Unprecedented Understanding of the Role of Nucleation Layers in GaN Heteroepitaxy
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Motivation

The inherent lattice mismatch present in many heteroepitaxial systems presents great challenges in thin-film growth.  The differences between the substrate and epilayer lattice constants, symmetry, and chemical composition, largely determine the initial nucleation structure and film evolution on the substrate.  These differences result in epilayers with large numbers of defects and dislocations. Thus, it is often very difficult (or impossible) to obtain acceptable device performance in targeted device applications.  In some systems low-temperature growth of a “buffer layer” between the substrate and epilayer can greatly improve material quality. However, the scientific understanding of the structure and role of the buffer layer are almost completely lacking

Scientific Accomplishment

We have achieved unprecedented understanding of the initial formation of GaN nuclei on sapphire and how these nuclei evolve with temperature. This work uses direct measurement of GaN nucleation layer (NL) decomposition as well as AFM images of stopped growth runs to measure GaN nuclei formation. Using optical reflectance, the NL decomposition rates have been measured in situ under different pressures, temperatures and ammonia flows. From the decomposition measurements an activation energy of 2.7 eV was measured under all conditions, suggesting that Ga desorption is the rate limiting step for the NL decomposition. The kinetic prefactor, A0, varied depending on the annealing conditions. The NL decomposition rates were 4-9 times higher than for planar GaN films, i.e. the NLs decompose more easily than planar GaN films. 

Using the NL decomposition kinetic information, we were also able to fit the optical reflectance waveforms as the NL is annealed. Using the activation energy of 2.7 eV, the fits to the reflectance waveforms require integrating the Arrhenius equation, using only the prefactor, A0, as a fitting parameter. This model accurately fits the change in the reflectance waveform as the NL is annealed. With this model the GaN NL can be annealed under different pressures and ammonia flows, which produce similar decomposition rates, however the GaN nuclei formation can be drastically altered. Lower pressures tend to favor fewer, larger GaN nuclei, while higher pressures tend to favor many, smaller GaN nuclei. When the growth is continued at 1050 (C the larger GaN nuclei tend to develop into GaN films with larger grain size with fewer dislocations.
Significance

GaN and its associated alloys with In and Al, are currently being used to produce UV, blue, and green LEDs and are key semiconductors for Solid State Lighting. These GaN-based structures are typically grown on sapphire using a low temperature GaN nucleation layer (NL) step to enhance GaN grain formation. Because the annealed NL is a key determinant of the resultant defect densities in the high temperature GaN epilayers, it is important to understand the NL evolution and to ultimately develop methods to track and quantify the NL evolution. This is the first study to measure directly GaN NL decomposition and demonstrate that the optical reflectance waveform can be used to extract kinetic factors that directly influence the GaN growth and subsequent quality of the films. 
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