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FOREWORD

This abstract book comprises the scientific content of the 2013 Synthesis and
Processing Science Principal Investigators’ Meeting sponsored by the Materials Sciences
and Engineering (MSE) division in the Office of Basic Energy Sciences (BES) of the
U.S. Department of Energy (DOE). The meeting, held on November 18-20, 2013, at the
Washington D.C. North/Gaithersburg Hilton, Gaithersburg, Maryland, is the fourth
Principal Investigators’ Meeting on this topic and is one among a series of research
theme-based Principal Investigators’ Meetings being held by MSE division.

The purpose of this Principal Investigators’ Meeting is to bring together all of the
researchers funded in the Synthesis and Processing Science core research activity so they
can get a firsthand look at the broad range of materials science research that is being
supported in this important research area. The meeting will serve as a forum for the
discussion of new results and research highlights, thus fostering a greater awareness of
significant new advances in the field and the research of others in the program. The
confidential and collegial meeting environment is intended to provide unique
opportunities to develop new collaborations among Pls, and new ideas. In addition, the
meeting affords BES program managers an opportunity to assess the state of the entire
program at one time on a periodic basis, in order to chart future directions and identify
new programmatic needs.

This year’s meeting focuses on four topics within the Synthesis and Processing
Science portfolio: critical materials for energy applications, basic synthesis science for
energy storage, synthesis challenges for film interfaces, and synthesis science for light-
matter interaction. While this is one way of organizing and presenting the research
within this broad portfolio, there are many other synergies that could be highlighted and
will be considered at future meetings.

Let me take this opportunity to express my thanks to all the meeting attendees, for
their active participation and sharing their ideas and new research results. Special thanks
are given to the Meeting Chairs, Stacey Bent and Matthew Kramer, for their dedicated
efforts and invaluable advice towards organizing this meeting. Finally, this meeting
would not be possible without the logistical support from Teresa Crockett at DOE-MSE
as well as Tammy Click and Verda Adkins-Ferber at Oak Ridge Institute for Science and
Education (ORISE).

Bonnie Gersten

Program Manager, Synthesis and Processing Science
Materials Sciences and Engineering Division

Office of Basic Energy Sciences

U.S. Department of Energy
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2013 DOE-BES-MSE Synthesis and Processing Science Principal Investigators’ Meeting

The 2013 DOE-BES-MSE Principal Investigators’ Meeting will focus on the challenges for the Materials
Synthesis and Processing Science Program. The meeting will assist in developing the Grand Challenge
problems for Basic Energy Sciences pursuant to Synthesis and Processing Science Core Research
activities. Some of these challenges have included:

1) How do we control materials processes at the level of electrons?

2 How do we design and perfect atom- and energy-efficient synthesis of revolutionary new forms
of matter with tailored properties?

3 How do remarkable properties of matter emerge from complex correlations of the atomic or
electronic constituents and how can we control these properties?

New developments in materials synthesis and processing methods are providing unprecedented
capabilities to create materials and structures with tailored properties, while advances in in situ
experimental characterization techniques together with simulation and modeling are leading to important
new insights into how to control materials composition and morphologies from the atomic scale to the
nanoscale and beyond. Synergies and links between synthesis, in situ characterization, and modeling are
essential to developing ever-greater capabilities in materials design.

For this meeting, abstracts will be organized within four topical sessions:

I. Critical Materials for Energy Applications: Developing scientific strategies for reducing, reusing,
and replacing critical elements in energy production and use-inspired technologies.

Il. Basic Synthesis Science for Energy Storage: Designing new materials with higher energy storage
capacity and improved reliability.

I1l. Synthesis Challenges for Film Interfaces: Examining synthesis of complex thin films, single
crystals, and nanoscale materials with useful physical properties.

IV. Synthesis Science for Light-Matter Interaction: Investigating approaches for synthesis and
processing of materials used to harness light-matter interactions toward energy conversion technologies
such as photovoltaics and light emitting diodes.

Each materials class presents its own challenges; however, several synthesis and processing science
themes crosscut all materials systems. They include the following crosscutting issues:

@ Developing robust predictive thermodynamic and Kinetic tools — How do we accurately
incorporate dynamic processes and near-equilibrium into new or existing tools?
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2 Mesoscale modeling of multi-phase functional materials — What new modeling approaches will
enable us to accurately incorporate length scales of functional materials?

3 Materials design and fabrication at the atomic scale to achieve tailored properties — How do we
manipulate atoms at the atomic scale to achieve new functionality?

4) In situ characterization of materials synthesis from the atomic to the microstructural scale — How
do we measure in situ processes at their relevant length and time scales?

Meeting Sessions will be organized to address the following topical areas:

I. Critical Materials for Energy Applications: Developing strategies for reducing, reusing, and
replacing critical elements in energy production and utilization technologies.

Concern for availability of materials critical to advanced technologies and energy efficiency leaped into
the forefront in 2010 when the People’s Republic of China significantly restricted their exports of Rare
Earth elements. While the ensuing spike in cost in these materials has abated, the underlying challenge of
resource availability for certain less-common elements has not gone away, and waiting until the next
geopolitical crisis or market disruption is far from prudent. The challenge of mitigating the shortages of
these critical materials is summed up in the 3 R’s, reduce, reuse and replace, but the devil is in the details
of implementation. Reduction can involve improvements in materials synthesis such as improved nano-
particle synthesis for higher surface area catalysts. Reuse hinges in both capturing waste during
production as well as recycling at the end-of-use. However, in many cases the critical element is in very
low concentrations and possibly complex chemically bound states, which make their recovery difficult.
Recycling of Rare Earth’s from electronics, such as magnets or from electronic displays exemplifies this
challenge. Detailed understanding of the thermodynamics of the complex chemistries is required for
advanced process modeling necessary for efficient recycling. Replacing existing materials with new, less
critical constituents will require more efficient means of materials design and discovery. Most current
materials have been refined over the years through “Edisonian” optimization. The pace of global
technology development doesn’t allow such luxury at present, especially when natural disasters or
geopolitical crises can quickly disrupt markets. Advances in materials genomics has potential to speed up
materials discovery, but many approaches are not yet validated nor do they recognize that most
technologically useful materials are not in their ground state nor stoichiometric compounds. More
challenging is that an alloy’s properties are a finely tuned optimization of multiple phases with varying
length scales that are difficult to predict a priori with current state-of-the-art simulations. New paradigms
in modeling materials processing will be required to accelerate the development of functional materials.

I. Basic Synthesis Science for Energy Storage: Designing new materials with higher energy storage
capacity and improved reliability.

Efficient storage of energy is crucial to development of more fuel efficient transportation technologies
and reduced carbon emissions. Current technologies are far from achieving their potential in terms of
both storing and converting their fuel to electricity. Moreover, systems reliability is dependent on
maintaining a high degree of materials stability and interface integrity over hundreds to thousands of
charge-discharge cycles. New or improved anode, cathode and membrane materials will need to be both
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robust and inexpensive. Advancements in new materials will require a better understanding of the
atomistic to microstructural scale processes that control the rates of ion transport and the materials
degradation that accompanies the charge-discharge processes. Materials challenges include, for instance,
understanding and control of the transport of ions at the solid/electrolyte interface. Materials degradation
due to volumetric changes can be minimized and recharge rates can be increased by controlling particle
size and morphology but this must be achieved in materials with appropriate chemical stability and with
more abundant constituents that incorporate self-healing, self-regulation, failure-tolerance, and impurity-
sequestration. Computational materials design has the promise of discovery of new material compounds,
but for more complex architectures for advanced functional materials, innovative fabrication strategies
will also be needed. New analytical tools that can monitor changes in the structure and composition of
materials in the bulk and at their interfaces are needed to detect and measure changes at the atomic to
microstructural level under operating conditions.

I1l. Synthesis Challenges for Film Interfaces: Examining synthesis of complex thin films, single
crystals, and nanoscale materials with useful physical properties.

Materials such as thin films, single crystals, and nanoscale objects are central to a wide range of current
and future technologies, but meeting the increasingly stringent requirements of property and function will
require control of these materials at the atomic scale. Hence, the need for atomically precise synthesis
techniques is growing. This session will address some of the latest challenges in developing and
understanding methods to carry out atomically controlled synthesis of films and interfaces. This session
will focus on understanding general principles that describe how processing affects the resultant material
properties. Film deposition techniques such as molecular beam epitaxy (MBE), chemical vapor
deposition, atomic layer deposition, pulsed laser deposition and physical vapor deposition provide
excellent capabilities. Moreover, patterning by techniques such as lithography or self-assembly is
enabling increasing levels of spatial control, yet, many challenges still remain. For example, while MBE
has excelled at atomically precise synthesis in which atomic species such as dopants can be placed where
desired, other techniques that may be attractive because of higher throughput or lower cost have not yet
reached the same level of compositional or structural control. This session will examine what challenges
remain in gaining the capability during synthesis to place atoms where we want them in order to generate
materials with desired physical properties. Progress in understanding the relationship between processing
and properties in a range of important materials and interfaces, such as crystalline solids, ultrathin films,
glasses, hybrid materials, and nanostructures, will be reviewed.

IV. Synthesis Science for Light-Matter Interaction: Investigating approaches for synthesis and
processing of materials used to harness light-matter interactions toward energy conversion technologies
such as photovoltaics and light emitting diodes.

Light-matter interactions are at the heart of a number of important energy conversion technologies,
including photovoltaics and solid state lighting. Given the inexhaustible size of the solar resource, which
exceeds by many times that of other renewable energy sources, plus the need for efficient lighting to
reduce energy usage, the conversion of energy between light and electricity as well as between light and
chemical energy will continue to be of huge importance in future energy systems. As a result, the need is
growing for tailored materials to efficiently carry out these conversions. The variety of energy conversion
systems, such as organic light emitting diodes (OLEDs), photovoltaics, and solar fuel devices, utilize a
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diversity of materials, including compound semiconductors, organics, hybrid materials, nanoscale
materials, and plasmonic-enhanced structures. Many questions and challenges remain in how to meet the
materials needs. For example, how can we process these materials so that they have the desired
optoelectronic properties? How can we control materials at the appropriate length scales vis-a-vis
processing and chemistry? This session will address the challenges of understanding and translating the
various universal principles of materials synthesis to affect the way in which the materials interact with
light.

Summary: Overall, this meeting will endeavor to establish working relationships and collaborations
among the investigators through discussion of materials synthesis and processing challenges that crosscut
materials classes with an emphasis on coupling theoretical and experimental approaches.
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Understanding Graphene Crystal Morphology Evolution and Orientation
During CVD on Cu and the Bottom-Up Growth of Graphene Nanostructures
with Refined Edges

PengPeng Zhang, Michigan State University

Utilizing Molecular Self-Assembly to Tailor Electrical Properties of Si
Nanomembranes

*****Break*****
**rx*xxPposter Session IT****x*

***x*x*Working Dinner****x
(Scientific highlights of the day: discussion and input from attendees)

**x*xx*xposter Session II (continued)*****

XiX



7:30 - 8:30am **xxxxBreakfast** x**

Session 5: Topics in Basic Synthesis Science for Light-Matter Interaction
Chair: Chekesha Liddell Watson, Cornell University

8:30 - 9:00am Peter Green, University of Michigan, EFRC
EFRC: Morphology, Carrier Transport and Device Performance of Thiophene
Based Solar Cells

9:00 - 9:30am Roberto Paiella, Boston University
Plasmonic Control of Radiation Processes for Enhanced Efficiency and Beam
Shaping

9:30 - 10:00am Jung Han, Yale University
" Evolutionary Selection Growth: Towards Template-Insensitive Preparation
of Single-Crystal Layers

10:00 - 10:30am xRk Break*xkkx

10:30 - 11:00am Mark Ediger, University of Wisconsin—Madison
High-Throughput Preparation and Characterization of Vapor-Deposited
Organic Glasses

11:00 - 12:00pm BES Conclusion
Matthew Kramer and Stacey Bent, Meeting Chairs
Bonnie Gersten, Program Manager, Synthesis and Processing Science

12:00 - 1:00pm Lunch, Open Discussions, and Adjourning Comments
(Optional box lunches available)

XX
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In situ Monitoring of Dynamic Phenomena during Solidification
Amy J. Clarke*, S.D. Imhoff, and P.J. Gibbs, Los Alamos National Laboratory

Four-Dimensional Analysis of the Evolution of Complex Dendritic Microstructures during Coarsening
C. Park, Katsuyo Thornton, University of Michigan and J. Gibbs, Peter Voorhees*, Northwestern
University

Predicting and Controlling Phase Selection in Highly Driven Systems
Matthew J. Kramer*, A. I. Goldman, R. E. Napolitano, Mikail I. Mendelev, Kai-Ming Ho, R. T. Ott, F.
Zhang, Z. Ye, Y. Sun, X. Y. Song, and C. Z. Wang, Ames Laboratory

Development of Order in Deeply Undercooled Liquid Metals
F. Zhang, Z. Ye, Y. Sun, X. W. Fang, C. Z. Wang, Matthew J. Kramer*, I. McBrearty, Mikhail I.
Mendelev, R. E. Napolitano, R. T. Ott, and Kai-Ming Ho, Ames Laboratory

Theoretical and Experimental Study of Solid-Liquid Interface Properties of Stoichiometric Compounds
S.R. Wilson, Mikhail I. Mendelev*, X.Y. Song, R.T. Ott, A.l. Goldman, R.E. Napolitano and M.J.
Kramer*, Ames Laboratory

Atomistic Structure, Strength, and Kinetic Properties of Intergranular Films in Ceramics
Yun Jiang, Ying Ma, Stephen H. Garofalini*, Rutgers University

Laser Fabrication of Active Single-Crystal Architecture in Glass
Himanshu Jain*, Volker Dierolf*, D. Savytskyy, P. Gupta, B. Knorr, Lehigh University

Exploratory Materials Synthesis and Characterization
Cedomir Petrovic*, Brookhaven National Laboratory

Novel Materials Preparation and Processing Methodologies: Microstructural Refinement and Phase
Space Determination of Mg,Si-Based Thermoelectric Alloys
Yong Liu*, Qingfeng Xing*, and Thomas A. Lograsso*, Ames Laboratory

Novel Materials Preparation and Processing Methodologies: Peculiar Properties of Iron Based
Superconductors Disclosed by Heat Treatment and New Synthesis Technology
Yong Liu*, Qingfeng Xing*, and Thomas A. Lograsso*, Ames Laboratory

Discovery and Crystal Growth of New Oxide Phases from Metal Fluxes
Theo Siegrist*, T. Besara, D. Ramirez, Florida State University

New Oxide Materials for an Ultra High Temperature Environment
John H. Perepezko*, University of Wisconsin-Madison

Phase Transformations and Equilibria in Complex Half-Heusler/Full-Heusler Nanocomposites
Pierre Ferdinand Poudeu* and Citrad Uher*, University of Michigan and Anton Van der Ven,
University of California Santa-Barbara
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A Fundamental Study of Inorganic Clathrate Open-Framework Materials
George S. Nolas*, University of South Florida

Study of Spark-Plasma Sintering at Different Scale Levels
Eugene A. Olevsky*, San Diego State University

Electric-Field Enhanced Kinetics in Oxide Ceramics: Pore Migration, Sintering and Grain Growth
I-Wei Chen*, University of Pennsylvania

Improved Electrochemical Performance of Strained Lattice Electrolytes via Modulated Composition
Joshua L. Hertz*, University of Delaware

How Bulk and Surface Thermodynamics Affects Li battery Material Properties
Alexandra Navrotsky*, University of California, Davis

Solid Electrolytes to Stabilize High-Voltage Battery Interfaces
Juchuan Li, Yoongu Kim, Chengdu Liang*, and Nancy J. Dudney*, Oak Ridge National Laboratory

Molecularly Organized Nanostructural Materials
Jun Liu*, Praveen Thallapally*, Yongsoon Shin, Jie Xiao*, Xiaolin Li, Yuyan Shao, Maria Sushko,
Gregory J. Exarhos, Pacific Northwest National Laboratory

