interactions. Conversely, it is also possible for the presence of a foreign species to enhance
the growth and properties of the film, such as adsorbate assisted layer-by-layer growth.
Therefore, to understand the applicable characteristics of these films and structures, it is of
the utmost importance to also understand the possible effects of adsorbed foreign species or
contamination.

The specific use of adsorbed species, or surfactants, to aid in the growth of metal thin
films and structures is well known. The addition of an Sb monolayer prior to deposition of
Ag on Ag(111) is one of numerous examples in the use of metal surfactants to induce smooth
layer-by-layer growth [6-10]. Gas adsorbates also find uses as surfactants in both homo and
heteroepitaxial systems. For example, the use of fluorine on the Fe/Cu(100) [11] and oxygen
on the Cuw/Ru(0001) [12] heteroepitaxial systems, both promote smooth film growth. Oxygen
has also been found to act as a surfactant in the homoepitaxial growth of Pt/Pt(111) [13] and
Cu/Cu(100) [14].

While surfactants are purposely chosen for their properties in affecting film growth, it
has long been known that spontaneously adsorbed species from the residual gas can also
influence the film morphology during growth [15]. Several studies have shown that film
growth on an adsorbate-precovered surface can be altered as compared to growth on the
respective clean surface [16-18]. Adsorbate effects on nanostructure growth and
equilibration have also been of considerable recent interest. For example, Au nanostructures
on Au(111), which are stable in vacuum, decay rapidly when exposed to air [19,20]. The
presence of minute amounts of CO affects the size, shape and density of the resultant islands
during the deposition of Pt/Pt(111) [21]. A final example results in the rotation and

elongation of the Ni islands deposited on an oxygen precovered Ni(100) surface [22].



Adsorbate induced evolution of step structures on low-index metal surfaces has also been

studied extensively [23-26].

2. The Ag(100) Surface

The ultimate goal of our work is to try to understand the basic interactions of atoms
on the surface and how the presence of an adsorbate alters those interactions. To accomplish
this task, it is important that the system we choose be as simple as possible. The Ag(100)
homoepitaxial system offers several advantages which make it an ideal surface for adsorbate
studies. First, Ag(100) does not reconstruct upon annealing at high temperatures. Second,
structures created on the surface are long lived and are easily monitored with our
experimental methods. Most importantly, the Ag(100) surface is relatively unreactive and
remains contaminant free during sample preparation and observation. This is particularly
important in studying adsorbate/surface interactions, for contamination may hinder or
contribute to, the true adsorbate interactions of interest.

Ag is an FCC metal with the (100) surface orientation exhibiting four-fold symmetry
with rows of Ag atoms separated by rows of four-fold hollow sites (see Figure 1a). During
the sample preparation, the crystal is cut with a slight misorientation from the (100) direction
producing a surface consisting of terraces separated by single atom high steps. Two common
step orientations exist: the close packed [110] step and the metastable [100] step (see Figure
1b). The [110] step is by far the more stable orientation and dominates the step structure on
the clean Ag surface. ‘Jogs’ or irregularities in a {110] step produce sites that are known as

kinks. The open nature of the [100] step can be described as a step comprised of a linear



four-fold hollow site

kink site

Figure 1. Views of the (100) surface. (a) Top view (b) ‘3-D’ side view. Lighter atoms
signify atoms occupying the next highest layer. The close-packed [110] and the open [100]
step edge orientations are shown. The square geometry for surface structures is observed in
the two-dimensional island. Kink site geometry is also illustrated, with the linear chain of

kinks readily observed in the extended [001] step.



chain of kink sites. Deposition of Ag onto the (100) surface produces surface structures,
such as submonolayer islands, with square equilibrium geometry and surface steps oriented

in the [110] orientation.

3. O; on Ag(100)

The interaction of oxygen (Oy) )on Ag has a long history with industrial relevance in
the ethylene epoxidation process, where Ag is the only known metal catalyst [27-30]. It has
been recognized that the efficiency of this process is greatly determined by the mode of
adsorption of Oz(g) on the surface of the Ag catalyst [31,32]. Initial observations of the
various low- index Ag surfaces showed that the (110) surface was quite reactive to Oz,
adsorption [33-37] while the (100) [34,38,39] and (111) [40,41] surfaces were considerably
less reactive. As aresult, a considerable amount of work concerning O,y on Ag(110) has
been performed, while much less effort has been directed to similar studies on the (100) and
(111) surfaces. At present, Ox) interactions with Ag(100) are still relatively unstudied.
However, some recent work has been done which has greatly enhanced our understanding of
this system.

Adsorption of Oy on Ag(100) is characterized by a molecular chemisorption state at
temperatures between 150-180 K [42]. This chemisorption state acts as precursor to a
dissociative adsorption state at higher temperatures. The dissociative sticking probability of
O3 on Ag(100) is 4.4 x10™ at 300K [43,44]. This is in stark contrast to the Ag(110)
surface (where Oy adsorption is favorable) which has a sticking probability of 0.63 [44].

At temperatures above 180 K, the majority of oxygen molecules impinging on the surface



find the flat terraces, which are not favorable for adsorption, and the molecules promptly
desorb [45,46].

As the temperature is increased, counter to intuitive thought, the oxygen-sticking coefficient
actually increases. This implies that O, dissociation is activated by thermally activated

defects on the surface. Molecules finding the activated defect sites (identified as kink sites at

the surface steps) are able to adsorb and subsequently dissociate [46-48]. It is not surprising
that kink sites are favorable for O, adsorption, for the kink geometry closely resembles

(110)-sites, which as previously discussed, are favorable in oxygen adsorption.

Upon dissociation, the resultant oxygen adatoms (O,q4) on the (100) surface are quite
stable and do not recombine and desorb. The stability is further witnessed in the inability to
remove the O,¢ by CO oxidation [49], which is readily accomplished for the other low index
Ag surfaces [50,51]. Once in the atomic state, O,q is able to diffuse from the kink site
leaving the kink available for further oxygen dissociation events. At higher temperatures,
fluctuations in the surface steps provide a constant source of fresh kink sites which further
aids in oxygen dissociation. O.4 evolving from the kink sites is not restricted to diffusion
along the surface steps. In chapter III we show that the oxygen atoms are able to diffuse
across terraces as well as along steps. Additionally, about 0.8 eV/atom is released upon
dissociation [40]. The additional energy may allow hyperthermal diffusion of Oaq to also
occur [52,53]. High resolution electron energy loss spectroscopy (HREELS) studies also
show that sub-surface incorporation of O.q can also occur after dissociation [43]. An Ox,
molecule finding a kink site can adsorb in an ‘end down’ orientation with the primary axis

directed toward the surface. This orientation offers an easy pathway for sub-surface



incorporation of the “hot” oxygen atoms. Temperature programmed desorption (TDS) shows
no signal due to oxygen desorption upon annealing an oxygen exposed Ag(100) surface [43].
This further indicates that sub-surface incorporation of O,q, and ultimately incorporation into
the bulk, must occur.

To date, the majority of Oz on Ag(100) studies have focused primarily on
observations concerning oxygen, such as oxygen dissociation, diffusion, binding sites and
coverage. Far less studied are the effects of O, on the Ag surface itself. The question then
that needs to be asked is — what effect does Oy have on the morphology and structure of the
Ag surface? Our research group has extensively studied the Ag(100) homoepitaxial system
and has amassed extensive knowledge in the nucleation, growth and evolution of Ag
nanostructures on this surface [54]. Past observations on the clean Ag(100) surface provide a
convenient basis for comparison when the system is modified through the addition of
oxygen.

The purpose of this dissertation is to observe the effects of Oy, on the surface
structure of Ag(100), as well its effects on thin films and nanostructructures created on the
surface through Ag deposition. In chapters I and I we use two distinctly different
instrumental techniques to observe the oxygen-induced evolution in coarsening and
smoothing of submonolayer islands and multilayer mounds. Chapter III illustrates how
controlled oxygen exposures, prior to Ag deposition, can be used as a means to control the
growth of nanostructures on the surface. In addition, the growth experiments provide
information on the atomic interactions of O,qand Ag on the (100) surface. In chapter IV we
take a closer look at surface structures to observe how the presence of O, affects the

equilibrium shape of islands and steps through island-island and island-step restructuring



events. We also obtain insight into the restructuring dynamics at the island and surface steps

by monitoring the restructuring events with time.

4. Instrumental methods

The principal experimental methods employed in the oxygen on Ag(100) studies are
high-resolution low energy electron diffraction (HRLEED) and scanning tunneling
microscopy (STM). While entirely different in their modes of operation and the data that
they provide, the two techniques compliment each other extremely well, and when used in
combination offer a powerful means for surface analysis.

HRLEED is a diffraction technique that provides information on atoms and structures
at the crystal surface. The data obtained from this technique must be interpreted from
reciprocal space diffraction patterns. Island separations and island densities are the most
important pieces of information that HRLEED provides in the Ag(100) studies. Because
HRLEED does not provide real-space information, it is not useful in monitoring individual
events on the surface. However, the information contained in the diffraction profiles
represents an average value that is derived over a large area on the surface. For this reason,
HRLEED quickly provides very good statistical data for the system of interest. Additionally,
HRLEED is easily operated over a large range of temperatures, and is stable enough that the
surface can be monitored over extended periods of time. The primary disadvantage to the

technique is that real-space information is not obtained. A more thorough explanation on
how HRLEED is used in Ag(100) homoepitaxy is provided in Appendix D. Several

interesting reviews by M. Henzler provide additional information on the technique [55-57].



Our primary experimental technique is STM, which offers several advantages. First,
STM provides real-space images, therefore surface structures and surface features can be
observed directly. Because the principal goal is to observe the surface structure, it is
important that our imaging technique not interfere with the surface. STM is a logical choice
for our studies in that there is no contact between the tip and surface. If correctly adjusted,
imaging occurs free from surface/tip interference or perturbations. Second, the resolution in
STM is extremely high allowing detailed images of surface structures down to the atomic
level. This is very important in our experiments where surface islands may only be a few
nanometers in size. Lastly, the STM provides sequential real-time imaging with a time scale
of only minutes between images. Therefore, the evolution and dynamics of the surface
structures can be observed. The microscope itself is easily adapted to ultrahigh vacuum
conditions, which are necessary for our experiments. Additionally, our microscope is fitted
with variable temperature capabilities, which allows us to explore the surface anywhere from
35-1000 K. A good summary of STM operation and applications can be found in
C.J.Chen’s book [58], “Introduction to Scanning Tunneling Microscopy.”

A distinct disadvantage in using STM is that it only provides information on a small
fraction of the surface. It is often difficult to draw concrete conclusions about the system of
interest based on a single image or even a set of images. It is analogous to describing the
landscape of the United States by reciting only what you see when you look out of your
window. It is not a true representation of the country as a whole. The same can be true in
STM. The only way to ensure consistency in measurements of extremely small areas is to
probe many different areas on the surface or repeat the experiment many times. With lengthy

or procedurally complicated experiments, this is often not possible. This is why the
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combination of HRLEED and STM is so powerful. HRLEED results represent an average
value for the surface features and events, over a large area of the surface. The data obtained
hold significant statistical relevance, but lack detail on the minute scale. The strength of
STM lies in the ability to directly observe the surface, with high resolution, over extended
periods of time. While statistically the data may be poor, physical observation is the only

way to truly discern what is occurring on the surface.

5. Dissertation Organization

This dissertation includes one published paper and three others that are either
submitted or will be submitted for publication. Chapter I, “Testing ‘realistic’ environments
for metal film growth and aging: chemical insights into the effects of oxygen on
Ag/Ag(100),” appears in volume 472 of Surface Science Letters on pages L151-L156, 2001.
Chapter III, “Additive-enhanced coarsening and smoothening of metal films: complex mass-
flow dynamics underlying nanostructure evolution,” has been submitted to Physical Review
Letrers. Chapter IV, “ Use of Adsorbates to Manipulate Nanostructure Formation:
O+Ag/Ag(100),” and chapter V, “The influence of oxygen on island shapes and restructuring
dynamics on Ag(100),” will be submitted to Surface Science. General conclusions will be
presented in chapter VI. Appendices A and B expand on material presented in the main
chapters of this dissertation. The remaining appendices present additional material

concerning Ag(100), Ag(110) and an database for STM and HRLEED experiments.
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II. TESTING ‘REALISTIC’ ENVIRONMENTS FOR METAL FILM
GROWTH AND AGING: CHEMICAL INSIGHTS INTO THE
EFFECT OF OXYGEN ON Ag/Ag(100)

A paper published in Surface Science Letters

A.R. Layson and P.A. Thiel*

Abstract

We study the effect which exposure to molecular oxygen gas can have on the
formation and aging of islands in a submonolayer Ag film on Ag(100). The technique used
is high-resolution low-energy electron diffraction, and the surface temperature is 220-250 K.
Oxygen has no discernible effect on the average separation of islands resulting from Ag
deposition, implying that molecular oxygen does not interact with atomic Ag as it diffuses
and nucleates islands on the terraces. However, oxygen serves to accelerate post-deposition
coarsening, causing the average island separation to increase rapidly. We show that atomic,
not molecular, oxygen is responsible for this effect. Dissociation of the molecule presumably
takes place at kink sites, which are plentiful due to the abundance of island edges in the film,

and can be triggered either by electron impact or by thermal activation.

There has been long-standing interest in the role of adsorbates, especially surfactants,
on the final-state structures of films [e.g. 1-6]. These studies have been characterized,

typically, by the deliberate pre-adsorption of a single strongly-bound species. There has been
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much less work concerning the effect of species which may be weakly-bound or which may
adsorb in a more realistic, but less-controlled environment, e.g. air. One intriguing
investigation was carried out by Cooper and coworkers [7, 8]. They showed that relaxation
of Au nanostructures occurred much more quickly in air than in ultrahigh vacuum [7, 8]. In
other words, Cooper’s work suggested that exposure to atmosphere can accelerate
rearrangements of nonequilibrium nanostructures, such as those formed by film growth or by
artificial manipulation. However, the component of air responsible for this effect—the
underlying chemistry—remained a mystery. Obviously, it is important to identify and
understand such effects, since they will have a direct bearing on the stability and lifetime of
engineered metal nanostructures in realistic environments. The present paper deals with one
such situation.

