Experiment and theory yield fundamental understanding of H diffusion in GaN
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Motivation

Hydrogen is far less understood in the newly emerging wide-bandgap compound semiconductors than in established electronic materials.  Our studies of gallium nitride, a prototypical wide-gap system, were undertaken to illuminate general, fundamental aspects of the hydrogen behavior.

In GaN light-emitting diodes and lasers, a key limitation on efficiency is p-type doping, and a central issue for such doping is the role of H.  During growth by metal-organic chemical vapor deposition (MOCVD), H is incorporated along with the Mg dopants, forming a Mg–H+ complex that passivates (electrically neutralizes) the Mg.  The H is bound within the semiconductor so strongly that it is difficult to remove by heating without thermal damage.  A fundamental understanding of H motion is needed to deal optimally with this important processing issue.  

Scientific Accomplishment

We have measured the temperature-dependent migration rate of H+ in p-type GaN and have developed an ab-initio theoretical description of the diffusional motion which agrees with experiment, thereby providing a quantitative understanding of this important atomic process.  

Since H uptake and release by p-type GaN is influenced by a surface barrier, we detected redistribution inside the semiconductor by electrical means.  This was achieved with a p-n diode consisting of a Mg-doped, p-type layer partially saturated with H and a Si-doped, n-type layer.  The H was induced to move back and forth within the p-type layer by applying a variable reverse bias while the device was held at an elevated temperature where the diffusion was to be measured.  The bias produced an internal electric field which acted on the H+ ions, so that when they temporarily escaped from the Mg–H+ complexes by thermal agitation, their diffusive motion was preferentially in a single direction.  The resulting movement was observe by using capacitance-voltage profiling to determine the depth distribution of net ionic charge, which is equal to the concentration of Mg– minus that of H+.  This complex behavior is described by a detailed mathematical model of the diode developed by us, allowing the fundamental properties of the diffusion to be quantified from the data.  

From analysis of the experimental data we find that the sum of the energy barrier for H+ diffusion and the binding energy of the Mg–H+ complex, Ediff + EMgH, is equal to 1.77±0.10 eV.  In comparison, our ab-initio treatment of H motion, using the density-functional theory with recent refinements including the generalized-gradient approximation and the dimer method for locating saddle-point states, gives Ediff + EMgH = 1.0+0.6 = 1.6 eV, in good agreement.

Significance

Scientifically, our results demonstrate for the first time that H in p-type GaN exists as H+, in accord with the density-functional theory, and show further that this theory with recent refinements can predict the energies of equilibrium and saddle-point states to within ~0.2 eV.  

From a technological perspective, this work reveals that H moves rapidly enough in GaN to be outgassed at temperatures much lower than presently employed, <400ºC versus >800ºC.  The difference arises from the surface-barrier effect, which may yield to several stratagems under study in the present program.  Potential beneficiaries include solid-state white lighting, projected in a recent technology roadmap to reduce lighting energy consumption in the U.S. by up to 50%.
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