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	f. Technical  Progress
Awards:

R&D 100 Award, “Large-Area Ultrananocrystalline Diamond Films and Deposition System”, O. Auciello, J.A. Carlisle, D.M. Gruen

Nanocarbon synthesis, properties, and functionalization

Electrochemical Functionalization of UNCD.  An electrochemistry facility has been established and has yielded several very positive results over the past year. We have demonstrated that the surface functionalization of conductive (N-doped) UNCD films can be achieved by electrochemically reducing aryl diazonium cations in a nonaqueous medium. A one-electron transfer reaction leads to the formation of solution-based aryl radicals that couple to the UNCD surface, forming covalent C-C bonds. The attached aryl derivatives also served as a conductive linker for the subsequent attachment of a variety of biomolecules. We developed a multistep electrochemical/chemical reaction procedure to attach dye-labeled tyrosine to UNCD surface. 4 - nitrophenyl groups were attached to the UNCD surface by electrochemical reduction of 4- nitrophenyl diazonium cations. The nitro group (NO2) can be further electrochemically reduced to amine group (NH2) when the modified surface is exposed to a protic medium.

Immobilization of an Amino Acid on UNCD. In collaboration with FWP 57525, An electrochemical/chemical reaction procedure to developed to attach dye-labeled tyrosine to the surface of UNCD. 4 - nitrophenyl groups are attached to the UNCD surface by electrochemical reduction of 4- nitrophenyl diazonium cations. The nitro group (NO2) is further electrochemically reduced to amine group (NH2) when the modified surface is exposed to a protic medium. The aromatic amino group of aniline is then converted by diazotization to a phenol-reactive diazonium salt using sodium nitrite. The diazonium salt is readily coupled to the hydroxyl group in a dye-labeled tyrosine, yielding a chromophoric conjugate. This chemistry represents excellent selectivity because it is only capable for direct modification of tyrosine and histidine residues.

Nanoscale Morphology of Nitrogen-doped UNCD.  Through the development of new a new plasma chemistry and the use of higher microwave powers, a new record in room temperature n-type electrical conductivity has been achieved for nitrogen-doped UNCD (~260 (-1•cm-1). Over the past year we performed further work focused on elucidating the nanoscale structural and carbon and/or dopant bonding changes in UNCD as nitrogen is added to the plasma, using high-resolution transmission electron microscopy (HRTEM), nanoprobe-based electron energy loss spectroscopy (EELS), and photon-yield near edge x-ray absorption fluorescence spectroscopy (NEXAFS) at the Advanced Light Source in Berkeley,CA. This work confirmed our model for the enhanced electrical transport that proposed that nitrogen is incorporated into the grain boundaries and promotes the formation of delocalized electronic states that give rise to the thermally-activated conduction with very low activation energies (<0.05 eV) reported in earlier work. 

Synthesis of a self assembled carbon nanocomposite. Over the past year we have demonstrated that diamond and carbon nanotubes can be simultaneously grown onto a surface, yielding a new material whose properties are a combination of these two allotropes of carbon. This result was achieved by dispersing the nucleation (seed) particles for carbon nanotubes (iron nanoparticles) and diamond (diamond nanoparticles) simultaneously onto a surface, then exposing the seeded surface to our normal argon-rich methane plasma normally used to grow UNCD. Since these plasmas contain both hydrocarbon radicals used to growth nanotubes and C2 dimers used to grow UNCD, with relatively little atomic hydrogen (which would etch the sp2-bonded nanotubes), both UNCD and nanotubes grow simultaneously on the surface. The relative growth rate and the proportion of diamond to nanotubes is easily controlled by changing the temperature and relative proportions of seed particles on the surface. 

Tribological and Mechanical Properties of UNCD Thin Films.  Work was performed to measure the nanoscale tribological and mechanical properties of undoped and nitrogen-doped UNCD coatings using nanoasperity-based AFM measurements as well as a UNCD MEMS cantilever and bridge approach. Undoped UNCD films were shown to have a surface adhesion energy so small that it approaches the Van de Waals limit, meaning that, at the MEMS length and forces scales, UNCD films are much better structural materials compared to poly-silicon films typically used in MEMS. Lateral friction measurement also confirmed that UNCD has very static friction at the nanoscale. Nitrogen-doped UNCD coatings exhibited hardness (~ 88GP) and Young’s modulus (~ 880 Gpa) slightly smaller than those characteristic of undoped UNCD films. MEMS bridges were used to measure fracture strength of nitrogen-doped UNCD films, in collaboration with Prof. Espinosa (Northwestern University). Fracture strength of up to ~5 GPa were measured using the bridge deflection method, which is better than normal polycrystalline diamond films by a factor of 3. 