Conduction Mechanisms and Structure of lonomeric Single-lon Conductors
Ralph H. Colby*, Janna K. Maranas, Karl T. Mueller, James Runt and Karen I. Winey, The
Pennsylvania State University

Molecularly Organized Nanostructural Materials
Subtask: Guest Induced Structural Transformation and Nanostructural Materials Synthesis
Praveen K. Thallapally*, Jian Tian, Jian Liu and Jun Liu*, Pacific Northwest National Laboratory

Novel Theoretical and Experimental Approaches for Understanding and Optimizing Molecule-Sorbent
Interactions in Metal Organic Framework Materials

Nour Nijem, Kui Tan, Y. J. Chabal*, University of Texas at Dallas

Haohan Wu, Debasis Banerjee, Jing Li*, Rutgers University

Pieremanuele Canepa, Sebastian Zuluaga, Timo Thonhauser, Wake Forest University

Investigating the Metastability of Clathrate Hydrates for Energy Storage
Carolyn A. Koh* and Amadeu K. Sum*, Colorado School of Mines

Forces, Crystallization, and Assembly in Nanoparticle Suspensions
Kristen A. Fichthorn* and Robert M. Rioux, The Pennsylvania State University

Inverse Optimization Techniques for Targeted Self-Assembly
Salvatore Torquato* and Frank Stillinger, Princeton University

Directed Assembly of Rod-Coil Block Copolymers by Combined External Fields
Qiang (David) Wang* and David S. Dandy, Colorado State University

Giant Electrocaloric Effect in Ferroelectric Polymers with Tailored Polar-Nanostructures
Qiming M. Zhang*, The Pennsylvania State University
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Using Energetic Gas Jets to Enable New Modes of Focused Electron Beam Induced Deposition
Matthew Henry and Andrei G. Fedorov*, Georgia Institute of Technology

Non-equilibrium Effects in the Processing of Materials using Plasmas
Lorenzo Mangolini*, University of California, Riverside

Boron-Based Nanostructures: Stability, Functionality and Synthetic Routes
Boris I. Yakobson* and Pulickel Ajayan, Rice University

Growth Mechanisms and Controlled Synthesis of Nanomaterials: Revealing the Growth Mechanism of
Graphene on Catalytic Substrates by Real-Time Optical Diagnostics
Alex Puretzky*, Gyula Eres, David B. Geohegan*, Murari Regmi, Christopher M. Rouleau, Mina Yoon*,
Matthew Chisholm, and Gerd Duscher, Oak Ridge National Laboratory

Growth Mechanisms and Controlled Synthesis of Nanomaterials: Modeling and Characterization of
Ultrasmall Nanoparticles
Mina Yoon*, David B. Geohegan*, Alex Puretzky*, Christopher M. Rouleau, Gyula Eres,
Masoud Mahjouri-Samani, Miaofang Chi, and Gerd Duscher, Oak Ridge National Laboratory, and
Mengkun Tian, University of Tennessee

Growth Mechanisms and Controlled Synthesis of Nanomaterials: Synthesis of Nanostructures from
Nanoparticle Building Blocks
David B. Geohegan*, Masoud Mahjouri-Samani, Christopher M. Rouleau, Alex Puretzky*, Gyula Eres,
Mina Yoon*, Miaofang Chi, and Gerd Duscher , Oak Ridge National Laboratory, and Mengkun Tian
University of Tennessee

Understanding and Controlling Nanoscale Crystal Growth using Mechanical Forces

Mostafa Bedewy™?, Assaf Ya 'Akobovitz*, Kendall Teichert!, and A. John Hart*"? * University of
Michigan, “Massachusetts Institute of Technology
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Understanding Graphene Crystal Morphology Evolution and Orientation During CVD on Cu; and the Bottom-
Up Growth of Graphene Nanostructures with Refined Edges
Michael S. Arnold*, University of Wisconsin

Integrated Growth and Ultra-low Temperature Transport Study of the 2" Landau Level of the Two-
Dimensional Electron Gas
Gabor Csathy* and Michael Manfra*, Purdue University

Development and Understandingi; of Multifunctional Nanostructured Magnetoelectric and Spintronic Materials
Ram S. Katiyar*!, M. Gomez', G. Morell*, L. Fonseca’, Y. Ishikawa®, R. Palai’,
R. Thomas!, A. Kumar?, J.Velev?, V. Makrov', O. Perales?, M.S.Tomar?, W. Otafio®,
University of Puerto Rico, Rio Piedras’, Mayaguez’, Cayey®

SISGR-Using Interfaces to Create Strongly Coupled Magnetic Ferroelectrics
Craig J. Fennie, David A. Muller, Darrell G. Schlom*, Cornell University and Peter Schiffer, The
Pennsylvania State University

Digital Synthesis: A Pathway to New Materials at Interfaces of Complex Oxides
Anand Bhattacharya*, Sam Bader, Argonne National Laboratory

Electronic and Optical Properties of Doped Complex Oxide Epitaxial Films and Interfaces: Mixed Metal
Oxide Corundum-like Materials
Scott A. Chambers*, Tiffany C. Kaspar*, T.C. Droubay, Yingge Du*, H.K.L Zhang, R. Colby, Pacific
Northwest National Laboratory, and Peter V. Sushko, University College London

Electronic and Optical Properties of Doped Complex Oxide Epitaxial Films and Interfaces: Perovskite Films
and Interfaces
Scott A. Chambers*, Tiffany C. Kaspar*, T.C. Droubay, Yingge Du*, H.K.L Zhang, R. Colby, Pacific
Northwest National Laboratory, and Peter V. Sushko, University College London

Artificially Layered Superlattice of Pnictide by Design
Chang-Beom Eom*, University of Wisconsin—Madison

Atomic-Layer-by-Layer Molecular Beam Epitaxy Synthesis of Cuprate Superconductors
Ivan BoZovi¢*, Anthony T. Bollinger and Jie Wu, Brookhaven National Laboratory

Studies of Surface Reaction and Nucleation Mechanisms in Atomic Layer Deposition
Stacey F. Bent*, Stanford University

Atomic Layer Deposition (ALD) of Metal and Metal Oxide Films: A Surface Science Study
Francisco Zaera*, University of California, Riverside

Surface-Reaction-Limited Pulsed Chemical Vapor Deposition for Growing Nanowires inside Highly Confined

Spaces
Xudong Wang*, University of Wisconsin—-Madison
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Growth and Properties of New Epitaxial Metal/Semiconductor Nanocomposites
Joshua M. O. Zide*, University of Delaware

A Unified Understanding of Residual Stress in Thin Films: Kinetic Models, Experiments and Simulations
Eric Chason*, Brown University

Electrodeposition of Cobalt (Hydr)oxide Oxygen Evolution Catalysts for Photoelectrochemical Water
Splitting
Jay A. Switzer*, Missouri University of Science and Technology

Science-Directed Pursue of the Smallest Metallic Nanorods using Physical Vapor Deposition
Hanchen Huang*, Northeastern University

Nanoscale Morphologies to Control Atomic Scale Processes: Collective Multi-atom Diffusion in Pb/Si(111) at
Low Temperatures
K.M. Ho, M. Hupalo, P. A. Thiel, Michael C. Tringides* and C. Z. Wang, Ames Laboratory

Nanoscale Morphologies to Control Atomic Scale Processes: Non-standard Nucleation of Metal Growth on
Carbon Rich Surfaces
K.M. Ho, M. Hupalo, P. A. Thiel, Michael C. Tringides* and C. Z. Wang, Ames Laboratory

In Situ Visualization and Theoretical Modeling of Early-Stage Oxidation of Metals and Alloys
Guangwen Zhou*, State University of New York, Binghamton

Synthesis and Processing Research in Group 1V Nanomembranes
Max G. Lagally* and Mark A Eriksson, University of Wisconsin—Madison with Feng Liu, University of
Utah

Strain Engineered Surface Transport in Si(001): Complete Isolation of the Surface State via Tensile Strain
Feng Liu*, University of Utah

Utilizing Molecular Self-Assembly to Tailor Electrical Properties of Si Nanomembranes
Pengpeng Zhang*, Michigan State University

High-Throughput Preparation and Characterization of Vapor-Deposited Organic Glasses
S.S. Dalal, D.M. Walters, A. Gujral, and Mark D. Ediger*, University of Wisconsin—Madison

Quasiepitaxial Growth of Organic Crystalline Thin-Films
Richard R. Lunt*, Michigan State University

Brush-Coated Nanoparticle Polymer Thin Films: Structure-Mechanical-Optical Properties
Peter F. Green*, University of Michigan

Self-Assembly of Non-spherical Colloids: New Reduced Symmetry Crystals and Mesophases for Templating
Functional Materials at Fine Scales
Chekesha M. Liddell Watson*, Itai Cohen, Fernando Escobedo, Cornell University

New Optoplasmonic Materials for Next Generation Energy Systems
Bjoern Reinhard*, Boston University

Coupled Plasmonic Arrays for Real Time Sensing
George Chumanov*, Clemson University
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Plasmonic Control of Radiation Processes for Enhanced Efficiency and Beam Shaping
Roberto Paiella* and Theodore D. Moustakas, Boston University

Evolutionary Selection Growth: Towards Template-Insensitive Preparation of Single-Crystal Layers
Benjamin Leung and Jung Han*, Yale University

Enhanced Materials Based on Submonolayer Type-11 Quantum Dots
Maria C. Tamargo*, Igor K. Kuskovsky, Carlos A. Meriles, City University of New York and I. Cevdet
Noyan, Columbia University

Quantum Dot Sensitized Solar Cells Based on Ternary Metal Oxide Nanowires

J. Chen, Y. Yang, L. Lu, S. Maloney, Q. Dai, S. Horoz, J. Tang, and Wenyong Wang*, University of
Wyoming
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Program Title:
Digital Synthesis: A Pathway to New Materials at Interfaces of Complex Oxides

Principle Investigator : Anand Bhattacharya; Co-Investigator: Sam Bader
Address: Materials Science Division,

Bldg. 223, 9700 S. Cass Ave.,

Argonne National Laboratory,

Argonne, IL 60657.

email: anand@anl.gov

(i) Program Scope:

In our program, we seek to create, characterize and understand novel electronic and
magnetic states at interfaces of complex oxides. Our technique for creating these
interfaces involves synthesizing ‘digital’ heterostructures of various oxide materials in a
single atomic layer-by-layer manner. This allows us to tailor interfaces with great
precision and to create superlattices with very short periods, comparable or less than the
length scales for charge transfer at the interfaces.

The complex oxides host a very diverse range of collective states of condensed matter.
The richness of observed phenomena in these materials, which have also presented some
of the greatest challenges to our understanding, are due to their strongly interacting
degrees of freedom. Surfaces and interfaces between complex oxides provide a unique
environment where these degrees of freedom may ‘reconstruct’ and lead to new
properties that are qualitatively different from those of their bulk constituents. Thus,
interfaces are a pathway for discovering new materials and phenomena. More
specifically, we seek to discover and explore novel states with attributes such as
tunability with external electric fields and currents, novel magnetic structures that arise as
a result of broke inversion symmetry, and electronic states that arise as a result of strong
spin-orbit coupling. These include multiferroic heterostructures, superconductivity at
interfaces between materials that may not be superconducting themselves, non-collinear
interfacial magnetic structures, and novel two-dimensional electron gases. We seek to
explore materials that are known to have interesting phases, such as the manganites and
cuprates, where the atoms have been ‘re-arranged’ in simple ways — for example by
layering the cations in a manner such that the effects of disorder have been engineered
away — to reveal new properties. We create these materials systems using state-of-the-art,
ozone-assisted oxide Molecular Beam Epitaxy (MBE) at Argonne, and characterize them
using the major DOE facilities for neutron and photon scattering, and at the DOE
Nanoscale Science Research Centers.

(ii) Recent Progress (since 2011):
1. Tailoring polarity in a two-dimensional nickelate with single atomic layer control

Many of the 3d transition metal oxides share a common structural MOg building unit—a
central transition metal (TM) cation octahedrally coordinated with oxygen nearest
neighbors. The electronic states in these materials can be modified by tailoring the M-O
bonds, which typically include the application of epitaxial strain in thin films, or pressure



and isovalent cation substitution in bulk samples. Here, we present a new route to tailor
the M-O bonds without changes to the strain state or stoichiometry in two-dimensional
perovskite nickelate (n=1 in the Ruddlesden Popper series). We do this by tailoring the
dipolar electrostatic interactions at the unit cell level in nominally non-polar LaSrNiO,4
via single atomic layer-by-layer synthesis synthesis using oxide-MBE. We reconstruct
the response of the crystal lattice to the induced polarity using an x-ray phase retrieval
technique (COBRA). We find that the response of the O anions to the resulting local
electric fields distorts the M-O bonds, being largest for the apical oxygens (Ogp). It also
alters the Ni valence. This structural control strategy has broad implications for tailoring
electronic properties in oxides that are sensitive to the M-Og, bond geometry — such as
superconductivity in the cuprates. This work is being done in collaboration with Dr. Hua
Zhou at the Advanced Photon Source (Argonne) and Prof. James Rondinelli’s group at
Drexel University. (Brittany Nelson-Cheeseman et al., in preparation)

2. Interfacial charge transfer and long range magnetic proximity effects in
nickelate/manganite superlattices.

In conventional semiconductors and metals, a mismatch between the chemical potential
for charge carriers in two materials at an interface leads to charge transfer. Furthermore,
an electric field develops and ‘band bending’ occurs at the interface with profound
consequences.  Motivated by
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interfacial magnetism — the LaNiO3; becomes magnetic over approximately the first unit
cell in the vicinity of the interface. To explore this further, we made superlattices of
(LagsSr13Mn0O3)/(LaNiO3), where we observed magnetic coupling between
LaysSrisMnOs layers separated by (LaNiOs),, where n was as large as 9.7 This long-
range magnetic coupling also leads to a non-collinear magnetic structure, which we have
explored in detail using neutron reflectometry (with Dr. Brian Kirby at NIST). We are
currently exploring details of magnetic and electronic instabilities in the nickelate layer
brought about by proximity to the manganite. (J. Hoffman et al., in preparation) We also
have an ongoing collaboration with Prof. Jian-Min Zuo group (UIUC) to characterize the
interfacial structure and electronic properties using transmission electron microscopy
(STEM EELS).

(iii) Future Plans:

a.) Tailoring inversion symmetry materials and M-Og, bond lengths: Motivated by our
results in the past few years, we have plans to create and explore a number of materials
systems using the synthesis approach that has been outlined earlier. We would like to
understand how broken inversion symmetries in crystal structures could be used to tailor
the bond between transition metal cations and apical oxygens in layered Ruddlesden
Popper materials. In particular, we plan to explore the titanates and cuprates. In the
titanates we think that our approach can be used to tailor interesting metallic states made
from the Ti ty; manifold, where we would tailor the Rashba interaction by breaking
inversion symmetry via cation ordering. In the cuprates, we hope to tailor the Cu-Ogpical
bond length in a systematic way and explore changes in properties.®

b) Interfacial Charge Transfer and Band-lineup in Mott Insulators: ‘Band bending’ and
charge transfer are very general ideas and should occur for a broad range of oxides,
beyond the nickelate/manganite interfaces that we are currently exploring. However, a
general understanding of what happens at such interfaces is lacking because more often
than not the 3d transition metal oxides have narrow bands where the charge carriers are
strongly correlated. Here, the ideas of ‘band bending’ have to be considered in light of
the dynamic nature of the bands, i.e. the sensitivity of the band structure to filling.
Furthermore, interfaces have broken inversion symmetry which can have interesting
consequences for interfacial magnetism. Based upon the literature on measurements of
band lineup of various 3d oxides, there are systematic though empirical guides to dope
materials via charge transfer at interfaces that need to be explored in a controlled manner.
We plan to do this work in conjunction with theorists Prof. Andrew Millis (Columbia)
and Prof. Peter Littlewood (Argonne/Chicago) who are carrying out a first principles
DFT/DMFT based study of this problem.