Previously, we have presented a detailed picture of nucleation, growth, and post-
deposition relaxation of clean Ag/Ag(100) film structures in ultrahigh vacuum, i.e., in the
absence of adsorbates or significant background gases[9]. While performing that work, we
noticed on several occasions that accidental air leaks caused a great acceleration in the rate at
which film structures coarsened. (Coarsening is an evolution toward fewer but larger, i.e.
“coarser,” features. For two-dimensional adlayers, coarsening is driven by the one-
dimensional line tension associated with step edges.) For example, islands that would
normally coarsen slowly over a period of hours, or even days, at pressures < 1 x 10™'° Torr,
would vanish within minutes, in the presence of air at 10”7 Torr. This striking observation,
which qualitatively paralleled that of Cooper et al., motivated us to investigate the effect of
background gases more systematically. To that end, we studied and compared the effects of

pure gases, introduced deliberately both during Ag deposition and after Ag deposition. We
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found that Ar, a noble gas, had no effect, nor did CO, CO,, or N, the latter two being major
components of air. However, both water and oxygen—also major components of air--
exerted strong (albeit dissimilar) effects. Details about water will be reported elsewhere. In
the present paper, we discuss the chemistry underlying the effect of oxygen, insofar as we
presently understand it. We pose four questions, then discuss the answers within the context
of our data.

The first question is whether oxygen exposure affects nucleation and growth of the
films. In the process of nucleation and growth, Ag atoms deposit randomly, then diffuse
across the surface. Diffusion can lead to nucleation of new islands or aggregation with
existing islands. The islands have a near-square shape, with close-packed <110>-type step
edges. We choose to use the average separation of nucleated islands, L, as the main
characteristic of the film. From basic nucleation theory, this quantity (during or immediately
after deposition) should be determined by the ratio of the deposition flux, F, to the rate of

atomic diffusion, D. For irreversible nucleation, the relationship should be

176
=(2)

From experiment, the island separation can be probed using high-resolution low-energy
electron diffraction (HRLEED, also known as Spot Profile Analysis-, or SPA-LEED) to
monitor a quantity known as the characteristic correlation length, L. [10, 11]. This quantity,
which is directly proportional to Ls, is derived from the reciprocal-space diameter, d*, of the

halo surrounding integral-order diffraction spots (at fixed coverage):
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It is reasonable to consider that oxygen might change the diffusion characteristics of
atomic Ag on Ag(100). Other authors have noted that adsorbates can change the kinetics of
metal atom diffusion across surfaces in other systems. For instance, hydrogen has been
shown to exert both inhibiting and promoting effects; this is attributed in some cases to
complexation between atomic hydrogen and the diffusing metal atom [12-15]. Equations 1
and 2 show that, if the rate of Ag diffusion increases in the presence of oxygen, one should
measure a corresponding increase in L, as a function of oxygen exposure (for fixed F).
However, Fig. 1 shows that the initial value of L. has no dependence on oxygen exposure
during deposition in this system. More quantitatively, the scatter in the values of L. is no
more than +3%, meaning that D can change by no more than +20% in the presence of
oxygen (cf. Eq. 1).

Another way of testing whether oxygen affects nucleation and growth is to compare
the initial island separation obtained after simultaneous deposition of Ag and exposure to O,
(as above), with that obtained after sequential deposition of Ag and exposure to O,. Ifa
complex forms between diffusing atomic Ag and oxygen, one might see a difference under
the two conditions, because the abundance of Ag atoms should be different. This comparison
is made by inspecting the circles and squares, respectively, in Fig. 1. There is no difference.

Thus, during deposition, nucleation and growth of the islands is insensitive to oxygen.



19

The second gquestion is whether oxygen affects relaxation and coarsening after the
film stops growing. The answer, illustrated in Fig. 2, is positive. In the experiment, the
stated exposure of oxygen took place during deposition of 0.3 monolayers (ML) of Ag at 250
K, although qualitatively similar results were obtained when exposure followed deposition at
250 K. The Figure shows L. as a function of time, after the end of film growth and oxygen
exposure. If the surface coarsens after deposition, L. should increase; indeed, this is the
behavior we have observed for the clean surface at room temperature [10, 16].

The horizontal line shows the behavior of the clean surface in the absence of oxygen
at 250 K. At this low temperature, the clean islands do not coarsen—the film is entirely
stable in UHV, over periods up to several hours. However, even a small exposure to oxygen
(0.50 L) triggers an appreciable change in the kinetics, causing L. to increase measurably and
linearly with time. The slopes of the lines in Fig. 2 can then be equated to a coarsening rate.
The data of Fig. 2 show that the coarsening rate increases with oxygen exposure up to about
4 L, with higher exposures having little additional effect. Details about the coarsening
kinetics and mechanism will be reported elsewhere[17].

It may seem odd that oxygen affects post-deposition coarsening so dramatically, yet
has no effect on island density during film growth. However, the time scales involved in the
two processes are much different. Growth of the films only takes seconds to minutes,
whereas coarsening takes place over periods of minutes to tens of minutes. Hence, oxygen
does not accelerate coarsening appreciably on the time scale of the deposition experiments,
but does accelerate it on the time scale of post-deposition observation. It should be noted

that this clear demarcation probably results from the particular experimental
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conditions—oxygen exposure and pressure, Ag deposition rate, temperature--employed
(fortuitously) here.

A third guestion is whether the change in coarsening kinetics is due to atomically- or
molecularly-adsorbed oxygen. The chemistry in our system is revealed by the effect of the
HRLEED electron beam on the coarsening kinetics. Figure 3a shows an experiment in which
0.3 ML of Ag was deposited, followed by exposure to 4 L O, (gas) at 220 K. Three different
time intervals separated the end of deposition and the beginning of the HRLEED
measurement: 0, 20, and 32 minutes. The Figure shows that coarsening occurs slowly until
the electron beam is applied, at this temperature. (For reference, the behavior of the system
without oxygen is also shown—the horizontal line indicates, as in Fig. 2, no coarsening in
UHV.) At a higher temperature—250 K, Fig. 3b—the electron beam is no longer necessary
to initiate the coarsening.

To explain the data of Fig. 3, we hypothesize that molecular oxygen is adsorbed, at
specific types of kink sites, [18, 19] up to about 220 K in UHV, beyond which it can
dissociate thermally. This molecular oxygen does not affect the coarsening kinetics; the
oxygen must dissociate in order for coarsening to accelerate. Dissociation can be initiated
either by the electron beam, at 220K, or by the surface itself, at 250 K, on the time scale of
our measurements. It is well known that electron beams can cause dissociation of adsorbates
on metals, {20, 21] including oxygen on Ag(100) [22].

More insight into the mechanism of oxygen dissociation, particularly thermally-
activated dissociation, is provided by a series of papers by Valbusa, Rocca, and co-workers,
elucidating the dynamics and mechanisms of oxygen adsorption on Ag(100) [18, 19, 23, 24].

They demonstrated that dissociation of the molecule does not occur on the terraces, but can
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occur at kink sites along <110>-type step edges [18]. By deliberately using sputtering to
change the step density and step orientation and, necessarily, the kink site density, they
showed that one can manipulate the ability of the surface to adsorb oxygen dissociatively
[19]. In other words, the coverage of atomic oxygen depends sensitively upon kink site
density. This is consistent with the fact that oxygen dissociates readily on Ag(110), which
can be regarded as a surface comprised entirely of such kinks,[25] but less readily on
‘perfect’ Ag(100) surfaces [26]. In our experiments, we know that the nucleation and growth
of many small Ag islands creates a significant density of <110>-type steps and also,
necessarily, a significant density of kink sites. In a sense, film deposition is analogous to
sputtering [19] in enhancing sites for dissociation. However, there is a barrier to dissociation
even at the kink sites, a barrier that can be overcome either by electron bombardment, or by
thermal activation.

In the work of Valbusa, Rocca, and coworkers [23] oxygen dissociation begins at
about 180 K, whereas the threshold in our experiments is higher, at least 220 K. The
difference may be due to inaccuracies in temperature measurement, primarily due to the fact
that a thermocouple cannot be spotwelded directly to Ag. The difference may also reflect
differences in time scales between the two types of experiments, since the extent of
dissociation is not just a function of temperature, but also of time.

The requirement of kink sites for dissociation may account for the experimental data
in Fig. 4, which compares coarsening rates as a function of oxygen exposure for the two
different types of experiments, at constant temperature (250 K). In the top curve, the oxygen
was admitted to the chamber during deposition of the film. In the lower curve, the oxygen

was admitted to the chamber after deposition (post-deposition) of the film. For a given
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oxygen exposure, the data show that post-deposition coarsening is always faster for
simultaneous deposition-exposure, than for sequential deposition-exposure. We can envision
two hypotheses to explain this effect. In the first, there is a higher concentration of kink sites
during deposition (while the islands are in the process of forming) than after deposition
(when they have, presumably, had a chance to restructure somewhat). The second hypothesis
is that the density of kink sites is about the same under the two conditions. However, atomic
oxygen becomes incorporated into the islands during deposition and somehow exerts a
stronger influence on coarsening from that location, than if it dissociates on island edges after
the islands are formed. In principle, the two hypotheses should be distinguishable by
measuring oxygen coverage. The first hypothesis implies a difference in oxygen coverage
between the two conditions of oxygen exposure, whereas the second hypothesis implies
equal oxygen coverages. To that end, we attempted to use Auger electron spectroscopy to
measure oxygen coverages. AES confirmed the presence of oxygen at the surface, but did not
show any difference between the two conditions of exposure. However, the signal-to-noise
was low, so we do not regard these data as conclusive.

A third hypothesis might be that atomic silver, diffusing across terraces, is active in
addition to kink sites, in catalyzing oxygen dissociation. Diffusing silver atoms should be
several orders of magnitude more abundant during deposition than after deposition.
However, the difference in coarsening kinetics is only about a factor of two (Fig. 4). Hence,
this hypothesis is unlikely.

A fourth question remains unanswered by the present work: Exactly how does
atomic oxygen accelerate coarsening? Perhaps it forms a mobile Ag,O species that diffuses

faster than isolated Ag. Perhaps it serves to accelerate the attachment-detachment of Ag
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atoms at island edges. Neither of these possibilities can be ruled out by the present work, nor
by inspection of the literature.

Our results are reminiscent of those from Reutt-Robey’s group, who found that
oxygen can make another surface of Ag, the (110), very dynamic on an atomic scale, leading
to reconstruction and/or facetting[27, 28]. Besenbacher and Norskov have noted that oxygen
induces reconstructions of metal (M) surfaces in which -M-O-M-O- chains are a recurring
structural motif [26]. This is certainly true for Ag(110), (28] and such chains have also been
reported recently as a structural element of an oxygen-induced reconstruction on Ag(100)
[24]. With this in mind, one could even imagine that polyatomic segments of chains detach
from island edges and diffuse across the surface, although we have not seen evidence for this
in STM.

In summary, the following picture emerges. Molecular oxygen adsorbs at kink sites
in the low temperature range of our experiments. The kink sites are especially plentiful on
the film surface because of the abundance of island edges. Molecular oxygen does not
interfere with Ag atom diffusion and/or island growth. The oxygen at the kink sites can
dissociate, either upon electron impact, or upon thermal activation at about 250 K (on the
time scale of our measurements). The product atomic oxygen is responsible for accelerated
coarsening of the Ag islands, although the mechanism by which it achieves this is not clear at

present.
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Figure Captions

1. Initial correlation length, L, as a function of oxygen exposure, at two different
temperatures as indicated. The circles show the result for simultaneous deposition and
exposure, the squares for sequential deposition and exposure. At both temperatures, the
two data points at zero exposure are indistinguishable because of overlap. The Ag
coverage was 0.3 ML, and the oxygen pressure during exposures was in the range 1 x 107
to 1 x 107 Torr. L. is given in unites of A, and is converted from the diameter of the
reciprocal-space halo in HRLEED. [10, 11] The solid lines are drawn only to guide the

eye.

2. Evolution of the correlation length, L., as a function of time at 250 K for various oxygen
exposures. In these experiments, Ag deposition and O, exposure took place
simultaneously, and the data shown were acquired after these procedures ended. The curve

labels are the values of oxygen exposure in Langmuirs.

3. Evolution of the correlation length, L., as a function of time at (a) 220 K, and (b) 250 K. In
both panels, curve (i) shows the coarsening behavior without oxygen.
In all other curves, 0.3 ML of Ag was deposited, followed by exposure of 4 L of O,. In
panel (a), the time elapsed between exposure and the start of the HRLEED measurement
was (1) 0, (iii) 20, and (iv) 32 minutes. In panel (b), the time elapsed was (ii) 0 and (iii) 10

minutes.
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4. Rate of change of L. as a function of O, exposure at 250 K. The circles represent the
kinetics after simultaneous Ag deposition and O, exposure, the squares after sequential

procedures. In all cases, 0.3 ML of Ag was deposited. The solid lines are drawn only to

guide the eye.
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II1. ADDITIVE-ENHANCED COARSENING AND SMOOTHENING OF
METAL FILMS: COMPLEX MASS-FLOW DYNAMICS
UNDERLYING NANOSTRUCTURE EVOLUTION

A paper submitted to PRL

AR. Layson, J.W. Evans, and P.A. Thiel

PACS: 68.35.Fx, 68.35.Md, 68.43.-h

Abstract

Exposure of Ag/Ag(100) thin films to molecular oxygen (O,) at 220-250K is shown to

activate low-temperature coarsening of submonolayer island distributions, and smoothening
of multilayer films with “mounded” morphologies. Dissociation of O, at kink sites populates
step edges with atomic oxygen (O), modifying the step-edge energetics, and facilitating
Ostwald ripening of film nanostructures, which we propose is mediated by “easy”
detachment and terrace diffusion of an Ag,O species. Cluster diffusion does not play a

significant role, contrasting the O-free system.

The presence of even minute amounts of adsorbates or “additives” can have a
significant effect on the formation and post-deposition relaxation of nanostructures in thin

films. One example of considerable technological significance is the use of surfactants to
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growth of Ge/Si to quasi-layer-by -layer growth [1]. Surfactants can also produce smoother
interfaces in the fabrication of superlattice heterostructures (e.g., spin valves) in thin metal
films [2]. Naturally, there have also been many theoretical proposais for detailed mechanism
of surfactant action [3].

