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	b.  Publications
16 publications 
c.  Purpose
· Characterization of plasma & growth chemistries via the deposition of nanocrystalline and homoepitaxial diamond thin films on single crystal diamond substrates, and the study of the texture of these films using high-resolution transmission electron microscopy and synchrotron-based diffraction studies.
· Development of new synthesis pathways for the synthesis of hybrid nanocarbons, and the characterization of these new materials using electron microscopies, Raman spectroscopy, and synchrotron-based techniques.
· Synthesis of boron-doped ultrananocrystalline diamond, and understanding of the influence of diborane on the growth chemistry and nanoscale structure of this material, using high-resolution transmission electron microscopy and photon-yield synchrotron techniques.
· The surface functionalization of nanocarbons via plasma-, photochemical-and electrochemical-mediated techniques, to control and modify the surface chemistry and hydrophobicity, and to covalently immobilize biomolecules such as enzymes and to transduce there electroactivity via electrochemical techniques.

· The electrical and thermal transport properties will be assayed in both boron-doped ultrananocrystalline diamond, carbon nanocomposites, and UNCD-based PN junctions and heterostructures, using temperature-dependent conductivity measurements, high-field Hall measurements, and the 3( technique.
· Electronic structure methods including ab initio molecular orbital theory, density functional theory, and density functional-based tight-binding molecular dynamics methods, will be used to further understand the phase stability of carbon allotropes at the nanoscale, the affects of imputies on transport properties, and the influence of various carbon species on the growth of nanocrystalline diamond and hybrid nanocarbons.

· Quantum chemical method development work will continue so they can more accurately predict energies of molecular systems such as bond energies, surface reaction energies, enthalpies, of formation, electron affinities, and ionization energies to chemical accuracy that are important in modeling and simulation of materials properties.
e.  Approach
J.A. Carlisle (50%), L. A. Curtiss (50%), D. M. Gruen (50%), Postdoctoral Associates (3) (100%)