Complex Oxide Heterostructures

Studies of High-dielectric Constant Thin Film Growth on Si and Development of Materials Integration Strategies for High-K Based New Generation of Integrated Circuit Gate Oxides.  The fundamental basis and materials integration strategies for a new TiXAl1-xOy (TAlO) oxide layer with high dielectric constant (k) for application to the new generation of high-k dielectric complementary metal oxide semiconductor (CMOS) gates were investigated. The new layer investigated and developed in our laboratory exhibit a combination of properties required for the next generation of integrated circuit gate oxides, namely: (a) a dielectric constant (28-30) (higher than that of current leading amorphous gate oxides); (b) thermodynamic stability when integrated with Si (a SiO2 interface layer only 0.08 - 0.1 nm thick is formed when a TAO layer with a physical thickness of about 7 nm is grown on Si); (c) bandgap ~ 4 eV (will be > 5 eV when optimized); (d) leakage current ~ 10-5 A/cm2 at 1 V for a SiO2 equivalent thickness ~ 1.3 nm; and (e) relatively low density of electrically active defects at the oxide/Si interface (presently ~ 10-12/cm2, comparable to current frontrunner candidates such as HfO2).  Chemical analysis via x-ray photoelectron spectroscopy and near-edge synchrotron x-ray absorption spectroscopy, respectively, revealed a delicate equilibrium in oxygen binding to Ti and Al atoms, as well as Ti-Al bonding, resulting in an amorphous TAO structure that inhibit a strong reaction of oxygen with Si, characteristic of other gate materials currently under investigation. Cross-section high-resolution transmission electron microscopy and spectroscopic ellipsometry provide evidence for an atomically sharp TAO/Si interface. The amorphous microstructure of the TAO layer plus its chemical state results in device compatible electrical properties as revealed by C-V, leakage current, bandgap, and density of charge-trapping state measurements.

Quantum Chemical Methods

Electronic structure calculations of Nitrogen and Hydrogen in diamond twist grain boundaries.  Our previous computational studies have shown that nitrogen impurities are more stable in the grain boundaries than in the bulk. Using a density-functional-based tight-binding method, we have investigated the atomic and electronic structure of 13 and 29-(100) diamond twist grain boundaries containing hydrogen and nitrogen at the same time. We have studied the formation of N–H complexes and associated changes in the electronic structure of the films for different hydrogen to nitrogen concentration ratios. We have also calculated participation ratios in order to find mobility edges in these systems and investigate the formation of defect sub-bands in the forbidden gap of diamond. These studies are being used to understand the experimentally observed changes in the electronic properties of the films associated with changes in the plasma composition during the growth process. 

Kinetics model for C2 growth mechanism.  Diamond growth in hydrogen-poor argon plasmas results in a polycrystalline film with grain sizes in the range of 3 to 10 nm.  Growth mechanisms of this material have to be very different from conventional CVD growth. Unlike use of methyl radical and acetylene precursors in conventional diamond growth mechanisms, ultrananocrystalline diamond growth process involves C2 dimer as predominant growth species. On the basis of calculated reaction mechanisms of C2 with diamond surfaces, we  proposed a model that can account for very high renucleation rates necessary to produce diamond with grain sizes in the nanometer scale. This nonempirical model invokes transition state theory to calculate reaction rates from the energies and barriers calculated using electronic structure methods. Resulting  renucleation rates and grain sizes provide a mechanism for nanocrystalline diamond growth in the absence of hydrogen. The temperature dependence of renucleation rate as a function of C2 density in the plasma was obtained from the model. It shows that a grain size reaches its maximal value at the temperatures of about 800˚C.  Comparison of the computed results with available experimental data was provided. This will help to understand diamond growth processes in the absence of hydrogen.

C2 adsorption modeling. We have systematically assessed cluster and supercell sizes needed for accurate calculations of geometries and binding energies of isolated C2 on diamond (100) surface, compared performance of several first principles methods and DFTB for the strained carbon systems and calculated accurate adiabatic energy surface for C2 on diamond (100) surface. DFTB was found to adequately produce energetic ordering for different dimer configurations (the same as MP2). Ab initio calculations must include correlation effects to correctly reproduce double bonds. For adsorption above a single-dimer a cluster of nine carbon atoms terminated with hydrogens is sufficient with  both ab initio and DFTB methods. For adsorption above two surface dimers a C36 cluster is required in ab initio calculations and C64 for DFTB. At these sizes, results agree with periodic slab models using a 6x6 surface supercell.

