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ORNL Distinguished Guest Scientist

1990-92 National Science Foundation, Division of Materials Research, Director*
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Specific Outstanding Technical and Professional Engineering Accomplishments and Contributions
Starting with his doctoral thesis, Narayan provided first direct evidence for the presence of vacancies and interstitials in ionic solids, and established, via rigorous in-situ diffusion experiments, the activation energy for pipe diffusion along the dislocations and grain boundaries to be half that in the bulk.  This research, recognized by numerous Awards, has proven to be pivotal to our understanding of basic phenomena in metals, ceramics and electronic materials and processing.  Narayan is internationally known for his seminal contributions in laser processing of novel materials including laser annealing and pulsed laser deposition, atomic-scale characterization, and atomistic modeling of dislocations and interfaces.  He invented novel supersaturated semiconductor alloys formed by solid phase epitaxy, and by liquid phase crystallization where melt-quenching rates are billions of degrees per second.  This research, featured twice in Science Magazine (5/4/1979 & 4/19/1991 issues), resulted in four U.S. patents and two IR-100 Awards.  Narayan discovered and patented new nanocrystalline metal-ceramic composites, invented 1-2-4 (Y1Ba2Cu4O8) superconductor with Tc~80-100 K, co-originated laser ablation for thin film deposition, and patented a novel method for synthesizing thin films.

The 1982 ORNL Review, Summarizing the Four Decades of ORNL Achievements, recorded three of Narayan’s achievements (relating to his three unprecedented IR-100 Awards) out of 12 totals in the field of materials science and engineering. This is truly remarkable considering the fact the materials field represents a major mission of the Laboratory in which many billions of dollars were spent over the last forty years, and the fact that Narayan was associated with the ORNL only in the last decade.   He established atomic structure and properties of dislocations and grain boundaries in semiconductors and high –Tc superconductors.  He discovered the orientation dependence of core energy of dislocations, critical to obtaining dislocation-free silicon wafers for devices.  More recently, he has pioneered and patented a new concept of domain epitaxy where an integral number of lattice constants of the film match that of the substrate in large lattice mismatched systems.  The domain epitaxy is key to the formation of large-misfit thin film heterostructures, such as TiN films on silicon with 4/3 matching, and III-nitrides & ZnO films on sapphire with 6/7 matching. Narayan has invented new cubic ZnMgO alloys which can be grown epitaxially on (100)silicon  substrates for integration between optoelectronic and spintronic devices. Thus, Narayan’s inventions on domain matching epitaxy and fundamental advances in defects and interfaces address a major grand challenge for next-generation solid state devices, which is related to the formation of device-quality single-crystal thin films on substrates with lattice misfit ranging from 2% to 30%. These thin-film heterostructures lead to a successful integration of device functionality ranging from digital computing and signal processing, r-f devices and optical sources, to infrared detection systems. Narayan has discovered and patented a new method of self-assembly for processing nanostructured magnetic, photonic, electronic and structural materials. This research was judged by the National Science Foundation to be a major breakthrough in 2004. His pioneering research on synthesis and modeling of nanocrystalline metals, ceramics, and composites has established a solid foundation and clarified long-standing controversies related to their structure-property correlations. One of his ideas related to quantum confinement by thickness variation (creating Nano Pocket@) is being used by Kopin Corp. to manufacture high-efficiency light emitting diodes for solid state lighting. He recently delivered The Edward DeMille Campbell memorial lecture entitled, “New Frontiers in Thin Film Growth and Nanomaterials,” at the Annual ASM International Meeting (October 17-20, 2004) in Columbus, Ohio.
Impact of Work

Profound impact on thin film epitaxy across the misfit scale, defects and interfaces, laser processing, semiconductor doping and novel materials processing which led to a record three IR-100 Awards for new materials and technologies.  Narayan holds twenty five patents on domain matching epitaxy, defect reduction in thin film heterostructures, new materials, and processing of semiconductor devices. He holds ten patents with Kopin Corp (and Kobrite Corp), which are pivotal to their highly successful CYBER display, solid state lighting and device business. The Kopin Corp, MIT spin-off and Massachusetts based multinational Corp, has licensed patents related to domain epitaxy  and new cubic ZnMgO and ZnCdO alloys from NCSU to manufacture III-nitride and II-oxide based light emitting diodes and lasers covering the entire range of the visible spectrum. Using DME and 3-D thin-film growth concepts (Volmer-Weber growth), Narayan invented 3-D self-assembled nanostructures with oriented nanodots (US Patent # 7,105,118, Sept 12, 2006), which NSF hailed as one of the breakthroughs of the year (2004).  

Landmark Publications
Properties of Vacancies and Interstitials in MgO – Scripta Met 6, 259 (1972) and Phil Mag. 26, 1179 (1972); J. Appl. Phys 43, 4862(1972); Acta Met 21, 533(1973).

Laser Annealing of Ion Implanted Semiconductors – Appl. Phys. Lett. 32, 139 (1978) Citation Classic, and (Invited) Science 204, 461 (1979) Citation Classic; Pulsed Laser Melting – Phil Mag 43, 1515 (1981) and Phys. Rev. Lett. 52, 561 (1983).

Interface Instability and Formation of Supersaturated Semiconductor Alloys – J. Appl. Phys. 52, 1289 (1981) and Appl. Phys. Lett. 41, 239 (1982).

