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c.  Purpose

This program combines advanced materials synthesis, characterization and properties measurement techniques with computer simulations to elucidate how materials microstructure and the underlying interfacial structure and composition control physical properties of complex oxide thin films.  Our ability in both experiments and computer simulations to manipulate the film microstructure, from single crystalline to random or columnar coarse-grained or nanocrystalline, represents a unique feature of the program. The complementary strengths of the simulation and experimental approaches are exploited to provide atomic-level insights into the concepts, mechanisms and interfacial driving forces that control the overall film properties. These insights are invaluable in manipulating the film properties (e.g., thermo-elastic or electrical behavior) by tailoring microstructure. Model materials investigated include transition-metal oxides (with emphasis on cubic materials, such as yttria-stabilized zirconia (YSZ)), and ferroelectric perovskite oxides. The program incorporates three scientific themes:

· Oxide Synthesis Science, addressing the important and challenging issues of composition control, impurity content, defect formation, interfacial structure, and materials integration; 
· Transport Behavior, including studies of electrical, mass, and thermal transport in complex oxides;

· Multiscale Simulation of Oxide Microstructures.

e.  Approach

O. Auciello (60%), G.-R. Bai (Scientific Associate, 70%), P. Baldo (Scientific Associate, 50%), R. Ding (post-doc, 50%), J. A. Eastman (Group Leader, 30%), S. Streiffer (30%), L. J. Thompson (Scientific Associate, 80%), D. Wolf (75%).
The program is organized into four major project areas:

In-situ Ceramic Thin-Film Processing at the APS 

In collaboration with MSD's Synchrotron Radiation Studies Group, a facility for in-situ x-ray studies of MOCVD thin-film growth, post-growth thin-film processing and environmental effects has been developed at the APS-BESSRC beam line 12ID-D. This facility provides unique opportunities to probe the high-pressure environment characteristic of MOCVD processing. This system provides capabilities for investigating not only growth behavior of oxide thin films, but also important phenomena such as the effects of post-growth processing and environment on oxide interfacial stoichiometry, segregation, phase-transition behavior, domain structure, and strain.

Electrical Behavior in Complex Oxides 

Structure-property relationships are being determined in perovskite-oxide and cubic transition-metal-oxide thin films using a variety of experimental techniques including transmission electron microscopy, x-ray diffraction, ion-scattering, x-ray photoelectron spectroscopy, complex impedance spectroscopy, and electrical transport measurements. These experiments are complemented by atomic-level computer simulations focused on interfacial structure and properties in bicrystals and polycrystalline materials. Emphasis in structural studies is placed on characterizing off-stoichiometry accommodation, interfacial strains, and segregation, as well as interfacial atomic structure, space charges and screening. Transport studies are focused on point defects and clustering behavior, ionic and electrical transport, and space-charge, with emphasis on correlating controlled changes in microstructure with properties.

Interfacial Thermal Transport 

This project is focused on elucidating the role of interfaces on phonon-dominated thermal conduction. We focus primarily on the size-dependent behavior of model materials with large differences in bulk thermal conductivity: e.g., yttria-stabilized zirconia (YSZ), a very poor thermal conductor, and diamond, a very good thermal conductor.  The experimental part of the program emphasizes understanding the effects of controlled microstructure on interfacial (Kapitza) resistance to thermal transport. These studies are complemented by atomic-level and mesoscale simulation methods to elucidate the fundamental mechanisms of phonon/interface interactions.

Multi-scale Simulation of Polycrystalline Microstructures
The aim of this theme is to develop the conceptual and computational framework for simulating the thermo-mechanical behavior of polycrystalline materials. Our hierarchical multiscale approach incorporates the three most relevant length and time-scale regimes controlling the evolution of polycrystalline microstructures, including the atomic level, the microstructural time and length scales (the ‘mesoscale’), and the continuum level. The main challenge is to establish the two critical links between these three levels, the ultimate goal being the development of a dynamical mesoscopic computational platform that realistically incorporates atomic-level and interfacial materials processes and parameters. Particular emphasis is placed on elucidating the evolution of grain-boundary microstructures under the driving forces of stress and temperature, giving rise to irreversible processes such as grain growth, stress development, plastic deformation and fracture. This project is closely connected with the Computational Materials Science Network (CMSN) thrusts on “Microstructural Effects on the Mechanics of Materials” and “Microstructural Evolution Based on Fundamental Interfacial Properties”.