(iv) References:

1. “Charge transfer and interfacial magnetism in (LaNiO3),/(LaMnQg) superlattices”, J.
Hoffman et al., arXive:1301.7295v2, to appear in Phys. Rev. B (2013).

2. A long range magnetic coupling was observed in earlier work in manganite/nickelate
superlattices — “Oscillatory exchange coupling and positive magnetoresistance in
epitaxial oxide heterostructures”, K.R. Nikolaev et al., Phys. Rev. Lett. 85, 3728 (2000).



3. Interfacial apical oxygens can have large distortions in cuprates: "Anomalous
expansion of the copper-apical-oxygen distance in superconducting cuprate

bilayers." Zhou, Hua, et al. Proceedings of the National Academy of Sciences 107, 8103-
8107 (2010).

(v) Publications supported by Department of Energy, Basic Energy Sciences (since
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“Non-volatile ferroelastic switching of the Verwey transition and resistivity of
epitaxial Fe3O4/PMN-PT (011)”, Ming Liu, J. Hoffman, J. Wang, J. Zhang, B.
Nelson-Cheeseman, A. Bhattacharya, Scientific Reports 3, Article No. 1876 (2013)
doi:10.1038/srep01876.

Book Chapter: ‘Manganites Multilayers’, Anand Bhattacharya, Shuai Dong, and
Rong Yu, in “Multifunctional Oxide heterostructures”, Eds. E. Y. Tsymbal, E. A.
Dagotto, C.-B. Eom and R. Ramesh, Oxford University Press (2012).

“Interface Magnetism in a SrMnQO3/LaMnO3 superlattice”, S. Smadici, B. B. Nelson-
Cheeseman, A. Bhattacharya, P. A. Abbamonte, Phys. Rev. B 86, 174427 (2012).

“Structurally induced magnetization in a Lay3SraysMnO, superlattice”, Amish B.
Shah, Brittany B. Nelson-Cheeseman, Ganesh Subramanian, Anand Bhattacharya,
and John C. H. Spence, Phys. Status Solidi A, 1-6 (2012) / DOI
10.1002/pssa.201127728.

“Delta Doping of Ferromagnetism in Antiferromagnetic Manganite Superlattices”,
T.S. Santos, B.J. Kirby, S. Kumar, S.J. May, J.A. Borchers, B.B. Maranville, J.
Zarestky, S. G. E. te Velthuis, J. van den Brink, and A. Bhattacharya, Phys. Rev. Lett.
107, 167202 (2011).

“Ultrathin BaTiO3 templates for multiferroic nanostructures”, X.M. Chen, S. Yang,
J.H. Kim, H.D. Kim, J.S. Kim, G. Rojas, R. Skomski, H.D. Lu, A. Bhattacharya, T.
Santos, N. Guisinger, M. Bode, A. Gruverman, A. Enders, New Journal of Physics
13, 083037 (2011).

“Control of octahedral rotations in LaNiO3/SrMnOj3 superlattices”, S. J. May, C. R.
Smith, J. -W. Kim, E. Karapetrova, A. Bhattacharya, P. J. Ryan, Phys. Rev. B 83,
153411 (2011).

“Cation-ordering Effects in the Single layered Manganite Lay;sSrysMnO4”, B. B.
Nelson-Cheeseman, A. B. Shah, T. S. Santos, S. D. Bader, J.-M. Zuo and A.
Bhattacharya, Appl. Phys. Lett. 98, 072505 (2011).

“Practical Spatial Resolution of Electron Energy Loss Spectroscopy in Aberration
Corrected Scanning Transmission Electron Microscopy”, A.B. Shah, Q.M. Ramasse,
J.G. Wen, A. Bhattacharya and J.M. Zuo, Micron 42, 539 (2011).



Atomic-layer-by-layer molecular beam epitaxy synthesis of cuprate superconductors

Ivan Bozovi¢, Anthony T. Bollinger and Jie Wu
Brookhaven National Laboratory, Upton NY 11973, USA

Program scope

The mechanism of high-temperature superconductivity (HTS) is one of the most im-
portant problems in Condensed Matter Physics. Some basic facts - the dimensionality, the
spin and the charge of free carriers, the nature of superconducting transition, the effective
interaction that causes electron pairing - are still unclear. To attack these problems, we
use atomic-layer-by-layer molecular beam epitaxy (ALL-MBE) to synthesize single-
crystal films of cuprates and other complex oxides, as well as multilayers and
superlattices with atomically perfect interfaces, enabling novel experiments that were not
possible so far.

The program impact is twofold. First, the group is the source of unique samples, includ-
ing high-quality HTS films and multilayer hetero-structures engineered down to a single
atomic layer, that are enabling breakthrough research of few dozen groups at national la-
boratories and leading universities in US and abroad. Second, our own in-house experi-
ments have also brought in several important results - discovery of HTS interface super-
conductivity, demonstration of Giant Proximity Effect, HTS in a single CuO, layer, and
the (de)localization of electron pairs at the superconductor-insulator quantum phase tran-
sition. [1-10] These and future experiments are hoped to provide clear-cut answers to at
least some of the above questions, which could significantly impact research on HTS and
more broadly on strongly-correlated materials.

Recent progress

In the last two years (FY 2012 and FY 2013) we have performed over 400 ALL-MBE
synthesis experiments, most of which produced atomically smooth superconducting
films. Every film was characterized by RHEED, R(T) and/or x(T) measurements and
selected ones also by XRD and AFM. Many were patterned into micro- or nano-sized
devices and were subject to detailed study of their physical properties and behavior. This
resulted in a number of new observations, reported in 25 journal papers and one awarded
patent. The highlights are as follows.
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Fig. 1 (a) LayxSr«CuO4 — La,CuQ, heterostructure synthesized by ALL-
MBE. (b) COMBI library with 32 pixels and 64 contacts for high-throughput
measurements of resistivity and Hall effect. (c) R(T) data from one COMBI
library; the composition is scanned in steps of 6x = 0.0003. (d) T. vs. x data
for over 800 compositions of the bottom (metallic) layer, from x = 0.15 to x
=0.47.

Anomalous independence of interface superconductivity on carrier density. [11] The
recent discovery of superconductivity at the interface of two non-superconducting mate-
rials has received much attention. In cuprate bilayers, the critical temperature (T.) can be
significantly enhanced compared to single-phase samples. [1] Several explanations have
been proposed, invoking Sr interdiffusion, accumulation and depletion of mobile charge
carriers, elongation of the copper-to-apical-oxygen bond length, or a beneficial crosstalk
between a material with a high pairing energy and another with a large phase stiffness.
From each of these models, one would predict T, to depend strongly on the carrier densi-
ty in the constituent materials. We studied combinatorial libraries of La,xSrCuO4 —
La,CuO, bilayer samples - an unprecedentedly large set of over 800 different composi-
tions, with the doping level x spanning a wide range (0.15 < x < 0.47) and the measured
Hall coefficient varying by one order of magnitude. Nevertheless, across the entire sam-
ple set, T, stayed essentially constant at about 40 K, see Fig. 1. [11] We inferred that dop-
ing up to the optimum level does not shift the chemical potential, unlike in ordinary Fer-
mi liquids, thus posing a new challenge to theory of HTS in cuprates.

Fluctuating charge density waves in a cuprate superconductor. [12] Cuprate com-
pounds that host HTS also exhibit various forms of charge and/or spin ordering whose
role in the complex cuprate phase diagram is not fully understood. Static charge-density
wave (CDW) ordering has been detected so far by diffraction probes only for special dop-
ing or in an applied external field. However, dynamic (fluctuating) CDWs may be present
more broadly while being difficult to detect by conventional techniques. To observe and
characterize fluctuating CDWs in cuprates, and determine whether they favor or compete
with HTS, is thus an important open problem. Using a new method, based on ultrafast
spectroscopy, the presence was detected and the lifetime measured of CDW fluctuations
in cuprates. [12] In an underdoped La; ¢Srp1CuQy4 film (T, = 26 K), collective excitations
of CDW are observed that persist up to 100 K. This CDW is dynamic; it fluctuates with a



characteristic lifetime of 2 ps at T = 5 K which decreases to 0.5 psat T = 100 K. In con-
trast, in an optimally doped Laj 84Sro.16CuO4 film (T = 38.5 K), no signatures of fluctuat-
ing CDW are seen at any temperature, favoring the competition scenario.

Persistence of magnetic excitations in La,-.SrxCuQO,4 from the undoped insulator to the
heavily overdoped non-superconducting metal. [13] One of the most intensely studied
scenarios of HTS postulates pairing by exchange of magnetic excitations. Indeed, such
excitations have been observed up to around optimal doping in the cuprates. In the heavi-
ly overdoped regime, neutron scattering measurements indicate that magnetic excitations
have effectively disappeared, and this was argued to cause the demise of HTS with
overdoping. Resonant inelastic x-ray scattering (R1XS), which is sensitive to complemen-
tary parts of reciprocal space, was used to measure the evolution of the magnetic excita-
tions in La,«SrkCuQ4 across the entire phase diagram, from a strongly correlated insula-
tor (x = 0) to a non-superconducting metal (x = 0:40). For x = 0, well-defined magnon
excitations are observed [13]. These magnons broaden with doping, but they persist with
a similar dispersion and comparable intensity all the way to the non-superconducting,
heavily overdoped metallic phase. The destruction of HTS with overdoping is therefore
caused neither by the general disappearance nor by the overall softening of magnetic ex-
citations; other factor(s), such as the redistribution of spectral weight, must be consid-
ered.

Emergence of superconductivity from the dynamically heterogeneous insulating state
in Lap«SrkCuOg. [14] A central issue for copper oxides is the nature of the insulating
ground state at low carrier densities and the emergence of HTS from that state with dop-
ing. Since this superconductor-insulator transition (SIT) is a zero-temperature transition,
magnetoresistance was measured down to very low temperatures, to probe both the insu-
lating state and the presence of superconducting fluctuations in La,.xSrCuO4 (LSCO)
films, for doping levels that range from the insulator to the superconductor (x = 0.03-
0.08). The charge glass behavior, characteristic of the insulating state, is suppressed with
doping, but it coexists with superconducting fluctuations that emerge already on the insu-
lating side of the SIT. This unexpected quenching of the superconducting fluctuations by
the competing charge order at low temperatures provides a new perspective on the mech-
anism of the SIT.

Spin excitations in a single La,CuQ, layer. [15] The dynamics of S = 1/2 quantum spins
on a 2D square lattice lies at the heart of the mystery of the cuprates. In bulk cuprates
such as La,CuQy, the presence of a weak interlayer coupling stabilizes 3D Neel order up
to high temperatures. In a truly 2D system however, thermal spin fluctuations melt long
range order at any finite temperature. Further, quantum spin fluctuations transfer magnet-
ic spectral weight out of a well-defined magnon excitation into a magnetic continuum, the
nature of which remains controversial. Measurements of the spin response of isolated
one-unit-cell thick layers of La,CuO, showed that coherent magnons persist even in a
single layer of La,CuQ, despite the loss of magnetic order, with no evidence for resonat-
ing valence bond (RVB)-like spin correlations. High-energy continuum is also observed
in the isotropic magnetic response; however, there excitations are not well described by
two-magnon LSWT, or indeed by any other known theory.

Future plans

First, we plan to complete several major experiments aimed at addressing directly some
of the remaining key questions about the mechanism of HTS in cuprates. These include



detailed study of scaling near the critical points, of superconducting fluctuations, inter-
face superconductivity, proximity effects, and new phenomena in HTS nanostructures.
Next, our ALL-MBE (“digital”) synthesis technique enables creation of novel artificial,
metastable materials. New design opportunities emerge from rich interface physics,
which includes massive atomic and electron reconstructions as well as various proximity
effects arising from competition between different instabilities and order parameters. This
presents a new direction in search for novel superconductors.
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|. Program scope

This program focuses on understanding the complex interrelationships that exist between
structure, composition and defect densities on one hand, and functional properties on the other
hand, for well-defined epitaxial doped oxide films, surfaces and interfaces. The functional
properties of interest include electronic, optical, magnetic, magnetoelectronic and
photochemical. Our approach is to combine state-of-the-art epitaxial film growth techniques
(primarily plasma assisted molecular beam epitaxy (MBE) and secondarily off-axis pulsed laser
deposition (PLD)) with definitive materials characterization and functional properties
measurements, along with the most advanced theoretical methods, to elucidate defensible cause-
and-effect relationships. Materials of interest include oxide films such as (Ga,H):ZnO, a-
(TixFe1x)203 and a-(CrxFe;1 )03 on a-Al,03(0001), SrxLa;.xCrO3 on SrTiO3(001) and
LaCrO3(001), and potentially functional interfaces such as LaCrO3/SrTiO3(001) and
Cr/SrTiO3(001), among others.

Much of our research focuses on the properties of defects, broadly defined. Defects in oxides
include dopants (a deliberate defect), cation mismatch resulting from departures from ideal
stoichiometry, O vacancies, and deviations from perfect abruptness at interfaces due to cation
mixing. Detecting and quantifying defects can be extraordinarily difficult. Yet, being cognizant of
their presence, and understanding how these defects affect the properties of oxides, is essential to
gaining an understanding based in reality. Sometimes defects have exceptionally beneficial
effects, as illustrated by section I1A.

I1. Recent Progress
A. The power of a few indiffused atoms at epitaxial Cr/SrTiO3 heterojunctions

By combining XPS, UPS, STEM/EELS and theory, we have elucidated the detailed
characteristics of an exceptionally low-resistance electrical contact to n-SrTiOs.) Most metals
create Schottky barriers when deposited on SrTiO3. While some Ohmic contacts are known, but
they typically involved reactive mixtures of metals that strongly alloy with the SrTiOs, and are
not amenable to ultra-small (hanometer scale) dimensions. Our detailed investigation shows that
the equivalent of 1 - 2 monolayers of Cr diffuse into the SrTiOs, occupy interstitial sites, and
anchor the remainder of the film to the oxide, resulting in much stronger adhesion than occurs
with totally inert metals, such as Au. The in-diffused Cr atoms also transfer electrons to Ti*
ions in the top few atomic planes, effectively preventing formation of the Schottky barrier that
would otherwise be present if this diffusion and charge transfer had not occurred. The indiffused
Cr converts the surface of the SrTiOz into a metal. The resulting junction is thus effectively a
metal/metal, rather than a metal/semiconductor interface. But, unlike other metal/oxide
interfaces with low contact resistance, this junction is structurally and compositionally well-
defined and nearly atomically abrupt, making it more suitable for nanoscale device applications.
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B. The effect of Sr doping on the electronic and optical properties of epitaxial LaCrO3

Earlier this year, we published a combined experimental and theoretical study of the optical
properties of pure LaCrOs.2 This investigation addressed a decades-old debate on the value of
the charge transfer (CT) band gap in this material, which ranged from 0.6 eV to 4.5 eV,
depending on the theoretical method used. Previous experimental work on bulk polycrystalline
material placed the CT gap at ~3.4 eV. Our investigation went considerably beyond what had
been done earlier by: (i) carryout measurements on highly pure MBE-grown films, and, (ii)
calculating the absorption spectrum from first principles. This combination allowed us to make
accurate assignments of the various absorption bands, from which we determined that the CT
gap is between 4.75 eV and 4.95 eV, depending on the strain state.

