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Achievement

We have made the first observation of gas-phase nanoparticles formed during AlGaN MOCVD, resolving a long-standing controversy regarding the source of the non-ideal and complex MOCVD behavior.  Such unwanted parasitic reaction pathways are potentially present in growth of all compound semiconductors, but are particularly problematic in nitride materials. In the AlGaN MOCVD process, parasitic gas-phase chemical reactions diminish the group-III deposition efficiency and make it difficult to control alloy composition and thus tailor the material properties.  Speculation that the high temperatures required for nitrides growth were leading to gas-phase particle formation led us to search for their presence using in situ laser light scattering.  We have now observed light scattering from a sharp layer of gas-phase particles at substrate temperatures above 700(C for AlN MOCVD and above 900(C for GaN MOCVD.  Along the centerline of the reactor, the layer of GaN particles is located 5.8 ( 0.2 mm from the heated surface and has a very narrow spatial distribution (FWHM ~ 0.2 mm).  The particles reside at the position at which the thermophoretic velocity (away from the heated surface) balances the bulk fluid velocity (toward the surface).  The fluid dynamics of the inverted stagnation point flow reactor used was calculated using the MPSalsa code.  The theoretical particle position of 5.1 mm is in good agreement with the experimental result.  It is significant that the nanoparticles reside well within the thermal boundary layer, at temperatures near 600(C.  This temperature is sufficient to drive a variety of chemical reactions, including CVD reactions on the particle surfaces.  In fact, following particle nucleation, CVD reactions on the particle surfaces may represent the dominant particle growth mechanism.

We determined particle sizes by applying Mie theory to the measured angular dependence of the scattered light intensity at various polarizations. We determined the particle number density from the absolute scattered light intensity.  Results between 900-1020(C yielded AlN particle diameters from 35-50 nm, and the particle number densities from 1-6 X 108 cm-3. This corresponds to 20-80% of the input Al (from trimethylaluminum) being converted into nanoparticles, which is the right magnitude needed to explain the decline in measured AlN growth rates at high temperatures. The scattering polarization dependence from GaN particles indicated that they are non-spherical, which precludes their size determination from simple Mie theory.  But from the overall trends we expect the GaN particle size and density to be similar to the AlN nanoparticles.

Significance

GaN and AlGaN alloys are extremely important materials with widespread applications, e.g., solid state lighting.  We have conclusively shown that gas-phase nanoparticles are formed during the AlGaN MOCVD process, that represent the end product of the parasitic chemical processes responsible for the non-ideal MOCVD behavior. The identification of this parasitic chemical mechanism will significantly aid in reactor design improvement and process optimization. Of more general interest, nanoparticle formation is the result of a class of high-temperature CVD reactions that have not been adequately investigated. Many aspects of gas-phase nanoparticle nucleation and growth are poorly understood, and we plan to use the AlGaN chemistry as a testbed to explore the fundamental chemical and physical nature of such processes.
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Using in situ laser light scattering we have conclusively shown that gas-phase nanoparticles are formed during the AlGaN MOCVD process.  These nanoparticles represent the end product of the parasitic chemical processes responsible for the non-ideal MOCVD behavior.  The identification of this parasitic chemical mechanism will significantly aid in reactor design improvement and process optimization.  Of more general interest, nanoparticles are the product of a class of high-temperature CVD reactions that have not been adequately investigated.  Many aspects of gas-phase nanoparticle nucleation and growth are poorly understood, and we plan to use the AlGaN chemistry as a testbed to explore the fundamental chemical and physical nature of such processes
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