Surface Nanosculpting Using Strain Layer Self Assembly
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Motivation

Quantum dots receive considerable attention because of their physics and potential for technology.  Extraordinary improvements are foreseen using quantum-computing architectures, realized by physical devices that are composed of ordered nanostructure arrays.  However, the near-atomic length scale control required to build such structures is well beyond the capabilities of standard lithographic approaches to device fabrication.  This severe limitation can be overcome through the directed self-assembly of materials into complex 3D nanostructures via manipulation of the natural growth processes associated with their growth.

Scientific Accomplishment

We have devised an exciting approach to self-assembly of complex 3D nanostructures on surfaces by manipulating the growth kinetics of strain-driven quantum dot formation during heteroepitaxial semiconductor film growth.  Our previous work on self-assembly of strained SiGe alloy quantum dots on Si substrates elucidated the thermodynamic driving forces for dot formation and ordering. These growth experiments, summarized in the viewgraph, occur in the high-temperature, low growth rate regime labeled as “quasi-equilibrium”.  By moving outside of this regime, kinetically limited strain-layer growth can be used to further tailor self-assembly of surface nanostructures – a process we refer to as 3D surface sculpting.   We have demonstrated that surprisingly complex structures may be generating by the surface sculpting approach. 

The most intriguing sculpting behavior occurs in the low-temperature, high rate regime labeled as “high supersaturation”.  Here, so-called cooperative-nucleation processes foster the formation of quantum dot molecules – an assemblage of four quantum dots (the square ring-like structures) that are elastically bound together by the presence of a quantum “anti-dot” in the center of the molecule.  These molecules have the useful and surprising property that they are strongly size-selected - that is, all the four-dot molecules achieve some specific maximum size and do not grow further.  Stable, size-selected nanostructures in the four-dot ring arrangement are in the exact configuration needed to serve as quantum cellular automata (QCA).  QCAs are a candidate single-electron charge-switching device that would form the basic computing element in a quantum computing architecture. 

We further manipulate the surface by inserting annealing steps into the overall process that drastically modify the resulting structures.  This can produce, for example, either extensive arrays of serpentine quantum wires and antiwires, or dense quantum molecular arrays, depending on the order of growth and annealing (see the angled images in the viewgraph, which represent annealing at the growth temperature).  These structures suggest the eventual possibility of self-assembling both the QCA computing elements and the wiring connections.

Significance

3D surface sculpting opens up new avenues for self-assembly of complex nanostructures.  While we are still in the learning stages of manipulating nanostructure formation, this work provides a significant proof of concept on how to proceed. We anticipate achieving further control over the sculpting process by combining 3D surface sculpting with external lithographic patterning, thereby providing unprecedented capabilities to direct and tailor the self-assembly of functional complex computing structures.
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