f.  Technical Progress
Growth of ultrananocrystalline diamond films.  During the past year the role of hydrogen in the growth and morphology of UNCD thin films has been thoroughly investigated via the use of Ar/C2H2/H2 plasmas. This work was critically enabled by the addition of the new 6” IPLAS system, which can sustain stable Ar-rich discharges with about a factor of two less hydrogen in the plasma than was previously Starting from a base Ar/CH4 gas chemistry and adding hydrogen, we found that the amount and size of MCD “inclusions” increases, suggesting a competitive growth process between MCD and UNCD growth.  On the other hand, by replacing methane with acetylene and using an Ar/C2H2/H2 gas chemistry to remove a portion of the hydrogen in the plasma that is inherent in UNCD growth plasmas, we find that there is a minimum level of hydrogen necessary to sustain diamond growth, below which a significant amount of graphitic carbon is nucleated  The results suggest that hydrogen is a necessary component in UNCD growth, for two reasons; one, to stabilize the growing diamond nanocrystals; two, to preferentially etch graphitic and/or amorphous carbon. 
Self-assembled Carbon Nanocomposites.  A discovery was made that UNCD and CNTs can be made to grow simultaneously into thin films that are combinations of these two materials. This was accomplished by exposing a surface that consisted of both diamond nanoparticles (to seed the growth of UNCD) and Fe nanoparticles (to catalyst the growth of carbon nanotubes), to our standard Ar/CH4 plasma used to grow UNCD films. We found that the ratio of UNCD to CNTs can be controlled by changing the growth temperature and plasma chemistry. A very interesting observation was that, in addition to the multiwall CNTs (MWCNT) present in these materials (observed and characterized using HRTEM) that single-wall CNTs (SWCNT) are also integrated into the film, as evidenced by radical breathing mode (RBM) peaks in Visible Raman data. This result and several others demonstrated a new synthesis pathway for making materials that combine allotropes of carbon at the nanoscale.
Synthesis of Carbon Nanotubes with Graphitic Wings.  When the nanotubes are oriented horizontally beneath the normal hydrogen poor plasma chemistry that are normally used to grow UNCD films, that the minimal presence of atomic hydrogen results in the abstraction of carbon from the sidewalls of the MWCNTs leads to the subsequent growth of graphitic wings onto the sidewall on the tubes, as revealed by HRTEM data obtained at the EMC. This leads to a dramatic increase of exposed active area and could enable several possible uses of CNTs that have been previously hindered by the lack of chemical activity on the sidewalls of the tubes, such as for electrochemical electrodes, CNT-based biosensors, and CNT integration into polymer matrices. In addition, this result is important in that it reaffirms the critical role of substrate pretreatment in the growth of nanocarbons materials. This work appeared in Advanced Materials and was highlighted on the July 2004 issue.
Surface Functionalization of Nanostructured Carbon Materials.  Over the past two years we have established a new way to electrochemically functionalize carbon materials. This new approach, which utilizes the electrochemical reduction of aryldiazonium salts and their subsequence covalent attachment the UNCD via C-C bonds, appears to be as stable at the photochemical approach.  We have also demonstrated that this new approach to successfully attach an amino acid, tyrocine, to the surface of UNCD, using a multistep electrochemical-chemical reaction procedure. Most recently we have succeeded in covalently tether by far the most important biomolecule for sensing applications, glucose oxidase, and demonstrated that the enzyme function was preserved and in addition that the wide working potential window of diamond is preserved in the biointerface and can be used to detect the production of H2O2 via the oxidation and conversion of glucose to gluconic acid.
Transport Properties of UNCD-based PN Junctions.  In collaboration with the University of Ulm, Germany, we have constructed an all-diamond heterostructure diode consisting of a Ib single crystal of diamond on which is grown a highly conducting layer of UNCD.  A detailed analysis of the performance of this diode shows that a pn junction has been formed which displays 7-8 orders of magnitude of rectification.  A model for this behavior has been postulated based on the existence of both grain boundaries and nanocrystallites at the interface with single crystal diamond.  A barrier height of 0.72 volts can be extracted from the data indicating that the junction potential between the depletion layer and the n-type UNCD is indeed determined by grain boundary states.  The temperature stability of this diode is extraordinary showing no degradation in performance after successive tests at temperatures up to 1200 K.
Growth mechanisms and electronic structure of ultrananocrystalline diamond.  We have investigated the binding of CN radical to a C9H12 model of the unhydrided, reconstructed diamond (100)–(2x1) surface. A comparison of the binding energies of different structures shows that when CN binds through one end, the carbon end binds more strongly than nitrogen. Further, CN is adsorbed more strongly by binding to only one carbon of the dimer than by inserting into the (-bond to form a three- or four-membered ring. In the most stable structure, CN is bound through the C to one carbon and the unpaired electron on the ( carbon. The results of our work suggest that CN addition to the (100) surface will block potential nucleation sites for C2 addition and is not likely to be a nucleation site itself because the nitrogen site in the favored structure will not be reactive. This provides a possible explanation of the larger grain size observed experimentally for growth in nitrogen-containing plasma. We have also carried out a detailed study of CN adsorption on the (100) surface that included studies of co-adsorption of C2 and CN and they confirm this conclusion.
Quantum Chemical Methods Development.  A new family of G3 methods referred to as G3X (G3 extended) has been derived to improve the prediction capability of the Gn methods. This new development makes use of larger basis sets, improved geometries, and improved zero-point energies to attain a new level of accuracy that was not possible before. The advances made in this new family of methods will be incorporated into the next method in this series that has as its goal to attain chemical accuracy for transition metal compounds. Our initial work on extending these methods to transition metal compounds has focused on simple systems involving transition metal bonding to nonmetallic systems. As part of this work we have developed a series of new basis sets for transition metals analogous to those that we have developed for the first- and second-row.   
g.  Future Accomplishments