Pulsed Laser Deposition and Processing of Thin Films – Appl. Phys. Lett. 51, 1845 (1987) and Physical Review B41, 8843 (1990) Citation Classic, and Science 252, 416 (1991) and (Invited) International Materials Reviews 42, 137 (1997).

Atomic Structure of Dislocations and Grain Boundaries – Phil. Mag. A71, 537 (1995); Phil Mag. A72, 297 (1995) and Phil Mag. A73, 767 (1996); J. Appl. Phys.92, 7122(2002).

Domain Epitaxy and Thin Films – Appl. Phys. Lett. 61, 1290 (1992); J. Appl. Phys. 84, 2597 (1998); J. Appl Phys. (Invited Review) 87, 965 (2000); J. Appl. Phys.93,278(2003) and Met and Mat Trans 36, 5 (2005)- Edward DeMille Campbell Lecture.

Novel Nanocrystalline Materials – Phys. Rev. Lett. 46, 1491 (1981); Phil Mag A 49,287(1984); Phil Mag 49, 475(1984); US Patent 4,376,755(1984); Appl. Phys. Lett. 76, 43 (2000); J. Nanoparticle Research 2, 91(2000);4,265(2002); Acta materialia 50, 3527 (2002); Acta Materialia 50, 5067(2002); Acta Materialia 50, 3995(2002); Acta Materialia 50, 4823(2002); J. Nanoscience and Nanotechnology 4, 726 (2004); J. Appl. Phys. 89, 132502 (12006); J. Appl Phys 100, 034309 (2006).

III-nitride and II-oxide Based Materials- Appl. Phys Lett 67, 1549(1995); J. Appl Phys. 84,2597(1998); Appl Phys. Lett. 74, 2465(1999); J. Appl Phys, 85, 7884(1999); Solid State Comm 121, 9(2002); Appl. Phys Lett 81,841(2002); Sold State Comm 121, 371(2002); Appl. Phys Lett 81, 3978(2002).

Perovskite Based Materials- J. Appl. Phys. 80,6720(1996); Appl. Phys Lett 71, 1709(1997); Appl. Phys Lett 76, 1458(2000); Appl. Phys Lett 80,4039(2002); Solid State Comm 121, 357(2002) and 121 357(2002); appl Phys Lett 80,1337(2002).

Diluted Magnetic Semiconductors- Solid State Comm 121, 371 (2002); Appl. Phys Lett 88, 142503 (2006); J. Elect Mat 35, 852 (2006); Appl. Phys Lett 88, 142511 (2006); Applied Phys Lett 84, 5255(2004); Appl Phys Lett 87, 172502 (2005).

Smart Materials and Transparent Conducting Oxides- J. Appl. Phys 100, 103524 (2006); J. Appl. Phys 100, 123 102 (2006); J. Appl Phys 100, 093519 (2006); J. Appl Phys 100, 033713 (2006); Appl Phys Lett 88, 032106 (2006); J. Appl Phys 97, 083539 (2005).

Principal Technical Society Membership and Activities

Life Member and Fellow TMS (The Materials Society) and National Academy of Sciences, India – both limited to 100 members; Life Member and Fellow of APS; Fellow of ASM International; Fellow of AAAS;  Materials Research Society Governing Board Councillor (1984-87); MRS Fall Meeting Co-chair (1984), MRS Long-Range Planning (1987-89); Executive council-Electronic, Magnetic and Photonic Materials Division of TMS; DOE-National Labs. and NSF-major facilities reviewer; TMS Awards Chair-EMPMD; Board member Kopin (Highly Successful Advanced Materials and Display Devices Co.); Consultants at H. C. Starck, Inc., Advanced Ceramics, Lockheed Martin, Honeywell and Spire Corp.; Director – Division of Materials Research, NSF (1990-92); NSF Representative to NRC Committees; NSF Chair for the Presidential Materials (AMPP) Initiative; Member – University of Alabama Advisory Committee; Member – Visiting Committee (School of Materials Science and Engineering) Georgia Tech.; TMS Bruce Chalmers Award Committee Member and Chair (2000-03); Army Research Office (ARO) Board Member and Chairman of the Board (2002); ASM Nominating Committee Member; ASM Gold Metal Committee Member and Chair (2001-04); International Materials Reviews Committee Member:  TMS John Bardeen Committee Member and Chair (2004-07).
Professional Awards and Recognition
2008 MRS Inaugural Fellow, 2005 TMS Symposium on NEW FONTIERS IN THIN FILM GROWTH AND NANOMATERIALS held in honor of Professor Narayan at the 134th  TMS Annual Meeting in San Francisco; Journal of Electronic Materials (May 2006 Issue) Published honoring Professor Narayan; Winner of 2004 Edward DeMille Campbell Lecture and ASM Campbell Prize; 1999 ASM – International Gold Metal (Highest ASM Honor); Life Member and Fellow TMS elected 1999 (Highest TMS Honor); Honorary Membership MRS-India (Highest Honor) Elected in 2000; ASM Best-in-Class Award (1971); DOE (Div. of Materials Sciences) Award for Outstanding Research (1981); IR-100 Award (1979) for Laser Diffused p-n Junctions and Devices; IR-100 Award (1981) for Novel Supersaturated Semiconductor Alloys; IR-100 Award (1982) for New Nanocrystalline Metal-Ceramic Composites; 1992 NSF Distinguished Service Award; 1997 IIT/K Distinguished Alumnus Award; NCSU – Distinguished University Research Professorship (1990-    ); Fellow and Life Member (APS, NAS – limited to 100 members); Fellow (ASM, AAAS); 2001ASM-International Best Paper Award;  EMSA – Best Paper Award (1994); One of the most cited authors for Journal articles published 1980 through 1997 (Max-Planck Citation Index), Web of Science: over 10,700 Citations, hi-index 49, Citation Classics 17.
Research and Training of Students
Professor Narayan directs the prestigious NSF Center for Advanced Materials and Smart Structures with a total ($1.2M annual funding to NCSU and NC A&T).  The Center was funded initially in 1998 for five years and has recently been renewed for the next five years. He also has ONR, NSF-NIRT and ARO funded Center for Nanostructured Materials with $275K/yr. In addition, he has had over $8.0M funding for his cutting-edge research in advanced materials and devices since 1984.  He has published over 1,000 papers in archival journals, edited 9 books and received 25 patents. Three of these patents led to unprecedented 3 IR-100 Awards for three new technologies. In 2004-5, Professor Narayan has published over forty Journal and reviewed conference proceedings papers. Narayan has graduated over 60 Ph.D. students and trained 25 Postdocs who are employed in leading companies such as IBM, INTEL, Motorola, Texas Instruments, AMD; National Labs., and universities.  Fourteen of them are in tenured and tenure-track faculty positions, six of these students received NSF-NYI/CAREER Award, One Presidential Early CAREER (PECASE) Award, five MRS-Best Graduate Student Medal, one TMS Hardy Gold Medal, three TMS Young Scientist Award, one IBM Faculty Awards, EMSA and ASM Best Paper Awards, etc. In 2005-6, he graduated five PhD students, two joined INTEL; one Applied Materials; one Texas A&M faculty; and one Post doctoral fellow at Los Alamos National Lab.