Numerous studies have explored fundamental aspects of adsorbate effects in the
growth of homoepitaxial metal films. There has been much interest in the role of Sb in
converting “mounding” to smooth growth in Ag/Ag(111) [4]. Hydrogen complexation [3],
and interactions with surfactants [ 6], can modify terrace diffusion of isolated adatoms, and
thus of submonolayer island denszties. Decoration by CO of monoatomic steps in Pt/Pt(111)
affects step-edge energetics and transport (which control 2D island shapes), as well as
interlayer diffusion [7]. Studies of several systems show that halides alter step edge
energetics, and that floating oxygen adlayers modify intra- and interlayer diffusion processes,
which control growth [8].

Much less studied, but just as critical, is an assessment of the effect of adsorbates on

the post-deposition stability and ewolution of thin film nanostructures. This impacts the

operation of nanostructure devices in non-pristine environments. Here, we just mention one
notable study: exposure of rough Au/Au(111) films to air activates the decay of multilayer
stacks of islands, which are quite stable in ultra-high vacuum [9]. We instead consider the
oxygen + Ag system has considerable technological interest, e.g., in catalysis (epoxidation of
ethylene). Earlier studies focussed on the highly reactive Ag(110) surface, which displays
novel surface reconstructions involving alternating -Ag-O-Ag- strings [10]. In this Letter, we
consider the relatively inactive oxygen+Ag(100) system [11,12], where controlled analysis of

the effect of a weak adsorbate is possible. Indeed, we show that the presence of oxygen
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activates relaxation of Ag/Ag(100) films at low temperatures. [t actually changes the kinetic
pathway for submonolayer coarsening, and furthermore facilitates a novel study of the low-
temperature smoothening of mounded morphologies. We elucidate the complex mass-flow
dynamics underlying this behavior.

As background, we review previous results for growth and relaxation of Ag/Ag(100)
films without oxygen. Between 190K and 300K, compact 2D islands form irreversibly during
deposition in the submonolayer regime mediated by terrace diffusion. Subsequently,
multilayer stacks of islands or “mounds” develop due to the presence of a small additional
barrier inhibiting downward transport [13]. For ~25ML films, mounds are most pronounced
at ~230K. Post-deposition coarsening of 6=0.1-0.4ML films at 300K does not occur via the
expected Ostwald ripening - OR (diffusive mass transfer from smaller to larger islands), but
rather via Smoluchowski ripening - SR (diffusion and coalescence of large 2D islands) [14].
For Ag/Ag(100), SR with an effective barrier of Esg=0.75eV has an energetic advantage over
OR with Eor=0.9¢V [15], and thus should also dominate at lower temperatures (T). Some
post-deposition smoothening of multilayer films occurs at 300K [16], but smoothening of
mounded 25ML films is negligible below 260K (as shown below). All these relaxation
processes are driven by the tendency to minimize the free energy associated with step edges.

Our experiments were performed in a UHV chamber with base pressure <107'° Torr.
Evaporative deposition of Ag onto the Ag(100) single-crystal surface was usually performed
at £250K. The surface was also exposed to molecular oxygen (O,) by back-filling the
chamber to ~10™® Torr (typically after deposition of Ag). O, only chemisorbs below 180K,
while dissociation of (transient) O, to more stable atomic oxygen (O) is thermally activated

only at higher T, and is inefficient occurring only at kink sites along step edges [11].
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However, this process effectively populates step edges in our deposited films with O above
210K. Nanostructure evolution is monitored with an Omicron variable-temperature scanning
tunneling microscope (VISTM).

First, we present our VTSTM analysis of coarsening of island distributions in 0.3ML
Ag films on broad terraces of Ag(100) at 250K. Comparing Fig.la and 1b reveals no
significant evolution in the absence of oxygen. This might be expected since an effective
barrier for SR of Esg=0.75eV [15] implies coarsening is slower by a factor of 330 than at
300K (where it occurs only over tens of minutes). However, dramatic evolution after
exposure to oxygen is apparent comparing Fig.1a and 1c (and also Fig.s ld,e,f). Detailed
analysis reveals no significant island diffusion and coalescence, but rather dissolution of
small islands, i.e., evolution is dominated by OR, not SR. Thus, exposure to oxygen not only
activates coarsening at 250K, but it actually changes the dominant coarsening mechanism! A
clear illustration of OR processes comes from following the evolution of several islands on a
narrow terrace in Fig.2a-f: smaller islands dissolve, and larger ones (which are more isolated
from the step edges) grow initially. Here, OR is somewhat enhanced by the presence of

extended step edges, as is true in the clean system [16]. OR can be terrace-diffusion-limited

(expected for clean metal systems) or interface-transfer-limited (due to an extra barrier for

attachment at step edges, which is possible in the presence of adsorbates). The area, A, of
dissolving islands decays linearly (A~Aq-kt) for the former, and like A~(to-t)*” for the latter.
Our experimental observations (not shown) for several islands consistently indicate the latter
behavior.

A conventional analysis of OR considers the coarsening kinetics of island

distributions on broad terraces. In Fig.3a, we show VTSTM data for the increase with time, t,
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of the mean island separation, L,,=1/VN,,, where N,, is the mean island density. The rate of
coarsening increases significantly with oxygen exposure, saturating at above 20 Langmuir
(L). Perhaps surprising is the lack of apparent deceleration in the coarsening kinetics
expected from the classic OR relation L,y ~ L0(1+t/1:)” 3 [17]. However, this relation is
predicated on the island size distribution having achieved its “selected”” asymptotic long-time
form. Although it is not viable to obtain precise statistics for this size distribution from
VTSTM data, one can accurately determine lower moments such as the mean size, and the
scaled width, ¢ (in units of the mean size — in atoms), or the variance, 6~ [18]. We find that
the initial size distributions created by the deposition process are much narrower than the
predicted asymptotic forms for diffusion-limited OR properly accounting for spatial
correlations in the island distribution [17]. This is an intrinsic feature of island nucleation and
growth, but likely also reflects the rapid post-deposition disappearance of the smaller islands,
which further narrows the distribution [18]. However, 6* increases with time, and after 2-3
hours achieves values roughly consistent with those from OR theory [17] (at least for 0.1-
0.3ML where bigger islands enable more accurate size measurement). See Fig.3b. Thus,
broadening of the narrow initial size distribution enhances the driving force for coarsening by
OR. For the first few hours, this roughly counterbalances the natural deceleration in
coarsening.

Submonolayer coarsening also occurs at lower T (down to 220K) after exposure to
Os. Our detailed STM analysis are consistent with LEED studies [12] which assessed only
Lay vs. t.

Second, we examine the smoothening of 25ML Ag/Ag(100) films with mounded

morphologies deposited at 250K and below. See Fig.4 for STM images of morphological
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evolution. Monitoring the film roughness, W (RMS width of the film height distribution),
versus time, t, reveals that smoothening at 250K is negligible without oxygen, but does
become significant after exposure to oxygen, the rate increasing with exposure. See Fig.5a.
The mechanism underlying smoothening is a multilayer version of OR, as seen in other metal
homoepitaxial systems [19]. For fixed oxygen exposure of 17L, the smoothening rate drops
quickly from 250K to 240K, then varies little down to 220K, before switching off at 210K.
See Fig.5b. This does not correspond to simple Arrhenius dependence, e.g., for the activated
detachment process underlying smoothening. Presumably, it also reflects the decrease in the
lateral mound size, L (which accelerates decay —see below), and the possible increased
amount of O on the surface (due to an increased kink density), as T decreases from 240K to
220K.

Again OR is expected to be terrace-diffusion-limited, and not significantly influenced
by the small step edge barrier in this system. Indeed, this is consistent with our observations
of non-linear decay of island areas in multilayer island stacks, analogous to submonolayer
behavior. A thermodynamic formulation (based on line tension reduction for curved steps) as
well as simulations of the smoothening of a bi-periodic array of mounds predicts roughly
linear decay of the mound height over a characteristic time scaling like (Ly)* [20]. This
theory may describe the initial stages of decay, particularly at 240K and below. Of course,
we do not have a perfect bi-periodic array of mounds which produces non-linear decay [20].
Furthermore, W cannot vanish for non-integral ML films (for a half-integral ML films,
W20.5 X interlayer spacing), as reflected in the 250K data. In general, precise description of
the evolution of “smaller” far-from-equilibrium nanostructures must be based on system-

specific kinetic rather than thermodynamic considerations. One can draw upon studies of the



39

decay of individual islands and island stacks, from which we find an additional enhancement
in decay in lower layers (for a given island size).

Next, we discuss the key atomistic mechanism underlying evolution. We propose that

this involves the detachment of an Ag,O species from step edges, and present supporting
evidence. Recall that the effective activation barrier for OR has the form Eor=E4+06E, where
Eq is the diffusion barrier, and SE is the energy difference between the (typical) attached and
detached configurations of the diffusing species.

(i) If OR were mediated by terrace-diffusion of Ag adatoms, then coarsening would be no
faster than in the O-free system (E4 and 8E would be unchanged from the O-free system). It
is quite possible that O at the step edge could increase the microscopic detachment rate for
Ag, but the reverse attachment rate would also be increased (according to detailed balance).
The effective detachment rate would be unchanged from the O-free system, consistent with
unchanged Eog.

(ii) Since coarsening is actually enhanced by the presence of O, we conclude that OR must
occur via transfer of a species containing both Ag and O (likely Ag,O with n=1 or 2), rather
than just Ag. The effective detachment barrier for Ag,O must be lower than for Ag due to a
lower OE (consistent with strong Ag-O bonding lowering the energy of the detached species),
or lower Eq. We note that mobile -M-O- units are believed to mediate formation of domains
of oxygen-induced reconstructions on M(110) surfaces, where M=Ag, Cu, and Ni [21].

(iii) The proposed role of Ag,O in coarsening is consistent with the strong dependence of
coarsening rate on O,-exposure: the process is limited by the amount of O at the step edge.
(iv) For low O,-exposure, it is conceivable that a small island could be depleted of O before

completely dissolving, thus inhibiting further evolution. There is no clear evidence of this
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effect, so we argue that O can also detach from step edges, and diffuse across terraces and
steps to repopulate depleted islands (see below).

Finally, we present some observations from additional experiments tailored to further

elucidate behavior in this system, and to explore the above proposals. The first explores
changes in step edge energetics due to preferential attachment of O, changes which would be
compatible with the presence of a readily detaching Ag,O species. One could imagine a
lowering of the energy of open or kinked [100] oriented step edges (where O is more likely
to be attached), relative to the energy of close-packed [110] orientations. Indeed, in
observations of large islands coarsened over very long times (>40 hrs), one does see a change
in shape from the near-square configuration with primarily [110] step edges (familiar in the
O-free system), to a more rounded or even diamond-shaped “equilibrium” configuration with
a preference for [100] orientations. See Fig.1d-f. Extended step edges bounding broad
terraces also take on a different structure from the O-free system (analogous to the observed
effect of halides and oxygen in other systems [8]).

Second, we determine the effect on film growth of pre-dosing with oxygen. Suppose

that only step edge detachment of Ag (and not of O or Ag,O) is active. Then, pre-dosing an
Ag(100) surface to populate extended step edges with O should have no significant impact on
subsequent film growth: the density of detaching Ag adatoms would be overwhelmed by the
supersaturation density of depositing Ag adatoms. In fact, we find that pre-dosing with 20L
O, reduces the island density of 0.3ML of Ag/Ag(100) films deposited at 250K by a factor
of ~20 relative to the O-free system. The large flux scaling exponent of ~0.9 is inconsistent
with irreversible island formation seen in the O-free system [16]. Thus O or an O-containing

species must be detaching from step edges, and either interacting with depositing Ag to form
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a more mobile species, or attaching to small Ag-istands and destabilizing and/or mobilizing
them.

In summary, exposure to oxygen of Ag films on the unreactive Ag(100) surface
activates coarsening and smoothening processes at low temperature. Atomic oxygen
decorating step edges allows for more complex mass flow dynamics: an Ag,O species is
created which can more readily detach from step edges than Ag, facilitating transport Ag
metal adatoms. This work was supported by NSF Grant CHE-0078596, and performed at
Ames Laboratory, which is operated for the USDOE by lowa State University under Contract

No. W-7405-Eng-82.
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Figure Captions

1. Evolution of 0.3ML Ag/Ag(100) films at 250K: (a) just after deposition without O; (b)
after 160 min. without O; (c) after 167 min. with 20L. O,. Evolution of 0.3ML films
deposited at 300K, exposed to 20L O,, then cooled to 250K after: (d) 44 min.; (e) 8 hrs; (f)
44 hrs. Image sizes are 100x100 nm?.

2. (a)-(f) Evolution over about 15 min. of Ag islands on a narrow terrace at 250K after
exposure to 20L O,. Image sizes are 35x35 nm”.

3. (a) Change in L.y, versus time, t, for 0.3ML Ag/Ag(100) films at 250K with various
oxygen exposures (shown). (b) Evolution of the scaled variance of the size distribution,
o°, versus t for Ag/Ag(100) films with various coverages (shown) at 250K with 12-17L
O,. Asymptotic (t—eo) theoretical OR values are o’ =0.273, 0.243, 0.224, for 6=0.3, 0.1,
0.05ML, respectively (shown), decreasing to 0.119, as 6—0.

4. Smoothening of 25ML Ag/Ag(100) films at: (a) 250K, (b) 230K, after exposure to 17L
O,. STM images are 154x154 nm’.

5. Smoothening of 25SML Ag/Ag(100) films. (a) Decay of the roughness, W (in units of
interlayer spacing) at 250K with various oxygen exposures (shown). (b) Temperature

dependence of W-decay for fixed oxygen exposure of 17 L.
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Figure 1



45

Figure 2
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IV. USE OF ADSORBATES TO MANIPULATE NANOSTRUCTURE
FORMATION: O+Ag/Ag(100)

A paper submitted to Surface Science

A.R. Layson, J.W. Evans and P.A. Thiel

ABSTRACT

We examire the effects on the initial nucleation and growth of Ag islands on an
oxygen pre-exposed Ag(100) surface at 250 K. The presence of O-atoms on the surface
prior to Ag deposition results in a decrease in the initial density of surface islands. An
increase in the flux scaling exponent, from 0.28 for the O-free surface to 0.9 for the pre-
exposed surface, is observed which indicates an increase in the critical size for island
nucleation. Multi-deposition experiments provide evidence that supports the possibility that
mobile O and AgO diffuse across terraces and interfere in the nucleation of depositing Ag

atoms. O may also affect nucleation by destabilizing small Ag clusters and/or makes these

clusters mobile.

