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AFOSR F49620-92-J-0057 

(a)      List of Objectives 

The main purpose of our research is to understand the processes taking place 

during epitaxial growth of solid surfaces. We use computer simulations and, when 

possible, simple models that are tested by simulations and by comparison with 

experiments. 

We have several broad objectives. 

(A) We would like to understand the physical chemistry of shape formation 

during "self-organization": a central question is how atoms moving at random and 

without correlation with each other manage to reproducibly form islands having a well 

defined shape. Why are there such small errors in these shapes? And why are they 

so sensitive to the deposition conditions? And how can we use this knowledge to 

control the growth of these structures? 

(B) Even the most advanced Kinetic Monte Carlo simulations are limited, 

now and in the predictable future, to samples of relatively small sizes and whose 

evolution can be followed for relatively short times. They are perfectly adequate for 

explaining STM observations made on a scale of ten thousand Ä and a time scale of 

minutes. However recent experimental developments such as LEEM (low energy 

electron microscopy), photoelectron scanning microscopy, ellipsometric scanning 

microscopy, etc., provide observations of extremely intriguing phenomena taking 

place for hours, on a space scale of a micron. These phenomena involve massive 

material migration on the surface causing the formation of structures that cannot be 

explained by the known diffusion equations, and whose simulation by atomistic 

models would require computer power which will not be available in the predictable 

future. For this reason I became involved in research whose aim is to develop new 

nonlinear phenomenological equations that can describe these processes. We use 

atomistic simulations to establish what correct form of the equations. Once this is 

done, we can use them to compute the long-time behavior of large systems. 

(C) An important outcome of the understanding provided by our work is 

learning how to control the shapes of these aggregates.  There are practical reasons 
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for seeking such control at this time. Solid state electronics is moving relentlessly 

towards smaller and smaller devices, to increase storage density and computing 

speed, and to reduce power consumption. More remote in the future is the goal of 

integrating, on a single chip, optical and electronic devices. In all these tasks the 

shape of the active region and the perfection of its interface are essential. A well 

chosen shape improves electron transport and photon emission. A perfect interface 

means higher conductivity, enhanced luminescence, and reduced energy consumption. 

Moreover, if interface quality is not controlled, miniaturization will cause a severe 

degradation of performance. Up to now, progress in the growth of small and complex 

solid state structures has relied exclusively on empirical research. It is hoped that a 

better understanding of crystal growth will allow us to optimize device performance 

and perhaps imagine new growth methods and new types of structures, having new 

functions. 

(b)     Status of the Research Effort 

All our work is directed toward understanding processes taking place during 

epitaxial growth. However this research field is so rich in new phenomena that we 

need to organize our results into classes of related processes. 

1)  Elementary kinetic processes in epitaxy 

To achieve an understanding of the atomic aggregation we need the activation 

energies for a wide variety of elementary atomic displacements on a surface, at the 

edge of an island and for intra-layer transport (atomic movements down from an 

island onto the substrate, moves across surface steps, etc.). Calculating these 

energies is extremely tedious and several groups throughout the world are engaged in 

such research (for example: Norskov in Denmark, Sheffler in Berlin, and Voter, 

Feibelman and Johnsson in the United States). In papers #4 and #10 we have 

contributed to this effort One of the main observations is that the elementary atomic 

movements are not always simple site-to-site jumps but involve intricate exchange of 

places with other atoms. 
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2)  Processes taking place in the early stages of growth 

If we could grow a solid layer-by-layer, we could make a perfect solid by making 

each layer perfectly. This is why much effort goes nowadays into understanding the 

growth kinetics of a single layer. One would like to know how to get rid of vacancies, 

what controls the number of islands (or nucleation centers), and how one can 

influence them to generate a perfect layer. 

2a) We have studied the early growth processes on Si(100). This is a 

complex, reconstructed surface for which we have predicted a "scenario" for the early 

growth: the incident atoms will land on top of the dimer rows and move rapidly along 

them; they will form dimers and strings with an orientation contrary to that observed 

in the high-temperature measurements available at the time we made the prediction; 

as the temperature is increased the dimers will move to new sites between the rows 

and we predicted their distribution among these sites; in addition we predicted that 

the dimers will rotate, performing jumps of 90 degrees. In collaboration with Lagally's 

group we have designed specific low-temperature STM experiments to test these 

predictions. They have all been confirmed by the measurements (paper #6) and by 

independent measurements performed by Bedrossian and by Wolkov. This is 

especially gratifying since some of our proposals had no precedent or analog in other 

systems and were counter-intuitive. 