Our broader scientific goal is to see if the band gap of LaCrO3 can be red-shifted to lower
energies by Sr doping on the A site for the purpose of enhancing the visible light harvesting
capacity of LaCrOs. Indeed, the optical gap is red shifted, and the temperature dependence of the
resistivity reveals a transition from insulator at x = 0 to either a metallic state, or a hopping
conductive state, as x increases. However, which transition occurs, and the Sr concentration at
which it occurs, depends on the choice of substrate, which determines the strain state of the film.
Our data reveal that metallicity, when it occurs, is the result of a change from Cr** (3dyg’) to Cr*
(3dt292) as Sr** substitutes for La**. However, hopping conductivity occurs as a result of O
vacancy (Vo) formation. Vo, which is typically a donor in perovskites, forms as arrays of (111)-
oriented planar defects in SrCrO3; on LaAlO3(001). Vo formation appears to result from two
distinct causes: (i) the instability of Cr** (3dt2g2) in octahedral coordination, and, (ii) lattice strain,
which depends on x and the choice of substrate. The effect of localized Vo formation on the
electronic properties is that the film consists of patches of insulating SrCrO3.s in which donor
electrons from Vo compensate holes associated with Cr** (3dt292) formation, interspersed with
patches of conductive SrCrOs. This material structure gives rise to hopping conductivity.
Interestingly, when SrCrOs on LaAlO3(001) is annealed in air at 250°C in a tube furnace, the O
vacancies are largely eliminated, and the film becomes metallic as the Cr** (3dg’) is converted
back to Cr** (3dt292). Thus, the functional properties of SryxLa;.xCrOs are driven by the delicate
interplay of growth conditions, choice of substrate, and inherent cation stabilities in different
coordination environments.

C. Incommensurate magnetic arrangements drive the structural parameters and modify
electronic structure in a-(Cry¢Fe;4)203 , thereby activating new low-energy
photoconductivity channels.

We recently showed that random alloys of Fe and Cr on the cation site in corundum-like
epitaxial films of a-M,03 leads to a lower band gap than is exhibited by either end member (2.1
eV for a-Fe,05 and 3.3 eV for a-Cr,03) .> Absorption measurements show that the optical gap
bows downward significantly with increasing x, reaching a minimum of 1.8 eV near x = 0.5.
While this result sounds promising for enhanced visible light harvesting in the alloy, it is only
useful if optical excitation leads to itinerant carriers. If these new low-energy excitations are
caused by localized d = d transitions, there is no photocurrent available to do useful light-driven
work. However, we have demonstrated using spectral photoconductivity that the threshold for
conductivity drops fromhv=2.1eVatx=0to hv=1.6 eV at x = 0.4. Moreover, we were able
to make detailed assignments of the various absorption bands by calculating the excited states
using time-dependent density functional theory. This analysis reveals that the new- low-energy
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excitations that occur in the alloy result from transitions from an occupied band that is strongly
Cr tyy derived to unoccupied bands dominated by Fe tog* and eq* character. The extent of
hybridization with O in these bands is sufficiently high that the excited states consist of itinerant
carriers, leading to measureable photocurrent.

The overall structure of these a-(CryFe;x)203 films is driven by several factors, including: (i)
the similar ionic radii and identical formal charge of Cr**and Fe*", (ii) the short-range magnetic
interactions between Cr®* and Fe®" in the alloys, (iii) epitaxial strain, and (iv) point defect
formation. The similar ionic radii of Cr** and Fe** results in uniform mixing, as is evidenced by
STEM images and EELS maps. The magnetic ordering structure has a large effect on the
unstrained lattice parameters of (CrxFe1x)2.03, which exhibit strong deviations from a linear
Vegard’s law-like dependence on composition. Although Fe,O3; and Cr,O3 are both
antiferromagnetic (AFM) in the bulk, the details of their AFM ordering differ. The (CriFe;«)203
alloys are expected to adopt intermediate spin structures, and DFT calculations confirm that
variations in spin structure are primarily responsible for the lattice parameter deviation.
Deposition of epitaxial thin films of (Fe;.xCry).03 on a-Al,O3 substrates introduces epitaxial
strain and the possibility of point defects, both of which likely impact the band gap of the
material. For example, the optical gap for epitaxial thin film Cr,O3, which is partially
compressively strained to the Al,O3 substrate, is measured to be 3.07 eV, which is considerably
lower than the bulk value. In contrast, the measured optical gap for epitaxial Fe,Os, which is
fully relaxed, is 2.10 eV, which matches the bulk value. The Cr-rich (Fe;.xCrx),O3 alloy thin
films are also partially strained to the substrate, which likely lowers their band gap relative to the
unstrained value. In contrast, intermediate-composition alloy films (0.3 < x < 0.8) exhibit a
lattice expansion, which can be attributed to a slight oxygen over-stoichiometry at these
compositions. Further tuning the strain state and point defect formation in (Fe,Cr),05 epitaxial
films, for example by varying the substrate or employing buffer layers, is a promising avenue to
optimize the bandgap for efficient solar energy harvesting.

D. Relationship between structure and electronic properties at the LaCrO3/SrTiO3(001)
interface.

For several years now, the topic of electrical conductivity at the interface of polar and
nonpolar perovskites has been vigorously investigated, LaAlO3/SrTiO3(001) being the most
heavily studies system. Yet, the physical origin of the conductive state remains highly
controversial. Some argue that an electronic reconstruction which eliminates the diverging
electrostatic potential is the best explanation. Others argue that the conductivity is defect driven.
Still others believe that defect-mediated electronic reconstruction is correct. In order to branch
expand the knowledge base related to this topic, we have investigated the MBE-grown
LaCrO3/SrTiO3(001) heterojunction. Even though by all rights, this heterojunction ought to be
conductive based on the electronic reconstruction model, it is utterly insulating .* In order to
probe this mystery, we have carried out a detailed investigation of the interface structure using
STEM/EELS, EDS and RBS.> The interface is not atomically abrupt. The A-site cations are
found to diffuse across the interface to a greater extent than the B-site cations, based on high
angle annular dark field scanning transmission electron microscopy (HAADF-STEM), energy
dispersive x-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS). The B-site
cation valences are shown to be partially reduced near the interface by analysis of EELS near-
edge structures. The location and direction of these electronic modifications do not intuitively
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compensate the charge imbalance imposed by uneven cation inter-diffusion. These results
highlight the importance of considering both the physical and electronic structure of such
complex interfaces in determining their characteristics. Furthermore, the extent of inter-
diffusion is shown to increase with increasing LCO film thickness, suggesting a potential
mechanism behind the critical thickness for interfacial conductivity in LaAlO3/SrTiO3(001)
based on the percolation of a continuous layer of electrically active defects on the SrTiO3 side of
the interface.

I11. Future Plans

Over the next three years, we will continue work on the fundamental properties of doped
perovskites and corundums. We will complete our investigation of Sr-doped LaCrO3 and start
work on Sr-doped LaFeO3. We will also initiate research on N doping of the O lattice in
(Fe,Cr),03 and SrTiO3 as a means of engineering the optical properties. Additionally, we will
explore double perovskites of the form REMM O3, such as LaCrFeO3; and LaMnNiO3. Here, the
structure along the (111) direction is (--REO3--M--REO3--M"--). LaCrFeO3; and LaMnNiOshave
been made as both thin films and bulk polycrystals, and are claimed to exhibit interesting
magnetic and optical properties. There are, however, significant discrepancies in the reported
properties of these materials. In all these studies, our primary goal remains to establish
defensible causal relationships between structure/composition and functional properties.
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In-situ Monitoring of Dynamic Phenomena during Solidification

A.J. Clarke, S.D. Imhoff, and P.J. Gibbs
Materials Science and Technology Division,
Los Alamos National Laboratory, Los Alamos, NM 87545

Program Scope

Solidification is experienced by all metals and provides the first opportunity to influence
microstructural development and eliminate defects that may result in failure. By advancing our
fundamental understanding of solidification, the development of innovative processing to
produce as-cast materials with improved quality is possible, without the need for energy
intensive down-stream wrought processing. Traditional inquiry into a metal’s microstructure and
defects is destructive and occurs after processing under the assumption that the final condition
suitably represents an instantaneous condition at an earlier time. Real-time imaging using ultra-
brilliant third generation synchrotron and high-energy proton sources now affords direct
interrogations of dynamic events during metal melting and solidification from the microscopic to
the macroscopic length scale.

We use synchrotron x-ray and proton imaging to observe the role of processing conditions on
structure and defect development in metals. Real-time imaging provides important dynamic
feedback, which permits us to effectively manipulate relevant sample conditions during melting
and solidification. Our imaging experiments are performed using 800 MeV proton radiography
(pRad) at Los Alamos National Laboratory’s Los Alamos Neutron Science Center [1] and the
Sector 32-Insertion Device beamline at Argonne National Laboratory’s Advanced Photon Source
(APS) [2]. Importantly, protons permit imaging of large volumes of metal (> 10,000 mm?) and
thick sections (e.g. 6 mm), typically at lower spatial resolution (~65 um features), whereas x-rays
permit the examination of small volumes of metal (<< 1 mm?®) and thin sections (e.g. 200 pum),
typically at higher spatial resolution (~2 um features). Together, these two complementary
techniques let us probe over four orders of magnitude in sample volume, allowing for
investigations of long range and local solidification phenomena.

Recent Progress

Solidification processing is controlled by large-scale parameters, such as alloy chemistry and
the imposed cooling rate and thermal gradient, but the morphology of the solid-liquid interface is
simultaneously sensitive to events across multiple length scales. At low solidification velocities,
the interface between the liquid and solid phases is planar; however, changing the processing
conditions will destabilize the interface, resulting in the development of cellular or tree-like
dendritic structures. Figure 1a schematically shows the dependence of imposed thermal gradient
(G) and solidification velocity (V) on solid-liquid interface stability. Destabilization of the planar
interface is due to the pileup of solute atoms at the solid-liquid interface, which directly affects
local chemistry and morphology and microstructure development and potentially leads to
property variations within a casting. The effective prediction of solid-liquid interface stability in
metals is thus essential for creating innovative processing and materials by design. Our recent
work has focused on direct observations and the control of solid-liquid interface stability in
metals during melting and solidification.

Real-time imaging provides a unique opportunity to create process maps for metals, such as
that shown in Figure 1a. By varying the imposed solidification conditions, we observe a range of
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solid-liquid interface morphologies. G
Figure 1b highlights three example | PLANAR
images collected during real-time x- @
ray imaging of a 200 um thick Al-
0.6at.%Cu alloy foil at APS.
Solidifying the sample in a constant
thermal gradient of 85 K/cm with a
solidification velocity of 5 um/s ,
results in a planar solidification
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front (red symbols, Figure 1).
Decreasing the thermal gradient to @) ()
65 K/cm, while maintaining the Figure 1. a) Processing map for solidification showing
same _coollng rate and interface solid-liquid interface morphology for a given thermal
velocity, results in a cellular gradient (G) and solidification velocity (V) and b) x-ray
interface (green symbols, Figure 1), jmages of directional solidification in an Al-0.6at.%Cu
while increasing the interface alloy showing a planar (red symbols), cellular (green
velocity to 50 um/s destabilizes the  symhols), or dendrite (blue symbols) solid-liquid interface
solid-liquid interface to result in for the processing conditions indicated in (a).

dendritic growth (blue symbols,
Figure 1). These dynamic processing studies enable the selection of models for interface
stability to improve our understanding of solidification
microstructure and solute development.

We have also explored the use of x-rays to image thin sections of
high density metals. Figure 2 shows an example x-ray image
obtained during directional solidification of a Sn-27at.%Bi alloy,
where the Sn-rich dendrites (the light tree-like structures) are
growing into the melt. As these dendrites grow, Bi solute is rejected
into the liquid, forming the dark contrast adjacent to the advancing
dendrites. Since the Bi-rich liquid is denser than the average liquid
density, it begins to flow downward. The thermosolutal and buoyant
convection affects the dendritic growth rate and probability of SRR =
tertiary branching of specific dendrites (e.g. the branches on the right F1gure 2. X-ray image of
side of the large dendrite in Figure 2 are clearly stunted compared to  Sn-rich dendrites (light)
their counterparts on the left side). These data provide direct and Bi-rich solute (dark)
evidence toward understanding the role of local transformation in the melt during

conditions and solute on solid-liquid interface stability and directional solidification
morphology evolution. of a Sn-27at.%Bi alloy.

Similar results to those shown in Figures 1 and 2 were provided to Professor Alain Karma
and Dr. Damien Tourret at Northeastern University to assist in their development and
benchmarking of quantitative models for morphology and solute development during processing.
Dendritic needle network (DNN) model simulations [3] have been performed for a set of x-ray
images obtained from an Al-12at.%Cu alloy during directional solidification. Example x-ray
images and early DNN simulation results are shown in Figure 3 for similar processing
conditions. The experimental and simulated results both depict early-stage competitive growth
(left images) and the eventual development of a stable, Al-rich dendritic array (right images).
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Figure 3. X-ray images of Al- &
rich dendritic solidification
(top) and corresponding
dendritic needle network
model simulations (bottom),
courtesy of A. Karma and D.
Tourret. Compositional
variations are described by the
legend below (and the
partitioning coefficient k),
where the Al-rich dendrites
appear dark.
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In addition to the assessment of solid-liquid interface stability in thin sections during
directional solidification, we have also studied liquid-liquid phase separation during melting and
solidification. Figure 4 shows example complementary proton and synchrotron x-ray images of
solidification in an Al-10at.%In alloy [1]. During melting, proton imaging captures the initial
macroscopic length scale sedimentation of the denser, In-rich liquid. The dark streaks observed
in the proton image during solidification in C
Figure 4 correspond to the monotectic colony
boundaries that contain a higher volume fraction
of indium. Complementary x-ray imaging of the
same alloy highlights the early meso- and
microscopic influence of gravity and thermo-
capillarity on fluid flow and In-rich droplet
evolution. These real-time observations have
permitted subsequent quantification of the
formation, coarsening, and complex collective f & . &2 :&'m
motion of the In-rich liquid droplets within the Fiakad Sh 0 Ml v TR
majority Al-rich liquid at elevated temperatures. An  Figure 4. Complementary proton (left)

example x-ray image of the In-rich liquid droplets in  and x-ray (right) images of structure
the melt as the solidification interface sweeps across  evolution in an Al-10at.%In alloy during

the field-of-view is also shown in Figure 4. During  directional solidification (L, I, and S are

solidification, the In-rich liquid droplets initially liquid, interface, and solid, respectively)
display a coarsening behavior typical of second that qualitatively highlight the different
phase growth. Eventually, the larger particles volumes probed by these two techniques.
suddenly change trajectory and accumulate at the Note that the proton and x-ray images are
advancing solid-liquid interface. These In-rich from two different samples.

droplets are then pushed along that interface, or are

engulfed in the solidifying Al matrix to create In-rich channels. Understanding the complex
motion and coarsening of the In-rich liquid droplets in the melt at smaller length scales may
provide a methodology to control how the solidification structure and solute segregation develop,
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allowing for improved casting quality.
Future Plans

We have highlighted selected results from our recent real-time imaging of metal melting and
solidification work, which relates processing changes to micro-, meso-, and macroscopic length
scale development. These data provide unique insight into microstructural and defect evolution
during solidification, which will allow for advancements in solidification theory. We will
continue to use x-ray and proton imaging, coupled with modeling, to understand, predict and
control structure and defect development in metals during processing. Experiments at pRad at
LANL are scheduled in October 2013, and complementary APS experiments are scheduled in
November 2013. We have primarily examined the influence of local conditions on structural
development in thin sections and low density metals. However, pRad is a unique tool for
extending our experimental understanding of solidification to high density materials and thick
sections. Thus, upcoming pRad experiments will focus on solid-liquid interface stability and the
role of solute convection in large volumes and high density metals during melting and
solidification, whereas our upcoming APS experiments will extend our observations of transient
phenomena on structural development in small volumes. In particular, we will use multi-rate
solidification to probe grain boundary stability and microscopic solid-liquid interface stability,
which is fundamentally relevant to hot-tearing and casting technology. Additionally, we will
experimentally observe cyclic crystal growth and dissolution in metals during melting and
solidification toward improved understanding of anisotropic growth rates on interface stability.