Teaching Accomplishments
Since his tenure at NCSU in 1984, Professor Narayan has developed a total of seven courses:

1. MAT 702 – Defects and Mass Transport in Solids

2. MAT 760 – Materials Science and Processing of Semiconductor Devices

3.       MAT 770 – Defects, Diffusion and Ion Implantation in Semiconductors

4-5.
MAT 791 A & B – Advanced Materials and Smart Structures I & II

6-7. MAT 791 J & K – Advanced Materials Processing I & II

Developed seven graduate level courses, two of them are taught on Distance-Education Network. These courses MAT-760 (Materials Science and Processing of Semiconductor Devices)  and MAT -770 (Defects, Diffusion and ion Implantation in Semiconductors) are very popular among NCSU students and practicing engineers in microelectronics and photonics industry such as IBM, INTEL, Motorola, AMD, to update their skills and finish the M.S. degrees. Narayan pioneered Distance-Education teaching in North Carolina, starting with his first course in 1985. The GA/Office of the President has provided a special grant as apart of the UNC E-learning Initiative to incorporate these courses into a special degree program in Photonics and Microelectronics. Narayan has the GA grant to develop MS in Nanoengineering which will be offered via Engineering Online nationally and internationally.
MOST SIGNIFICANT CONTRIBUTION/ACCOMPLISHMENT:

 Laser Processing of Advanced Materials 

(1)
Published FIRST papers in laser annealing of Ion Implanted semiconductors showing a complete removal of displacement damage and electrical activation dopants (U.S. Patent, IR-100 Award and DOE Award).

(I)
"Laser Annealing of Boron Implanted Silicon" by R.T. Young, C.W. White, G.J. Clark, J. Narayan, W.H. Christie, M. Murakami, P.W. King, and S.D. Kramer, Appl. Phys. Lett. 32, 139 (1978).

(II)
"A comparative study of Laser and Thermal Annealing of Boron Implanted Silicon", J. Narayan, R.T. Young, and C.W. White, J. Appl. Phys. 49, 3912 (1978).

(III) "Laser Annealing of Diffusion Induced Imperfections in Silicon", R.T. Young and J. Narayan, Appl. Phys. Lett. 33, 14 (1978).

(IV) "Laser Annealing of Ion Implanted Semiconductors", C.W. White, J. Narayan and R.T. Young, Invited Article in Science 204, 461 (1979).

(2) Confirmation of the Melting model by annealing of microstructural defects and precipitates and growth of dislocations.

(I)
"Depth of Melting by Pulsed Laser Irradiation", J. Narayan, Appl. Phys. Lett. 34, 312 (1979).

(II)
"Growth of Dislocations During Laser Melting and Solidification", J. Narayan and F.W. Young, Jr., Appl. Phys. Lett. 35, 330 (1979).

(III) "Melting Phenomenon and Properties of Defects associated with Pulsed Laser Irradiation", J. Narayan and C.W. White, Phil. Mag. 43, 1515 (1981).

(IV) "Pulsed Laser Melting of Amorphous Silicon: Time-resolved Measurements and Model Calculations", D.H. Lowndes, R.F. Wood and J. Narayan, Phys. Rev. Lett. 52, 561 (1983).

(3) Novel method for forming p-n junction by dopant deposition followed by laser melting and solidification (U.S. Patent + IR-100 Award).