1. Introduction

The ability to control the growth of metal thin films and surface structures continues
to be of considerable interest. The use of Sb in the growth of Ag/Ag(111) is one of

numerous examples in the use of foreign metal atoms as a surfactant to induce smooth layer-
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by-layer growth in homoepitaxy [1-5]. The use of gases as surfactants has also been studied
in both homo and heteroepitaxy. For example the use of fluorine on Fe/Cu(100) [6] and
oxygen (O2) on Cw/Ru(0001) [7] both improve smooth film formation in their respective
heteroepitaxial systems. The use of O, as a surfactant in homoepitaxy has been studied in
metal systems including Pt(111) [8] and Cu(100) [ 9]. Surfactants are only one example in
the use of foreign atoms in metal film growth. It’s long been known that contamination from
residual gas can affect the morphology of films grown from vapor deposition[10]. Recently,
the study of adsorbates has attracted some interest in their effects on nanostructure growth
and equilibration. It has been shown that the presence of CO affects the size, shape and
density of islands during the deposition of Pt/Pt(111) [11]. Ni deposition on an O, pre-
covered Ni(100) surface results in the rotation and elongation of Ni islands[12]. O, has also
been shown to affect the post deposition relaxation of Ag islands on Ag(100) [13]. As trends
in technology advance to ever-smaller scales, the production and control of nanoscale
structures becomes increasingly more important. Contamination, such as adsorbate gas, can
never be entirely eliminated, even in the cleanest environments.

Due to this circumstance, much the same way surfactants are used in the growth of
smooth films, it may be possible to use adsorbates in the creation of nanostructures. In this
paper we show that exposing Ag(100) to O, prior to Ag deposition changes the initial
nucleation and growth of Ag islands. As a result, the regulated use of oxygen allows a means
to control the initial size and density of nanostructures during deposition from the vapor
phase. We also examine the underlying processes by which oxygen interacts with depositing

Ag atoms.
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2. Experimental Details

Our experiments were performed in a UHV chamber with base pressure <10 Torr.
The sample was cleaned by repeated cycles of Ar” sputtering (20min, 500 V, T = 300 K)
followed by annealing at 700 K. Oxygen treatments (500L, 700 K) were performed
periodically and were useful in removing the last bit of remaining contamination from the
surface. No residual oxygen was found to exist as a result of these treatments. This was
confirmed through the reproduction of known experimental results on the oxygen-free
surface. Evaporative deposition of Ag onto the Ag(100) single-crystal surface was usually
performed at <250K. The surface was exposed to oxygen (O,) by back-filling the chamber to
~10"® Torr in continuous flow. All exposures were conducted at the same temperature as Ag
deposition. The temperature of the sample is within +/- 5K of reported values. Temperature
variations were minimal with fluctuations of no more than +/- 1 K throughout the duration of
the experiment. Nanostructure evolution is monitored with an Omicron variable-temperature

scanning tunneling microscope (VTSTM).

3. Background on O + Ag/Ag(100)

The Ag(100) surface is quite unreactive to O, adsorption with a sticking probability
of 10™ at 300 K [14]. It has been shown that O, will dissociatively adsorb at specific step
sites identified as kinks[15-17]. Upon dissociation, O-atoms are quite stable on the (100)
surface and do not recombine and molecularly desorb [15].

Previous experiments examining the effects of O, on the nucleation and growth of

Ag/Ag(100) were conducted by exposing the samples to O; in one of two ways. The first
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was to expose the surface after the deposition (post-deposition) of Ag to see how O would
affect preexisting surface structures (ie. submonolayer islands) and observe any changes in
post-deposition events as compared to the O-free surface. The second was to expose O3
simultaneously with the deposition of Ag. This was done to see if the presence of O during
the deposition process had any effect on Ag island nucleation and the initial stages of growth.

HRLEED results for the post-deposition studies showed that the rate of
submonolayer-island coarsening increased with O, exposure [13]. More dramatic results
were revealed by STM which showed that the coarsening mechanism for Ag/Ag(100)
changed from Smoluchowski ripening - SR (diffusion and coalescence of large 2D islands)
on the O-free surface, to Oswald ripening- OR (diffusive mass transfer from smaller to

larger islands ) in the presence of O[18] . It is speculated that a Ag,O species (heretofore

AgO where n=1,2), rather than atomic Ag, is the diffusing species in island coarsening [18].

It was shown that O; dissociation was slightly higher in experiments where the O,
exposure and Ag deposition were simultaneous, as compared to exposures that were
performed after Ag deposition. The simultaneous exposure results in an increased O density,
which in turn further increases the rate of island coarsening [13,18]. However, the presence
of O, during deposition had no effecton the initial nucleation and growth of submonolayer
Ag 1slands.

The lack of any change in surface structure during the initial growth stage in the
presence of O3 is not surprising for several reasons. First, the previously mentioned low
reactivity of O, on Ag(100) limits the amount of O-atoms that are on the surface. The time
for Ag deposition (~0.2 ML ) is on the order of a few tens of seconds. It is probable that the

deposition time is too short for the O density to increase to a point where it can have any
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significant effect on the initial island growth. Second, due to the short deposition time, it is
reasonable to suspect that the supersaturation density of depositing Ag adatoms would
overwhelm the much smaller density of O-atoms, diminishing the possibility for change
during the deposition process.

Any effect O may have on island nucleation and growth of Ag islands appears to be
limited by the time for Ag deposition. This suggests that if conditions were altered to so that
(1) the time scale for Ag-O interactions during Ag deposition are long enough and/or (ii) the
density of O-atoms is allowed to become large enough, O could affect the initial stages of

growth.

4. Results and discussion

4.1 Submonolayer Deposition Studies

To test the above hypothesis an experiment was performed where the Ag surface is
pre-exposed to O,. By exposing the surface prior to Ag deposition, the O density can be
adjusted simply by changing the exposure time. A pre-existing density of O on the surface
also increases the Ag-O interaction time by eliminating the O, dissociation step during Ag
deposition.

Fig. 1 shows a series of images where a clean Ag(100) surface was exposed to
various amounts of O; prior to the deposition of 0.2 ML Ag. The images show that the
presence of O prior to Ag deposition affects the nucleation and growth of Ag islands.
Increasing the O preexposure results in a decrease in island density (or the complimentary

increase in island size).
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The above results strongly suggest that O or O-containing AgO, is mobile on the
terrace. It is possible that O-adatoms and AgO particles diffusing on the surface interact with
depositing Ag-atoms which impedes island nucleation. An equally strong possibility is that
the addition of O or AgO to small island clusters may destabilize and/or make these clusters
mobile. Recent calculations on Cu(111) support this possibility through the enhanced
diffusion of Cu trimers decorated with sulfur atoms[19].

The decrease in island density due to the presence of O is significant because it shows
that the presence of small amounts of an adsorbate species can dramatically affect the initial
growth process. On the O-free surface, manipulation of the size and density of islands during
the nucleation process was controlled through the sample temperature and the deposition flux
of Ag atoms. Alternately, pre-treating the Ag surface with O, prior to Ag deposition may
also give a means to control the initial island size and density. By pre-exposing the surface,
O, dissociation no longer has to compete on the same time scale as Ag deposition. O,
dissociating at terrace kink sites, can populate the surface with O-atoms which then in turn
can interact with Ag atoms during the deposition process.

4.2 Comparisons with O-free Ag/Ag(100)

Comparisons in the nucleation and growth of 2D islands in the presence of oxygen
can be made against the clean Ag/Ag(100) system. The study of nucleation and growth of
Ag/Ag(100) has been extensively studied. For detailed analysis the reader is referred to
[20,21]. In the clean Ag(100) system island growth is described in terms of a critical size, i,

above which islands are stable against dissociation. Mean field rate equations predict the

following:
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Nav = (RV)* exp[E/(ksT)] , where y=i/i+2 and E=% (Eq+Ei/i) (1)

Where N,, is the average island density, R is the deposition flux, E4 is the activation barrier
for adatom diffusion and v is the attempt frequency. For clean Ag/Ag(100) island nucleation
is irreversible up to room temperature. The critical size (i = 1) results in an exponent  of 1/3.
If small clusters, such as dimers, where mobile on the surface in the time scale of the
deposition process, the value of  would increase to around 0.4 [20,21]..

Fig. 2 shows the flux-dependence of the average island density at 250K for (a) O-free
and (b) 30L O, preexposure, as determined by STM. Data for Fig. 2 are summarized in
Table I. The value of 0.275 for the O-free surface is consistent with prior results [21]. For
the O-exposed surface, however, there is a noticeably large increase in the flux exponent, to
about 0.9. It is possible that the large increase in the flux exponent reflects an increase in the
critical size. The increase could support the claims for O-induced mobility of small clusters
and/or the destabilization of small clusters by O or AgO, which results in the apparent
transition to reversible-island formation.

The temperature dependence of the nucleation and growth process can also be
observed with STM. Fig. 3 shows an Arrhenius plot for the average island density. Data for
Fig. 3 is summarized in Table II. Curve (a) in Fig. 3 corresponds to the data collected
previously on O-free surface [22]. The values for the data were adjusted to compensate for
differences in deposition flux between the O-free and O-preexposed experiments. Curve (b)
in Fig. 3 corresponds to a surface exposed to 30L of O, prior to the deposition of 0.2ML of

Ag, for each temperature. In the temperature range of 300-220K the Arrhenius slope of E =
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0.104 eV is found. This value is similar to the result (E = 0.13eV) on the O-free surface for
temperatures between 300-200 K. At abou:t 210 K there is a transition region where the
island density rapidly increases to about 180 K. Below this temperature, island densities
values approach those of the O-free results. Dissociation of molecular oxygen is not active
below 180 K, which explains the similar island densities on the O-free and O pre-exposed
surfaces at these low temperatures. It seerms possible then that the presence of oxygen or
AgO may indeed destabilize small Ag clusters or at least inhibit island formation resulting in
the lower island densities at higher temperatures. These processes begin to slow down
around 210 K and then become inactive below 180K.

The above results show that when O is introduced on the surface, the atomic
interactions become more complex. Therefore, it is appropriate to adjust the theory in
equation (1) to reflect the presence of O. The simplest approach is to assume that in the
beginning stages of Ag deposition, O is sufficiently mobile to immediately attach to
deposited Ag. The predominant diffusing species will therefore become AgQ, with hop rate
h’, as compared to hop rate h on O-free surtface. The AgO makes weakly bonded (unstable)
small islands, so there is a large critical size i to nucleate stable islands. The energy barrier
for adatom diffusion (E4) now becomes Eq4’, the barrier for diffusion of AgO. There will also
be a small binding energy (Es) for the critical (AgO)i cluster. The equation, adjusted for the

presence of O thus becomes:

Ex=y(Es +Ep/1) ()

Substituting in the flux exponent value of 0.9, and the Arrhenius slope of
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0.104 eV, it is found that Ed’ < 0.12 eV. This compares to the value Eq = 0.4 eV on the O-
free surface. The barrier for for AgO diffusion is markedly lower than for Ag on Ag(100).
This picture is probably a bit too simplistic. It is possible that some deposited Ag (diffusing
at rate h) could form islands which are later destabilized by O. It becomes more difficult to

develop appropriate treatments for such cases.

4.3 Multilayer Deposition Studies

Fig. 4 shows the results from a multi-deposition experiment, where the final surface
films are created through two distinct Ag deposition steps. Fig. 4a is a clean Ag(100) surface
after deposition of ~0.2 ML of Ag at 300 K, which results in large islands homogeneous in
shape and size. An O-free experiment (Fig. 4b) was performed as a basis for comparison. [n
the O-free example the sample is cooled to 250 K prior to the second deposition of Ag (~0.2
ML) which increases the nucleation density of secondary islands. The flux for the second
deposition was also increased (see Fig. 4) to further enhance the nucleation density. Fig. 4b
shows the nucleation of small islands on the terrace regions between as well as on top of the
previously created large islands. This type of surface structure is expected and is similar to
other double-deposition type experiments, free from adsorbate interactions [23]. Fig.4c
shows a surface which was exposed to 30 L of O, prior to the second deposition of ~0.2 ML
of Ag at 250 K. No additional island nucleation occurs on the O-exposed surface. With O
present prior to the second Ag deposition, all Ag atoms appear to have diffused to preexisting

islands or steps. There is also a noticeable lack of island nucleation on top of preexisting



islands. Interestingly, these observaticns are exactly the opposite to those found for similar
experiments for oxygen on Pt(111) [8].

The lack of island nucleation on the large islands shows that O must populate the top
of these islands, and provides further evidence for the mobility of O-atoms on the Ag
terraces. The tops of the initially formed large islands can be thought of as individual
terraces. If O were not able to populate these terraces, the island surface would appear no
different to incident Ag atoms than the O-free surface. The result would be the nucleation of
small islands on top of the larger ones, regardless of the presence of O. The absence of small
islands indicates that O must be present on the large island surface. There are several ways
in which this may happen. O could populate the island terrace as a result of O, dissociation.
HREELS data showed that oxygen molecules are able to adsorb in kink sites in an end-down
arrangement [24]. It may be possible that as O, dissociates, one of the O-atoms hops up and
populates the island or terrace. A more probable explanation is that mobile O-atoms are
simply able to ascend/descend Ag steps. In this way the large islands are continuously being
populated with O which can then interact with depositing Ag atoms.

An alternative interpretation of the multilayer data could be made where O-atoms are
not able to ascend or cross surface steps, however when present at a step, could lower the
Ehrlich-Schwoebel (ES) barrier for Ag interlayer diffusion. On clean Ag(100), due to the ES
barrier, Ag atoms approaching a step are reflected back on the terrace where they can collide
with another Ag atom to nucleate an island. A decrease in the ES barrier could inhibit the
nucleation of second layer islands by allowing diffusing atoms to hop over a step before they
can nucleate new islands. While the presence of O at the step may indeed affect the ES

barrier, it does not fully account for the observations of this experiment. The order of
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magnitude increase in the deposition flux, as well as the lower temperature for the second
deposition result in islands with a very small separation distance (on the O-free surface).
Even if the ES barrier is lowered, the deposition conditions are such that second layer
nucleation would still be expected on the O, preexposed surface. For this reason it is
reasonable to suspect that mobile O-atoms, which are able to ascend/descend steps, are
responsible for the observed changes in island nucleation.

