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Final Progress Report 

I. This final progress report for the research project "Development of InGaN and 
AlGalnN compounds for Optoelectronic Devices" summarizes results that have been 
obtained in the study of the AlyGaJn^y.xN system. This wide bandgap Ill-nitride system 
has a myriad of applications in areas such as light emitting devices, and high 
frequency/high temperature electronics. Results from our research include both material 
development and characterization and the growth of novel device structures. 

II. Given below is a summary of some of the more important results derived from 
this research. Abstracts of these salient results are given below and include such topics as 
the first report of AlyGaxIni.y.xN growth and characterization, the first description of the 
effect of H2 gas on indium and impurity incorporation in InxGai.xN, and the experimental 
verification of ordering and phase separation in InxGai_xN. The abstract title, personnel 
who were involved in the work, and general time frame the material was peer reviewed in 
the literature are given. 

1.   Growth and characterization of AIInGaN quaternary alloys 

F. G Mclntosh, K. S. Boutros, J. C. Roberts, and S. M. Bedair 
Department  of Electrical   and  Computer Engineering,  North  Carolina   State 
University, Raleigh, North Carolina 27695 

E. L. Piner and N. A. El-Masry 
Department   of Materials   Science   and   Engineering,   North   Carolina   State 
University, Raleigh, North Carolina 27695 

(Received 1 September 1995; accepted 20 October 1995) 

We report on the deposition of AlyInxGai-x_yN in the (0 < y < 0.15) and (0 < x < 
0.14) composition range by metalorganic chemical vapor deposition. AIInGaN 
quaternary alloys offer a lattice-matched platform for InGaN-based light emitting 
heterostructure devices. Epitaxial growth of AIInGaN on (0001) sapphire 
substrates has been achieved at 750 °C. Alloy composition, lattice constants, and 
band gaps were obtained by energy dispersive spectroscopy, x-ray diffraction, and 
room temperature PL. Band edge emissions dominate the PL spectra of these 
quaternary films. Preliminary data suggest that the lattice constant of AIInGaN 
can be deduced from chemical composition using Vegard's law, indicating solid 
solution in the grown quaternary films. ©1996 American Institute of Physics. 

2.   Effect of hydrogen on the indium incorporation in InGaN epitaxial films 

E. L. Piner, M. K. Behbehani, and N. A. El-Masry 
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Materials Science and Engineering Department, North Carolina State University, 
Raleigh, North Carolina 27695 

F. G. Mclntosh, J. C. Roberts, K. S. Boutros, and S. M. Bedair 
Electrical   and   Computer   Engineering   Department,   North   Carolina   State 
University, Raleigh, North Carolina 27695 

(Received 11 October 1996; accepted 22 November 1996) 

The InN percent in metalorganic chemical vapor deposition (MOCVD) and 
atomic layer epitaxy (ALE) grown InGaN was found to be significantly 
influenced by the amount of hydrogen flowing into the reactor. The temperature 
ranges for this study are 710-780 °C for MOCVD, and 650-700 °C for ALE. For 
a given set of growth conditions, an increase of up to 25% InN in InGaN, as 
determined by x-ray diffraction, can be achieved by reducing the hydrogen flow 
from 100 to 0 seem. Additionally, the hydrogen produced from the 
decomposition of ammonia does not seem to change the InN percent in the films, 
indicating that the ammonia decomposition rate is less than 0.1%. The 
phenomenon of having hydrogen control the indium incorporation was not 
reported in the growth of any other III-V compound previously studied. ©1997 
American Institute of Physics. 

3.   Optical memory effect in GaN epitaxial films 

V. A. Joshkin, J. C. Roberts, F. G. Mclntosh, and S. M. Bedair 
Department of Electrical  and  Computer Engineering,  North  Carolina  State 
University, Raleigh, North Carolina 27695-7911 

E. L. Piner and M. K. Behbehani 
Department   of Materials   Science   and   Engineering,   North   Carolina   State 
University, Raleigh, North Carolina 27695-7907 

(Received 12 February 1997; accepted 9 May 1997) 

We report on memory effects in the optical properties of GaN and A1N epitaxial- 
films grown by atmospheric pressure metal organic chemical vapor deposition. 
After exposing selected areas of particular samples with He-Cd laser light (3.8 
eV), we observed a persistent and marked decrease in the near band edge 
photoluminescence (PL) intensity emitted from these areas. This effect has been 
observed in epitaxial films that typically have a pyramid-like hillock surface. 
This ability to modulate PL emission intensity at individual points in these 
materials can be exploited as a method for optical data storage. A means of 
erasing information stored using this effect has also been investigated using lower 
energy (~ 2 eV). ©1997 American Institute of Physics. 