Nanocarbon synthesis, characterization, and functionalization

Growth of textured diamond thin films on single crystal diamond substrates

In this work diamond films will be grown on single-crystal diamond substrates and the texture and morphology of the resultant films examined in great detail using lab and synchrotron-based x-ray diffraction techniques combined with HRTEM. The goal is to use the single crystal substrates to display the plasma/growth processes via the bonding structure of the resultant film. MCD and UNCD thin films differ dramatically in morphology, even though both of these materials are largely sp3-bonded carbon. For MCD films, it is well known that the texture, strain, and defect structures within the as-grown film reflect subtle changes in the growth chemistry. For example, the so-called ( parameter describes the relative growth rates on the 110 and 100 faces of diamond, so that achieving (=1 avoids the formation of twinning defects in the growing crystal (important for optical properties and minimization of film stress).

An advantage to this approach is that theory and experiment can work very closely. Extensive work has already been done to examine the possible nucleation and growth of UNCD thin films from C2 dimers on the unhydrogenated {111} and {100} surfaces of diamond. To move forward, additional molecules thought to be generated in these plasmas , such as CH3*, C2H, and H* will need to be considered in addition to C2, and the (partially or fully) hydrogenated surfaces will also need to be used as starting points for these calculations. This will require advances in the methodologies used to perform this modeling

New synthesis pathways to combine allotropes of carbon at the nanoscale 

In this work we will build on our previous results that demonstrated the successful synthesis of a UNCD/CNTs nanocomposites and modified carbon nanotubes, to develop new materials that consist of mixtures of carbon allotropes covalently bonded together as well as heretofore unknown nanoscale carbon structures. Over the past several years a great deal of work has focused on the stability and properties of carbon nanostructures. In the size range of 0-6 nm, the phase stability of carbon allotropes and intermediates between these structures becomes extremely complex and vary depending on size, shape, and availability of hydrogen during and after formation. The first part of the proposed work will be to examine the initial nucleation and growth of these nanocomposites, by performing depositions on specially fabricated TEM grids made from Ta, Pt, and SiN. The goal will be to deposit the catalyst particles for diamond and nanotube growth (i.e. nanodiamond particles and transition metal particles) onto these grids and examine in detail the initial growth of carbon nanostructures, using the variety of plasma chemistries developed in Section 6.3.1 above, to create conditions in which the initial growth and bonding can be examined using HRTEM and Nanoprobe EELS at the EMC. Controlling the relative proportions of nanodiamond and iron, the growth temperature, and the plasma chemistry (relative amounts of carbon precursors, particularly atomic hydrogen), will allow us to precisely tune the relative proportions of UNCD, MCD, NCD, and CNTs that are grown. Once the materials are grown their thermodynamic stability will be further assayed by heating these materials to high temperatures in different ambient environments. For instance, if the initial growth temperatures are below about 600 (C, then heating just above this temperature after deposition will allow us to examine whether the nanostructures are stabilized via hydrogen termination, which is a critical issue in the 0-6 nm size regime. Also, at temperatures in the range of 1200-1600 (C nanodiamonds have been observed to convert to nanonions and related structures, dependent on the particular crystal face terminating the grain surface. All this work is expected to provide valuable experimental data to complement the limited work to date as well as verify some of the predictions from theory, some of which is on-going at ANL. Computational studies will be carried out to investigate the thermodynamics and structures of the carbon nanocomposites being investigated in this proposal. The calculations will be done using density functional and tight binding methods. The resultant materials will be characterized using all of the techniques at the program’s disposal, but particularly TEM and HRTEM at the EMC and synchrotron techniques at the APS and ALS.
Synthesis and properties of boron-doped nanocrystalline diamond