A final interesting result was obtained in the deposition of 25 ML of Ag, while
simultaneously exposing the surface to O, during the deposition process at 260 K. The
deposition and exposure time was approximately 10 minutes. In contrast to the
submonolayer experiments where simultaneous Ag deposition and O, exposure resulted in no
significant change in the initial island density (see section 3), the multilayer films exhibited a
measurable decrease in the initial surface roughness when the films were deposited in the
presence of O,. While seeming to contradict former results, the observations validate the
suggestions posed at the end of section 3. The increased deposition time for the multilayer
films made it possible to increase the O-atom density during the deposition process. The
longer deposition time also increased the time for O to interact with the Ag. The increase in

the number of O-atoms as well as the increase in interaction time results in smoother initial

surface films.

5. Conclusion

In summary, preexposing Ag(100) with O, changes the nucleation and growth of Ag

islands deposited at 250 K. It was demonstrated that the O preexposure can be used as a
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means to control the initial size and density of the resultant nanostructures during the
deposition of Ag. VTSTM data shows that the initial island nucleation is impeded by the
presence of mobile O-atoms and possibly AgO, which interact with depositing Ag atoms or
small islands during the nucleation process. Analysis of nucleation events as a function of
deposition flux reveals an increase in the flux exponent (%) from 0.3 on the O-free surface, to
about 0.9 for a surface preexposed to 30 L O;. The temperature dependence for island
nucleation, after a 30 L preexposure, gives an activation energy (E) of 0.104 eV between
300-220 K. Assuming that all diffusing species during the Ag deposition process are AgO,
the activation energy for AgO diffusion (Eq4’) is calculated to be < 0.12 eV as compared to Eq4
=~ 0.4 eV for Ag/Ag(100). The assumption that all diffusing species are AgO, however, is an
oversimplification therefore actual values may differ.

Multi-deposition experiments clearly support the claim that O and AgO particles are
mobile on the terraces and are able to ascend/descend terrace steps. The lack of small islands
after the second Ag deposition verifies that the O or AgO disrupts island nucleation. This is
accomplished either through direct interaction of O with depositing Ag atoms, or the through
the addition of O to small island clusters which destabilizes and/or makes the clusters mobile.
The multi-deposition experiment demonstrates a second clear example in which the growth
of nanostructures can be controlled through the use of an adsorbate precursor.

This work was supported by NSF Grant CHE-0078596, and performed at Ames
Laboratory, which is operated for the USDOE by Iowa State University under Contract No.

W-7405-Eng-82.
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Table Captions

1.

Numerical data corresponding to the curves ®n Figure 2. Island density versus deposition

flux for 0.2 ML Ag/Ag(100) at 250 K

2. Numerical data corresponding to the curves #n Figure 3. Island density versus

temperature for 0.2 ML Ag/Ag(100) at 250 K.

Figure Captions

L.

Ag islands on a Ag(100) surface exposed to various amounts of oxygen prior to
deposition at 250K. Exposures in units of Langmuirs (L): (a) OL (clean) (b) I L (c¢) 5L
(d) 15 L (e) 30 L. The deposition flux for all. images was 0.002 ML/sec. All images 125
x 125 nm®
Island density versus deposition flux for 0.2 BML Ag/Ag(100) at 250 K for (a) O-free
surface and (b) surface preexposed to 30 L Ow,.

Arrhenius plot for 0.2 ML Ag/ Ag(100) for (2) the O-free surface and (b) surface
preexposed to 30 L O,.

Image (a) taken after deposition of 0.2 ML 2Aag/Ag(100) at 300 K. Image (b) taken after
a second deposition of 0.2 ML Ag at 250 K, on the surface shown in (a). Image (c) taken
after the surface in (a) was exposed to 30L Ox, followed by a second deposition of 0.2
ML of Ag at 250 K. The flux for the first and second depositions were, 0.002 ML/sec.

and 0.02 ML/sec. respectively. All image 1755 x 175 nm®.



Experiment Flux log (Flux) [sland Density log (island Density)
(ML/sec.) (ML/sec.) (island/nm?> (island/nm )
0.0008 -3.10 0.00924 -2.03
O-Free 0.0020 -2.70 0.01400 -1.85
0.0100 -2.00 0.02385 -1.62
0.1000 -1.00 0.03126 -1.51
0.0008 -3.10 0.00019 -3.72
0.0020 -2.70 0.00054 -3.26
30LO, 0.0100 -2.00 0.00119 -2.92
0.0200 -1.70 0.00766 -2.12
0.1000 -1.00 0.01307 -1.88

Table 1
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Experiment Temp. 1000/ T Island Density In (island Density)
: (K) (K) (island/nm? (island/nm )
295 3.39 0.00359 -5.63
284 3.52 0.00438 -5.43
250 4.00 0.01291 -4.35
O-Free 225 4.44 0.03175 -3.45
200 5.00 0.05558 -2.89
180 5.56 0.10861 -2.22
162 6.17 0.18637 -1.68
295 3.39 0.00018 -8.62
270 3.70 0.00021 -8.48
30L O, 250 4.00 0.00050 -7.60
220 4.55 0.00069 -7.29
200 5.00 0.01076 -4.53
170 5.88 0.10150 -2.29

Table 2
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Figure 1
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V. THE INFLUENCE OF OXYGEN ON ISLAND SHAPES AND
RESTRUCTURING DYNAMICS ON Ag(100)

A paper to be submitted to Surface Science

A.R. Layson, J.W. Evans and P.A. Thiel

Abstract

Results from scanning tunneling microscopy reveal the effects of oxygen on the
evolution and restructuring of Ag islands and steps on Ag(100) at 250 K. The presence of O-
atoms at the island edge results in the change in equilibrium shape and stabilization of the
open [100] arrangement of atoms at the surface steps. Observations of oxygen induced
island-island and island-step coalescence events gives insight into the mechanisms for atomic

mass transport during island restructuring.

1. Introduction

Adsorbed species have long been known to influence film morphology during metal
film growth [1-4]. For example, islands formed by Ni deposition on an oxygen pre-covered

Ni(100) surface were rotated and elongated relative to the clean surface [5]. The orientation
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and shape of Pt islands as well as the morphology of multilayer films on Pt(111) change
when Pt is deposited in the presence of minute amounts of CO [6].

Adsorbate exposures after deposition and film formation can also dramatically affect
the structure of the film. The stability and structure of surface steps, such as adsorbate
induced step bunching on vicinal surfaces [7-11] or step structure evolution on low-index
metal surfaces [9,12-14] are but a few examples of restructuring due to adsorbed species at
surface steps.

The stability of surface nanostructures can also be compromised when exposed to
adsorbates. Au island-stacks on Au(111), which are stable in vacuum, decay rapidly when
exposed to air [15,16]. More recently we found that submonolayer coarsening and
multilayer smoothing of Ag on Ag(100) is enhanced after exposure to oxygen [17,18]. In
this paper we examine the effects of oxygen (Oxg) on the structure and evolution of Ag
islands and steps on Ag(100).

To better understand the role oxygen plays in the island restructuring, we here give a
brief summary of Ag(100) and the interactions of oxygen on the surface. Fig. 1(a) shows the
typical step and island structure on a Ag(100) surface. The islands are square with island
edges oriented in the close-packed [110] orientation. Typical terrace step configurations are
also shown in Fig 1(a), with the close-packed [110] step orientation being favored over the
open [100] orientation. Upon deposition of Ag on Ag(100), square islands and steps with a
close-packed arrangement of atoms will predominate on the observed surface.

Ag(100) is quite unreactive to O, ) adsorption, with a dissociative sticking
probability on the terraces of approximately 4 x 10~ at 300 K [19]. While the adsorption

probability on the terraces is low, above 180 K oxygen adsorption and dissociation is
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favorable at kink sites along the surface steps [20-22]. Bautier de Mongeot et al. showed that
upon O3 () dissociation, O-adatoms (O,q) diffuse from the kink sites, thereby leaving them
open for further O, (g dissociation [20]. For the clean Ag(100) surface, terrace steps are the
only available source of kink sites that can contribute to the production of O,q. Therefore for
low O3 (gyexposures the O,q concentration is quite small.

Nanostructure formation as a result of Ag deposition may also contribute to the
overall kink density. While the equilibrium shape of Ag islands is square, most islands
exhibit rounding of the corners (see Fig. 1b). The rounded corners of the square
submonolayer islands are comprised primarily of kinks. Depending on deposition conditions
(flux and temperature) the initial island density can be quite high. Hence, the contribution of
Ag islands in the creation of O,¢ cannot be disregarded. This is supported by HRLEED,
which showed that the coarsening rate of Ag islands increased when O () is present during
as opposed to after the formation of the islands [17]. The rate change is the result of

increased O; (g) dissociation during the deposition process.

2. Experimental section

Our experiments were performed in a UHV chamber with base pressure <107'° Torr. The
sample was cleaned by repeated cycles of Ar” sputtering (20min, 500 V, T = 300 K) followed
by annealing at 700 K. Oxygen treatments (500L, 700 K) were performed periodically and
were useful in removing the last bit of remaining contamination from the surface. No oxygen
remains as a result of these treatments. This was confirmed through the reproduction of

known experimental results on the oxygen-free surface. Ag was deposited onto the Ag(100)
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single-crystal surface using an Omicron EFM3 UHV evaporator. Silver was usually
deposited at temperatures <250K. The surface was exposed to molecular oxygen (Oz (g)) by
back-filling the chamber to ~107 Torr in continuous flow. All oxygen exposures were
performed after the deposition of Ag. All exposures were conducted at the same temperature
as Ag deposition. Temperature variations were minimal with fluctuations of no more than +/-
1 K throughout the duration of an experiment. Nanostructure evolution is monitored with an
Omicron variable-temperature scanning tunneling microscope (VITSTM). Typical tunneling

conditions were [ynner = 1.0-5.0 nA and Vgampie =1.00 V.

3. Results and Discussion

3.1 Equilibrium shapes

Fig. 2 shows the island evolution of 0.2 ML of Ag after exposure to 30 L O, ) at
250K. Cartoons inset in the upper corners indicate the nominal island shape at that time in
island evolution. Fig. 2a) was taken 45 minutes after O () exposure. The nearly square
shape is typical of islands on the O-free Ag/Ag(100) surface, with island edges of the close
packed [110]-type orientation. After roughly four hours (Fig. 2b) the islands have increased
in size through the process of island coarsening [18]. However, rather than maintaining the
square equilibrium shape, the island shape begins to change. The larger islands have
adopted an octagonal geometry where the corners of the initially square islands have been
removed, while several of the smaller islands have a slightly rounder appearance. 45 hours

after the oxygen exposure (Fig. 2¢) a noticeable change in island shape and orientation has
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occurred. The three tiles in Fig 2(c) show the nominal island shapes after long evolution
times. The left tile shows an island with an even more pronounced octagonal shape, with
steps of the more open (100)-type orientations clearly evident. The extended (100) step is
more easily observed in the large island in the center tile of Fig. 2(c). Smaller islands, such
as the one observed in the lower half of left tile, are often rotated entirely by 45-degrees.
More common, however, are the extremely round island shapes like those observed in the
right tile of Fig 2(c). While extended steps of the (100)-type do persist for some period of
time, the round geometry appears to be more stable. Given enough time, the extended (100)-
type steps will reshape and also adopt the round geometry. O-induced restructuring also
occurs at the terrace steps. Fig. 3 shows the typical terrace step structure after extended
evolution (45 hours) of 0.2ML after exposure to O (), at 250 K. In contrast to the O-free
Ag(100) surface where terrace steps are straight and smooth, the steps after O, (g) exposure
are rough and uneven with a round scalloped shape.

Fig. 2 clearly shows that O-induced coarsening of Ag islands has a profound effect on
the island shape. On the O-free surface, the near-square equilibrium island shape is reached
shortly after Ag deposition and is maintained throughout the coarsening process. However,
when Oyq is introduced to the system, the near-square shape is no longer favorable. A more
appropriate comment is to say that the close packed [110]-type step is no longer the
preferable arrangement for atoms at an island or terrace step. After O, ) exposure, island
coarsening simultaneously results in the reshaping of the islands, as the system strives to

achieve some new equilibrium state where the [100]-type orientation is favored for atoms at a

surface step.
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Recent experiments show that the mechanism for island coarsening on Ag(100),
changes from island diffusion/coalescence on the O-free surface, to Ostwald ripening in the
presence of Ogq [10]. We recently proposed that the diffusing species in the ripening process
is AgnO (n=1,2) where O,q residing at kink sites causes the detachment of Ag,O of from the
island step. The lower number of Ag-Ag nearest neighbor bonds in a kink site, as well as the
O.q affinity for these sites, suggests that the removal of Ag-atoms from an island or terrace
step most likely occurs at kink sites. As discussed in the next section, Ag,O diffusion along
the surface steps also occurs, however, as observed by the lack of island diffusion in the
coarsening studies, much more probable is the direct detachment of Ag,O from the kinks.
The O-atoms themselves are able to freely diffuse along the surface steps and are also able to
detach from the island step where they can diffuse to other islands and further aid in the
detachment of additional Ag-atoms [23].

