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'Computer Simulations of Growth Phenomena on Solid Surfaces' 

(a) List of Objectives 

Our work provides an understanding of epitaxial growth at the atomic level and develops new 
phenomenological theories describing epitaxy on large space and time scales. There are practical 

reasons for seeking such an understanding. Solid state electronics is moving relentlessly toward 
smaller and smaller devices to increase both storage density and computing speed and to reduce 
power consumption. As devices get smaller and the surface-to-bulk ratio diminishes, the quality of 

the interface becomes very important. A rough interface degrades conductivity and luminescence 
and increases energy loss. Until now, progress in the growth of small and complex solid state 
structures has relied on empirical research. It is hoped that a better understanding of crystal growth 
will allow us to optimize device performance and perhaps suggest how to grow new structures, 
with new functions. 

(b) Status of the Research Effort 
We could grow a perfect solid if we could grow a perfect layer on the substrate and then grow the 
solid one layer at a time. This is why a lot of theoretical and experimental effort goes into studying 
sub-monolayer growth. Our results in this direction are described below. 

(1) A new mechanism/or surfactant action. Many experimental studies have shown that 
one can use "surfactants" to improve the quality of epitaxially grown films. These findings are 

especially important in the case of heteroepitaxy where lattice mismatch often leads to rough and 

fractured films. It is very likely that surfactant action has several mechanisms that depend on the 

chemical nature of the system We have proposed and tested3 one such mechanism, which is 
operative when the surfactant atoms repel those of the material being grown. This repulsion 
changes the character of the atomic motion from diffusion to a slower motion that we call 
"anomalous diffusion". This in turn increases the number of islands nucleated, as compared to the 
case when no surfactant is present, which leads to layer-by-layer growth. We established this 
mechanism by analysis and computer simulations, and have shown that it does explain the 
experimental observations. This is a new concept in epitaxy, likely to also be useful in the kinetics 
of surface reactions. 

(2) The kinetics ofdimers in the early stage of epitaxy on Si(100). In the past several years 
we have mapped the kinetic pathways followed by the first Si atoms deposited on a Si(100) surface 
and indicated how our results can be tested by low^temperature STM measurements. Recent 
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developments in technology have made such measurement possible. They confirmed our early 

predictions as well as those made prior to the experiments.2 We have predicted that the Si atoms 
deposited on the surface will adsorb on top of the dimer rows, will move very rapidly along them, 
and will meet and make dimers and longer one-dimensional clusters on top of the rows. At higher 
temperatures the deposited atoms will move between the rows. We have also predicted that the 
dimers on top of the rows will rotate. These predictions were rather radical at the time they were 
made. The diffusion rate given by us was much larger than that inferred from experiments and the 
clusters we predicted were oriented perpendicular to the ones observed at high temperature. 

Nevertheless all our predictions were confirmed by detailed direct experiments. 

We have also analyzed6 the collective properties of missing dimers on Si(100) and 
predicted that they will form wavy lines on the surface. These have been detected by Zandvliet in 
Holland and their properties agree with those calculated by us. 

(3) Island shapes, evaporation, and coarsening. The adsorbate islands formed on surfaces 
have very intriguing shapes. The equilibrium shape is a thermodynamic quantity that depends on 
the "surface" tension along the island's border. In principle, by analyzing these shapes we can 

calculate this tension. We have developed the methodology7"9-11 of doing so in two cases: when 
the shape is determined by transport of material along the border, and when it is dominated by 
evaporation/condensation on the island. We have shown in both cases how one could use the 
measured shape to determine the edge tension. The evaporation of atoms from the islands leads to 
"coarsening": a change in island density and size distribution. In catalysis this is a highly 
obnoxious event which degrades the performance of the catalyst and needs to be avoided. In 
microelectronics it is a desirable effect since it can be used to make island sizes more uniform. We 
have developed new methods to simulate coarsening and in the process have studied the 

evaporation from islands in detail.9«11 We discovered that the evaporation rate has strange 

properties and explained their origin. We have also shown that island coalescence follows a 

scaling law13 which we have tested by simulations. 