The goal of this work is to investigate the effects of adding a boron-containing precursor to the plasmas normally used to grown UNCD on the growth and transport properties of this material. This work follows the very successful work on nitrogen-doped UNCD. It is well known that the addition of boron, even at the parts-per-million level, directly affects the growth of MCD films, and the defects introduced into the diamond lattice have been well studied. The effects on UNCD growth are unclear, and thus, by studying these effects we will again shed more light on plasma/growth chemistries for this material system. Will boron incorporate into the grains or, as for nitrogen, into the grain boundaries? What are the temperature dependence transport properties of these materials? If boron integrates preferentially into the grain boundaries, will it form the same local bonding structures as it does in the bulk? We will apply the same approach as was employed over the past several years for the study of nitrogen doped films. Films grown with different concentrations of boron, hydrogen, and nitrogen will be grown at different temperatures and subjected to the various characterization techniques we have used previously. In particular, synchrotron radiation techniques, photon and electron-yield near-edge x-ray absorption fine structure and soft x-ray fluorescence spectroscopy (see Section 10), will be used as was done for nitrogen-doped UNCD to assay the element-specific local bonding structure of the boron that is incorporated into these materials. HRTEM and nanoprobe EELS will again be used to attempt to determine the physical location of the boron (i.e. grain and/or grain boundaries). Co-doping with nitrogen and hydrogen will also be investigated, which may lead to many interesting phenomena. If boron preferentially inserts into the grains, whereas nitrogen goes into the grain boundaries, will the grains be p-type whereas the grain boundaries remain n-type? Will compensation occur or will the conductivities from p and n regions linearly combine? 

Functionalized carbon materials and electrochemical interfaces.

We will continue our research in the surface functionalization of UNCD by exploring different surface derivatization strategies: (1) plasma treatment. Plasma treatment has played an important role in the surface activation of various materials, ranging from organic polymers to inorganic ceramics and metals. Oxygen plasma treatment of UNCD will be used to introduce oxygen functionalities onto the surface. Ammonia plasma treatment will be used to introduce amino groups onto UNCD surface, which could serve as the reactive sites for the further coupling of biomolecules.  The modified surface will be routinely characterized using water contact angle measurements, X-ray photoelectron spectroscopy (XPS), UV-vis-IR spectroscopy and electrochemical techniques including cyclic voltammetry and ac impedance measurements; (2) wet-chemical reactions. Radical reactions using peroxides (benzoxyl or diacyl) will be used to introduce benzoyl groups onto UNCD surface. We will investigate the reactivity of the hydrogenated UNCD surface and the surface coverage of organic overlayer as a function of reaction time and solvent; (3) electrochemical functionalization. Electrochemical reduction of diazonium salt has proven to be a versatile method to functionalize UNCD surface. The electrochemical approach is experimentally simple, rapid, and requires only basic electrochemical equipments. This approach is comparatively easy to previous approaches based on plasma treatments, wet chemical, and photochemical approaches, give high surface coverage, and should also support electron transport more readily than other chemistries. We will continue our research activities with emphasis on expanding the range of aryl derivatives that could be studied and performing the reduction reaction in aqueous solutions. The reaction mechanism will be investigated with aid from the quantum chemical simulation studies.

We will adopt several systems to evaluate the feasibility of immobilization of redox enzymes onto UNCD surface. Glucose oxidase (GOD) is of great biotechnological interest due to its wide use in biosensors and bioreactors. The proposed stepwise reactions for GOD immobilization are as follows: (1) electrochemical immobilization of nitrophenyl groups to UNCD surface and transformation of nitrophenyl to aminophenyl groups; (2) coupling of succinic anhydride to the aniline moieties on UNCD surface; (3) covalent bonding  GOD to the carboxyl groups using the diisopropylcarbodiimide/ N-hydroxysuccinimide (DCC/NHS) as the catalyst. Horseradish peroxidase (HRP) is another redox enzyme that catalyzes the one-electron oxidation of a variety of substrates at the expense of hydrogen peroxide. We will adopt the same electrochemical/chemical reactions to immobilize HRP to UNCD surface intending to achieve the direct electron transfer between the enzyme and the UNCD support.