Although the two dimensional DNN simulations are promising for predicting solidification
microstructure development at length scales relevant for casting (e.g. Figure 3), we will continue
to provide Professor Alain Karma and Dr. Damien Tourret at Northeastern University real-time
imaging results toward the extension of their modeling to three dimensions for improved
representation of solidification structure evolution. We will also provide real-time images of
grain boundary grooving during directional solidification and hot-tearing in dilute aluminum-
copper alloys to theoretically and experimentally understand how hot-tears develop during
solidification.
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Solid Electrolytes to Stabilize High-Voltage Battery Interfaces
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Oak Ridge National Laboratory, Oak Ridge, TN 37831

Program Scope

Practical electrical energy storage for portable and vehicle application require a
maximum energy density achieved with high capacity electrode materials coupled to
operate at the maximum cell potential. High voltage batteries challenge the phase and
electrochemical stability of both the electrode and the electrolyte materials, particularly at
the interface. Four and 5V batteries exceed the electrochemical stability window of
conventional liquid electrolytes. Fabrication of batteries with solid electrolytes is one
route to promote stability at high voltage. In some batteries with liquid electrolytes,
stability is achieved when the electrolyte decomposition products form a passivating solid
electrolyte interphase (SEI) at one or both electrode/electrolyte interfaces.® A more direct
approach is to apply a synthetic or artificial SEI as a thin coating at the electrode interface.

The study of how solid electrolytes and SEI coatings affect the stability of battery
electrodes is the purpose of this program. A wide variety of mechanisms have been
discussed in the literature, but superficial experimental observations fail to provide clear
insight into exactly what material properties and processing will lead to the most
effective and robust solid electrolyte/electrode interface while maintaining good Li ion
transport.  Understanding the complex and multiple degradation paths initiated at
interfaces will identify how to optimize the composition and processing of the electrolyte
coating to best inhibit the aging and decomposition processes. Our approach is to
fabricate model materials and electrode structures to extract fundamental understanding.

Recent Progress
Lipon as an artificial SEI on thin film LiNiysMn; 50,4 electrodes: Thin-film electrodes are
used as a model system to investigate the effect of the artificial SEI composed of lithium
phosphorous oxynitride (Lipon). As a model system, the thin-film electrodes have well
defined geometry for the interfaces and diffusion lengths, and are free of binders and
conducting carbon additives, which could complicate the study. Further, the thickness of
the Lipon solid electrolyte coating on a thin film cathode can be varied over a wide range
without altering the electronic connection to the current collector. The spinel
LiNigsMn; 504 (LMNO) cathode is being investigated due to the reversible lithium
exchange at a narrow 4.7V redox potential versus lithium metal.

For LMNO films cycled with a standard organic carbonate electrolyte, we find a
conflicting view between the deliverable capacity, which appears stable, and the
coulombic efficiency which indicates side reactions. As shown in Fig. 1a, a 2 pm
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LiNiosMn; 504 film delivers stable reversible capacity under a rate of 1C for 100 cycles,
and the capacity retention is about 99.98(9)%. However, the coulombic efficiency,
defined as the ratio between discharge capacity and charge capacity, is below than 98%.
The difference between high capacity retention and low coulombic efficiency is caused
by charge consumed in oxidation of the electrolyte at high voltage (~2% to 4%), and also

that consumed by corrosion of cell hardware (~0.2%).

Building an artificial SEI film on high voltage
cathodes is a solution to prevent decomposition of the
conventional electrolyte with a limited voltage
window. Here, we use Lipon as an example of
artificial SEI, which conducts lithium ions and blocks
electrons. The ionic conductivity of Lipon is about
10® S cm™ and it has a wide range of stable potential
window (0 V to 5.5 V vs. Li/Li"). The thickness of
Lipon varied from 1 nm to 200 nm and is precisely
controlled by deposition conditions. The amount of
active materials is reduced to 400 nm thick in order to
enlarge the relative signals of irreversible capacity. As
seen in Fig. 1b, all samples deliver relatively stable
capacity, indicating that Lipon is compatible with
LiNipsMn;504. The coulombic efficiency of bare
LiNipsMn;504 of 400 nm thick is only about 90%,
significantly lower compared to that of 2 um thick
films, indicating that we successfully enlarge the
signals of unwanted reactions by reducing the amount
of the active materials. It is remarkable that with only
1 nm Lipon coating, the coulombic efficiency is
increased significantly to about 95%. This indicates
that only a very thin film is needed to inhibit
electronic conduction, or perhaps to coat reactive sites
at the surface. Further increasing Lipon thickness
leads to a gradual increase in efficiency, which
stabilizes at about 97-98% for the 200 nm of Lipon
coating. For batteries with commercial-scale loading,
we estimate that the coulombic efficiency should be
99.99% or Dbetter for 200 nm Lipon coated
LiNi0_5Mn1.504 Spinel.
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Figure 1. (a) Coulombic efficiency
and capacity retention of 2 pm
LiNigsMn;s04. (b) Discharge
capacity and (c) coulombic
efficiency of Lipon coated 400 nm
LiNigsMn; 50

Optimizing performance of the system requires tuning of the thickness of the
artificial SEI. a sufficient thickness is required to provide electrochemical protection
during cycling, but the addition of interfaces and a thicker film may increase polarization.
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The additional resistance brought by Lipon is quantified using the difference between the
oxidation and corresponding reduction peaks. Resistive coatings reduce the energy
density and rate performance; in this case the optimum thickness of Lipon artificial SEI
should be between 1 and 50 nm.

To our knowledge, this is the first example where the thickness of a synthetic SEI
coating has been varied systematically. This work will be presented in the context of our
range of studies including: new results for a solid state battery, a variety of spinel, layered
and Li-excess cathode powders with ultra-thin Lipon coating, and other thin film
cathodes. This begins to provide a perspective from which the mechanisms for
stabilization of cathode materials with solid electrolytes and SEI coatings can be
understood.

Future Plans:

The Lipon coating on LiMn;sNips04 significantly depresses the electrolyte oxidation at
high voltage and promotes the cycling performance of cathode materials. These results
show that a pre-formed SEI with known structure and ionic conductivity is superior to the
spontaneously formed SEI. We will seek to deepen the understanding of the function of
solid electrolyte coatings. Key questions are the following: (a) Is there any additional SEI
formed on top of the Lipon coating? (b) Can electrons transport through the ultra-thin
artificial SE1? (c) What is the potential distribution within a system with artificial SEI? (d)
Do other solid electrolyte coatings on the cathode function in a manner similar to the
Lipon coating? With a thorough characterization of the electrochemical and chemical
aspects of the solid electrolyte coating, we expect to derive a fundamental understanding
of the solid electrolyte/cathode interface with which to guide the research of advanced
materials for electrical energy storage.
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Program Scope

The overarching goal of the research program is to understand the link between the growth
mechanisms and the resulting structure of nanoscale materials. The emphasis is on the development
of real-time methods to induce and probe chemical and physical transformations away from
thermodynamic equilibrium in order to controllably synthesize nanomaterials with enhanced
properties resulting from metastable structures. The approach relies on correlating the real-time
diagnostic measurements with predictive theoretical methods and post-growth characterization by
imaging, spectroscopy, and atomic- resolution analytical electron microscopy to develop a
framework for the deterministic synthesis of nanomaterials with desired properties. A distinguishing
feature of the program is the development and application of time-resolved, in situ diagnostics of
nanomaterial growth Kkinetics and a corresponding development of models to understand the
underlying kinetic and chemical pathways. Spatial confinement and reactive quenching approaches
are developed to explore the synthesis mechanisms of rationally-designed nanostructures with
enhanced intrinsic properties, targeting: (1) oxide, carbon, and alloy nanomaterials produced in
metastable states by catalyst-free or catalyst-mediated processes, and (2) doped, decorated, and filled
nanomaterial hybrids designed to induce permanent electric fields
or distribute charge within nanostructures. Theoretical methods
are used to understand fundamental mechanisms of synthesis in
order to guide the formation of nanostructures tailored to enhance
energy storage, catalysis, thermal management, and photovoltaics
in support of DOE's energy mission.

Recent Progress

Here recent work to understand the role of carbon and &
metal oxide ultrasmall nanosheet and nanoparticle building blocks igure 1. The process by
in the growth of larger nanostructures and thin films is described.  Which curved nanocones of
During CVD of SWNTs and graphene (see accompanying carbon become encapsulated to
abstract), characteristic features of autocatalytic kinetics imply form a  new  hybrid

that metastable intermediates play key roles as "building blocks"
in the synthesis of carbon nanostructures. Here we investigate
similar processes that occur in laser vaporization synthesis of
carbon and metal oxide nanostructures and thin films by isolating
ultrasmall nanoparticle (UNP) building blocks and studying their
structural evolution into larger nanostructures and thin films.
Understanding how such nanoparticulate and nanosheet building
blocks are incorporated into nanostructures and thin films
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“nanooyster” material (inset) is
shown through snapshots of
QM/MD simulations.
Background is an aberration-
corrected, atomic resolution, Z-
STEM image of single wall
carbon nanohorns and
unconverted graphene flakes,
which served as the feedstock
in the process.



provides new approaches for nanostructure and thin film synthesis and processing using condensed
phase feedstock.

Condensed phase growth of nanooysters from Fe-decorated single wall carbon nanohorns

In the growth of graphene flakes and single-wall carbon nanohorns (SWNHs) by laser
vaporization without any metal or substrate, atomic-resolution TEM shows ultrasmall graphene
flakes and curved sheets which appear to be involved in the self-assembly process (see Figure 1).
Here, these suspected intermediate species were decorated with metals to understand the role of
metal catalyst nanoparticles in altering the product distribution. New carbon-metal nanostructures,
“nanooysters”, consisting of encapsulated metal nanoparticles inside hollow carbon shells were
synthesized by transforming single-wall carbon nanohorns with reactive metals in a rapid, high-
temperature annealing process.! Hollow single-wall carbon nanohorns were first synthesized in a
laser vaporization process from pure carbon, were decorated with metal, and then rapidly heat-
treated with a laser to form the nanooysters. State-of-the-art electron microscopy provided atomic-
scale characterization of the nanomaterials, revealing (in addition to the SWNHSs) single-wall
graphene sheets and nanocones which appeared to be “building blocks” in the catalyst-free synthesis
of the nanohorns. To

understand how  metal
nanoparticles could alter
the product distribution, Fe
nanoparticles were
deposited onto the single-

wall carbon nanostructures
and rapidly laser heated to
temperatures of 2000°C.
Density functional theory-
based calculations showed
the mechanism by which
metal nanoparticles can
assist edge coalescence in
the nanooyster shell to
form a hollow structure.

This demonstration NI
confirms that condensed 2Thets(degre) s i e Aagina sl o
phase  processes  can ) . :
efficiently convert solid Fig. 2. TiO, nanostructures assembled from ultrasmall nar_lopa_rtlcles
carbon into new (UNPs) of TiO,. The UNPs are formed by laser ablation of TiO, in 200
nanostructures, such  as mTorr of O, gas en route to deposition at d=5 cm from the target at

nanooysters, and points the
way to the creation of new

forms of encapsulated
metallic quantum dots
within  environmentally-
compatible carbon shells
for  novel magnetic,
optical, and biological
applications.

Understanding the way in
which metal and carbon

different growth temperatures of (a) 25°C, (b) 400°C, (c) 600°C, and (d)
800°C. Top row shows SEM cross-sectional images of the deposits
(insets are top-views) showing the progression of fractal agglomerates of
ultrasmall ‘amorphous’ nanoparticles at room temperature to densified,
crystalline (anatase) nanosheet films at 800°C. Second row are
corresponding TEM images. Bottom row shows XRD, which indicate
the formation of anatase (A) crystallites at 400°C, deposition resulting in
crystalline (rutile, R) nanorods at 600°C, and anatase nanosheets at
800°C under very similar plume conditions (insets show plume positions
at At = 10 ps after ablation).
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“building blocks™ interact to form “nanooysters” required a novel
“nano-enabled materials design” approach, wherein theory,
synthesis, and characterization were used to unravel the atomistic
mechanisms driving the formation of this new type of carbon-
metal system.

Understanding how ultrasmall nanoparticle “building blocks”
incorporate into nanorods, nanosheets, and thin films

It is well known that clusters and nanoparticle s are
formed by the interaction of pulsed laser ablation plumes with
background gases, however their role in the synthesis of thin films
and nanostructures has not been made clear. It has been
demonstrated that nanoparticles can be used as feedstock to
synthesize single-crystal ZnO nanorods by NAPLD (nanoparticle
assisted pulsed laser deposition)® at few-Torr ambient pressures.
However, the processes leading to the self-organization of such
nanostructures® and their incorporation in thin films grown at
lower pressures < 200 mTorr has not been elucidated in PLD. To
understand these processes ultrasmall nanoparticle synthesis by
laser vaporization was first performed using time-resolved in situ
diagnostics. Here we concentrate on 3-4 nm diameter TiO, UNPs
synthesized by laser vaporization of TiO, targets into 200 mTorr
oxygen ambients and deposited as building blocks for more
complex TiO, architectures. Detailed electron microscopy and
computational characterization of the UNP structure are presented
in an accompanying abstract.
Figure 2 summarizes the key findings. Plume imaging and
spectroscopy was used to understand the formation times and
spatial locations of TiO, UNPs at different deposition distances
and pressures, and conditions were chosen to optimize the
formation and deposition of UNPs (Fig. 2(a)). With increasing
substrate temperature, the incorporation of these UNP building
blocks into larger nanoparticles, nanorods, and nanosheets was
investigated by HRTEM, XRD, and Raman spectroscopy. The
data (see caption to Fig. 2) reveals that the UNPs (that have no
recognizable phase) transform into larger nanoparticles, nanorods,
and nanosheets with anatase or rutile phases depending on the
deposition conditions. To understand how the ultrasmall metal
oxide building blocks incorporate into larger nanostructures, TiO;
UNPs were deposited on TEM grids and their morphological and

(a) laser

NPs anneal l i

at NP
delivery

surface

Figure 3. (a) Schematic of
stepwise incorporation  of
TiO, ultrasmall nanoparticles
by laser sintering. Each laser
pulse is split, and irradiates
nanoparticles that arrived and
formed by condensation in
the ablation plume on the
previous shot (b) unirradiated
mesoporous nanoparticle film
without laser irradiation (c)
Crystalline (anatase) TiO,
nanosheets formed under
identical  conditions  with
laser irradiation.

structural evolution was followed during sintering using HRTEM (FEI Titan). These results will be
presented. However, although such in situ HRTEM measurements reveal interparticle orientational
effects on sintering and the kinetics of densification from as-deposited UNP nanostructures, they
cannot accurately portray the pulse-by-pulse incorporation that occurs during PLD.

To control and alter the incorporation rate of UNPs into nanostructures, a new approach involving
laser sintering was explored, as shown in Fig. 3. In this approach, freshly-deposited UNPs formed in
the gas phase by laser vaporization and condensation are incorporated into nanostructures or thin
films using energy supplied by a second laser pulse delivered directly to the top surface of the
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nanoparticle film. Similar highly-crystalline nanostructures are obtained, and the results will be
compared with those of direct nanoparticle-assisted PLD.

Future Plans

These results indicate that ultrasmall nanoparticle building blocks serve as intermediates in
the growth of thin films and nanostructures for both carbon and metal oxide materials, and can be
used in new synthesis and processing approaches to form nanostructures and hybrid architectures by
nanoparticle-assisted pulsed laser deposition. Pulsed laser vaporization provides a somewhat tunable
mixture of atoms, ions, molecules, and clusters with kinetic energies that can both contribute to, or
limit, the pulsed laser deposition of thin films and nanostructures. To better control the synthesis and
delivery of each component of this flux, a new PLD reactor has been designed and built that
incorporates in situ imaging and spectroscopic diagnostics and pulsed gas introduction to control the
type of species formed by gas collisions (molecules to UNPSs) prior to delivery at a substrate located
in a separate chamber. This reactor will be used to limit the aggregation of UNPs encountered in
typical PLD, and to explore how film properties change as the principal reactants vary from atoms
and molecules to nanoparticles. We will explore the synthesis of 2D materials by laser vaporization
deposition, exploiting the stoichiometric synthesis of precursor vapors that has been used for many
years in PLD, but which is a key limitation in the exploration of new crystalline nanosheets by
chemical vapor deposition approaches.

