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	b. Publications
Members of the group published a total of 24 articles.
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 film properties (e.g., thermo-elastic or electrical behavior) by tailoring  microstructure. Model materials investigated include ferroelectric perovskite oxides such as lead titanate, lead-zirconium titanate, and barium titanate. We also investigate the integration of oxides with other classes of materials. The program incorporates three major scientific themes:

· Domain structure and dynamics in ferroelectric, ferromagnetic, and multiferroic materials; 
· Charged and polar interfaces in oxide thin films;

· Integration of oxides with semiconductors, metallic ferromagnets and nanoparticles, carbon-based materials, and biomolecules.

e.  Approach

O. Auciello (100%), G.-R. Bai (Scientific Associate, 100%), P. Baldo (Scientific Associate, 50%), J. A. Eastman (Group Leader, 30%), S. Streiffer (50%), L. J. Thompson (Scientific Associate, 80%), D. Wolf (75%), J. Wu (post-doc, 50%).
The program is currently organized into four major project areas (with a fifth area planned for initiation later this fiscal year):

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.

Also, in collaboration with a M. Bedzyk (Northwestern U.), studies of high dielectric constant and ferroelectric perovskite thin film growth and film/substrate interface processes have been initiated using unique integrated molecular beam epitaxy / synchrotron x-ray systems at the APS-BESSRC beam lines 12ID-D and 5ID-D. These systems provide capabilities to study crystalline oxide growth on crystalline substrates using the x-ray standing wave method that provide unique insights into the growth and interface processes (stoichiometric composition, strain, domain behavior and more) at the atomic scale.

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 in-situ methods for characterizing charge transport as a way to gain insight into point defects and clustering behavior, ionic and electrical transport, and space-charge, with emphasis on correlating controlled changes in microstructure with properties. New effort will be put in to developing spatially- and time-resolved methods to monitor polarization switching currents in ferroelectrics, with the goal of using these methods to monitor the dynamics of polarization switching and the dynamics of domain evolution in these systems. For example, we have explored experimental techniques to synchronize electrical characterization of an insulating oxide film with synchrotron x-ray scattering data collection. This allows determination of electric-field-dependent film structure under dynamic conditions, of interest for instance in non-equilibrium space-charge segregation to interfaces.

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”.

Synthesis, processing, and properties of oxide heterostructures One activity within this project focuses on studies of the interaction of biomolecules with polarizable surfaces, including investigation of chemical reactions at the bio-inorganic interface, electrostatic interactions between electrically charged biomolecules, such as DNA, and polarizable ferroelectric surfaces, and biomolecule manipulation via electric fields. A second activity focuses on studies of complex oxide/nanocarbon interfaces, including physical, chemical, and electromechanical phenomena pertaining to these interfaces, such as integration of piezoelectric oxide thin films with ultrananocrystalline diamond. A third activity focuses on studies of interfaces generated through the integration of ferroelectric and magnetic layers that provide the basis for nanoscale interactions of order parameter between the ferroelectric and magnetic layers. Additionally, we are also investigating interactions between oxide nanoparticle surfaces and liquids, specifically with a focus on determining mechanisms of heat transfer in such nanofluids.

TEM studies of domain structure and dynamics This major project will be added to the program during the current fiscal year (contingent on a planned new hire). The aim of this project will be to elucidate the domain structure and domain dynamics in magnetic and ferroelectric heterostructures, and to correlate this with the microstructure of the materials. The effects of parameters such as shape, interfaces, and patterned defects, together with applied current, temperature, and fields will be assessed in order to develop a detailed understanding of the domain dynamics and how to control them via microstructure. The approach will be to use electron microscopy both for studies of the domain dynamics and for microstructural analysis. The experimental studies will be carried out in conjunction with modeling of the domain behavior.

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. We have probed the through-thickness variation in polarization in our ferroelectric films, by analysis of Bragg rod intensities over many regions of reciprocal space, allowing us to determine atom locations in the PTO film as a function of layer position with respect to the substrate. This maps out variations in structure as a function of depth in the film. Unusual variations in atomic positions in the near-interface region of both the film and the substrate are found, giving insight into the behavior of the ferroelectric polarization at the insulating film-substrate interface. We have also explored changes in ferroelectric behavior for PTO films incorporated into symmetric SrTiO3/PbTiO3/SrTiO3 heterostructures, and for PTO films capped with a conductive top electrode. These experiments have for the first time quantified the degree of charge compensation at ferroelectric thin film interfaces. Finally, we have begun to investigate ferroelectric and structural behavior in epitaxial BaTiO3 and SrTiO3 films (provided by collaborators at Penn State), as a function of temperature, misfit strain, and oxygen partial pressure. Structural features are being correlated with major changes in phase transition behavior and relaxor-like behavior in these two materials systems.  