2b) One of the most important quantities controlling growth is the density of 

the islands formed by adsorbate aggregation. It is well established that high island 

density leads to layer-by-layer growth, which is a desirable feature in obtaining 

materials of the highest quality. The main method of interpreting island-density 

measurements is a scaling theory proposed a while ago by Venables and extended by 

many people recently. In paper #8 we pointed out ~ based in part on what we have 

learned in performing the calculations reported in #4 and #10 ~ that these theories 

have ignored, without justification, the mobility of the dimers formed by the atoms on 

the surface. We have included this effect in the scaling theory, tested our conclusions 

by simulations, and showed that the new scaling results provide a better 

understanding of the experimental data. This is an essential modification of the 
theory. 
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3)  New effects in adsorbate aggregation: anomalous diffusion and  surfactant action 

It has been shown, for a variety of systems, that the growth of ultra-thin films 

can be very substantially affected by addition of a small amount of well chosen 

substances (called, somewhat improperly, surfactants). A very famous example is 

the ability of small amounts of Sb to cause the growth of smooth Ge films on Si(100). 

The X-ray scattering measurements of Vlieg have shown that Ag films that are 

notoriously rough, become very smooth if a very small amount of Sb is deposited on 

the substrate prior to growth. Later, the STM measurements of Behm have shown 

that Sb causes an enormous increase (a factor of a thousand) in the number of nuclei 

formed on the surface during deposition. Moreover, the magnitude of the effect 

depends dramatically on Sb concentration. This phenomenon had no explanation and 

no precedent in the literature. We have shown (#7), by computer modeling, that the 

effect appears because the Sb atoms are immobile and repel the Ag atoms deposited 

on the surface. Because of this, the Ag atoms no longer diffuse on the surface but 

undergo a type of motion that we call anomalous diffusion. The distance that such an 

atom covers in a given time is extremely sensitive to the amount of Sb on the surface 

and is much shorter than that covered when Sb is absent. We have shown that the 

effect of such a "random network of repelling impurities" is general and will appear in 

any second-order process in chemical kinetics at surfaces. 

4)   The collective behavior of vacancies on Si(100) surfaces 

Recently the crystal growth community has become aware that vacancy 

motion in the top layer is sometimes as important as the motion of single atoms. 

Moreover, the vacancies aggregate and have interesting collective behavior just as 

the atoms do. In paper #9 we have shown that vacancies on the Si(100) surface 

have long-range repulsive interactions due to the elastic distortion they induce in the 

surface layer. These, together with the weak attraction between vacancies sitting on 

adjacent dimer rows, cause the vacancies to form very interesting patterns on the 

surface. Depending on temperature and vacancy density, the vacancies form a 2xn 

reconstruction, or meandering «wavy fines", or a "gas" in which their positions are 

practically uncorrelated. Measurements by Zandvliet in Holland have confirmed 

these predictions. 
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5)   The kinetics of shape evolution: equilibrium and non-equilibrium phenomena 

There is no doubt that adsorbed atoms move randomly on the surface and their 

motion is uncorrelated. It is therefore a small miracle that they manage, when the 

growth conditions are right, to make a large number of flawless aggregates with well 

denned and reproducible shapes. Since one of the main ideas of modern nanoscale 

physical chemistry is to grow structures whose shapes favor certain opto-electronic 

properties, these types of phenomena are receiving much attention. The fact that 

small alterations in the growth conditions lead to substantial changes in the shape of 

the aggregates suggests that a better understanding of the kinetics of the shape- 

formation process might give us an opportunity of controlling growth and designing 

shapes. For this reason we have invested quite a bit of effort in understanding the 

factors affecting shape. 

5a) In our earlier work we focused on the formation of Pt islands on Pt( 111), 

for which Comsa's group provided magnificent data. They have shown that by 

growing at different surface temperatures they can produce an ensemble of triangles 

with the tip oriented along a certain crystal axis, or triangles oriented in the opposite 

direction, or hexagons. At low temperatures the same system makes fractal 

aggregates. We have explained the kinetic mechanism for this process, in a paper 

(#1) that has been much quoted and has been the starting point for a number of 

similar studies (by Norskov in Lyngby, Denmark, and Scheffler in Berlin) and even a 

thesis (Jacobsen in Lyngby) 

5b) Later we have used a "generic model" (i.e. a model that has all the 

physical features of a real crystal but it does not attempt to represent a specific 

material) to study the evolution of a shape to equilibrium (#5) and determine the 

factors influencing this process. These simulations solve exactly the kinetics of 

atomic motion and are therefore "computer experiments". 

5c) The Au(100) surface provides another example of shape created by 

growth. This is a surface that should have square symmetry. However, the atoms in 

the top layer prefer to reconstruct and form a surface whose density is 20% higher 

than that of the bulk. To increase the density the atoms take a pseudo-hexagonal 

structure on a square second layer.  The gold islands grown on this surface are long 
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rectangles and show a "size quantization": they tend to be six atoms wide, or 12 

atoms wide. In paper #11 we have provided an explanation for this behavior. This is 

too technical to go into here, but we believe that this kind of symmetry-breaking 

process will be commonly seen in heteroepitaxy. 