"P-n Junction Formation in Boron Deposited Silicon by laser-Induced Diffusion", J. Narayan, R.T. Young, R.F. Wood and W.H. Christie, Appl. Phys. Lett. 33, 338 (1978).

(4) Invented a novel method for forming ohmic contacts on wide-band-gap semiconductors based laser melting and interfacial reaction (U.S. Patent).

"Formation of Ohmic Contacts in Semiconducting Oxides", J. Narayan and V.N. Shukla, Appl. Phys. Lett. 51, 3444 (1980).

(5) Formation of Supersaturated semiconductor alloys by laser melting and solid-phase-epitaxial growth of dopant implanted layers and rapid quenching (U.S. Patent + IR-100 Award)

(I) "Formation of Metastable Supersaturated Solid Solutions...", J. Narayan and O.W. Holland, Appl. Phys. Lett. 41, 239 (1982).

(II)
"Interface Instability and Cell Formation in Ion Implanted and Laser Annealed Silicon", J. Narayan, J. Appl. Phys. 52, 1289 (1981).

 (III) "Solid-phase-epitaxial growth and formation of metastable alloys in ion implanted silicon", J. Narayan, O.W. Holland and B.R. Appleton, J. Vac. Sc. Tech. B1, 871 (1983). 

(6) Transition to flame annealing or rapid thermal annealing of semiconductors —> Published first papers in this area immense technological significance.

(I)
"Flame Annealing of Arsenic- and Boron-Implanted Silicon", J. Narayan and R.T. Young, Appl. Phys. Lett. 42, 466 (1983).

(II)
"Rapid Thermal Annealing of Arsenic- and Boron-Implanted Silicon", J. Narayan et al., Appl. Phys. Lett. 43, 957 (1983).

(7) Transition to Laser Surface Modification of Ceramics.

(I) "Ion Beam and Laser Mixing of Nickel Overlayers on Silicon Carbide", J. Narayan et al., Appl. Phys. Lett. 56, 1577 (1984).

(II)
"Laser Surface Modification of Metal-coated Ceramics", R.K. Singh, K. Jagannadham, and J. Narayan, J. Mater. Res. 3, 1119 (1988).

(III) "Mechanisms of Improvement of Fracture Strength in Laser-Surface-Modified Ceramics", K. Jagannadham and J. Narayan, J. Am. Ceram. Soc. 72, 1185 (1989).

(8) Transition to Laser Evaporation - Pulsed Laser Deposition of Thin Films (2U.S. Patents) 

Published first experimental (concurrently with Bell Core Group) and theoretical papers on pulsed laser deposition of thin films and obtained record critical current density (5.0x106A cm-2 at 77K) value in PLD high Tc films.

(I)
"Formation of Thin Films by a Laser Processing Method", J. Narayan et al., Appl. Phys. Lett. 51, 1845 (1987).

(II)
"In-situ Processing of Epitaxial Y-Ba-Cu-O Thin Films" by R.K. Singh, J. Narayan, Appl. Phys. Lett. 54, 2271 (1989).

(III) "A Novel Method for Simulating Laser-solid Interactions in Semiconductors and Layers structures", R.K. Singh and J. Narayan, Mat. Sc. and Eng. B3, 217 (1989).

(IV) "Theoretical Model for Deposition of Superconducting Thin Films using Pulsed Laser Evaporation Technique", R.K. Singh, O.W. Holland and J. Narayan, J. Appl. Phys. 68, 233 (1990).

(V)
"Pulsed Laser Evaporation Technique for Deposition of Thin Films", R.K. Singh and J. Narayan, Phys. Rev. B41, 8843 (1990).

(9) Invented Domain Epitaxy where integral multiples of lattice constants or major planes match across the film-substrate interface, e.g., TiN/Si, Cu/TiN/Si, Ysz/Y123 (J. Narayan, U.S. Patent 5,406,123, 4/11/1995)

(I)
"Epitaxial Growth of TiN Films on (100) Silicon Substrates by Laser Physical Vapor Deposition", J. Narayan, P. Tiwari, X. Chen, J. Singh, R. Chowdhury, and T. Zheleva, Appl. Phys. Lett. 61, 1290 (1992).

(II)
"Epitaxial Growth in Large-Lattice-Mismatch Systems", T. Zheleva, K. Jagannadham and J. Narayan, J. Appl. Phys. 75, 860 (1994).

(III) "Pulsed Laser Deposition of Epitaxial Si/TiN/Si(100) Heterostructures", R. Chowdhury, X. Chen and J. Narayan, Appl. Phys. Lett. 64 (10), 1236 (1994).

(IV) "Pulsed Laser Deposition and Characterization of Epitaxial Cu/TiN/Si(100) Heterostructures", R. Chowdhury, X. Chen, P. Tiwari and J. Narayan, Appl. Phys. Lett. 65, 2565 (1994).

(V) “ Domain Matching Epitaxy- a Unified Paradigm for Thin Film Growth,” J. Narayan and B.C. Larson, J. Appl. Phys. 93, 278(2003).

(10)  Domain Matching Epitaxy for the Growth of III-nitrides, II-oxides and Perovskite based materials on sapphire and silicon

(I) “Epitaxial Growth of AlN on Si(111),” R. D. Vispute, J. Narayan, H. Wu, J. Appl. Phys. 77, 4724(1995).