References

1. K. R. S. Chandrakumar, J.D. Readle, C.M. Rouleau, A.A. Puretzky, D.B. Geohegan, K. More, V.
Krishnan, M. Tian, G. Duscher, B. Sumpter, S. Irle, K. Morokuma, Nanoscale 5,1849 (2013).
2. T. Okada, R. Q. Guo, J. Nishimura, M. Matsumoto, and D. Nakamura, Appl Phys A 93, 843
(2008).
3. P. Jensen, Rev. Mod. Phys. 71(5), 1695 (1999).

DoE Sponsored Publications in the Last Two Years

1. K. R. S. Chandrakumar, J.D. Readle, C.M. Rouleau, A.A. Puretzky, D.B. Geohegan, K. More, V.
Krishnan, M. Tian, G. Duscher, B. Sumpter, S. Irle, K. Morokuma, “High-temperature
transformation of Fe-decorated single-wall carbon nanohorns to nanooysters: a combined
experimental and theoretical study”, Nanoscale 5,1849 (2013).

2. I.A. Merkulov, M. Yoon, D.B. Geohegan, “How the shape of catalyst nanoparticles determines
their crystallographic orientation during carbon nanofiber growth”, Carbon 60, 41 (2013).

3. J. Jacimovic, R. Gaal, A. Magrez, L. Forro, M. Regmi, G. Eres, “Electrical property
measurements of Cr-N codoped TiO; epitaxial thin films grown by pulsed laser deposition”, Appl.
Phys. Lett. 102, 172108 (2013).

4. A.A. Puretzky, D.B. Geohegan, S. Pannala, C.M Rouleau, M. Regmi, N. Thonnard, G. Eres,
“Real-time Optical Diagnostics of Graphene Growth Induced by Pulsed Chemical Vapor
Deposition”, Nanoscale, 5, 6507 (2013).

5. S. Dai, B. Guo, X.-G. Sun, P.F. Fulvio, G.M. Veith, R.T. Mayes, S. Brown, J. Adcock, D.B.
Geohegan, S.M. Mahurin, A.A. Puretzky, C.M. Rouleau, “Fluorination of “brick and mortar”
soft-templated graphitic ordered mesoporous carbons for high power lithium-ion battery”, J.
Mater. Chem. A 1, 9414 (2013).

6. K. Li, G. Eres, J. Howe, Y.-J. Chuang, X. Li, Z. Gu, L. Zhang, S. Xie, Z. Pan, “Self-Assembly of
Graphene on Carbon Nanotube Surfaces”, Scientific Reports 3, 2353 (2013).

29



7. D.B. Geohegan, A.A. Puretzky, M. Yoon, G. Eres, C. Rouleau, K. Xiao, J. Jackson, J. Readle, M.
Regmi, N. Thonnard, G. Duscher, M. Chisholm, K. More, “Laser Interactions for the Synthesis
and in situ Diagnostics of Nanomaterials”, Book chapter: in Springer Series in Materials Science
(2013).

8. S.-J. Woo, E.-S. Lee, M. Yoon, Y.-H. Kim, “Finite-Temperature Dihydrogen
Adsorption/Desorption Thermodynamics Driven by Soft Vibration Modes”, Phys. Rev. Lett. 111,
066102 (2013).

9. D.B. Geohegan, I.N Ivanov, A.A. Puretzky, S. Jesse, B. Hu, M. Garrett, B. Zhao, “Transparent
conductive nano-composites”, US patent 8540542 B2 (2013).

10. A.A. Puretzky, D.B. Geohegan, J. J. Jackson, S. Pannala, G. Eres , C.M. Rouleau, K.L. More, N.
Thonnard, J. D. Readle, “Incremental Growth of Short SWNT Arrays by Pulsed Chemical VVapor
Deposition”, Small 8, 1534 (2012).

11. Y. Liu, C. Brown, D. Neumann, D.B. Geohegan, A.A. Puretzky, C.M. Rouleau, H. Hu, D.J.
Styers-Barnett, P.O. Krasnov, B.I. Yakobson, ‘“Metal-Assisted Hydrogen Storage on Pt-
Decorated Single-Walled Carbon Nanohorns,” Carbon 50, 4953 (2012).

12. K. Lee, K. Berland, M. Yoon, S. Andersson, E. Schroeder, P. Hyldgaard, and B.l.
Lundgvist, "Benchmarking van der Waals density functionals with experimental data: potential
energy curves for H, molecules on Cu(111), (100), and (110) surfaces™ J. of Physics: Condensed
Matter 24, 424213 (2012).

13. D.B. Geohegan, A.A. Puretzky, C.M. Rouleau, M. Regmi, J.J. Jackson, J. Readle, K. More, G.
Eres and G. Duscher, Nonequilibrium Laser Synthesis and Real-Time Diagnostics of Carbon
Nanomaterial Growth, Proceedings of 31st International Congress on Applications of Lasers &
Electro-Optics (ICALEO-2012).

14. R. Sachan, S. Yadavali, N. Shirato, H. Krishna, V. Ramos, G. Duscher, S. J. Pennycook, A. K.
Gangopadhyay, H. Garcia, and R. Kalyanaraman, "Self-Organized Bimetallic Ag-Co
Nanoparticles with Tunable Localized Surface Plasmons Showing High Environmental Stability
and Sensitivity", Nanotechnology, 23, 275604 (2012).

15. M. Chisholm, G. Duscher, W. Windl, “Oxidation Resistance of Reactive Atoms in Graphene”
Nano Letters, 12, 4651 (2012).

16. A. K. Kothari, B. W. Sheldon, G. Eres, “Thickness Limitations in carbon nanotube reinforced
silicon nitride coatings synthesized by vapor infiltration”, Acta Materiala, 60, 7104 (2012).

17. M. Regmi, M.F. Chisholm, G. Eres, “The Effect of Growth Parameters on the Intrinsic
Properties of Large-Area Single Layer Graphene Grown by Chemical VVapor Deposition on Cu",
Carbon 50, 134 (2011).

18. D.B. Geohegan, A.A. Puretzky, J.J. Jackson, C. M. Rouleau, G. Eres, K.L. More, "Flux-
Dependent Growth Kinetics and Diameter Selectivity in Single-Wall Carbon Nanotube Arrays",
ACS Nano 10(5), 8311 (2011).

19. X. Liu, S. Sen, J. Liu, I. Kulaots, D.B. Geohegan, A. Kane, A.A. Puretzky, C.M. Rouleau, K.L.
More, G. Tayhas, R. Palmore, R.H. Hurt "Antioxidant Deactivation on Graphenic Nanocarbon
Surfaces", Small 7, 2775 (2011).

20. M. Yoon, H. Weitering, Z. Zhang, "First-principles studies of hydrogen interaction with
ultrathin Mg and Mg-based alloy films", Phys. Rev. B 83, 045413 (2011).

30



Development of Order in Deeply Undercooled Liquid Metals

F. Zhang, Z. Ye, Y. Sun, X. W. Fang, C. Z. Wang, M. J. Kramer, |. McBrearty,
M. I. Mendelev, R. E. Napolitano, R. T. Ott, and K. M. Ho

Division of Materials Science and Engineering, Ames Laboratory USDOE, Ames, 1A 50011
Program Scope

While an overwhelming body of evidence, reported by us and others [1-16], shows that
noncrystalline metallic phases (i.e. liquids and glasses) have clear elements of short- and
medium-range order, they are not easily defined. From an energetic standpoint, this lack of
uniqueness in the description of structural order (and its coupling with chemical order) in
noncrystalline metallic phases severely limits our ability to extend the traditional models of
Gibbs free energy and associated analyses to understand and predict phase transformations. An
accurate description of order parameters for non-crystalline systems would enable predicting the
dynamics of phase selection and glass formation in undercooled liquid materials. The thrust of
this subtask is a combined experimental and modeling to move beyond traditional descriptions of
the short-range order (SRO) and to develop ways of characterizing and quantifying the medium-
range order (MRO) that develops from the undercooled liquid and glasses. Some of the key
questions which need to be addressed are: (1) What are the prevailing forms of non-crystalline
order in liquids and glasses? (2) What is the spatial extent of these more energetically stable
interconnected regions within the undercooled liquid? (3) How stable are these features, i.e., do
they form and then dissolve over some

lifetime? (4) How do these features a2 2 AL AL R S R
change in size, temporal stability and o s e —;Zcfzay ]
chemistry with under cooling? (5) e M Y — F43m  — MoAl
How does the undercooling rate affect = = i’
these structures? (6) How sensitive are & -0.05[.. " .
these stable cluster structures to > ORI s DG N Py .
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Recent Progress
2.1 Cu-Zr system

The energetic stability of first and
second shell packing motifs in
noncrystalline structures is central to
understanding the short- to medium-
range structural order in metallic
glasses. We examined the stability of
various  medium-range  structural
motifs that represent possible building

Figure 1. Formation energy of the lowest energy
structure for each motif, as a function of the Cu
compositions. Mackay, MoAl, Tsai, and Bergman are
four typical medium-range icosahedral motifs, while
other motifs are extracted from known Cu-Zr
compounds. The bold red line highlights the
composition range where the crystallization-resisting
Bergman motif is the most energetically favorable.
Inset shows the formation energy of the lowest energy
structure with icosahedral motifs in the best glass-
forming region: 0.63 < Xc, < 0.68.
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blocks for competing glassy and crystalline phases in Cu-Zr system, using a genetic algorithm to
efficiently identify the energetically favored decoration of each motif for specific compositions.
A Bergman motif with crystallization-resisting icosahedral symmetry is the most energetically
favorable motif in the composition range 0.63 < x¢, < 0.68, which matches the optimal glass-
forming range observed experimentally for this binary system (see Fig. 1). The stability of the
Bergman motif agrees well with our previous cluster alignment analysis [12].

2.2 Al-Sm system

Undercooled  AIl-Sm  liquids 80
represent a typical system driven far | g 1300« Al sm, | ®)
from equilibrium and exhibiting a L__]1000K
rich behavior of short- to medium- B 500K
range ordering. For alloys of zso S By v meyrer—
identical composition (Al-10%Sm), = ,, Comown o | TALSM-y, To(ALSm)
we have found that small differences = T4(ALSm-f and Al Smy-a) 3-6-6-1 template (T7)
in the structural order of the glassy g

materials caused by the different
processing conditions lead to vastly

different phase selection during
thermal annealing. Using ab-initio
molecular dynamics (AIMD)
simulations, we have examined the
atomic packing in the undercooled
liquid.

We found that the solute (Sm)-
centered clusters display a novel
non-icosahedral “3-6-6-1" first-shell
motif as shown in the inset Fig.2 (b).
The population of this motif grows
as the liquid gets more deeply
undercooled [see Fig.2 (a)].

ol N7
Unknown P
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Figure 2. Population of Sm-centered templates at
different temperatures in  AlisgSmsg  samples.
Templates T5, T7 and T8 are identified in genetic-
algorithm searches for AlySmix compounds with x
close to 0.9 and structure size up to 40 atoms per unit
cell. Other templates are extracted from known Al-
Sm compounds. The ‘3-6-6-1° template (T7) has the
largest population among all templates.

Experimentally, AleSm liquids also exhibit medium-range segregation into nanometer-sized
regions with different atomic compositions as shown in the 3D atomic probe of fast-quenched
melt-spun material, Fig. 3 (a), where red and white colors represent Sm-rich and depleted
regions, respectively. This segregation results in a pre-peak prior to the major peak in the
structure factors S(q) of the undercooled liquid and melt-spun material shown in Fig.3 (b). Our
AIMD simulations successfully captured this feature. The calculated S(q) clearly shows the pre-
peak, which compare favorably with that obtained in the experiments. Fig. 3(c) gives a snapshot
of the Alss0Smsp liquid at T = 1300 K, where only the Sm atoms (red) and the central Al atoms
(blue) of pure first-shell Al clusters are shown. The clustering of Sm-rich and Al-rich regions is
evident in Fig. 3(c).

Amorphous Al-Sm alloys also display a complicated crystallization behavior involving
multiple unknown meta-stable phases. These unknown phases have been a major obstacle
preventing a thorough understanding of the phase selection in liquids and amorphous solids.
Using an efficient genetic algorithm for structure determination, we were able to solve all the
unknown phases that appeared during the crystallization of melt-spun AlySm samples, including
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a cubic AgB11 phase and a hexagonal AlsSm
phase. For the AgoB11 phase, A and B refer to
two distinct sets of Wyckoff positions, which
can be occupied by Al, Sm, or vacancy. The
overall Al composition for this phase is close to
0.9. The calculated x-ray diffraction (XRD)
patterns match almost perfectly with those of
experiments. Interestingly, the cubic AsoB11
phase shares the same “3-6-6-1" motif as the
undercooled AlsSm liquids. We will show how
the bcc unit cell and the “3-6-6-1" motifs pack
inside the cubic cell. This topological
connection between the undercooled liquid and
crystal structures is definitely worth further
investigation as a reason why the metastable
AgoB11 phase appears first in the devitrification
of the amorphous melt-spun AleSm samples but
is not observed in devitrification from sputtered
thin-film samples.

Future Plans
Our future work will be focused on the Al-
Sm system. We will extend the short range

B n — Experiment| |
-- AIMD

Figure 3. (a) 3D atom probe of quenched
AlsSm alloy. Red and white represent Sm-
rich and depleted regions, respectively. (b)
Structure factor of AlgSm at T = 1273 K,
obtained in both experiments and AIMD
simulations. (¢) A snapshot collected in
AIMD simulations. Only Sm atoms (red)
and the central Al atoms (blue) in first-shell
Al clusters are shown.

order in undercooled Al-10%Sm liquids, which

is characterized as the “3-6-6-1” motif (T7 in Fig.2), to medium-range by studying how these
motifs pack in space. While the short-range order can be well-established with AIMD, AIMD in
general is not sufficient to study medium-range order due to the spatial and temporal constraints
in computationally challenging AIMD. Fortunately, the short-range order, together with other
thermodynamic and dynamical information, can be used to calibrate an EAM classical potential.
With a well-behaved classical potential, we can perform MD calculations on systems large
enough to fully accommodate the medium-range order. We can also study how the medium-
range order develops with different cooling processes. With such studies, we intend to identify
the pathway from as-quenched amorphous alloy to the cubic metastable phase, and also answer
intriguing questions regarding what is the origin of the vastly different devitrification behavior
between melt-spun and sputtered samples.

The research proposed above also bridges atomistic and continuum modeling. A proper order
parameter extracted from the knowledge about the ordering of the system at the medium-range
level will enable us to quantitatively describe the free energy landscapes of disordered systems to
enable thermodynamically robust predictions of phase selection and transformation pathway
during rapid solidification or devitrification.
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Phase selection for slowly cooled liquids is typically well-described in the framework of
equilibrium phase diagrams and the Gibbs’ phase rule. For rapid solidification processes
(e.g., melt spinning), however, phase selection can deviate from equilibrium(1), and thus,
a more comprehensive description of the structure and dynamics of the far-from
equilibrium system is required. Since non-equilibrium structures obtained by highly
driven phase transformations are becoming increasingly more important for novel
materials used in energy critical technologies, it is essential that we develop a detailed
understanding of the interconnection between the nanoscale structural/chemical ordering
in the undercooled liquid or amorphous solid phases and the resulting phase selection
during rapid quenching from the liquid and devitrification from the amorphous phase.
Given that the crystalline phases that evolve during these highly driven transformations
are often metastable in nature and sometimes not identified experimentally or predicted
via simulations, accurate descriptions of their structures and dynamics are quite
challenging(2-4). This arises from the fact that many of these metastable phases are
simply characterized by a nominal composition and/or a Bravais lattice, but beyond that
our understanding of their nascent structural features are absent. To build a
comprehensive framework that bridges the interconnection between the structures of the
non-equilibrium liquid and amorphous solid of metallic systems with their phase
selection during highly driven transformations, we need a combined experimental and
computational approach that is rooted in newly developed methodologies for describing
far from equilibrium transitions. Specifically, this approach requires:

Q) considering different non-equilibrium processing routes through non-
equilibrium structures with varying degrees of structural/chemical order (e.g.,
melt spinning vs. physical vapor deposition);

(i) developing robust in situ characterization techniques that allow for
simultaneous measurement of structural transitions in undercooled liquids
and amorphous solids (e.g., combined wide- and small-angle X-ray
scattering);

(iii) ~ formulating appropriate thermodynamic models to quantify the energetic and
structural landscapes with suitable “reduced sets” of order parameters that can
be quantified through connection to measurable quantities but remain rich
enough to characterize the structural-chemical coupling, and;
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(iv)

developing a powerful genetic algorithm, which combined with experimental

characterization of phase transitions and thermodynamic modeling, will
provide the necessary identification of metastable crystalline phases and their
relationship with structural features in the undercooled liquid or amorphous

solid.