4.   Impurity dependence on hydrogen and ammonia flow rates in InGaN 
bulk films 

E. L. Piner, M. K. Behbehani, and N. A. El-Masry 
Materials Science and Engineering Department, North Carolina State University, 
Raleigh, North Carolina 27695 

J. C. Roberts, F. G. Mclntosh, and S. M. Bedair 
Electrical   and   Computer   Engineering   Department,   North   Carolina   State 
University, Raleigh, North Carolina 27695 

(Received 27 May 1997; accepted 8 July 1997) 

H, C, and O impurity concentrations in metalorganic chemical vapor deposition 
grown InGaN were found to be dependent on the hydrogen and NH3 flow rates. 
By increasing the hydrogen flow rate from 0 to 100 seem, a decrease of greater 
than two orders of magnitude in the C and O impurity levels and one order of 
magnitude in the H impurity level was observed. Increasing the NH3 flow rate 
from 1 to 5 slm results in a decrease in the C concentration and an increase in the 
H and O concentrations indicating that high purity NH3 (99.999%) can be a 
significant source of O contamination. Additional studies show that when the InN 
percent in the InGaN films increases, the impurity concentrations increase 
regardless of changes in the growth conditions. The InGaN films were grown 
from 710 to 780 °C and the impurity concentrations were characterized by 
secondary ion mass spectrometry. ©1997 American Institute of Physics. 

5.   Phase separation  in  InGaN  grown  by  metalorganic  chemical vapor 
deposition 

N. A. El-Masry, E. L. Piner, and S. X. Liu 
Materials Science and Engineering Department, North Carolina State University, 
Raleigh, North Carolina 27695 

S. M. Bedair 
Electrical   and   Computer   Engineering   Department,   North   Carolina   State 
University, Raleigh, North Carolina 27695 

(Received 15 September 1997; accepted 5 November 1997) 

We report on phase separation in thick InGaN films with up to 50% InN grown by 
metalorganic chemical vapor deposition from 690 to 780 °C. InGaN films with 
thicknesses of 0.5 urn were analyzed by 0-20 x-ray diffraction, transmission 
electron microscopy (TEM), and selected area diffraction (SAD). Single phase 
InGaN was obtained for the as-grown films with < 28% InN. However, for films 



with higher than 28% InN, the samples showed a spinodally decomposed 
microstructure as confirmed by TEM and extra spots in SAD patterns that 
corresponded to multiphase InGaN. ©1998 American Institute of Physics. 

6.   Phase separation and ordering coexisting in InxGai_xN grown by metal 
organic chemical vapor deposition 

M. K. Behbehani, E. L. Piner, S. X. Liu, and N. A. El-Masry 
Department   of Materials   Science   and  Engineering,   North   Carolina   State 
University, Box 7916, Raleigh, North Carolina 27695 

S. M. Bedair 
Department of Electrical  and  Computer Engineering,  North  Carolina  State 
University, Box 7911, Raleigh, North Carolina 27695 

(Received 17 June 1999; accepted 16 August 1999) 

We have recently reported the occurrence of phase separation in InxGai_xN 
samples with x>0.25. Theoretical studies have suggested that InxGal-xN can 
phase-separate asymmetrically into a low InN phase and an ordered high InN 
phase. In this letter, we report on the existence of simultaneous phase separation 
and ordering of InxGal-xN samples with x>0.25. In these samples, phase 
separation was detected by both transmission electron microscopy selected area 
diffraction (TEM-SAD) and x-ray diffraction. Ordering was detected by both 
imaging and TEM-SAD. ©1999 American Institute of Physics. 

HI.      Below is a list of publications and technical reports derived from this research 
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1. "Phase separation in InGaN grown by metalorganic chemical vapor deposition", 
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G. Mclntosh, J. C. Roberts, E. L. Piner, K. S. Boutros, and N. A. El-Masry, J. 
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1. K. S. Boutros - degree earned: Ph.D. 
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V.       Below is a report of inventions that arose out of the funded research: 

1. Stacked Quantum Well Aluminum Indium Gallium Nitride Light Emitting 
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