Some emphasis will be put in the development of suitable bioconjugate techniques to optimize the enzyme loading and to conserve the desired bioactivity of the immobilized enzyme. The enzyme-modified UNCD films will be characterization using a variety of surface techniques, including contact-angle measurements for qualitative assessment of hydrophobicity, and atomic force microscopy for evaluation of the surface roughness and morphology of the UNCD substrates, high-resolution photoemission and near-edge x-ray adsorption fine structure spectroscopy for quantitative measurement of the degree of termination as well as the local bonding structures. Conventional electrochemical measurements such as cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) can be used for detailed characterization of the interfacial electron-transfer rates, biocatalytic rate-constants and the enzyme stability. 

Transport Studies of NanoCarbons and Heterostructures

The fact that one now has at one’s disposal both n and p-type diamond, creates a strong incentive to develop an understanding of the theoretical basis for the transport properties of these materials.  Attention up to now has been focused on n-type UNCD and one must now be equally concerned with p-type UNCD.  It appears, but has not yet been fully substantiated, that substitutional sites in the diamond lattice are energetically favored by boron but that nitrogen prefers grain boundary sites.  No doubt B and N will occupy both sites with distribution ratios determined by several parameters such as grain size, temperature of deposition etc.  The distribution ratios need to be determined using very high resolution EELS.  Clearly, different conductivity mechanisms will be associated with grain and grain boundary conduction.  It is likely that both types of conduction will occur to a greater or lesser extent with both B and N.  One possible experimental approach to obtain an answer to this question is impedance spectroscopy.  Very preliminary results from Cole-Cole plots indicate that for n-type UNCD in fact both types of conduction make a contribution.  Perhaps a “boundary” layer is involved but a better understanding will require considerably more work.  Detailed Hall effect, carrier concentration and mobility measurements must be done on p-type UNCD to complement the n-type data.  Tight binding density functional calculations on p-type UNCD will shed light on the band structure of this material and refined photoconductivity measurements are needed to elucidate the details of the electronic states in the grain boundary.  Much theoretical work is required to elaborate an understanding of phonon scattering, phonon transport, electron scattering, electron transport and electron –phonon interactions in these materials.  Only then can one begin ton inquire into the parametric optimization of their electronic properties.
The transport properties of p-type UNCD and pn heterostructures will be determine both at ANL, through collaborations with the Molecular Materials Group (Schlueter) to conduct temperature dependent conductivity studies and the interfacial materials group (Streiffer, Eastman) to conduct four-point probe based conductivity measurement at elevated temperatures and 3Q-based thermal transport measurements. The p-type UNCD and pn heterostructures will be grown at ANL as described above. Work to study the transconductance of these heterointerfaces and also to develop more complex diode structures will be done in collaboration with Jackman’s 
group at UCL and Kohn’s group at the University of Ulm, with whom we have active collaborations.

Computational Studies 

Nanostructured carbons
The direction of this work will be towards further understanding of the novel properties of UNCD and new work on other composites that is closely coupled with experimental research 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 methods. The new methodologies being developed in this program will also contribute to the simulation tools available to us.

We will carry out simulations of the effect of boron impurities on the electronic structure of the grain boundaries to give insight into the mechanisms of conductivity of UNCD in conjunction with the experimental effort. In order to make an all-diamond p-n junction out of UNCD, properties of both n-type and p-type UNCD should be examined. Boron is a substitutional acceptor commonly used as a p-type dopant in diamond. We will examine the structure, stability and electronic properties of boron in both grain bulk and grain boundaries of UNCD. In the case of nitrogen, dopant atoms prefer grain boundaries; however, it is not clear whether the same is true for boron and what will be the distribution of boron between the grains and grain boundaries. Also, electronic properties of boron in the grain boundaries will be investigated to gain understanding of its role in the conductivity mechanisms.   The density functional based tight binding (DFTB) method, which was successfully used in nitrogen studies, will be also applied to study boron doping. The method permits us to investigate large supercells (up to 400 atoms) with periodic boundary conditions. This will be complemented by cluster studies at higher levels of quantum chemical methods. The calculated electronic structures will give information on energy levels of boron in various spatial configurations. We expect this work to help understand the role of boron and other dopants in the conductivity mechanisms of UNCD. 