In order to meet such ambitious goals, we have assembled a team with expertise in the
critical areas of first-principles investigations of material behavior, classical potentials
and molecular dynamics simulations, X-ray scattering and e-beam microanalysis,

solution thermodynamics,
dynamics.

solid-liquid interfaces,

Recent Progress

The goals laid out above are ambitious in nature, but we
have applied this multi-tiered approach over the past two
years to develop a descriptive framework for complicated
non-equilibrium systems. We specifically focused on the
Al-RE (RE = Sm or Tb) systems since our previous work
has highlighted the complicated crystallization behavior
from the undercooled metallic liquid or amorphous solid
(1, 5-7). This work along with that of other groups has
revealed that the phase selection from highly driven
transformations for Al-RE alloys occurs in several steps
with competing metastable crystalline phases (8).
Unfortunately, many of these phases have not been
identified, which significantly limits our ability to
understand and control the phase selection in liquids and
amorphous solids. In our recent work we have
synthesized amorphous solids of AI-RE alloys by both
melt spinning and physical vapor deposition (i.e.,
magnetron  sputtering). For alloys of identical
composition (Al-10%Sm), we have found that small
differences in the structural order of the glassy metal
structures caused by the different processing conditions
lead to vastly different phase selection during thermal
annealing. Fig. 1 shows a comparison of the phase
selection processes for the two alloys prepared by the
different methods. Two important attributes that should
be noted are: (i) the distinctly different non-equilibrium
transformations during the initial stages of devitrification;
phase separation vs. polymorphic crystallization, and (ii)
the unidentified metastable phases that are unique to the
processing conditions. Through our combined approach
of in situ synchrotron X-ray scattering, advanced electron
beam analysis, thermodynamic modeling and ab initio
simulations based on a genetic algorithm, we have moved
beyond our limited understanding of these complicated
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Figure 1. In situ
synchrotron X-ray
scattering patterns as a
function of temperature
showing the different phase
selections for amorphous Al-
10%Sm alloys prepared by
(@) melt spinning of the
liguid and (b) magnetron
sputtering.



phase transitions to develop a much more descriptive framework. Performing genetic-
algorithm search over a wide range of chemical compositions, we have identified all the
well-known equilibrium phases reported in the existing Al-Sm phase diagram. In
addition, we also located a number of low-energy metastable phases, which can be
stabilized during highly driven transformations in the system (see Fig. 2). By comparing
and utilizing experimental X-ray and TEM data, we have identified all observed
metastable phases during devitrification of melt-spun amorphous Al-10%Sm alloys.
These newly discovered crystal phases will be added into our thermodynamic modeling
to obtain a more complete thermodynamic model and eventually, a quantitatively
accurate description of how phase selections depend on non-equilibrium processing in
this prototypical system. While this methodology has been demonstrated for Al-RE
systems, it can be applied to other metallic liquids and amorphous solids to help
predicting and controlling phase selection.

Future Plans

TN ®4  Our future research will focus on further
developing this methodology to provide
critical insight into phase selection in far
from equilibrium systems. This work will
4 include identifying the  different
metastable phases for the AI-RE alloys
prepared by magnetron sputtering in
g order to correlate their dependence on the
bt ntial short- and . medium-range
- structural/chemical ordering in the
Figure 2. Formation energy calculated in - amorphous solid. Understanding this
DFT as a function of the Al composition.  connection is a necessary step in
Black squares denote the known phases,  developing  predictive  models  for
and red squares denote the two new designing and controlling metastable
phases identified with genetic algorithm.  structures  via different  processing
schemes. Structural and thermodynamic
data from first principles calculations of newly discovered/identified phases will be
incorporated into our thermodynamic models to achieve an accurate description of phase
selection under highly non-equilibrium processing conditions in the Al-RE system. These
data will be also used to develop classical interatomic potentials which then will be
utilized in MD simulation of the solid-liquid interface properties in the Al-RE system.

-0.1F
-0.2f

-0.3F

E,o,m in DFT (eV/atom)

0.4F
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Recent Rietveld analysis of in situ synchrotron data indicates that the newly found
AlgoSmy; phase with body-centered cubic symmetry contains disordered vacancy or anti-
site defects. Typical ab intio simulations are performed at T = 0 K, so there is a need to
investigate how these defects affect the phase stability at finite temperatures. Beyond this,
we know that the crystallization of highly-driven systems is an incredibly complicated
process. For example, the devitrification of the Al-Sm sputtered thin film involves two
additional unknown meta-stable phases compared with the samples prepared by the melt-
spinning technique. Our future work will continue to advance the capabilities of our
genetic algorithm approach in order to identify the atomic structures of metastable phases
such as those seen in the Al-Sm sputtered films. These model systems will provide an
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important basis for understanding complex non-equilibrium transitions. Our experimental
efforts will include synthesizing non-equilibrium structures via during processing routes
(e.g., melt spinning vs. magnetron sputtering) in order to obtain different degrees of
chemical and topological order in the starting amorphous phase. By using advanced
characterization techniques such as synchrotron X-ray scattering, electron beam analysis
and 3D atom probe tomography, we will better correlate how this order can be
incorporated into the genetic algorithm to predict phase selection during devitrification.
Through this combined approach we will develop the framework for predicting and
controlling phase selection in highly-driven systems.
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Tailoring lonic Conductivity in Solids for High-Energy Batteries

Zengcai Liu, Zhan Lin, Nancy Dudney, and Chengdu Liang*
Center for Nanophase Materials Sciences
Materials Science and Technology Division
Oak Ridge National Laboratory, Oak Ridge TN, 37831

Program Scope

From harvesting renewable energies to delivering electricity on various scales for
both portable and stationary power sources, greater and more efficient electric energy
storage (EES) is in demand." In all EES systems, the movements of electrons and ions are
design and controlled to achieve the storage and release of energy at high density,
enhanced safety, and high efficiency. To achieve control of charge transfer and ion
transport in EES systems, the capability of tailoring the ionic conductivity in solids and
interfaces is of paramount importance in the development of new materials for energy
storage. This program focuses on the studies of ionic conductivities of solid materials.
The goal of the research is to correlate the ionic conductivity of solids to their physical
and chemical structures and therefore unravel the underpinning physics for ionic
conductivity.

This program encompasses synergistically linked synthesis and characterization
approaches: new materials with well-defined structures have been created to derive a
deep understanding of the structure/ ionic mobility relationship. Lithium thiophosphates
and lithium-sulfur battery systems have been chosen as the model systems for the
investigation: The lithium thiophosphates are the most conductive solid electrolytes with
respect to lithium ions.? The lithium-sulfur batteries promise high-energy density and
enhanced safety.’

Recent progress
Nanostructure enhances ionic conductivity: romporature °C

Solid electrolytes which conduct lithium ions are 0200 100 25 020 00

promising materials for enabling high-energy ‘ i

battery chemistries and circumventing safety

issues of conventional lithium batteries.

/@D 10° e o

lonic Conductivity log 6/ Scm™

Achieving the combination of high ionic 5 Uﬂ
conductivity and a broad electrochemical window N PG
in a solid electrolyte is a grand challenge for the i ‘{}ng g;
synthesis of battery materials. In recent work, we 1 o ewpormariirs, S &
show an enhancement of room-temperature S
lithium-ion conductivity of 3 orders of magnitude 1000T' /K’

by creating a  nanostructured lithium Figure 1. lonic conductivity, SEM,

thiophosphate (Li3sPS4). This material has a wide and crystal structure of nanoporous f3-
LisPS,
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(5 V) electrochemical window and superior chemical stability against lithium metal. The
nanoporous structure of LigPS,; reconciles two vital effects that enhance ionic
conductivity: (1) The reduced dimension to nanometer-sized framework stabilizes the
highly conductive beta phase that is formed at elevated temperatures; and (2) The high
surface-to-bulk ratio of nanoporous B-LisPS, promotes surface conduction. Manipulating
the ionic conductivity of solid electrolytes has far-reaching implications for materials
design and synthesis in a broad range of applications such as batteries, fuel-cells, sensors,
photovoltaic systems, and so forth. Figure 1 shows the enhanced ionic conductivity of
the nanostructured material compared with the bulk material and an SEM image of the
nanoporous material.

Core-shell structure imparts high ionic conductivity to Li,S cathode for Li-S
batteries: A core-shell structure of Li,S nanoparticles with the shell of LisPS, has been
developed as a lithium superionic sulfide (LSS) cathode for long-lasting, energy-efficient
lithium-sulfur (Li-S) batteries. Given the great potential for improving the energy density
of state-of-the-art lithium-ion batteries by a factor of 5, a breakthrough in lithium-sulfur
(Li-S) batteries will have a dramatic impact on a broad scope of energy related fields.
Conventional Li-S batteries which use liquid electrolytes are intrinsically short-lived with
low energy efficiency. These challenges stem from the poor electronic and ionic
conductivities of elemental sulfur and its discharge products. Here we show that LSS has
an ionic conductivity of 107 S cm™ at 25 °C, S +2 Li(CH,CH,);BH —> Li,S |+ 2 (CH,CH,),B + H,!
which is 6 orders of magnitude higher than D160 [T
that of bulk Li;S (<10 S cm®). The S0}’
nanostructure of this core-shell material is
crucial for such a dramatic improvement in
ionic conductivity. The high lithium-ion
conductivity of LSS imparts an excellent
cycling performance to all-solid Li-S batteries,
which also promises safe cycling of high- 0 20 40 60 80 100

. . e rells Cycle number
energy batteries with metallic lithium anodes.
The excellent cyclability demonstrated in Figure 2. Li,S@LIisPS, core shell
Figure 2 will stimulate great interest for nanoparticles function as highly
advanced battery materials. reversible cathode materials for Li-S
batteries.
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Designed chemical structure conveys
ionic conductivity to sulfur-rich compounds: Li-S batteries use the conversion reaction
of sulfur and lithium. A well-known long-standing problem of Li-S batteries is the
polysulfide shuttle phenomenon. This phenomenon can be eliminated through a solid-
state configuration of a battery. Most sulfur compounds are not ionic conductors,
therefore cycling the sulfur cathode in the solid state is limited by the poor ionic
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conductivity of the cathode materials. Here, 5,
we demonstrated that the onic 2.,
conductivity of sulfur-rich compounds can £ 5[

be tuned through the sophisticated design £ 000
of the chemical structure. Lithium
polysulfidophosphates (LPSP), a family of
sulfur-rich ~ compounds, have been
synthesized and characterized as enablers
of long-lasting and energy-efficient Li-S ol o+ . ...
. . . . 0 50 100 150 200 250 300
batteries. The reaction of LisPSs with Sg Cycle number

yields a family of compounds in which the  Figure 3. Cycling performance and
sulfur is attached to the charged terminuses  reaction mechanism of LisPSa.s at 60 °C
of PS,*. The resulted compounds have a

high intrinsic ionic conductivity. An exemplary LPSP of Li3PSss has an ionic
conductivity of 3.0x10° S cm™ at 25 °C, which is 8 orders of magnitude higher than that
of Li,S. The high Li-ion conductivity of an LPSP is the salient characteristic of these
compounds that convey the excellent cycling performance to Li-S batteries. In addition,
the batteries are configured in an all-solid state that promises the safe cycling of high-
energy batteries with metallic lithium anodes. Figure 3 shows the excellent cyclability of
LisPS4+s5 at 60 °C.
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Future direction

This program will focus on the following future directions: (1) the doping effect on
the ionic conductivity of sulfide-based solid electrolytes; (2) ion transport at
heterogeneous interfaces; and (3) the interplay of ionic and electronic conductivities at
the solid state electrode materials.
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Molecularly Organized Nanostructural Materials

Jun Liu, Praveen Thallapally, Yongsoon Shin, Jie Xiao,
Xiaolin Li, Yuyan Shao, Maria Sushko, Gregory J. Exarhos,
Pacific Northwest National Laboratory
Richland, WA 99352

Program Scope

The overall goal of this project is to investigate a combination of self-assembly and
controlled nucleation approaches for synthesizing nanostructured materials with
controlled three-dimensional architectures and desired stable crystalline phases of
conductive or semiconducting metal oxides suitable for energy applications. Of
importance is the understanding of crystallization in self-assembled materials in order to
control both resident porosity and pore interconnectivity in these materials because these
traits impart certain properties to the material that are underpinning for energy
technologies including conversion and storage. The project contains the following
components:

Manipulation of the kinetics of competing self-assembly and precipitation reactions
Use of molecular ligands and interfaces to control nucleation and growth
Multiscale modeling of the self-assembly process in solution

Structure-property relationships for energy storage applications

Recent Progress

1. Fundamental understanding of the defect chemistry on the surface the its role on
electrochemical properties

Previously we revealed that the defects on carbon surface play a critical role in the
nucleation and reactivity of the materials, but the nature of the defects is difficult to
characterize and quantify. Functionalized graphene sheets (FGS) comprise of highly
reactive defect sites and functional groups that provide an ideal substrate to understand
the role of defect chemistry. In particular, we use fluorinated graphene as a model
material and prove that the fluorination process on graphene can provide a unique
approach to semi-quantitatively probe the defects and functional groups on graphene,
given that fluorinated defective sites have different signals that can be accurately
captured by Nuclear Magnetic Resonance (NMR). The fluorine content has been
modulated to investigate the formation mechanism of different functional groups such as
C-F, CF2, O-CF2 and (C=0O)F during the fluorination process. The detailed structure and
chemical bonds were simulated by density functional theory (DFT) and quantified
experimentally by NMR. The results of the DFT and NMR studies show that the lattice
vacancies, without oxygen containing groups, provide most of the reactive sites to react
with F. FGS also contain COOH, hydroxyl or epoxy groups that contribute to the reaction
products with a higher F content.
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The understanding and control of the defect on carbon surface provides a powerful
approach to develop new electrode materials for energy storage. In the last few years,
sodium ion (Na+) batteries have attracted increased attention, but their property is
hindered by poor intercalation property of Na+ in electrodes. Since Na® intercalation is
difficult in most host materials, it is important to consider new storage mechanisms that
are not dependent on bulk diffusion and intercalation. We developed a new carbon
electrode material by controlling the functional groups on carbon surfaces, explored the
surface-driven Na* energy storage mechanism based on the reactions between Na* and
oxygen functional groups
(Nano letters, 2013). The
energy storage mechanism is
surface-driven reactions
between Na+ and oxygen-
containing functional groups
295 ‘Blnzdsigge;‘ergzéiev‘ 280 on the surface. The surface

reaction, rather than a Na+t
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change. The functionalized
carbon makes more surface area and surface functional groups available for the Na+
reaction. It delivers 152 mAh/g capacity at the rate of 0.1 A/g and a capacity retention of
90% for over 1600 cycles.

Figure 1. (a) Simulation of fluorination process on graphene substrate containing
different defective sites, along with their individual formation energy of C-F bond at
different stages. The experimental and computational study suggests that the divacancy is
the most prominent defects on the functionalized graphene surface. (b) Functionalized
carbon as a high capacity Na ion storage electrode showing the reversible change of Na
ion binding to the carboxylic groups. (c) Highly reversible and stable Na ion storage
capacity over long cycles.