A model for nanoparticle shape and size. A thermodynamic model describing relative stability of different shapes for nanoparticles as a function of their size was developed for arbitrary crystalline solids and applied to group IV semiconductors. The model makes use of various surface, edge and corner energies, and takes into account surface tension. The predictions for clean and hydrogenated nanoparticles are compared to explicitly calculated density functional results. It is shown that diamond nanocrystal morphology is markedly different from silicon and germanium.

g.  Future Accomplishments

Synthesis and Materials Properties of Nanocarbons 

Work will continue to further our understanding of the relationship between plasma chemistry and surface growth chemistry of carbon thin films, particularly in UNCD thin films, carbon nanotubes, and carbon nanocomposites. All these activities will be greatly assisted by our recent acquisition of a new large-area 11” IPLAS microwave plasma CVD system, which will become operational in April 2004 and allow the deposition of UNCD films onto 150 and 200 mm silicon wafers. We are also establishing a boron-doping capability in our laboratory in order to study the changes in growth chemistry and transport properties of p-type UNCD, as well as the transconductance of PN UNCD junctions. Materials integration issues relavent to UNCD MEMS devices will also be addressed in the coming year, with focused studies on the development of ultra-high-density seeding techniques, the growth of UNCD films on oxide and metal surfaces, and patterning of UNCD thin films. A detailed series of cross-section HRTEM experiments will also be initiated using a new FIB capability coming on line in the EMC this year, to study the interface chemistry and texture of these films. Synthesis and electrochemical properties of vertically aligned carbon nanotubes and nanocomposites will also proceed in the coming year, as well as the patterned growth of UNCD/nanotubes composites using e-beam lithography.

Surface Functionalization

New immobilization chemistries will be developed to attach organic layers to the surfaces of UNCD thin films, carbon nanotubes, and complex oxides heterostructures during the upcoming year. Work will continue to attach functionalized alkanes using the UV-photochemical approach, with the ultimate goal of the attachment of DNA and peptide sequences. Using the electrochemistry facility constructed over the past year we will continue to develop the diazonium chemistry to attached different phenyl groups covalently to UNCD thin films, carbon nanotubes, and nanocomposites. These organic layers with contain either primary amine or thiol terminal groups to allow for the attachment of amino acids (in collaboration with 57525) or enzymes relevant to bio fuel cell applications. Composite electrodes consisting of platinum and ruthenium nanoparticles electrodeposited onto nanoporous UNCD thin films will be developed and their electrochemical properties studied. These materials could be used in direct-methanol fuel cells or as bioelectrodes in medical implants.

Complex Oxide Heterostructures

We will perform extensive studies to understand the nature of the TiAlOx layers from the point of view of oxidation mechanism and the effect on the electrical properties. We will perform high resolution TEM to understand the TiAlOx/Si interface from the microstructural point of view. We will perform studies at the ALS via near edge x-ray absorption spectroscopy to understand the chemical bonding of atoms in the layer. We will perform spectroscopic ellipsometry and EELS measurements to determine the bandgap of the TiAlOx layer, since this is an important parameter that controls the leakage current. We will evaluate the overall electrical performance of the TiAlOx layer to demonstrate its applicability as a reliable alternative high-k layer for the new generation of integrated circuit gate oxides.

Quantum Chemical Methods

We will continue to use electronic structure theory calculations to help elucidate information about the properties of nanocarbon materials being studied in this program. We will use state-of-the-art electronic structure methods including ab initio molecular orbital theory, density functional theory, and density functional-based tight-binding molecular dynamics method. We will apply new methods that we develop in FWP 58510 and others in our simulations.  In the past our work has largely focused on nanocrystalline diamond. In the future we will extend our work to include investigation the nanocarbon /UNCD composites that are the subject of work in this project. We will also continue our work on growth mechanisms of nanocrystalline diamond and the electronic properties of the grain boundaries with a focus on 1) the reason why nitrogen has such a large effect on the morphology of UNCD and 2) the conductivity mechanism.

CESP Center on Carbon-based Materials

We continue to lead a DOE Center for Excellence Project in the Synthesis and Processing of Carbon-based materials. This Center combines research efforts of the leading carbon groups in the US, and is exploring the possibilities of combining the four major allotopes of carbon (diamond, graphite, fullerenes and carbon nanotubes) into new materials. We hope to drive these materials into a regime where they can naturally interface both with electronic and biological systems.

h. Relationships to other Projects

This program has collaborative relationships with ANL programs in Directed Energy Surface Interactions (58600), Molecular Materials (58510) Interfacial Materials (58307), the Electron Microscopy Center (58405), the Experimental Facilities Divisions (APS), the Energy Technology Division (ET) and the Energy Systems Division (ES). It also leverages collaborations outside of ANL with Sandia National Laboratory, Lawrence Livermore National Laboratory, Lawrence Berkeley Laboratory, the National Institute of Standards and Technology, the Naval Research Laboratory, the Advanced Light Source, the Synchrotron Radiation Center, the University of North Carolina-Chapel Hill, Northwestern University, University of Maryland, the University of Illinois at Urbana-Champaign, the University of Wisconsin-Madison, the University of Tennessee, Tulane University, Pennsylvania State University, University of Chicago, and Virginia Commonwealth University. Industrial collaborators include Intel Corporation, Second Sight, LightMatrix, Flowserve, Ionwerks, and Symetrix. The theory work in this FWP is related to methods development work being done in FWP58510 and the simulation work on amorphous hydrogenated carbon in FWP57502. We have collaborations with J. W. Halley (University of Minnesota) and Th. Frauenheim (University of Paderborn, Germany), related to this theory work in this project.