In the initial stages of coarsening, where island steps are predominantly of the [110]-
type, detachment of Ag,O results in the erosion of the straight [110] steps, while the
reattachment of Ag,O to other islands results in the roughening of the [110] steps. Repeated
over time, the coarsening process increases the number of kinks on the surface. This kink
creation is readily observed in the shape of islands and steps, as they strive to achieve
equilibrium. Extended step edges of the [100]-type orientation are essentially a linear chain
of kinks. Rounded island features are multiple kink sites oriented in a random fashion.
Therefore, while the [110] step orientation is energetically favored for islands on O-free
Ag(100), in the presence of O,q, the open [100] arrangement of atoms at the surface steps

becomes favored in achieving equilibrium.
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When comparing the surface just after the O, (5 exposure and then again after
extensive coarsening, reshaping of the islands and terrace steps clearly results in an increases
the number of kinks on the surface. Initially, with the majority of the surface steps being of
the [110]-type, the kink density on the surface will be quite low. As the islands coarsen in an
effort to attain their equilibrium shape, kinks are continually being created. However, the Oy
density does not change or at least does not increase. After long evolution times, O,q has
stimulated the creation of a large number of kinks, which are observed in the extended [100]-
type and rounded island steps as well as the scalloped shapes of the terrace steps. A similar
effect was observed on a vicinal Cu(l 1 11) surface where the number of kinks increased
after adsorption of S-atoms [11]. S-adsorption also decreased the kink mobility at the surface
steps, which resulted in more irregular step structure.

In these experiments, the continued evolution of the surface features shows the effect
that a finite O,q4 density can have on the surface structures on Ag(100). The restructuring of
Ag islands and steps clearly demonstrates that the relative energies of the open and closed
steps change in the presence of O,4. The result is the non-square equilibrium shapes

observed for surface structures after long evolution times.

3.2 Restructuring Dynamics

Further insight into the effects of oxygen on the restructuring of Ag islands can be
garnered through analysis of the coalescence and reshaping of individual islands with other
islands or terrace steps. Detailed analysis of island-island and island-step coalescence events

on the clean (O-free) Ag(100) surface has been studied previously [24]. Diffusion and



77

coalescence events on the O-free surface show that island restructuring occurs through
perimeter diffusion (PD) where mobile atoms diffuse at the edges of islands. An alternative
pathway for mass transport, not observed for O-free Ag(100), is terrace diffusion (TD) where
atoms can detach and reattach from the island step. On the O-free surface there is a marked
energetic advantage of 0.2 eV for PD over TD. Therefore, all restructuring events occur
through diffusion of atoms at the steps. Upon exposure to O3 ), it is no longer valid to
assume that island restructuring occurs solely through PD. As shown above, Ag,O particles
readily detach from islands (TD). Itis therefore quite reasonable to suspect that TD also
plays an active role in the restructuring process.

Fig. 4(a-c) shows three examples for coalescence of two small islands on the O-free
Ag surface. Fig. 4(d-f) shows the coalescence of islands that have been exposed to 12 L of
oxygen. The island sizes for Fig. 4 and restructuring times are given in Table 1. Examination
of Fig. 4 shows that the evolution of the island shape is similar for the O-free and O-exposed
examples. The time for island reshaping, however, is quite different. Upon island
connection, it takes up to an hour for the islands to reach a near rectangular shape in the O-
free example, while only a few minutes are needed for the O-exposed islands to reach this
same shape. It is evident that the presence of O,q increases the rate of restructuring.

It is possible that island size plays a role in the time for restructuring. Simple Mullins-
type evolution equations produce a decrease in restructuring rate proportional to the increase
in island area [25]. Comparing island sized in table 1 shows that this relationship holds true
for both the O-free and the O-exposed examples. Fig. 4(c) and 4(f) offer the closest match in
island size for direct comparison between the O-free and O-exposed examples. The

comparison reveals a decrease in time by a factor of about 10 for the islands exposed to O3 ).
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Therefore, regardless of island size, O,q has a profound effect on island restructuring. It
should be stated, however, that the magnitude of increase is proportional to the O, ()
exposure. A smaller exposure will result in slower restructuring rates, while higher
exposures will increase the restructuring rate, presumably up to some limit where O; (g)
dissociation sites at the surface steps become saturated.

Close examination of the island evolution offer clues into the mechanism for
restructuring when O,q 1S present. Islands exposed to O (g clearly evolve through
detachment of particles from the island edge (TD) [18]. However, there is a strong indication
that PD also plays a role in island reshaping in the presence of O,¢. Fig. 5 shows two
examples of island coalescence with a step edge after exposure to 12 L O, ) at 250K.

At the onset of coalescence (Fig. 5a) there is a noticeable concave feature at the
terrace step, created as atoms diffuse from the step, into the neck between the island and the
terrace. Similar behavior, on the O-free surface, occurs through diffusion of Ag-atoms along
the step (PD) [24]. The concave step formation implies that even though TD is dominant in
the presence of O,q, PD is still observed in the event of island coalescence.

Upon O3 () exposure at 250K, the lack of island diffusion indicates that diffusion of
Ag-atoms or Ag,O at the island edge is very slow. This is not surprising, for even on the O-
free surface where PD dominates, island diffusion is negligible at 250 K [17]. However,
even at 250 K, after exposure to O (), PD is readily observed through the increased
restructuring rate during island coalescence events. Therefore, both TD and PD appear to be
active in the evolution of Ag islands in the presence of O,y. TD dominates island coarsening

up to the onset of coalescence, at which time PD become active during island restructuring.
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In the course of these O; (o) studies numerous coalescence events have been observed.
Examination of these events show that O-exposed islands coalesce primarily in a corner-to-
corner fashion or in a related manner in which the island corners are slightly adjacent to each
other, as shown in Fig. 4(f) and 4(e) respectively. Islands that do not have corners closely
adjacent to other more often will decay and disappear through Ostwald ripening rather than
coalesce with the nearby islands. This behavior offers further insight into the atomic
processes at the island edge when O,q is present.

Under the experimental conditions, island diffusion is inactive due to the extremely
slow diffusion of atoms at the island edge. Therefore, the initial connection between the
islands must occur through the detachment of atoms (Ag,O) from the island edge. (Because
islands themselves do not diffuse, they cannot ‘collide’, therefore the word connect is
chosen.) As discussed in section 3.1, detachment of Ag,O most easily occurs at the island
corners where there is a high density of kink sites. If the corners of two adjacent islands are
in close proximity to each other, the possibility exists that the detachment and diffusion of
Ag,O between the islands forms a bridge connecting them. Once this bridge is formed, a
pathway for rapid restructuring is opened. Bridge formation can only occur in the regions
where atom detachment is favorable. Therefore, if the island separation is too large or the
island corners are not appropriately positioned with respect to nearby islands, the islands will
continue to coarsen but a bridge between the islands will not form and connection will not
occur.

Support for the idea of bridge formation can be found in examples for other metal
systems. Experiments examining the decay of Cu(111) [26] and Ag(111) [27] island stacks

revealed an increased decay rate for the top layer, when the island diffused to within a few
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nanometers of the edge of the island below. It was determined that the close proximity of the
island edges lead to a bypass of the normal atom detachment barriers in that region. This
resulted in diffusion processes with lower activation barriers. It is possible that a similar
effect occurs for O-exposed islands on Ag(100) resulting in bridge formation.

Similar behavior is observed for vacancy island coalescence on Ni(100) [28]. As two
vacancies diffuse to with close proximity of each other, the islands “snap™ together, forming
a bridge. Connection through bridge formation is faster than the process where the islands
would have to collide through diffusion. [nterestingly, both Ni(100) vacancy islands and O-
exposed Ag(100) islands decay through the Ostwald ripening process. Therefore, it is
reasonable to suspect that Ag islands could behave in a similar manner to the Ni vacancies by
“snapping” together and forming a bridge.

It is still not clearly understood what role O,q plays in the dramatic rate increase for
island restructuring after island connect with other islands or steps. The presence of O,q at
the island edge may have a localized effect, lowering the barrier for surrounding Ag atoms to
diffuse at the edge. The presence of O,4 does not increase the overall PD rate of Ag atoms.
This is manifest in the lack of island diffusion. However, it does appear to increase PD on a

localized level, such as the island edge in the event of island connection and coalescence.

4. Conclusions

We have examined the effects of O, (g exposure on the restructuring and dynamics of
Ag islands on Ag(100) at 250K. The size and shape of submonolayer Ag islands were

followed after exposure to O, @- As aresult of island coarsening, a change in the near-
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square equilibrium shape for islands on the O-free surface is observed. With the addition of
0.4, islands and terrace steps adopt a scalloped or rounded geometry, with some exhibiting
extended steps of the open [100]-type. The rounded features and extended [100] steps are
essentially comprised of kink sites. Therefore, the presence of O,q increases the kink density
on the surface and stabilizes surface steps with the energetically less favorable [100]
orientation.

Submonolayer island coalescence events, after O; (¢) exposure, were monitored and
compared to similar events on the O-free Ag(100) surface. Upon island connection, islands
exposed to O3 () reshape 5-10 times faster than O-free islands. It is speculated that when Oy
is present, the early stages of island coalescence occur through TD of Ag,O particles
detaching from island corners. If the neighboring island positions are favorable, a bridge can
form between the islands. Once this bridge is formed, restructuring of the islands to achieve
equilibrium is rapid and is dominated by PD of Ag atoms at the island edge. While the exact
mechanism is not known, the presence of O,4 at the island edge appears to increase the local

rate of PD resulting in the rapid island restructuring.
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Table Caption

1. The initial island size and the time for island restructuring for images in Fig. 3. Sizes are
indicated for islands in the first image in each restructuring sequence. Islands are labeled
as Left (L) and Right (R) corresponding to their relative position in the image. The first
image in any sequence is designated time 0 min. The middie and last images are

designated as the midpoint and final restructuring times respectively.

Figure Captions

1. Island and step structure on Ag(100). (a) shows the two distinct terrace steps typical of
Ag(100), the close packed [110]-type, also observed for the 2D island, and open [100]-
type steps. (b) An enhanced view of a 2D island showing the typical ‘near-square’
equilibrium shape. Notice the kink structure in the rounded corners. The ideal Ag(100)
island shape is indicated by the dashed square. (c) Typical step structure of Ag(100) after
extended evolution in the presence of O,¢. The straight [100] step is comprised of a
linear chain of kinks. The curved or ‘scalloped’ shape step is comprised of a random
arrangement of kinks. Dashed lines are provided to guide the eyes.

2. The evolution of island shape for 0.2ML Ag/Ag(100) at 250K after exposure to 30 L of
O,. The images are: (a) 45 min. (b) 4 hrs. (c) 45 hrs. after O, exposure. Cartoons inset in
the upper left corners show typical island shapes at that point in island evolution. All
images are scaled the same to reflect true island size. (a) and (b) are 100 x 100 nm?>.

Each frame in (c) is 100 x 68 nm?.



85

3. Terrace step structure for 0.2 ML of Ag/Ag(100) 45 hours after exposure to 30 L O, at
250 K. The dashed square shows a straight [100]-type step bounded on either end by the
rounded ‘scalloped’ shape step structure. The image size is 200 x 125 nm?.

4. Island restructuring for small Ag islands on Ag(100) at 250 K. Images (a-c) are islands
on the O-free surface. Images (d-f) are islands that have been exposed to 12 L O,. The
initial island sizes and the time for island restructuring are given in Table 1. Image sizes
for (a-c) are 13x13 nm®. Images (d-f) are 14x14 nm>.

5. Ag island-step coalescence and restructuring on Ag(100) after exposure to 12 L of O, at
250 K. The time for the restructuring is (a) 6 min. (b) 10 min. All images are

25 x 25 nm?.
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Image Island size (nm?) Restructuring time (min)
Fig.3(-) Leftisland  Rightisland Initial Midpoint Final
a 12 20 0 21 46
b 21 23 0 30 57
c 13 25 0 14 36
d 27 48 0 2 3
e 29 35 0 2 5
f 13 31 0 2 5

Table 1
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VI. GENERAL CONCLUSIONS

The work presented in this dissertation clearly shows that the presence of oxygen on

Ag/Ag(100) homoepitaxy, affects nearly every aspect of the nucleation, growth and

relaxation of surface films and nanostructures. The main observations and conclusions are

summarized as follows:

a)

b)

d)

The presence of O,4 accelerates the rate of submonolayer island coarsening and
multilayer mound smoothing. HRLEED and STM show that increasing the amount of
O.q on the surface, by increasing the exposure time, results in a corresponding increase in
the rate of coarsening or smoothing. This demonstrates that careful manipulation of the
oXygen exposure provides a method to control the rate of surface structure evolution.
STM reveals that the mechanism for submonolayer coarsening changes in the presence of
Qa4 from Smoluchowski ripening (island diffusion/coalescence) on the clean Ag(100)
surface, to Ostwald Ripening on the oxygen exposed surface. Smoothing of multilayer
films exposed to oxygen also evolve through Ostwald ripening of the surface mounds.
The presence of O,q increases the number of kink sites on the surface and stabilizes the
less energetically favored [100] surface step orientation. The increased kink density
results in a change in equilibrium shape and orientation for surface structures and steps
on the (100) surface. After long evolution times, the initially square surface structures
adopt a rounded geometry, with some exhibiting extended steps in the [100] orientation.
It is speculated that the diffusing Ag species on the surface is Ag,O (n=1,2). O,q residing

at a kink site lowers the Ag-Ag bond strength at the step allowing the detachment of an



g)

h)
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Ag,O particle. The Ag-O bond may also decrease the bond strength with the surface
atoms thereby enhancing the diffusion of this species on the terraces.

[sland-island and island-step-restructuring events provide detail into the dynamics of
surface step evolution. Terrace diffusion dominates the initial stages of restructuring
through detachment of Ag,O from the island corners, which in turn may form a bridge
between the islands (or island and step). Once a bridge is formed, restructuring of the
islands to achieve equilibrium is rapid and is dominated by periphery diffusion of Ag
atoms at the island edge. The time for restructuring events is accelerated in the presence
of Oa.qg as compared to restructuring events on O-free Ag(100).

Decay analysis for submonolayer islands and multilayer island stacks reveal that O is
mobile on the Ag terraces as well as along the terrace steps, and is able to freely ascend
and descend the surface steps. Multi-deposition experiments verify this result through
the lack of second layer nucleation events when O,q is present.

The presence of mobile O,q or Ag,O on the surface prior to Ag deposition, impedes the
island nucleation process. It is possible that the direct interaction of O.q (or Ag,0) with
depositing Ag atoms inhibits island nucleation. Equally probable is that the addition of
Oaq (or Ag,O) to small island clusters destabilizes the cluster, causing it to break it apart,
or possibly allows the cluster itself to become mobile.