6) The meaning of thermodynamics and kinetics in small systems 

Both thermodynamics and chemical kinetics have been developed for and are 

applicable to systems having a very large number of macroscopically identical 

species. Scanning electron microscopy breaks this rule rather severely. Because of 

this we must address the following general question: how can we apply 

thermodynamics and kinetics to such measurements? Recently I have made an 

effort to provide systematic and logical answers to this question. Our first effort 

concerns the meaning of equilibrium shape, of line-tension (the analog of surface 

tension), and of the rate equations (those we teach in freshmen chemistry) when 

applied to a small island. We have shown that it is possible to introduce a statistical 

ensemble in which both thermodynamics and kinetics can be defined precisely. 

However, the smallness of the sample can cause large deviations from the 

predictions due to large fluctuations. The latter can be avoided only by either 

averaging the results of the measurements over many samples or by averaging over 

a long observation time. The fluctuations are unavoidable but are not a complete 

nuisance. If measured, they can be used to determine a variety of thermodynamic 

quantities that are otherwise difficult to obtain 

7) Atom evaporation from an island and the kinetics of the coarsening process: a new 

path towards efficient simulations. 

One can prepare an ensemble of islands on a metal surface and they will have 

a distribution of sizes and shapes. If these islands are heated, their shapes evolve 

towards an equilibrium shape. In addition, atoms can leave one island, diffuse along 

the surface, and stick to another island. This exchange of atoms leads to a 

redistribution of island sizes (i.e. the number of atoms in the islands). This process is 

called coarsening, since it is believed (with some reason) that the small islands will 

disappear and the coarser ones will survive. There are many approximate theories of 
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this process but they are difficult to believe and even more difficult to test. One would 

like to simulate coarsening to provide "computer experiments" that can test these 

theories. The coarsening process may also be practically important. One of the new 

lines of research in nano-electronics aims at making and using small magnetic islands 

on a solid surface, since they may serve as memory elements. The subject is 

controversial, as some people believe that small islands cannot support 

ferromagnetism. To study these issues one would first have to make islands with 

uniform sizes and shapes. One of the proposals is that coarsening might help achieve 

this goal. 

7a) Our understanding of coarsening is limited by the fact that the process 

is too complicated to allow reliable computer simulation. The departure of an atom 

from an island (we call this process evaporation, even though the atom does not go 

into vacuum but onto the substrate's surface) is a very rare event. Prior to its 

occurrence the atoms undergo millions of site-to-site jumps along the edge of the 

island. The probability of evaporation depends of these jumps: to simulate 

evaporation properly one must simulate accurately the motion of the atoms around 

the edge. To follow coarsening one must examine hundreds of islands undergoing 

millions of evaporation events and for each island one must follow the atoms milling 

around the edges. This task will overwhelm the biggest computer and wear down the 

most patient programmer. 

In paper #12 we have found a solution for this problem. We have proposed 

breaking the task in two stages. First, examine one island and measure the 

probability that the island loses an atom at a give time t. Then use this probability 

in a second program in which coarsening is simulated. In this second stage we need 

not follow the motion of the atoms along the island's edge: the only effect of this 

motion, as far as coarsening is concerned, is to cause evaporation with a certain 

probability. Since we have already measured this probability we can now regard an 

island as an object with no internal structure whose only function is to eject or trap 

atoms with a certain probability. A system like this can be simulated without 
extreme difficulties. 
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7b) In our study of evaporation we have discovered a strange relation. It is 

possible to define an evaporation rate constant k(N,T), which depends on 

temperature and the number of atoms in the island. The dependence on N is 

k(N,T) =f(T) N0.36 

The strange thing is that the exponent is independent of temperature and of the rates 

of the elementary processes in the model. An island having rates similar to those of 

Xe on Pt has the same exponent as one representing a metal island on a metal 

surface. Furthermore, in all previous work in which evaporation processes were 

invoked, it has been assumed that the exponent must be 0.5; the rate of evaporation 

was presumed proportional to the number of atoms at the periphery. Our 

simulations show that this assumption is not correct and that conclusions based on it 

must be revised. We are now exploring both the generality and the consequences of 

this discovery. 

8)   The equations governing pattern formation on a large time and space scale 

The Low Energy Electron Microscope (LEEM), developed recently, provides 

real-time movies of surface growth on a micron space-scale and on a half-hour time- 

scale. The intricate phenomenology observed in this way cannot be understood on the 

basis of atomic-level simulations. We have recently proposed a set of nonlinear 

equations that seem to describe surface instabilities such as facetting. The 

procedure for deriving the equations is general and novel, and can be used as a 

starting point for finding the correct equations describing growth on a large scale and 

at long time. These could be used to fit experiments and extract thermodynamic 

information regarding the parameters controlling growth. 
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