f.  Technical  Progress

In-Situ Ceramic Thin-Film Processing at the APS

Synchrotron Studies of Oxide-Film MOCVD Growth and Surface Structure. Efforts have continued utilizing our system for in-situ x-ray studies of MOCVD perovskite thin-film growth, post-growth thin-film processing and environmental effects, installed on the APS-BESSRC beam line 12ID-D. Ultrathin epitaxial lead titanate (PTO) thin films were grown on both insulating and conducting substrates and characterized using this facility. We have demonstrated for the first time ferroelectricity in PTO films as thin as two unit cells for samples grown on an underlying conductor. This unique achievement results from our ability to optimize growth using in-situ x-ray scattering as a feedback mechanism, and from our manipulation of film strain by the SrTiO3 substrate constraint. We have also continued to probe the through-thickness variation in polarization in our ferroelectric films, by analysis of Bragg rod intensities over many regions of reciprocal space. Ultimately, this analysis will allow us to determine atom locations in the PTO film as a function of layer position with respect to the substrate, thus mapping out variations in structure as a function of depth in the film. We have also begun to explore deposition conditions that are tuned to create organized, single-unit-cell-thick ferroelectric islands. These islands are being utilized to explore the effect of three-dimensional confinement on collective behavior in ferroelectrics.
Electrical Behavior in Complex Oxides
High-Temperature Properties in Controlled pO2. Assembly of a new probe station has been completed; this system will allow studies of oxide thin films at elevated temperatures in controlled pO2. This system is being interfaced to new equipment for electrical properties measurement of both insulating and conducting oxides, as well as for thermal-properties characterization, and will extend our capabilities to temperatures of approximately 1200K. Control of pO2 will allow us to reversibly manipulate stoichiometry; thermal and electrical properties will be used to elucidate the specific defect mechanisms by which stoichiometry is changed (point defect complexes, p- vs. n-type character, etc.). We have also continued exploring the conduction mechanisms in perovskite thin films with blocking Schottky contacts at both interfaces, for film thicknesses greater than twice the carrier depletion length of these (semiconducting) films. In collaboration with M. Dawber, U. Geneva, we have developed model descriptions of transport in this system; we have also succeeded in numerical modeling of the electric field distribution in the heterostructure. Manipulation of donor densities through oxygen stoichiometry changes will be one method by which we will validate our band-structure-based models.

Novel Barrier Layer Development. A new research area focused on understanding BaSrxTixO3 (BST) / TiAl / Cu layered interfaces has been initiated. We demonstrated that TiAl exhibits interesting diffusion barrier properties via formation of a nanoscale TiAlOx surface oxide layer that inhibits the deep penetration of oxygen towards the underlying Cu layer during growth of the oxide film. In addition to the new fundamental knowledge of oxidation processes occurring in this alloy, the integrated layers provide for the first time the capability for integrating Cu as an electrode layer for oxide thin film based devices. Specifically, we demonstrated the feasibility of depositing BaSrxTi1-xO3 dielectrics onto Cu electrode heterostructures, which will enable the fabrication of high frequency devices up to > 50 GHz, opening a new era in the field of high-performance high-frequency devices. We produced the first BST-based capacitors with Cu electrodes and measured electrical properties that showed dielectric tunability of BST up to 2.5:1, leakage current of about 10-8 A/cm2, and losses of about 0.007. The dielectric and current transport properties of the integrated BST/Cu heterostructures indicate that integration of dissimilar materials into heterostructures with excellent electrical properties can be accomplished at least at the microscale. The next challenge might be to demonstrate that similar integration can be extended down to the nanoscale.