Electrical Behavior in Complex Oxides

High-Temperature Properties in Controlled pO2. We have begun investigation of oxide thin films at elevated temperatures in controlled pO2 using an environmental probe station constructed in previous years. Analysis has continued on factors controlling the conduction mechanisms in perovskite thin films with blocking Schottky contacts at both interfaces, for film thicknesses across a wide range of electronic length scales in these heterostructures. We have also begun synthesis of novel thin films based on ScMnO3, that are expected to show multiferroic behavior with coupling between magnetic and ferroelectric order parameters. This complements work in which we have demonstrated hybrid multiferroic heterostructures (in collaboration with J. Mitchell, FWP  58916), where magnetostrictive strain in a layered manganite single crystal is used to modify the spontaneous polarization in an epitaxial Pb(Zr,Ti)O3 film grown using the crystal as the substrate.

Synthesis, processing, and properties of oxide heterostructures 

Novel Barrier Layer Development. BaSrxTixO3 (BST) / TiAl / Cu layered interfaces have been studied to understand the oxygen barrier functionality of TiAl layers to enable the integration of a complex oxide material such as high-dielectric constant BST with a highly oxidizable material such as copper when exposed to the high-temperature oxidizing environment required to growth BST films. We demonstrated that TiAl exhibits interesting diffusion barrier properties via formation of a nanoscale TixAl1-xOy 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. We also investigated the multifunctionality of the TiAl barrier via integration of piezoelectric Pb(ZrxTi1-x)O3 (PZT) films with ultrananocrystalline diamond (UNCD). These studies resulted in the production of the first PZT-based capacitors with high polarizability on UNCD. In addition, we were also able to integrate BST layers with UNCD to produce the first field effect transistor using BST as the gate oxide of the transistor and nitrogen-doped UNCD as the semiconductor n-type material for the integrated transistor. The work on integration of the above mentioned oxides with UNCD opens the way for a new generation of microelectromechanical system (MEMS) and nanoelectromechanical system (NEMS) devices, as well as novel high temperature microchips based on diamond.

Synthesis and thermal properties of oxide-based nanofluids. TiO2-in–water nanofluids are being produced by the chemical vapor condensation technique. Systematic studies are underway investigating the degree of particle interaction on resulting thermal conductivity. The degree of interaction can be controlled by controlling the fluid pH, which in turn controls the particle surface charge. We have discovered that nanofluid thermal properties are enhanced near the pH values that correspond to the point of zero charge. For these pH values, we believe the interparticle forces are strong enough to induce formation of small clusters, but still weak enough to avoid formation of large clusters, which would lead to undesirable particle settling. Studies for nanofluids based on other nanoparticle materials and other liquids have been initiated.

Multi-Scale Simulation of Polycrystalline Microstructures

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.

g. Future Accomplishments
In-Situ Ceramic Thin-Film Processing at the APS

Synchrotron Studies of Oxide-Thin-Film Structure and MOCVD Growth Behavior. Studies of the domain structure and phase transition behavior in perovskite oxides will continue. We will complete modifications begun this year to the precursor delivery hardware on this system to facilitate deposition of solid solutions, and eliminate precursor gas-phase interactions that have limited composition reproducibility and uniformity. The effect of misfit strain will be investigated initially by growing Pb(Zrx,Ti1-x)O3  (PZT) films on SrTiO3; lattice misfit increases with 
increasing Zr concentration. Studies of PZT will also provide the opportunity to probe the roles of composition and interfacial segregation on growth behavior and interface structure (both buried interfaces and free surfaces). We will continue our efforts to map through-thickness structural variation in thin ferroelectric films, with the aim of quantifying the size effect on ferroelectricity that is commonly observed in the PZT system. As an additional focus of this program, we will begin to investigate the nature of interfaces between epitaxial crystalline oxides and silicon. Such heterostructures are of increasing interest, as they should allow integration of a wide range of functional oxide materials directly onto silicon, with properties superior to those found in polycrystalline films. By understanding this process, we will be able to control the effective compliance in the crystalline oxide as it serves as an epitaxial strain-relief layer. We will also continue to explore time-resolved focused x-ray scattering studies of polarization reversal mechanisms in ferroelectric thin films. 

Electrical Behavior in Complex Oxides

We will develop methods that will combine local structural and electrical characterization, supported by computational simulations, in a quest to understand the electrical properties of model complex oxides at the nanoscale. The complexity inherent in many important oxides (pyrochlores, perovskites, Aurivillius phase oxides, etc.) has severely limited our ability to understand their defect chemistries and structures. We will determine the atomic structure and chemistry of defects in bulk and thin film model systems using complementary x-ray, electron microscopy, and neutron scattering methods. Advanced TEM techniques, including electron diffuse scattering, anomalous scattering, and local electric and magnetic field imaging, will be employed to study microstructure, defect states, and domain dynamics in these ceramic thin films in collaboration with the EMC (58405), so that correlations with electrical behavior may be sought. The detailed relationships between local structure and local electrical properties will be determined by producing micro- and nanoscale model test devices for measurement of the transport properties and complex impedances associated with specific defect structures. The feasibility of performing high-spatial-resolution local electrical measurements utilizing modern scanning-probe technology will also be explored.