(II) “ High-Quality Epitaxial AlN on Sapphire (0001),” R. D. Vispute, H. Wu, J. Narayan, Appl. Phys. Lett. 67, 1549(1995).

(III) “Defects and Interfaces in ZnO/Sapphire and AlN/ZnO/Sapphire Heterostructures,” J. Narayan , J. Appl. Phys. 84, 2597(1998).

(IV) “ Novel Cubic ZnMgO Epitaxial Heterostructures on Si(100),” J. Narayan et. Al.  Solid State Comm 121, 9(2002).

(V) “ Formation of Epitaxial Au/Ni/Au Ohmic Contacts,” J. Narayan et al. Appl. Phys. Lett. 81, 3978(2002).

(VI) “ Strain-induced tuning of metal-insulator transition in NdNiO3,” A. Tiwari, C. Jin, J, Narayan, Appl. Phys. Lett. 80, 4039(2002).

(VII) “ Growth of Epitaxial NdNiO3 and Integration with Si(100),” A. Tiwari, C. Jin, J. Narayan, Appl. Phys. Lett. 80, 1337(2002).

(VIII) “Characteristics of nucleation layer and epitaxy in GaN/sapphire heterostructures,” J. Narayan, P. Pant, A. Chugh, H. Choi, and J. C. C. Fan, J. Appl. Phys. 99, 054313 (2006). 

(11) Fundamentals of Defects and Interfaces in Thin Film Heterostructures

(I) “ Misfit Dislocations in Ge/Si Heterostructures,” S. Oktyabrsky, H. Wu, J. Narayan, Phil Mag. 71,537(1995).

(II) “ New Mechanism of Formation of Stacking Faults in Ge/Si Heterostructures,” S. Oktyabrsky and J. Narayan, Phil. Mag. 72, 305 (1995).

(III) “ Role of Surface Steps in Misfit Dislocation Nucleation and Critical Thickness Determination,” M. Ichimura and J. Narayan, Mat Sci and Eng B 31, 299(1995).

(IV) “Atomic Study of Dislocation Nucleation in Ge/Si Heterostructures,” M. Ichimura and J. Narayan, Phil. Mag. 72,281(1995).

(V) “ Negative Step Surface Energy Change and Misfit Dislocations in Semiconductor Heterostructures,” M. Ichimura and J. Narayan, Phil. Mag. 72, 297(1995).

(VI) “ Formation of Misfit Dislocations in Thin Film Heterostructures,” J. Narayan and S. Oktyabrsky, J. Appl. Phys. 92,7122(2002).

(VII) “Z-Contrast Imaging of Dislocation Cores at GaAs/Si Interface,” S. Lopatin, S. Pennycook, J. Narayan, Appl. Phys Lett 81,2728(2002).

(12) Novel Nanostructured Materials: Narayan started his pioneering research on metal-ceramic nanocomposites in 1981

(I) “Nickel Colloids in MgO,” J. Narayan, Y. Chen, and R. M. Moon, Phys. Rev. Lett 46, 1491(1981); Phil. Mag. A 49,287(1984); Phil Mag. A49, 475(1984); US Patent # 4,376 755(March 15,1983).

(II) “ Size and Interface Control of novel Nanocrystalline Materials,” J. Narayan, J. Nanoparticle Res. 91, 7(2000).

(III) “ Structure and Properties of Nanocrystalline Zinc Films,” J. Narayan et al, J. Nanoparticle Res. 4,265(2002).

(IV)  “ Mechanism of Grain Size Softening in Nanocrystalline Zn,” H. Conrad and J. Narayan, Appl. Phys Lett. 81,2241(2002).

(V)“ Studies of Deformation Mechanisms in Ultra-fine-grained and Nanostructured Zn,” X. Zhang..and J. Narayan, Acta Mater 50, 4823(2002).

(VI) “ Effect of Thickness Variation in High-efficiency InGaN/GaN LEDs,” J. Nrayan et al. Appl. Phys. Lett 81, 841(2002).

(VII) “ Role of Self-assembled Gold Nanodots on Electrical and Optical Properties of ZnO,” A. Tiwari.. and J. Narayan, J. Nanoscience and Nanotechnology 3, 368(2003).

PATENTS of  Professor Narayan (from USPTO Website)  
	PAT. NO.
	
	Title

	1
	7,122,841
	[image: image1.png]



	Bonding pad for gallium nitride-based light-emitting devices 

	2
	7,105,118
	[image: image2.png]



	Methods of forming three-dimensional nanodot arrays in a matrix 

	3
	6,955,985
	[image: image3.png]



	Domain epitaxy for thin film growth 

	4
	6,881,983
	[image: image4.png]



	Efficient light emitting diodes and lasers 

	5
	6,847,052
	[image: image5.png]



	Light-emitting diode device geometry 

	6
	6,734,091
	[image: image6.png]



	Electrode for p-type gallium nitride-based semiconductors 

	7
	6,518,077
	[image: image7.png]



	Method for making optoelectronic and microelectronic devices including cubic ZnMgO and/or CdMgO alloys 

	8
	6,423,983
	[image: image8.png]



	Optoelectronic and microelectronic devices including cubic ZnMgO and/or CdMgO alloys 

	9
	5,453,153
	[image: image9.png]