(4) Growth of heterogeneous systems. A system is heterogeneous if the lattice of the top 

layer is mismatched with that of the substrate. A good example is Au on a Au(100) surface.14 

Instead of making a square lattice (as would be expected on a (100) substrate), the top Au layer has 
a nearly hexagonal packing and its density is 20% higher than that of the bulk. The islands grown 
on this surface are rectangular and show a "size quantization": they tend to be six, or twelve, or 
eighteen atoms wide. We have used an effective medium theory to calculate the activation barriers 
for atom motion on and around the islands, to discover the reasons for the quantization of size and 
the preference for long rectangles. The bond length between the gold atoms on the top layer is 

shorter than in the bulk. The atoms tend to get close to each other in the horizontal direction and to 
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buckle vertically, so that along one direction six atoms in the island fit on top of five atoms on the 
substrate. Because of this buckling the mobility of an atom across an island is low, and the 

mobility along an island is high. This leads to growth of long islands. Moreover, the diffusion 
constant of an atom along the long edge of a rectangular island depends on the size of the island 
and is fastest if the island is six, twelve, or eighteen atoms wide. Once an island reaches one of 

these widths the atoms reaching its border move rapidly along the long edge of the rectangle, and 
reach the short edge and get stuck there. This mechanism favors both the long rectangle shape and 
size quantization. We are convinced that this mechanism (size-dependent mobility across the island 
or along its edges) is essential in understanding growth in heterogeneous systems. 

(5) Thermodynamic and kinetic studies of the mean island shape and its surface tension. 

The thermodynamics and the kinetics of the small islands grown on a solid surface are fascinating 

because of the smallness of the system. If we think of such an island as a large molecule, which it 

is, then STM pictures of evolving islands provides us with information on the isomerization of a 
molecule in contact with an energy reservoir. Thermodynamics has been developed to deal with 

the mean properties of a huge number of molecules. What is then the meaning of thermodynamics 
when applied to measurements that study one island? The next question is how to implement 
thermodynamics to study a system in which all measurements are kinetic and we cannot measure 
the two essential quantities, work and heat. We have addressed this question in two lectures at the 

NATO school   in Rhodes. We proposed that the thermodynamic theory is meaningful only if it 

deals with averages over an ensemble of islands. We showed how such an ensemble can be 
constructed by performing kinetic measurements or simulations. This has been applied, in 
conjunction with kinetic Monte Carlo simulations, to determine the surface tension of the island's 
edge from its equilibrium with a gas of atoms adsorbed on the substrate, and also from the 
evolution of its shape. The results of these two independent theories are consistent with each 
other. 

(6) A thermodynamic theory of evaporation rate. In work sponsored by this grant, we 
made a surprising discovery: the rate of evaporation of atoms from an island is proportional to 

N0-36, where N is the number of atoms in the island. The exponent was independent of all other 
variables in the system, temperature, si2e, and kinetic model. Everyone in the field expected the 
exponent to be 1/2. To understand this size dependence we developed a theory of the evaporation 

9 
rate which predicts that the evaporation rate is proportional to Nl/2 exp[ b/N1/2]. This is even 

more surprising and seems to contradict our earlier results. However, both functional forms (i.e. 

NO-36 and Ni/2 exp[ b/N^]) fit the data equally well! The constant b in the second equation 

depends, in a known way , on the edge tension of the island. By performing simulations of 
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evaporation rates we extracted b and the surface tension. The latter agrees very well with the 
19 

surface tension extracted from simulations of island-vapor equilibrium , proving that our theory is 

sound. 

(?) Aspects of the coarsening process. If we grow an ensemble of islands and they do not 
have the desired size or position distribution, we have one more chance: by heating the system we 
can cause the atoms of the islands to evaporate, move on the substrate, and join other islands. 
Heating also causes the islands to move along the surface, meet each other, and merge. This 
process, known as coarsening, will change the island-size distribution and the way the islands are 
arranged in space. We have studied, by Kinetic Monte Carlo simulations, the mobility of the 
islands and the change in island-size distribution caused by coarsening. It was proposed in the 

literature, by many authors, that the diffusion coefficient of a migrating island has a power-law 
dependence on the size, with a universal exponent (i.e. independent of material or working 

18 conditions). Our simulations   show that this is not the case. Recent experiments in Wendelken's 

group have confirmed our findings. We have also developed a phenomenological theory of the 
coarsening process taking place during deposition, as the islands grow in size, touch, and merge. 
We found a new scaling law for island-size distribution and confirmed it by simulations. 

(8) 771«? theory of rate constants. Kinetic simulations require the computation of a large 
number of rate constants. Activated complex theory is a favorite method for determining the rates. 
Such calculations have two difficult steps: finding the transition state and convincing oneself that 
the transition state approximation is correct. We have proposed a new procedure for finding 
transition states. This used a genetic programming method to "teach" the ab initio program the 

configurations for which to calculate energy to find the transition state most efficiently.17 We have 

also studied a variational method for finding the best dividing surface for the transition state, in 

complex systems that have multiple recrossings.1 
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