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Background and project objectives
Self-organized surface nanostructures hold the promise for manufacture of microelectronic devices with unprecedented performance characteristics. A prime example is
the Stranski-Krastanow growth of semiconductor quantum dots in lattice mismatched
SiGe/Si and InxGa1-xAs systems. Indeed, because of the close connection between size
and electronic characteristics, these structures can be "tuned" to very specific
requirements. Potential applications include field effect transistors, quantum memory
devices, and solid-state lasers. While the promise of this technology for micro-electronic
applications is evident, the task of actually fabricating these devices reproducibly
represents an engineering challenge with many aspects.
Using the phenomenon of strain-driven self-assembly to manufacture quantum dot arrays
will require a fundamental understanding of the role of strain, surface energies, and
surface transport and deposition kinetics on the formation and evolution of islands. We
propose to address this issue by developing multiple-scale models of the growth of
strained semiconductor thin films. Our approach will be to use continuum and Monte
Carlo simulations, supplemented by appropriate atomistic calculations, to model the
meso-scale processes that determine effective surface energies and transport kinetics
during growth. The goal of the project is to predict the nucleation, evolution in shape and
organization of islands and will provide the understanding required to control and
optimize processing. The models developed to understand the self-assembly of quantum
dots will also be used to study the morphological stability and evolution of other surface
based nanostructures such as self-assembled quantum wires and patterned surfaces
formed due to bunching of surface steps or during surface sputtering with ion beams.
Such surfaces can be used as templates or cradles for growing nanowires and quantum
dots. The modeling work on sputtering will be supported by experimental work on
growth and relaxation of sputter ripples on metals and semiconductor surfaces [1].
Progress
The growth of faceted islands in strained heteroepitaxial systems is generally understood
on the basis of a competition between the energy cost to create the surfaces of the islands
and the elastic strain energy that can be relaxed by the formation of the islands. While
this physical picture predicts an energetic barrier to the nucleation of islands, recent
experiments [2] have shown that pyramid shaped quantum dots bounded by (105) facets
grow without any nucleation barrier from an array of shallow mounds on otherwise flat
(100) terraces. This observation is not explained by existing theories of heteroepitaxal
growth. Another key feature that has eluded a consistent explanation for several years is
the reason for the stability of the (105) facet in strained SiGe/Si islands.
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Recently we have developed a description [3] based on
the physics of surface steps that explains the early
stages of SiGe quantum dot growth. Our results are
obtained from a combination of atomistic and
continuum elastic calculations, including the
development of a Green’s function approach that
enables us to efficiently calculate the elastic interactions
among steps on the surface. The key idea that explains
nucleationless growth of islands is the observation that
the formation energies of steps can become negative in
the presence of strain. The strain sensitivity of the step
formation energy depends on their atomic structure – if
Figure 1: Structure of the (105)
new atomic bonds can be formed at the step-edge by
surface [4], where the bonds at
stretching some of the bonds in its vicinity, the energy
the step-edge (marked “S”) are
of the steps can be lowered, particularly when
stretched relative to the bulk
compressive strains are applied. Based on this idea, we
bonds.
have used atomistic simulations to identify a new
structure for the (105) surface [4] shown in Fig. 1 – this model differs from the previous
models in that there are atomic bonds at the edge of the steps (denoted by S in Fig. 1) that
are stretched relative to the bonds in the bulk. The proposed model has been observed in
experiments conducted by research groups from Japan and Wisconsin [5].
With information on the energetics of surface steps from(a)(b)
atomistic simulations, we have
developed a continuum description [3,5] to study
large scale evolution of quantum dots. Our
simulations show that kinetics of mass transport plays
an important role in determining the sizes and spacing
of the quantum dot islands. If the film is grown at low
flux or high temperature, the atoms on the surface are
able to diffuse to islands that are present on the
surface, leading to more or less regular and well
separated islands (refer to Fig. 2(a)), while low
temperature growth leads to larger island density. In
Figure 2: Morphology of SiGe/Si
this case, as more material is deposited, the islands
films from experiment [7] (top)
impinge on their neighbors, which results in the
and our continuum model [8]
formation of ridge-like structures (Fig. 2(b)) observed
(bottom) for high (a) and low (b)
in experiments [7]. We have also studied the kinetics
temperature growth.
of island coarsening using our continuum model [8].
Since deposition and atomic diffusion are inherently random processes, it is difficult to
achieve perfect ordering of nanostructures, unless patterned substrates are employed. Our
modeling efforts in this area include studies of atomistic mechanisms that can lead to
spontaneous formation of patterned surfaces and the kinetics of nanostructure growth on
such substrates. In the former case, we have used atomistic simulations to study the
formation of step-bunches due to attractive interactions between steps on Si (113) [9,10]
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and TaC [11] surfaces. Since bunched steps
have much larger stiffness compared to singleheight steps [12], they remain straight even at
elevated temperatures and hence are ideally
suited for growing periodic arrays of long
nanowires. Surface pattering can also be
achieved on (001) surfaces Si and Ge surfaces
by the formation of dimer-vacany lines. While
this phenomenon has been well studied in Si,
Figure 3: Growth of a latticewe have recently investigated the conditions
mismatched film (yellow) on a
under which vacancy lines form on Ge
patterned substrate (brown). The
deposited film prefers to move to the
surfaces [13]. An example of the growth of
grooved areas to relax the misfit
nanostructures on a patterned substrate
strain.
computed with a phase-field model is given in
Fig. 3. Here the material deposited on a surface with nanoscale mesas and grooves,
prefers to move to the grooved region to relax the misfit strain. In the future, we will use
this method to study ordering and correlations in vertically stacked quantum dot systems.
Recently, Cambridge University Press has published a book on thin
film materials by Ben Freund and Subra Suresh (MIT). The book
provides a comprehensive coverage of the major issues of stress in thin
films and its consequences, including defect formation and surface
evolution. The cover of the book is shown on the left. Last year, Ben
Freund taught a course on mechanics of thin films, based on the
material covered in this book. Eric Chason and Vivek Shenoy also
offered graduate and undergraduate courses on Monte Carlo and
atomistic simulation methods in the past year.
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