	Zone-melting recrystallization process 

	10
	5,406,123
	[image: image10.png]



	Single crystal titanium nitride epitaxial on silicon 

	11
	5,221,411
	[image: image11.png]



	Method for synthesis and processing of continuous monocrystalline diamond thin films 

	12
	5,208,182
	[image: image12.png]



	Dislocation density reduction in gallium arsenide on silicon heterostructures 

	13
	5,063,202
	[image: image13.png]



	High transition temperature superconductors 

	14
	5,021,119
	[image: image14.png]



	Zone-melting recrystallization process 

	15
	4,885,052
	[image: image15.png]



	Zone-melting recrystallization process 

	16
	4,863,877
	[image: image16.png]



	Ion implantation and annealing of compound semiconductor layers 

	17
	4,774,630
	[image: image17.png]



	Apparatus for mounting a semiconductor chip and making electrical connections thereto 

	18
	4,376,755
	[image: image18.png]



	Production of crystalline refractory metal oxides containing colloidal metal precipitates and useful as solar-effective absorbers 

	19
	4,261,764
	[image: image19.png]



	Laser method for forming low-resistance ohmic contacts on semiconducting oxides 

	20
	4,181,538
	[image: image20.png]



	Method for making defect-free zone by laser-annealing of doped silicon 

	21
	4,147,563
	[image: image21.png]



	Method for forming p-n junctions and solar-cells by laser-beam processing 


	PUB. APP. NO.
	Title

	1
	20090042751
	Lubricant having nanoparticles and microparticles to enhance fuel efficiency, and a laser synthesis method to create dispersed nanoparticles 

	2
	20070280848
	Methods Of Forming Alpha And Beta Tantalum Films With Controlled And New Microstructures 

	3
	20060266442
	Methods of forming three-dimensional nanodot arrays in a matrix 

	4
	20060130745
	Domain epitaxy for thin film growth 

	5
	20060016388
	Domain epitaxy for thin film growth 

	6
	20050161689
	Efficient light emitting diodes and lasers 

	7
	20050124161
	Growth and integration of epitaxial gallium nitride films with silicon-based devices 

	8
	20040262621
	Bonding pad for gallium nitride-based light-emitting devices 

	9
	20040119064
	Methods of forming three-dimensional nanodot arrays in a matrix 

	10
	20040077135
	Light-emitting diode device geometry 

	11
	20040072381
	Domain epitaxy for thin film growth 

	12
	20040000671
	Electrode for p-type gallium nitride-based semiconductors 

	13
	20030160246
	Efficient light emitting diodes and lasers 

	14
	20030160229
	Efficient light emitting diodes and lasers 

	15
	20020084466
	Optoelectronic and microelectronic devices including cubic ZnMgO and/or CdMgO alloys 


MOST SIGNIFICANT PUBLICATIONS IN ARCHIVAL JOURNALS FROM A TOTAL LIST OF OVER 560 ARCHIVAL JOURNAL PAPERS
1.
J. Narayan and J. Washburn, “Direct Observation of Pipe Diffusion in Magnesium Oxide,” Scripta Met. 6, 259 (1972).

2.
J. Narayan and J. Washburn, “Self Climb of Dislocation Loops in Magnesium Oxide,” Phil. Mag. 26, 1179 (1972).

3.
J. Narayan and J. Washburn, “Stability of Dislocation Loops Near a Free Surface,” J. Appl. Phys. 43, 4862 (1972).

4.
J. Narayan and J. Washburn, “Self Diffusion in Magnesium Oxide,” Acta Met. 21, 533 (1973).

5.
J. Narayan, “Coexistance of Two Charge Density Waves of Different Symmetry in Transition Metal Dichalcogenide 4Hb-TaS2,” Appl. Phys. Lett. 29, 223 (1976).

6.
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Summary of Narayan’s Research Contributions (with Most Cited Papers Below)
(1) Defects and diffusion in magnesium Oxide ( Most Cited #52 and 59; Narayan & Washburn, Acta Met 21, 533(1973); Phil Mag 26, 1179(1972))

Narayan Provided first direct evidence for the presence of paired vacancies (Schottky defects) and paired interstitials (Frenkel defects) and their clusters in magnesium oxide. This research was quite groundbreaking in the field of ionic solids and ceramics, especially in the context of  seminal work on the presence of vacancies in metals by Simmons and Balluffi. Through his ingenious in-situ TEM experiments, Narayan studied diffusion mechanisms of Schottky and Frenkel defects and showed activation energy for diffusion along the dislocations and grain boundaries (pipe diffusion) to be approximately half of the bulk value. This work has proved to be pivotal to processing of materials, particularly, ceramics and semiconductors. 

(2) Ion-solid interactions (Ion Implantation), solid-phase epitaxy, and formation of novel supersaturated semiconductor alloys (Most Cited #  9, 12, 14, , 23, 26, 28, 29, see attachment below)

Narayan’s expertise in defects and diffusion was ideally suited for the next phase of his career at ORNL on ion implantation, solid phase epitaxy, rapid thermal annealing, and formation of supersaturated semiconductor alloys. He has made outstanding contributions in each of these areas; he established atomic structure of displacement cascades and developed an amorphization model for semiconductors based upon his careful experiments which led to the determination of critical damage energy for amorphization (12eV/atom for silicon). He performed elegant TEM experiments on solid-phase-epitaxy kinetics, and discovered the formation of supersaturated semiconductor alloys with solubility limits exceeding as much as 500 over the equilibrium values. This is a critical step in ion implantation doping for ultra-shallow p-n junctions in current and future devices. Narayan established amorphization in silicon to be the first-order phase transformation with a break in entropy, and proposed a well-known crystallization model to explain orientation dependence of crystallization kinetics and twin defect nucleation.