Synthesis, processing, and properties of oxide heterostructures 

Integration of oxides with carbon-based materials. We will initiate a new area of study by exploring fundamental phenomena resulting from the integration of complex oxide thin films with carbon layers in various allotropic forms, including diamond, diamond-like carbon, and carbon 
nanotubes. We have already performed preliminary experiments that have demonstrated that we can integrate complex oxide layers such as BaxSr1‑xTiO3 (BST) with ultrananocrystalline diamond (UNCD) thin films. We were able to measure electrical properties of capacitors produced by integration of BST/Pt/TiAl/UNCD layers. These preliminary results indicate that integration of dissimilar materials will lead to a rich new field.

Integration of oxides with biomolecules. We   also will continue studies of complex oxide thin films / biomolecule interfaces. We have demonstrated the functionalization of the surface of polarizable ferroelectric Pb(ZrxTi1-x)O3 (PZT) thin films to attach biomolecular species and measure the transport properties of the integrated interfaces. We will investigate the feasibility that the selective surface modification of PZT permits the coupling of a wide range of biomolecules (e.g., peptides, proteins) and the use of the electric-field-responsive properties of PZT to manipulate the function (e.g., orientation) of the tethered biomolecules. Phage display techniques will be used to evolve specific peptide motifs that selectively bind to PZT. We have already studied three heptapeptide sequences that we have isolated, which selectively bind to the surface of MOCVD PZT thin films. We will focus on the identification of the optimum heptapeptide that facilitates both the attachment of functional biological molecules to the surface of PZT and the design of molecules whose function can be gated via changes in the charges on the surface of the PZT films. This research is opening the way for a new rich field of studies of transport properties of oxide-biointerfaces.

Synthesis and thermal properties of oxide-based nanofluids. Studies aimed at understanding mechanisms of heat transfer at oxide-liquid interfaces will continue. A recent study in Germany by Das and co-workers has indicated the possibility that the thermal conductivity of such nanofluids may be very sensitive to temperature. We are initiating studies to investigate this behavior. Our preliminary measurements of TiO​2-in-H2O nanofluids have indicated that the behavior may depend on the particle loading percentage, with stronger temperature effects found for smaller loadings. Similar to the conclusions from our recent studies of pH effects on nanofluid thermal conductivity, this could be an indication that heat transfer properties are enhanced by optimal particle interaction, with too much interaction leading to undesired particle settling. Systematic measurements of thermal conductivity for different temperature, particle volume percent, particle size, material, and particle surface charge will be undertaken in order to provide insight into the mechanisms of nanofluid enhanced heat transfer properties.

Multi-Scale Simulation of Polycrystalline Microstructures 

Using molecular-dynamics simulations, we will determine the interplay between grain growth and high-temperature deformation. Of particular interest are the mechanisms responsible for the well-known enhancement of grain growth by external and internal stresses (“dynamic grain growth”). We will also elucidate how, in turn, grain growth enhances the strain rate during superplastic deformation. 

We have started to develop a finite-element method (FEM) computational approach for mesoscale simulations of grain microstructures. In this approach, one set of mesh points maps on to the grain junctions and GBs while another meshes the grain interiors. With physical input extracted from the atomistic simulations, this will enable continuum simulations of microstructurally and interfacially controlled mechanical properties (superplasticity, Hall-Petch behavior, void nucleation, fracture, etc.).

These simulations, performed so far mainly for fcc metals, will be extended to metal oxides studied within the experimental program of the group, such as stabilized zirconia and perovskite oxides. For both types of oxides we have in recent years succeeded in the derivation of interatomic potentials that enable large-scale atomic-level simulations. These potentials have been shown to capture the key phases in the phase diagram. We will perform molecular dynamics simulations of nanocrystalline oxides, the goal being elucidation of the structure and composition of the grain boundaries and of the thermo-mechanical behavior of these materials, including the role and importance of the phase diagram as a function of the grain size.

TEM studies of domain structure and dynamics 

We will fabricate magnetic and ferroelectric heterostructures in which the domain structure and dynamics will be studied. The magnetic materials will concentrate on heterostructures with spintronic properties, such as magnetic tunnel junctions, and on magnetic nanoparticle assemblies. The approach will then be to use Lorentz electron microscopy and electron holography (via collaboration with the EMC) to investigate the domain behavior, through in-situ experiments in which magnetic or electric fields can be applied. We intend to use electron microscopy so that the local behavior of the domains can be understood and some development of experimental techniques for this characterization will be undertaken. We will use existing techniques for quantitative analysis of the electron microscope images, although further development of phase reconstruction techniques for application to a range of materials systems will be one of the goals of this project. The microstructure of the materials plays an important role in controlling and influencing the domain behavior, with parameters such as film thickness, grain structure and interface morphology being of particular importance. Electron microscopy imaging and microanalysis techniques will then be used to provide high spatial resolution information about the local microstructure and chemical profile of the heterostructures. Studies will concentrate on materials that are structured in three dimensions, for example through layering and then patterning lithographically or through grain size control, and on the effects of artificial defects.

h.  Relationships to Other Projects

Extensive interactions and collaborations exist with Argonne National Laboratory programs on Synchrotron Radiation Studies (58926), Molecular Control of Synthesis (57504), In Situ Alloy Oxidation (58930), and 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 companies such as Symetrix, Freescale, Motorola, Texas Instruments, and the NCEM at LBL.




