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in Epitaxial Semiconductor Alloys
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Scientific Achievement

We have discovered the cause of compositional instability that leads to compositional modulation in compound semiconductor epitaxial films that are normally miscible.  Our theoretical approach analyzes the mixing energy of a mobile binary-alloy surface layer epitaxially deposited on a pre-existing compositional perturbation of amplitude (cs; the sub-surface perturbation is “frozen” into place by slow bulk diffusion.  By minimizing the mixing energy, we show that the perturbed ground state of a non-growing surface layer can drive decomposition at temperatures that lie above the chemical spinodal.  Prominent surface-transport theories that have attributed this unusual instability to “growth-induced” or “kinetic” phenomena are incorrect:  the dynamics featured in these theories do not induce instability.  Instead, the energetic ground state of the elastically perturbed film is the true cause of instability.
Analysis of the energetics reveals that special perturbation geometries and surface-strains are required for compositional instability to occur.  We find that the thickness-wavelength ratio of the perturbation determines the magnitude of the surface-strain.  Consequently, as the thickness-wavelength ratio increases, the surface-strain moves through three distinct regimes.  Importantly, perturbations that have large thickness-wavelength ratios create unusual stress concentrations at the film’s surface that amplify the magnitude of the surface strain.  This strain-amplifying regime produces the novel strain-energy distributions that destabilize miscible films.
By focusing on the energy of the surface layer, we also discovered that configurational entropy creates nonlinear feedback that ultimately terminates the growth of perturbation-induced instability.  The result is a nonlinear alloy-stability theory that predicts: (1) the maximum possible composition-modulation amplitude, (cs (2) the composition range for instability, and (3) the detailed shape of the stability-boundary.  We compared these predictions to existing measurements of decomposition in Al1-cIncAs alloys and found excellent quantitative agreement.  These fundamentally important results are in Physical Review Letters, 89, 205701 (2002).

Significance


Compound-semiconductor alloy films have long defied our conventional understanding of the thermodynamics of mixing by decomposing during growth at temperatures where the bulk alloy is fully miscible -- as seen above, we now have a much better physical understanding of the fundamental mechanisms that cause this surprising instability.

Our nonlinear theory applies to both pseudo-binary (e.g., InAlAs, InGaAs, InGaP, AlGaN, and InGaN) and binary-alloy (e.g., SiGe) films comprised of size-mismatched components.  Since the theory predicts how the composition-modulation amplitude should vary with temperature, composition and materials-system, it may now be possible to tailor or engineer the composition-modulation amplitude in alloyed films by controlling these parameters during epitaxial growth.  This predictive capability did not previously exist.
Finally, these detailed quantitative predictions enable further rigorous tests of our theory -- exciting additional experiments are underway that will advance alloy-stability theory. 
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