(3) Pulsed laser annealing and rapid thermal processing of semiconductors (Most Cited # 3, 11, 14, 27, 29, 34, 39, 46; US Patents: # 4,147,563(1979); 4,181,538(1980); 4,261,764(1981))

Narayan and his coworkers at ORNL discovered pulsed laser annealing to remove ion implantation damage and related defects in ion implanted silicon, and created “defect-free” supersaturated semiconductor alloys by nonequilibrium melting and quenching with rates exceeding billions of degrees per second. He performed seminal experiments on interfacial instability and cell formation under controlled rapid quenching conditions. Narayan invented laser induced diffusion to form highly efficient ultra-shallow p-n junctions and low-cost laser-diffused solar cells. This technique is being adopted currently to form next-generation ultra-dense microelectronic devices with feature size less than 50nm. Subsequent research in laser (transient thermal) processing resulted in the discovery of flame annealing and rapid thermal processing, which constitutes the backbone of current device fabrication.  

(4) Pulsed laser evaporation and deposition of thin films (Most Cited # 1, 4, 5, 6, , 13, 16, 18, 20, 21,, 22, 30; US Patents:  # 5,406,123 (1995); 6,734 091 (2004); 6,955, 985 (2005)

Narayan’s critical understanding of laser-solid interactions led to nonequilibrium pulsed laser evaporation at higher laser energies, and deposition of thin films. His group (along with Bell Core group) published first seminal paper on pulsed laser deposition (PLD) of thin films of high-Tc superconductors in 1987 (Most Cited # 4). Since then, PLD technique has become one of the most popular techniques for thin film deposition along with MOCVD and MBE. The PLD is proving to be an elegant nonequilibrium technique, lending itself to higher quality films of multicomponent systems at lower thermal budgets with fewer processing steps. Singh and Narayan developed a theoretical model based upon laser plume generation and expansion to lay a firm foundation of PLD, leading to Most Cited #1 and #5.

(5) Domain matching epitaxy: Thin film epitaxy across the misfit scale (Most Cited # 2,7, 8, 15, 20,21, 30, 42) US Patents:  # 5,406,123 (1995); 6,734 091 (2004); 6,955, 985 (2005)

Narayan discovered a new paradigm for thin film epitaxy across the misfit scale based upon matching of integral multiples of lattice planes across the film-substrate interface. Thus, the films with 2% and 25% misfits involve 49/50 and 3/4 matching, respectively. If the misfit falls in between the integral multiples, it is accommodated by the principle of domain variation, where two domains alternate with a certain frequency. The GaN based III-nitrides and ZnO II-oxides with misfit ranging from 13-20% on sapphire and silicon substrates can be grown by domain matching epitaxy paradigm. Since the critical thickness under such a large misfit is less than a monolayer, most of the strain is relaxed in less than two monolayers so that rest of the film can grow relatively strain-free, as demonstrated by in-situ synchrotron experiments of  ZnO growth on sapphire by Narayan and Larson (# 42). Thus, for hard materials with higher lattice friction and dislocation nucleation energy, better quality film can be grown at larger misfits with the DME paradigm. The DME paradigm has been used to grow nucleation layer, device layer, and epitaxial Ohmic contact layer to fabricate next-generation LEDs for solid state lighting.

Kopin and Kobrite (Chinese Subsidiary of Kopin) Corporations have licensed these patents to manufacture high-efficiency LEDs and lasers on sapphire and silicon substrates.

(6) Nanotechnology for high-efficiency LEDs and lasers: (Applied Phys Lett. 81, 841 (2002); 81, 3978 (2002)); US Patents: # 6,881,983 (2005); 6,847,052 (2005); 7,122,841(2006)

Narayan and Kopin engineers have invented novel “Nano Pocket” LEDs where carriers are quantum confined by introducing a thickness variation to control the bandgap of GaInN/GaN quantum wells. This technology has been used to further enhance quantum efficiency of solid-state LEDs to compete effectively with fluorescent lighting. The thickness variation is introduced during thin film growth as a result of misfit strain between GaInN and GaN layers. This phenomenon was discovered and modeled by Narayan to predict processing parameters and optimize the structures for high efficiency.