We have already done extensive work to investigate the possible nucleation and growth of diamond thin films from C2 dimers on the unhydrogenated surfaces of diamond and the incorporation of CN. Our future work will consider additional molecules thought to be generated in these plasmas, such as CH3*, C2H, and H* in addition to C2. The hydroegnated surfaces will also need to be used as starting points for these calculations. This will include calculations of barriers and reaction pathways on more realistic models for the surface with hydrogen included on the surface. In the past hydrogen terminated surfaces have only been considered for small clusters. In the proposed work we will use density functional based tight binding, one of the computational tools available to us, to investigate large hydrogen covered surfaces. The initial work will involve systematically assessing cluster and supercell sizes needed for accurate calculations of geometries and binding energies on a hydrogenated diamond (100) surface. This is important because in some prior work we have found that for C2 adsorption across surface dimers the cluster size required for convergence is at least 64 atoms with the DFTB method. This is much greater than normally expected. At these sizes, results agree with periodic slab models using a 6(6 surface supercell. This work shows the importance of assessing the reliability of methodology used for surface reactions. In the planned work we will make comparison of the DFTB method with the performance of several first principles methods such as the Gn methods being developed here in this FWP.  Based on these results we will proceed to do a thorough study of C2, CN, and other species adsorbed on hydrogenated surfaces. Initial work will be done on the (100) surface and will complement our previous work on the non-hydrogenated surfaces. We expect this work to help to address issues raised in the experimental studies.

Development of New Quantum Chemical Methodologies
Although recent advances in computational techniques and computer technology have significantly advanced in recent years, there is still a great need for the development of more reliable computational tools. The methodology development work in this program has focused on development of highly accurate quantum chemical methods. The goal of this work is to formulate quantum chemical methods that can predict energies of molecular systems such as bond energies, surface reaction energies, enthalpies, of formation, electron affinities, and ionization energies to chemical accuracy that are important in modeling and simulation of materials properties. The challenge that is driving our work is to derive reliable methodologies that are applicable to a wide variety of systems where experimental data is unknown or uncertain.

We have made progress in identifying the problems on simple systems containing transition metals. In the next three years we want to resolve as many of these issues as we can and extend the methodology to larger systems. The ultimate goal is to make it into a usable theory as we did for the first- and second-row elements. We will address the following issues in the development of a unified theory for first row transition metal elements. First, we will investigate the level of theory required for determining geometries. This is likely to be a density functional based geometry, but the basis set for the geometries needs to be determined. Secondly, we will investigate alternative methods to perturbation theory for assessing effects of large basis sets. This will probably involve use of coupled cluster methods to avoid the use of perturbation theory that seems to do poorly for some transition metal systems. Thirdly, we will develop alternatives to the higher level correction that we have used in the past for first- and second-row elements. Our previous formulations do not appear to work as well with transition metal systems due to the presence of some high spin states. Other formulations to be investigated include multiplicative scaled corrections or variant of such a technique. Fourthly, we will develop procedures for including scalar relativistic as well as spin-orbit corrections into our new methodology for transition metals. These effects have been documented by us and others to make large contributions to the energies of these systems and cannot be neglected. By addressing these issues adequately we will be able to formulate a method similar to what we have done for the first and second row elements. We will also continue to develop and assess test sets of energies for the development of new methods including our own as well as others. Our test sets continue to be widely used in the research community.

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.




