Pre-exposure of the Ag(100) surface demonstrates that the use of oxygen as an adsorbate
precursor provides further means to control the initial size and density of nanostructures

deposited on the surface.
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APPENDIX A. SUBMONOLAYER COARSENING AND MULTILAYER
SMOOTHING OF O + Ag/Ag(100)

Data presented in chapters 1 and 2, show that the rates for submonolayer coarsening
and multilayer smoothing of Ag nanostructures on Ag(100) increases after exposure to
oxygen. STM analysis also shows that the dominant mechanism for coarsening changes
from Smoluchowski ripening on oxygen-free Ag(100), to Ostwald Ripening (OR) after
exposure to oxygen. Here we present additional data in the analysis of coarsening events on
oxygen exposed Ag(100) surfaces.

Fig. 1(a) shows the evolution of several small islands on a narrow terrace. Consistent
with OR, smaller islands dissolve, and larger ones (which are more isolated from the step
edges) initially grow. Here, OR is somewhat enhanced by the presence of the extended step
edges, which act as a sink for diffusing adatoms [1].

The observed evolution can mimicked by analysis of diffusion equations with the
appropriate Gibbs-Thompson boundary conditions for adatom densities at step edges. Fig.
1(b) shows the numerical evaluation of diffusion mass flow for the configuration in image (i)
of Fig. 1(a), for an assumed step edge energy of 0.1 eV/atom. Diffusive flux arrows indicate
the flow of adatoms from the small islands to the larger islands as well as the surface steps.
This simulated example does a very good job at predicting the evolution of the islands.

A conventional analysis of OR considers the coarsening kinetics of island
distributions on broad terraces. Fig. 2 shows a sequence of images illustrating island
coarsening on broad terraces for several coverages after exposure to oxygen. In Fig. 3(a) we
show VTSTM data for the increase with time, t, of the mean island separation, Lav=1"N,,,

where Ny, is the mean island density. The rate of coarsening increases significantly with
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oxygen exposure, saturating at above 20 Langmuir (L). Perhaps surprising is the lack of
apparent deceleration in the coarsening kinetics expected from the classic OR relation Lyw ~
Lo(1+t/1)Y 3 [17]. However, this relation is predicated on the island size distribution havimg
achieved its “selected” asymptotic long-time form. Initial and final island size distributicon
curves for the STM data are plotted in Fig. 4. It should be noted, however, that precise
statistics for the size distributions are difficult to obtain from VITSTM data. One can more
accurately determine lower moments such as the mean size, and the scaled width, ¢ (in umits
of the mean size — in atoms), or the variance, &~ (F ig. 5) [18]. We find that the initial size
distributions created by the deposition process are much narrower than the predicted
asymptotic forms (see Fig. 6) for diffusion-limited OR properly accounting for spatial
correlations in the island distribution [17]. This is an intrinsic feature of island nucleation_and
growth, but likely also reflects the rapid post-deposition disappearance of the smaller islands,
which further narrows the distribution [18]. However, ¢” increases with time, and after 2 -3
hours achieves values roughly consistent with those from OR theory [17] (at least for 0.1—
0.3ML where bigger islands enable more accurate size measurement. See Fig. 5). Thus,
broadening of the narrow initial size distribution enhances the driving force for coarsenin:g by
OR. For the first few hours, this roughly counterbalances the natural deceleration in
coarsening.

We also examined the smoothing of 25 ML Ag/Ag(100) films with mounded
morphologies. Fig. 7 shows the evolution or decay of the mounded surfaces for films
deposited at three different temperatures. Monitoring the film roughness, W (RMS width of
the film height distribution), versus time, t, reveals that smoothing at 250K is negligible

without oxygen, but does become significant after exposure to oxygen, the rate increasing:
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with exposure (see Fig 8a). The mechanism for smoothing can be considered a mulitlayer
version of OR. Fig. 8(b) shows the smoothing of 25 ML films deposited at different
temperatures after a fixed oxygen exposure of 17L. The smoothing rate drops quickly from
250K to 240K, then varies little down to 220K, before switching off at 210K. This does not
correspond to simple Arrhenius dependence, e.g., for the activated detachment process
underlying surface smoothing. This may reflect the decrease in the lateral mound size, L,
(which accelerates decay) which a result of deposition at lower temperatures. The increase in
smoothing may also be a result of an increased O density on the surface. As observed in
Fig. 8(b) surfaces created at colder temperatures have a higher initial surface roughness.
Increased roughness (higher step and kink site density) increases the amount of O on the

surface, increasing the rate of smoothing even at colder temperatures.

References:
[16] P.A. Thiel and J.W. Evans, J. Phys. Chem. B 104, 1663 (2000).

[17] A.J. Ardell, Phys. Rev. B 41, 2554 (1990); T.M. Rogers and R.C. Desai, ibid. 39, 11956
(1989).

[18] C.R. Stoldt er al,, J. Chem. Phys. 111, 5157 (1999)
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Figure Captions:

1.

(8]

(a) Evolution over about 15 min. of Ag islands on a narrow terrace at 250K after
exposure to 20L O,. STM images are 35x35 nm®. (b) The numerical evaluation of
adatom diffusion for the configuration in image (i). A step edge energy of 0.1 eV/atom is
assumed.

Evolution of (a) 0.05 ML (b) 0.3 ML Ag/Ag(100) films at 250 K, after exposure to 20L
oxygen. Evolution times are indicated. All images are 100 x 100 nm?.

(a) Change in Lay, versus time, t, for 0.3ML Ag/Ag(100) films at 250K with various

oxygen exposures (shown). (b) L,y versus time for 0.3 ML, 0.1 ML and 0.05 ML

(shown) films at 250 K.

Island size distributions from STM data, determined (a) just after deposition (b) after
extended evolution times for 0.05 ML, 0.1 ML and 0.3 ML.

Evolution of the scaled variance of the size distribution, 67, versus t for Ag/Ag(100) films
with various coverages (shown) at 250K with 12-17L O,. Asymptotic (t—>oo) theoretical
OR values are 6° =0.273, 0.243, 0.224, for 6=0.3, 0.1, 0.05SML, respectively (shown),
decreasing to 0.119, as 8—0.

Predicted asymptotic form of the island size distribution for diffusion-limited OR. The
distributions correspond to the asymptotic values shown in Fig. 5.

Smoothening of 25ML Ag/Ag(100) films at: (a) 250K, (b) 230K, and (c) 210K after
exposure to 17L O,. STM images are 154x154 nm”.

Smoothening of 25ML Ag/Ag(100) films. (a) Decay of the roughness, W (in units of
interlayer spacing) at 250K with various oxygen exposures (shown). (b) Temperature

dependence of W-decay for fixed oxygen exposure of 17 L.
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APPENDIX B. O + Ag/Ag(100) DECAYANALYSIS: SUBMONOLAYER
ISLAND AND MULTILAYER ISLAND STACKS

Decay analysis of nanostructures on metal surfaces offers a complimentary method in
determining how an adsorbate interacts with the surface atoms. As discussed in Chapter 2,
for systems where coarsening proceeds through Ostwald Ripening (OR- the detachment and
diffusion of atoms from an islands edge), there are two limiting cases for the evolution of
these structures with time. If the detachment rate of adatoms from the island edge is rapid
compared to the rate of diffusion, then the diffusion of adatoms is the rate-determining step.
This is referred to as the terrace-diffusion-limited (TDL) case. If the detachment rate of
adatoms from the island is slow compared to the rate of diffusion, then detachment of
adatoms is the rate- determining step. This is referred to as the interface-transport-limited
(ITL) case [1]. Surface islands decay in size with a power-law scaling in time: A o (t, —t)",
where A is the island area, t, is the time at which the feature disappears and n = 2/3 or 1 for
TDL and ITL respectively [1,2].

Fig. 1(a) shows the decay of several small Ag islands on Ag(100) after exposure to 17
L O, (g at 250 K. All islands appear to decay at approximately the same average rate, which
is determined to be = 10 atoms/min. for a 17 L exposure. Closer examination of an
individual decay event (Fig. 1(b)) shows that the decay is not linear with time. This indicates
that coarsening is terrace-diffusion-limited under the experimental conditions. Fig. 2(a)
shows an STM image of 25 ML Ag/Ag(100) immediately after exposure to 17 L Oz(). Fig.
2(b) shows the layered island structure for a multilayer island stack (mound). Decay analysis

for mulitlayer mounds reveals similar behavior to submonolayer islands. Fig. 3(a) shows
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typical curves for three-layer mound decay. Decay for both the top and middle layer islands
is non-linear, once again indicating TDL behavior.

Further analysis of the decay curves for the multilayer stacks provides information on
atomic interactions between the adsorbate and surface atoms. In this analysis, we examined
several types of surface structures: three-layer mound, two-layer mound (equivalent to
submonolayer islands) and multilayer vacancy islands, after exposure to 17 L O, ). For both
two and three-layer mounds, decay is non-linear and resembles data plotted in Figs. 1 and 3.
For all cases, however, island decay begins to dramatically increase, as the island size
becomes very small. Observations for several mounds reveal that the rate of decay begins to
increase when islands reach a size of approximately 200-300 atoms (Sy,), as indicated by the
dashed arrows in Fig 3(a). More intriguing results appear when these increased decay rates
for successive layers are compared to each other. While not obvious from Fig. 3(a), upon
reaching size Sy, the decay rate for the middle-layer is faster than the rate for the
corresponding top-layer when it had reached S;,..

Data summarizing mound decay rates are shown in Fig. 4, which plots the rates for
several mounds and vacancies. The data points that lie below the lower dashed line (which
indicates Sn) show decay rates for islands larger than S,,. For all islands larger than Sy, the
decay rate is 3-7 atoms/min. Upon decaying to size Sy, their average decay rate increases, as
indicated by the vertical arrows. For two-layer mounds, as well as the top-layer of the three-
layer mounds, the decay rate increases to 10-12 atoms/min. (the area between the two dashed
lines). As previously stated however, upon reaching Sp,, the decay rate for the middle layer

of the three-layer mound, increases to 13-17 atoms/min.
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It is precisely this difference in the top and middle decay rates that offers clues into
the atomic interaction of oxygen with Ag. For decay to occur, Q,q must decorate the surface
steps and aid in detachment of Ag atoms. For decay of an individual island to continue, there
must be a mechanism for O,q to return to the island edge. If this were not so, we would
expect to see decay of upper-level islands eventually stop as the O,q is depleted. Because
decay does not stop, O.¢ must be mobile on the Ag terrace, in order to repopulate the island.
For the same reason, we suspect that O,4 must also be able to easily ascend and descend
island steps. The difference in top and middle-layer mound decay rates provides evidence to
support this claim. Once the top island has fully disappeared, there will be a buildup of O,q4
at the edge of the lower island. This increased density of O,q leads to the enhanced decay
rate when the middle layer reaches S;,. This increase shows that O,4 must be able to descend
the steps in order to observe any enhancement. The lack of equilibration of the O-edge
population implies some limitations on the rates for detachment of O,q.

For all vacancy islands, the rate of decay falls in the range of 3-7 atoms/min. In
contrast to mound decay, vacancy decay is linear with time and no enhancement of the decay
rate is observed as island size decreases (see Fig. 3b). This is easily explained, as the
processes for vacancy and mound decay slightly differ. Mound decay entails removal of Ag
atoms from island steps. Vacancy decay relies on the addition of Ag, filling the vacancy. If
we consider the surface in Fig.2, the majority of the surface structures can be thought of as
terraces and large islands and mounds. As shown previously, large structures decay with a
rate of 3-7 atoms/min. Therefore, the rate to fill vacancies should be no greater than the rate
at which Ag atoms are provided. The observed vacancy decay rate is consistent with this

explanation.
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Figure Captions:

1.

[V3)

Submonolayer island decay analysis for 0.05 ML Ag/Ag(100) after exposure to 17 L. O3
at 250 K. (a) The change in island size with time, for ten individual islands. Each time
division is 10 minutes. (b) Expanded view for the curve outlined by the dashed rectangle
in (a).

STM image of 25 ML Ag/Ag(100) immediately after exposure to 17 L O; at 250 K. (a)
154 x 154 nm” image showing the structure of a mounded Ag surface. The dashed
squares in (a) are enhanced to show the typical structures for (b) three-layer mound and
(d) mulitlayer vacancy. Image size for (b,c) are 16 x 16 nm’.

Typical decay analysis curves for structures similar to those shown in Fig. 2(b,c) The
graphs show the change in island size with time for (a) three-layer mound and (b)
multilayer vacancy. The dashed arrows, labeled Sn, in (2) signify the approximate island
size at which the island decay rate dramatically increases.

Summary plot for the decay analysis of 25 ML Ag/Ag(100) after exposure to 17 L O, at
250 K. Decay for three types of surface structures is shown: three-layer mounds, two-
layer mounds and multilayer vacancies. For three-layer mounds, the top and middle
layers for a specific mound, are indicated by the numbers below the data points. Points
below the lower dashed line signify decay rates for islands larger than S,,. Vertical
arrows show the increase in decay rate after an individual island reaches S;,. The top
dashed line serves to differentiate the rates for the top and middle layer decay rates for

three-layer mounds.
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APPENDIX C. KINETIC ROUGHENING DURING Ag/Ag(100)
HOMOEPITAXY BETWEEN 190K AND 300K

Our group has recently shown that multilayer growth of Ag films on Ag(100) is
nontrivial and reasonably complex [1,2]. Ag films on Ag(100) do not grow in a layer-by-
layer fashion due to the presence of a step edge barrier (Ehrlich Scwoebel barrier) that
inhibits the depositing atoms from descending terrace steps. Rather, after the deposition of
several ML, mounded type morphology is observed.

Characterization of the multilayer films is accomplished through exarnination of both
the lateral and vertical morphologies of the surface. The vertical morphology provides
information on the surface roughness of the films. Surface roughness (W) is characterized by
the root mean square height difference between areas on the surface (see Fig- 1a). More
simply stated, the roughness is a measure of the number of exposed surface layers. A simple
expression relating roughness to coverage is:

w~6° (1)
Where 0 is the coverage and f is the roughening exponent with 0<f<1/2.