Interfacial Thermal Transport
Thermal Conductivity of Nanocrystalline Thin Films. Thermal transport properties of ultra-nanocrystalline diamond (UNCD) coatings were initiated in collaboration with the Molecular Control of Synthesis Program (FWP 57504). In contrast to the low bulk conductivity of zirconia, which is only ~2 W/m-K in single crystal material at room temperature, diamond has the highest thermal conductivity of any known material, with room-temperature conductivity exceeding 3000 W/m-K for isotopically-purified single crystals. Our initial studies have determined that diamond coatings with grain sizes of 3-5 nm exhibit thermal conductivity more than two orders-of-magnitude lower than single crystal diamond. We have also observed strong reduction in thermal conductivity with decreasing coating thickness, indicating that the UNCD coatings investigated had rather inhomogeneous microstructures. Planned small-angle neutron scattering studies (collaboration with W. Wagner, Paul-Scherrer-Institute) will enable us to distinguish between extrinsic effects on thermal conductivity due to porosity or other processing-induced defects, and intrinsic size-dependent effects.

Multi-Scale Simulation of Polycrystalline Microstructures
Deformation twinning in Nanocrystalline Al by Molecular Dynamics Simulation. We have used a recently-developed, massively parallel molecular-dynamics code for the simulation of polycrystal plasticity to elucidate the intricate interplay between dislocation and GB processes during room-temperature plastic deformation of model nanocrystalline-Al microstructures. Our simulations revealed that under relatively high stresses (of 2.5 GPa) and large plastic strains (of ~12%), extensive deformation twinning takes place, in addition to deformation by the conventional dislocation-slip mechanism. Both heterogeneous and homogeneous nucleation of deformation twins were observed. The heterogeneous mechanism involves the successive emission of Shockley partials from the grain boundaries onto neighboring slip planes. By contrast, the homogeneous process takes place in the grain interiors, by a nucleation mechanism involving the dynamical overlap of the stacking faults of intrinsically and/or extrinsically dissociated dislocations. The propensity for deformation twinning observed in our simulations is surprising, given that the process has never been observed in coarse-grained Al and that the well-known pole mechanism cannot operate for such a small grain size. It therefore appears that the basic models for deformation twinning should be extended with particular emphasis on the role of grain-boundary sources in nanocrystalline materials. Remarkably, both the homogeneous and heterogeneous mechanisms seen in our simulations have recently been observed experimentally. 

Multi-scale Simulation of Grain Growth and Grain-boundary Diffusion Creep. A novel multiscale approach for the simulation of microstructural evolution in polycrystalline materials incorporating all the relevant time and length scales of the system, ranging from the atomic level to the continuum, is being developed, using grain growth and grain-boundary diffusion creep as simple case studies. The approach involves molecular-dynamics simulations of grain growth and grain-boundary diffusion creep in nanocrystalline-palladium model microstructures. The growth simulations revealed the presence of two growth mechanisms, namely (a) the conventional curvature-driven migration of the grain boundaries and (b) grain rotations with subsequent grain coalescence. These insights gained from the atomistic simulations, captured quantitatively, provide the key materials-physics input for mesoscale simulations in which the objects evolving in space and time are the grain boundaries and grain junctions rather than the atoms. By contrast with the atomistic simulations, the inherent length and time scales in these simulations are given by the average grain size and by grain-boundary properties, such as the average mobility and diffusivity of each boundary, rather than by atomic dimensions. These combined atomistic and mesoscopic simulations have enabled us to determine the growth and deformation topology and long-time kinetics of both processes and their coupling for a system containing a very large number of grains of arbitrary size and shape distribution. Such simulations of the effect of grain growth on grain-boundary diffusion creep, and vice versa, are presently underway.

h.  Relationships to other Projects

Extensive interactions and collaborations exist with ANL programs on Synchrotron Radiation Studies (58926), Molecular Control of Synthesis (57504), In Situ Alloy Oxidation (58930), Ceramic Epitaxial Films (58305), the Electron Microscopy Center (58405), and the Energy Technology and Reactor Engineering Divisions; and with university programs at Northern Illinois University, Northwestern University, University of Wisconsin - Madison, University of Colorado at Colorado Springs, University of Illinois-Chicago, University of Florida, University of California-Berkeley, University of North Carolina-Chapel Hill, Penn State University, North Carolina State University, MIT, University of Wisconsin-Milwaukee, Rensselaer Polytechnic Institute, Imperial College, London (England), U. Rosario (Argentina) Paul-Scherrer-Institute (Switzerland), and Max-Planck-Institut, Stuttgart (Germany). We also have collaborations with Lawrence Berkeley Laboratory and industries such as LightMatrix, INTEL and Texas Instruments, and the NCEM at LBL.



	