(7) Defects and interfaces in thin film heterostructures

(a) Ge/Si(100) and Si-Ge/Si(100) thin film heterostructures (Most Cited # 37, 41 66, 96)

Narayan proposed the mechanism of misfit stress relaxation by nucleation of slip dislocation at the steps on the free surface of the film, above a critical thickness. In the case of Si-Ge/Si(100) heterostructure, he verified them to be 600 dislocations, via in-situ TEM experiments, which glide to the interface. Another set of correct 600 dislocations can be nucleated at the surface to form 900 dislocations or incorrect Burgers vectors of the second set can lead to formation of stacking faults. Narayan and coworkers showed that critical thickness is increased under tensile stress because of higher dislocation nucleation energy, and it can be also increased under three-dimensional growth conditions. Narayan calculated core energy and core radii of dislocations and established orientation dependence of core energy of dislocations, which forms the basis for obtaining dislocation-free silicon wafers for devices.  He published seminal papers on defect control and reduction in semiconductor heterostructures, leading to three U.S. patents.
(b) ZnO and perovskite based thin film epitaxy and devices (Most Cited # 8, , 15, , 17, 22, 33,87)

Narayan and coworkers pioneered epitaxial growth of ZnO films using pulsed laser deposition on sapphire (0001) and silicon (111) substrates via domain matching epitaxy. By controlling two-dimensional growth characteristics of initial layer, misfit dislocations are confined in this layer, and the rest of the film is grown relatively “defect-free.” He obtained fundamental electrical and optical properties of ZnO films as a standard for other researchers. Narayan invented a novel method of p-type doping of ZnO by bombarding with low-energy N2+ ions during thin film growth, where molecular ions break up into atomic nitrogen upon impact and get incorporated into the film. He has created novel ZnO based thin film heterostructures, where ZnO is doped with magnetic impurities, thus utilizing the charge as well as the spin of an electron for novel spintronic devices. He also invented ZnMgO alloys (of wurtzite and zince blende structure) for increasing the bandgap and ZnCdO alloys for decreasing the bandgap to cover the entire visible spectrum. The cubic ZnMgO alloys can be directly grown on Si(100) via DME for integration with silicon based microelectronics, and creation of novel smart sensor structures. These ZnO based materials have been also grown on perovskite based LSMO (p-type) materials for novel LEDs and sensors. Kopin Corporation has licensed Narayan’s US patents ( # 6,423,983(2002) and 6,518,077 (2003)) to manufacture next-generation high-efficiency ZnO based LEDs and sensors.

(c) High-Tc based thin film heterostructures  (Most Cited # 4, 5, 6, , 44, , 65, 67, 88, 90, 92, 93,99)
  Narayan and his coworkers have pioneered pulsed laser deposition of high-Tc based thin film heterostructures. He discovered 1-2-4 (Y1Ba2Cu4O8) superconductors Tc> 80-100K (U.S. patent # 5,063,202) and composites 1-2-4 and 1-2-3 (Y1Ba2Cu4O7-() with enhanced flux-pinning characteristics. In addition, the 1-2-4 phase is much more stable than 1-2-3 under oxygen ambient.
(d) Diamond and diamondlike materials (Most Cited # 13, 16, 27, 35, 36, 37, , 49, 64, 71, 75)

Narayan is very well known for epitaxial growth of diamond thin films on Si(100) and Cu (100)substrates. He invented (US Patent # 5,221,411(1993)) a laser method for synthesis and processing of continuous diamond thin films on nondiamond substrates such as Cu(100). He used PLD to create hydrogen-free diamondlike carbon films and  invented a new laser ablation and plasma hybrid technique to further enhance the Sp3 fraction in diamondlike films.

(8) Novel materials: nanostructured materials (Most Cited # 24, 32, 44, 68, 69, 81, 82, 94)

Narayan invented metal-ceramic composites having unique and improved mechanical and optical properties. The first groundbreaking paper on Ni-MgO nanocomposites appeared in 1981 (Phys Rev Lett 46, 1491). The metallic precipitates in the ceramics act as dislocation sources and modify photon-solid interactions (U.S. patent # 4,376,755 + IR-100 Award) for solar selective absorbers, cathodochromic, photochromic and data storage applications. More recently, his work has focused on metal, WC and TiN nanocomposites with theoretical modeling to explain grain size dependence on mechanical properties. Using DME and 3-D thin-film growth concepts (Volmer-Weber growth), Narayan invented 3-D self-assembled nanostructures with oriented nanodots (US Patent # 7,105,118, Sept 12, 2006), which NSF hailed as one of the breakthroughs of the year (2004).  
(9) High-resolution electron microscopy and other techniques and structure-property correlations ( Most Cited # 10, 12, 36, 37, 41, 50)

Narayan developed atomic-resolution electron microscopy techniques to study the atomic structure of defects (dislocations) and interfaces, which are based upon a three-step interactive procedure: calculation simulation and comparison with experimental results.  Narayan and his coworkers at ORNL also developed direct imaging of dopants distribution and lattice location by scanning transmission electron microscopy. These STEM and STEM-Z based techniques with Angstrom resolution are critical for atomic structure, chemistry and property correlations, particularly in nanostructured materials and nanocomposites.
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processing (US patent 4,147, 563 and IR-100 Award); (2) Defect-free annealing of semiconductors (Science paper, US-DOE Award, US
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* Narayan invented integrated smart sensors and 3-D self-assembled nanostructures with oriented magnetic nanodots for information
storage which NSF hailed as one of the breakthroughs of the year 2004 (US Patents 7,105,118 & 4,376,755 and IR-100 Award)
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100 membersworld wide); NAS (India) Fellow (limit 100 foreign members), ASM Gold Medal, ASM Edward DeMille Campbell Lecture
and Prize, US-DOE Outstanding Research Award, Three IR-100 Awards, One of Narayan's former students {Assistant Professor atTexas
A&M) received NSF CAREER & Presidential PECASE Award last vear, 2008 TMS keynote and MRS Invited Talks.
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