The lateral morphology is described by the Height-Height correlation function H(r),
which describes the mean-square height difference for two surface features (z.e. mounds),
separated by some lateral distance (see Fig. 1b). The average distance between mounds (D,y)
describes this lateral distance (Fig. 1c). The expression describing the lateral morphology

with coverage is:

n

Dav -~ e (2)

Where 6 is the coverage and n is the coarsening exponent.
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To better understand the relationship between the vertical and lateral film
morphology, direct comparisons between the two are made. For this, the idea of ‘slope’ is
introduced (see Fig. 2a). The slope (S) of a surface mound is defined as the ratio of the
roughness to the lateral distance.

S=W/D, 3)
Substituting equation (1) and (2) into equation (3) gives the following expression:

s=g°" (4)
The slope can therefore be characterized by using the roughness and coarsening exponents.
An increasing mound slope results when B > n. When B = n, the condition of slope selection
is reached. Fig. 2(b) demonstrates slope selection behavior. When [ > n, the initial mound
growth is in the vertical direction, with the average distance between mounds changing very
slowly. Upon achieving slope selection (B = n) the mounds begin to grow laterally as well as
vertically.

Figs. 3(a-d) are STM images showing the change in surface morphology as the film
coverage increases, for temperatures between 190 — 300 K. Roughness and coarsening
analysis from the images are shown in Figs. 4(a) and (b) respectively. Roughness and
coarsening exponent values are summarized in
Table I.

At 190 K it is observed that § =~ n. This signifies that at this temperature, slope
selection is achieved early in the growth process. At higher temperatures, {3 is much larger
than n. This implies that roughening proceeds faster than coarsening at these temperatures

for coverages below 100 ML.. Theory describing slope selection states that when = 1/2
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and n = 1/6 slope selection is not active [3]. Results in Table I. are completely consistent

with this statement.
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Table Caption:
I. Roughening and coarsening exponents for multilayer Ag films on Ag(100)
between 190 and 260 K. Data for 300 K is not available due to poor

statistical information from the STM images.

Figure Captions:

1. Descriptions for surface morphology analysis of Ag multilayer films.

(a) Representation of the vertical morphology or roughness (W) which is
described by root-mean-square of the differences in surface height.

(b) Representation of the lateral morphology (distance between surface
structures) which is described by the mean-square height difference (dh)

for two surface features separated by some lateral distance (dr).

(b) Cartoon showing D,,, the average distance between mounds on the surface.
Rgv is the average mound radius. D,, =2R,,.

2. Mound slope selection. (a) Shows the relationship between roughness and mound size
(distance) in determining the slope. S =W /D,,. (b) Cartoon depicting mound growth
and eventual slope selection as the coverage (deposition time) increases. The initial
lateral mound size stay fairly constant until the mound reaches the selected slope (dashed
lines). Upon achieving slope selection, the lateral mound size grows as the mound
increases in height.

3. STM images of multilayer Ag films on Ag(100) at (a) 190 K (b) 230 K (¢) 260 K (d) 300

K. Ag coverages are shown in the figures. All images are 100 x 100 nm?.
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4. (a) Roughness versus Ag coverage for 190 — 300 K. A linear fit to the data provides the
roughening exponent _. Corresponding _ values are shown in the lower right corner_. (b)
Mound separation (D,,) versus Ag coverage for 190, 230 and 260 K. A linear fit to the
data provides the coarsening exponent n. Corresponding n-values are shown in the lower
right corner. Data for 300 K is not available. The relatively large distance between
mounds results in a low number of mounds per STM image, providing limited statistics

for Dy at this temperature.



Temperature (K)

190
230
260

0.37 040
0.40 0.18
0.50 0.10

Table I
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(b) H(dr) = (((r) - h(r + dr))")

Figure 1
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APPENDIX D. THE STUDY OF MULTILAYER Ag FILMS ON Ag(100)
USING HIGH RESOLUTION LOW ENERGY ELECTRON
DIFFRACTION

In contrast to X-ray diffraction techniques, which provides information on the bulk
positions of atoms in a crystal, low energy electrons probe only those atoms at or near the
crystal surface. By examining the array of low energy electron diffraction spots, information
on the relative positions of the surface atoms can be discerned.

Because diffraction is a reciprocal space technique, analyzing the pattern of many
spots (ie. observation of large areas in reciprocal space) provides information over very small
areas in real space (ie. atomic positions). Conversely, by focusing on a small area in
reciprocal space, for instance a single spot in the diffraction pattern, information can be
gathered for very large areas in real space. High Resolution Low Energy Electron
Diffraction (HRLEED) is a technique in which data from a single diffraction spot can be
used to elucidate information on surface structure. Fig. 1(a) diagrams a typical HRLEED
instrument. Electrons scattered from the crystal surface are scanned over the detector by a
set of deflection plates. Fig 1(b) shows a typical LEED pattern for Ag(100). The high
resolution capabilities of the instrument allows for closer examination of an individual
diffraction spot, which is observed in Fig. 1(c). By observing changes in spot shape and
intensity, information on large-scale structures, such as islands and mounds, can be gathered.
HRLEED, therefore, proves to be a very useful technique in the studying the growth and
evolution of surface structures.

In chapter one, we showed that HRLEED could be used to monitor the growth and

evolution of submonolayer Ag islands on Ag(100). The exact same techniques can be used
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to monitor mulitlayer mound structures as well. Fig. 2 demonstrates how HRLEED is used
to gather such information. Fig. 2(a) shows a clean Ag(100) surface, with several monatomic
terrace steps. The resultant 2-D spot profile (Fig. 2b) shows the symmetrical round spot
typical of a clean surface. A 1-D cross section of this spot (fig.1c) reveals a sharp gaussian
shaped peak profile. Fig. 2(d) shows a Ag(100) surface after deposition of 0.3 ML of Ag.
Small 2-D square islands now decorate the terraces observed in Fig. 2(a). The 2-D spot
profile of this surface shows the central spot surrounded by a diffuse ring (Fig. 2e). The 1-D
cross section (Fig. 2f) clearly shows the central peak, flanked on either side by satellite peaks
that represent the ring in the 2-D plot. The diameter of the ring (d*) is inversely proportional
to the ‘average’ distance between islands on the surface in real space. This distance is
termed the correlation length. This correlated distance is not relegated to measurements of
submonolayer islands only. Monitoring the 1-D ring structure also provides information on
the average lengths between larger structures, such as multilayer mounds.

For the submonolayer islands, after exposure to oxygen, coarsening was monitored by
observing the change in the ring diameter (d*) with time. Multilayer mound coarsening can
also be monitored a similar way. By measuring d* as a function of Ag coverage, the average

mound separation can be determined. Mulitlayer coarsening scales by the simple relation:

Dav -~ en (1)
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Where D,y is the average mound separation and n is the coarsening exponent. By plotting
mound separation versus Ag coverage, the coarsening exponent can be determined. Figs. 3
and 4 show coarsening data for mulitlayer films at 190 and 220 K.

Fig. 5 shows a plot for 25 ML Ag films on Ag(100) at various temperatures, as the
energy of the incident electrons is changed from the in-phase to the out-of-phase conditions.
At the in-phase condition, all electrons scattered from the surface interfere constructively.
However, the information gained here is limited because in-phase condition is insensitive to
surface structure. At the out-of-phase condition, upon diffraction, electrons from adjacent
layers on the surface interfere destructively. Therefore, the out-of-phase condition is
sensitive to surface structure, this being observed in the resulting ring in the spot profiles.
Fig. 5 shows how the known changes in surface structure (roughness), after Ag deposition at
different temperatures, affects the spot profiles. At temperatures below 240 K, the out-of-
phase energy condition is not reached before the intensity of the spot becomes zero, and the

spot is no longer observed.



Figure Captions:

1.

(9]

(a) Diagram of a typical HRLEED instrument. (b) LEED pattern for Ag(100).

(c) 2-D spot profile of the specular (0,0) reflection. The transfer width of this instrument
is = 1000 A.

Demonstration of how HRLEED is used to monitor surface structures on Ag(100). (a)
Clean Ag(100) surface. (b) and (c) Respective 2-D and 1-D profiles for the surface
shown in (a). (d) Ag(100) after deposition of 0.3 ML Ag. (e) and (f) Respective 2-D and
1-D profiles for the surface shown in (¢). The ring diameter (d*) is inversely proportional
to average distance, between surface structures, indicated by the solid line in (d).

Family of 1-D spot profiles for various Ag coverages at 220 K. The intensity for all
profiles is normalized for comparison. The calculated island and mound separation
lengths (correlation length, L) are shown to the right of each profile. The deposition flux
= 0.006 ML/sec. The beam energy = 110.4 eV.

Correlation length (Lc) versus coverage at (a) 220 K and (b) 190 K. The resultant slope
gives values for the coarsening exponent (n). The exponent in (a) 0.19 and (b) 0.23.

Data points in (a) were collected in a single experiment after sequential deposition of Ag
from 0 — 13.5 ML. Data points in (b) were collected in separate experiments. The
deposition flux = 0.006 ML/sec. The beam energy =110.4 V.

Spot profile Intensity of: the (0,0) reflection as the beam energy is changed from the in-
phase to the out-of-phase condition for 25 ML Ag films deposited at various

temperatures. In-phase energy ~ 140.0 eV, out-of-phase energy ~110.4 eV.
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APPENDIX E. FILM GROWTH ON AN ANISOTROPIC SURFACE:
SUBMONOLAYER AND MULTILAYER Ag FILMS
DEPOSITED ON Ag(110)

The vast majority of studies dealing with homoepitaxial nucleation, growth, and
evolution of metallic thin films have focused on isotropic surfaces. Studies of such surfaces
were a logical starting point due to the atomic arrangement and relative interaction energies
being equal in all directions in the surface plane. Much less studied are anisotropic surfaces
where the arrangement of surface atoms, and the relative energies, is not the same in all
directions. Here we present preliminary results for homoepitaxial growth on an anisotropic
Ag(110) surface.

The Ag(110) surface has long history and has been well documented in its use as a
catalyst in epoxidation reactions [1-3]. Until recently, however, studies into growth and
evolution of Ag nanostructures on this surface have not enjoyed the same level of attention.
Several recent experimental studies have focused on the evolution and manipulation of
surface step structure with time [4-6]. The use of STM in the decay analysis of
submonolayer Ag(110) islands, has resulted in a better understanding of the atomic diffusion
processes on this surface [ 7,8]. Multilayer studies on Ag(110) revealed a ‘mound rotation’
effect with deposition at very cold temperatures [9]. Finally, Monte Carlo simulations have
been performed to examine the nucleation and growth characteristics of submonolayer
islands [10,11]. To date, however, experimental studies into nucleation and growth of
Ag(110) submonolayer islands have yet to be thoroughly examined.

The Ag(110) surface offers several advantages in the study of anisotropic materials.

Unlike the (110) surfaces of Au [12] and Pt [13], Ag(110) does not undergo a surface
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reconstruction. It is therefore possible to examine true (110) atomic interactions. Second is
the relative ease for Ag film deposition. Where evaporation of refractory materials such as
Ir, Pd or Pt, is very difficult due to high melting points and low vapor pressures, Ag
evaporation is relatively simple.

One notable disadvantage, however, exists when studying surface structures on
Ag(110). Due to the atomic arrangement of the (110) surface, atomic diffusion events are
very fast. As a result, island coarsening on this surface is extremely rapid. Atroom
temperature, islands can decay and disappear in a matter of minutes. This makes analysis,
such as island density studies or island evolution studies with time, very difficult to follow at
temperatures above ~ 220 K. Even at temperatures around 175 K, decay is noticeable on a
time scale of minutes. Careful preparation and efficient experimental procedures are a must
when working with this surface.

Fig. 1 shows a representation of a (110) surface. The atomic arrangement is such that
a ‘row and trough’ structure is observed with rows oriented in the [110] direction. Surface
islands, such as in Fig 1(a) are rectangular in shape, with the major axis oriented in [110]
direction. Fig. 2 shows several high resolution STM images where the row and trough
structure can be observed in the island and terrace step structure on Ag(110).

Two distinct submonolayer island nucleation experiments are shown. The first
(shown in Fig. 3) monitors the initial island density as a function of temperature, with a
constant deposition flux. The corresponding Arrhenius plot is shown in Fig. 3(b). The
second (shown in Fig. 4 for two different temperatures) monitors the initial island density as
a function of deposition flux, at constant temperature. Plots of island density versus

deposition flux, for the two experiments, are shown in Figs. 4(b) and (d) respectively.
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Fig. 5 shows 25 ML films deposited at different temperatures ranging from 175 ~

260K. As expected, the mound structure differs greatly with temperature. At 260 K, mounds

exhibit long, flat and broad terrace structure, where at colder temperatures mound are smaller

and more compact. At all temperatures, the anisotropy in the mound structure is clearly

evident. Comparison of the mound structure with temperature is more easily seen in Fig. 6.
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Figure Captions:

1.

The Ag(110) surface. (a) ‘3-D’ view (b) Side view (c) Top view (d) Atomic
resolution STM (28 x 39 nm?). Inter-atomic distances for the [110] and {100]
directions are labeled in (b).

High resolution STM images on Ag(110) at 160 K. (a) Submonolayer islands on
(110) terrace (50 x 50 nm?). (b) Submonolayer islands and [100] terrace step (65
X 65 nm”).

Island density as a function of temperature. (a) STM images showing Ag islands
at various temperatures. (b) Arrhenius plot for the Island density. The flux for all
images was 0.045 ML/sec. All images are 100 x 100 nm?®.

Island density as a function of deposition flux. STM images of Ag islands for
various flux values at (a) 175 K and (c) 205 K. Plots for island density versus
deposition flux at (b) 175 K and (d) 205 K. All images are 100 x 100 nm”>.

Time evolution for 25 ML Ag films on Ag(110) at: (a) 175 K (b) 205 K (c) 260
K. Deposition flux is 0.045 ML/sec. for all temperatures. All images are 100 x
100 nm”.

STM images illustrating mound size and structure for 25 ML Ag/Ag(110) just

after deposition at various temperatures. All images are 100 x 100 nm?.
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Appendix F. Experiment Database

Table Captions:

L. HRLEED Experiments

II. Oxygen + Ag/Ag(100) Scanning Tunneling Microscopy Experiments
1. Multilayer - Ag/Ag(100) Scanning Tunneling Microscopy Experiments

IV. Ag/Ag(110) Scanning Tunneling Microscopy Experiments
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Exposure (L)
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All data for the HRLEED experiments are on the labeled Zip Disk.
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