2. Self-assembly of 3D architectures

We have conducted extensive study on nucleation and self-assembly on two
dimensional structures (graphene). Currently we are exploring new approaches to
assemble three dimensional architectures from well-controlled nanoscale building blocks.
We developed an in situ synthetic strategy for assembling 3D hollow carbon sphere/r-GO
(reduced graphene oxide) composite structures, or HCS/r-GO (hollow carbon sphere
reduced graphene oxides) (Nanoscale, 2013). The HCS/r-GO composites are prepared via
self-assembly of carbon, GO, and spherical alumina-coated silica (ACS) templates, where
carbon precursors are polymerized on the alumina catalytic sites of ACS, followed by
carbonization at a higher temperature. The GO sheets are folded around the spherical
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templates during the catalytic reaction, and the spherical particles can be removed to
leave the 3D HCS/rGO composites. We show that a very small amount of r-GO (only 4
wt%) is capable of creating and maintaining the desired hollow pore structure and high
surface area in the carbon matrix. Furthermore, by changing the GO content, we can
systematically tune the architecture from layered composites to 3D hollow structures to
microporous materials. The 3D structures are useful for enhanced transport kinetics in a
range of applications. For example, the composites showed a synergistic effect with
significantly superior properties than either pure high-surface-area carbon or r-GO. A
high specific capacitance of 180 and 154 F g-1 can be obtained at a current density of 1
and 10 A g, respectively, with excellent long cycle stability.

3. Electrochemical driven reaction at interfaces

This project begins to explore a new direction on how to characterize and understand
electrochemical driven nucleation and reactions at liquid-solid interfaces. Preliminary
study was conducted at Li-electrolyte interfaces using Li-S chemistry as an example.
Numerous studies suggest that continuous contamination of polysulfide species on the Li
metal anode is a significant problem, but these reactions are very difficult to control. We
developed a new method to provide an artificial surface to control the electrochemical
reaction. As such it functions as an artificial reaction surface of Li metal that supplies Li+
ions on demand while minimizing direct contact between soluble polysulfides and Li
metal. Li-S battery incorporating this concept delivers a capacity of more than 800 mAh
g™ for 400 cycles at a high rate of 1737 mA g, corresponding to only 11% capacity fade
and a Coulombic efficiency above 99%. This simple concept may also provide new
lessons for protecting metal anodes in other energy storage devices.

4

f

R
——1737TmA g’
——323TmAg"

& ——1737mA g’

——3237mAg"

g

3

s
Coulombic Efficiency %

-4

] sowo‘sozoozsomasoaoo/

SN : 3 ROV cycie Number  PACificE{pRidgre
Flgure 2. Left panel. D|fferent kmd of 3D graphene architectures by self-assembly,

from spheres to layers to cages and interconnected architectures. Right panel: Controlling
Li-electrolyte interfacial reaction in Li-S chemistry. The top figure shows the artificial

45



surface on which the reaction takes place. The bottom figure shows the excellent cycling
performance of the Li-S battery based on the artificial surface.

Future Plans

The project will follow three important directions: (1) Continuing fundamental study
of nucleation and growth of metal and metal oxides on controlled surfaces and nanoscale
building blocks, including graphene, carbon nanotubes and other model surfaces; (2)
Multiscale nucleation and self-assembly, with control of reaction on both atomic and
mesoscale; (3) Electrical field or electrochemical driven nucleation and self-assembly at
liquid-solid interfaces.
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Novel Materials Preparation and Processing Methodologies
Synthesis, Measurement, and Characterization of Functional Materials with Volatile,
Reactive, and Toxic Constituents to Address Energy Grand Challenge Problems
Yong Liu, Qingfeng Xing, and Thomas A. Lograsso
Ames Laboratory, Ames A 50011

Program Scope

The growth, control and modification of novel materials in single crystal and polycrystalline
form is essential for scientific advancement within and across traditional disciplinary boundaries.
In support of this mission, the Novel Materials Preparation and Processing Methodologies
strengthen the materials synthesis efforts of the Ames Laboratory. The objective of Novel
Materials is to quantify and control processing-structure-property relationships: the basic science
of how to safely synthesize functional materials containing volatile, reactive, and toxic
constituents and how chemical and structural/microstructural features affect properties of novel
functional materials; advance the ability to synthesize and characterize high purity, high quality
materials, primarily in single crystal form; and develop unique capabilities and processing
knowledge in the preparation, purification, and fabrication of metallic elements and alloys.
Single crystals are often required to achieve scientific understanding of the origin of various
phenomena, whether from intrinsic or extrinsic origins, to elucidate its properties as well as to
evaluate a material’s full functionality. Our research objectives are: 1) developing synthesis and
processing capabilities that support rapid materials discovery using bulk combinatorial
approaches, 2) identifying synthesis protocols for specific novel materials through the rapid
development and modification of methods to prepare high quality well-characterized single
crystals, and 3) elucidating materials phase space and utilizing solidification processing to access
metastable states in controlled nanoscale architectures.

Recent Progress
Svynthesis of Fe-Based Superconductors

The important role of understanding synthesis and
processing is highlighted by our work on the Fe-based
superconductor KyFe;s+ySe; [Al6]. The ability to
grow single crystals with reproducible properties is : ¢
fundamental to the understanding of superconductivity ~—show differences in the morphology of
in any material. For KyFe;e+,Se,, previous work had — non-superconductive as-grown single
produced crystals with widely varying properties for a  crystal (left) and superconductive
given composition and in the best cases a small crystal quenched from 600 °C (right).
superconducting fraction. The commonly accepted

explanation for this phenomenon was that superconductivity was dependent on the degree of Fe
vacancy ordering within a single-phase material. We demonstrated that while KyFe1¢:+,Se, forms
from a homogenous solid solution at the crystal growth temperature, phase segregation into two
phases with the same structure, but different compositions. occurs at lower temperature [AL6].
While phase segregation on the macroscopic scale had been recognized by previous authors as a
problem in obtaining single-phase samples, the fact that there was large temperature dependence
to the phase fields and that segregation continued on a microscopic scale into the nominal single-
phase region had not been recognized. In materials that are phase segregated on the microscopic
scale, the measured superconducting properties are highly dependent on the connectivity of the
superconducting phase (Fig. 1). In our work, we determined that the superconducting phase was
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the Fe-rich end member. Furthermore, for flux-grown single crystals, the compositions of the
high temperature solid solution which could be accessed, resulted in a phase fraction of the
superconducting phase of no more than 10%. We determine that while controlled thermal
processing could improve the connectivity and hence the measured superconducting properties
of specimen, the volume fraction of superconductor was essentially fixed.

Another Fe-based superconductor where synthesis and processing has been an issue is Ba.
xKxFe2As,, where the size of the single crystal, which could be grown, was limited to several
millimeters. This material possess a significant challenge due to the high vapor pressures of K
and As at the processing temperature of ~1130 °C necessary to melt the material. In order to
maintain the stoichiometry of the melt, the materials must be processed in a sealed crucible. The
melt is incompatible with easily sealable crucibles such as Ta and quartz but can be held in high
purity alumina crucibles. If the alumina crucible is sealed in a quartz ampoule, the K and As
vapors react with the ampoule causing it to fail and
release K and As vapors causing the growth to fail and
in the absence of secondary confinement releasing
hazardous vapors into the environment. To safely
manipulate the growth, we developed a technique to use
liquid Sn to seal an alumina capsule and thus contain
the volatile and toxic K and As vapors when the growth

~ quartz plug

- quartz wool

lid

()

temperature is above the melting point of Sn at 232 °C ﬁfﬁ?ﬂ:ﬁ ,‘ g
(Fig. 2). Our liquid-Sn sealing technique is a general W/ - a8 {
approach and can be applied to flux growth of other 1! WME ?“mwl_t ’ln,!Lnll].lll:]:I‘llﬂll;llgIlllml‘Eﬂl_\_ ‘\\2\\“\\1\\;\\\

““ quartz w ool

materials containing volatile and reactive elements. By
using this technique and optimizing the growth process, Fig. 2 (a) Crystal growth setup with
we synthesized KFe,As; single crystals with the highest ~ the liquid Sn-melt technique. (b) Top
residual resistivity ratio ever reported. view of a KFeAs, ingot with shiny

Analysis of the growth morphology in the experiments Iamellar-strl_Jctured crystals.  (c)
described above lead us to conclude that the crystals !(FeZASZ single crystals from  the
nucleate on the surface of the melt and grow by the Ingot.

reaction of the top surface of the crystal with the contained K and As vapor phase. We were able
to promote this reaction by developing an inverted-temperature-gradient method with the colder
zone at the top of the crucible [R1]. This method yields higher quality crystals, compared with
traditional flux-method, as crystallization from the liquid top can expel impurity phases into
liquid during crystal growth. We have harvested crystals with in-plane size up to 18x10 mm?
across the whole doping range studied (0.21<x<1). In order to sustain a long duration growth at a
cooling rate of 0.5 K/h, the chemicals were loaded into an alumina crucible, and then sealed in a
Ta tube by arc melting.

In summary, we have succeeded in developing new synthesis protocols, optimizing growth
processes, and elucidating the material structure to safely manipulate the synthesis process and
attain high quality large single crystals of novel functional materials containing volatile, reactive,
and toxic constituents. The high quality large single crystals that we synthesized have allowed
cut-edge research to be performed [A2-Al17 ].

Microstructure control and phase-space elucidation of Mg,Si-based thermoelectric alloys

Mg,Si-based alloys are attractive thermoelectric materials due to their earth-abundance and
environmentally green nature [R3]. To improve their thermoelectric properties by creating more
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interfaces inside the materials for phonon scattering, we investigated the microstructure
refinement of Mg,Si-Si eutectic alloys through solidification control. We found only rapid
cooling through melt spinning can yield nanometer microstructure (Fig. 3), whereas Mg,Si-Si
eutectic solidification is anomalous and the length scale of eutectic microstructure cannot be
refined through directional solidification(Fig. 3).

Partially replacing Si with Sn has been reported to yield !’v&y YN
improved thermoelectric properties [R4]. However, it is N (
unknown whether the Mg,SiixSny is a single phase or :
not. The phase space of Mg-Si-Sn ternary alloys has
been debating in literature. We investigated the phase
space of Mg-Si-Sn ternary alloys including Mg,Si- POANE 7 A P Y
MgZSn pseudo-binary aIIc_)ys and found the MgZSi_l'XsnX Fig. 3 Back-scattered electron images of
single phase compound in the reported phase-mixture Mg,Si-Si eutectic alloys from directionally
space (Fig. 4). In Fig. 4, the directionally solidified solidified (left) and wheel side of melt-spun
alloy shows Si-rich and Sn-rich Mg,Siy«Sny phases alloys (right). Si phase is bright while Mg,Si
across broad compositional ranges (blue), whereas the ~ Phase s dark

alloy annealed at 600 °C for 2 wk shows Mg2Si1-xSny
within a narrower compositional range (red). Further ot Lquie
investigations reveals unreported phase transitions in 1000
the single phase spaces of the current Mg,Si-Mg,Sn
pseudo-binary phase diagram.

Future Work

We will continue our evaluation of material phase space 400
to provide a scientific basis for materials synthesis, i
crystal growth, and microstructure control of novel oS 0 e 0 oo
materials. The field of Fe-based superconductors

continues to develop with the commonality of Fig. 4 Published Mg,Si-Mg,Sn
containing volatile and toxic constituents. We will pseudo-binary phase diagram with
continue to focus our synthesis efforts on these Mg2SiixSny phase spaces of an
materials as they emerge. One example is the newly —MQgasSissSny; alloy in our work. See
discovered MgOFeSe compound with neutral PbO-type  text for details.

spacer layers [R2]. At the current time no details are

available on the preparation of this compound, however, the intercalation of the PbO layer
presents a number of challenges calling for novel but safe synthesis routes for MgOFeSe-like
crystals from the pure elements or charge neutral compounds. We will investigate the use of
electrochemical growth from molten salts or flux growth under moderate conditions: 100~400 °C,
ambient pressure, and without using highly toxic solutions. We take advantage of collaborations
within the laboratory to perform calculations of the Mg-O-Fe-Se phase diagram to guide the
growth development. The development will use our strengths in thermal analysis, X-ray
diffraction, and electron microscopy for phase identification and determination to understand the
growth process and structure-property relationships.

In our investigation of non-superconducting materials we will complete out the investigation of
Mg,Si-based alloys including Mg-Si-Sn and Mg-Ge-Si alloys.

Si-rich phase Sn-rich phase

Temperature (°C).
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Program Scope

The fundamental nature of structural selection during phase transitions in an undercooled
liquid involves the simultaneous action of numerous physical forces, collectively governing the
natural evolution of multiscale morphological hierarchy. Considered in concert, the prediction
and control of phase selection and morphological dynamics, particularly far from equilibrium, is
indeed a formidable task, but recent advances have led to quantitatively accurate predictive
modeling methods that can be used to simulate many of the relevant structural and chemical
features that evolve upon solidification. These methods, however, rely on accurate
parameterization of fundamental thermodynamic and kinetic properties. The present subtask
addresses these issues through integrating fundamental thermodynamic measurements *, new
approaches in bulk thermodynamic modeling?, ab initio calculations,’ investigation of bulk and
solid-liquid interface (SLI) behavior with molecular dynamics (MD) simulations * and
investigation of microstructural dynamics through experiments.” In this work we combine MD
simulations of SLIs with in situ X-ray scattering experiments to quantify the SLI Kinetics and
identify the governing mechanisms. This work represents a significant advancement in our
understanding of the fundamental nature of structural dynamics in solid-liquid phase transitions.

Recent Progress
While SLI properties are key factors affecting nucleation, phase selections, morphology
and growth kinetics of crystal phases the actual number of studies where these properties were
measured is very limited because of difficulties in performing of such experiments. Molecular
dynamics simulations offer an alternative way to obtain these properties but so far the main focus
was mostly on pure metals. There are just a few experiments were solutions © or stoichiometric
compounds "® were studied. Paucity of studies is related to limited availability of appropriate
interatomic potentials and with difficulties associated with the MD simulation itself. The latter
includes slow kinetics and partitioning during the interface migration such that it is difficult to
obtain the steady state interface migration. Stoichiometric compounds represent a special case
where there is no partitioning during the SLI migration such that the mechanism of this
migration can be studied without accounting for solute redistribution. There are a number of
interesting stoichiometric binary compounds because i) they can be very deeply undercooled and
in some cases form glasses and ii) the difference in SLI mobility compared to that of pure
elements can be several orders of magnitude which may provide insight into why some systems
can be so deeply undercooled.® Thus the present subtask includes:
(i) Experimental study of the phase transformation in metallic alloys containing
stoichiometric compounds;
(i) MD simulation to obtain the main SLI properties;
(iii) Development of a theoretical underpinning of phase transformation pathways, especially
far from equilibrium.
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Since experiments serve to verify the theory, we have 20
coordinated the materials selection with this in mind. One
model systems we are currently investigating is Zr-Ni, which
has a number of stoichiometric compounds. Recently we
have used high-energy X-ray scattering experiments to study
the liquid to crystalline transformation in NispZrse alloy.
These experiments utilized electrostatic levitation technique
which eliminates a crucible thus providing deeper
undercoolings than typical castings.” In spite of the fact that 0
according the phase diagram and electronic structure
calculations that the most stable crystalline phase for this  Fig. 1. XRD scattering showing
alloy is B33, it first solidifies as B2 which then undergoes a  the liquid - B2 - B33 transition
solid state transformation to B33 (Fig. 1). in a deeply undercooled

To explain the experimental findings we determined the main SLI free energy for both
B2 and B33 using MD simulations. We developed such a potential for Ni-Zr alloys by fitting the
potential parameters to the data of our diffraction experiments and ab initio calculations *° to
provide correct energetics of stoichiometric compounds and proper liquid structure. Next we
employed these potentials to study the SLI properties. To obtain the SLI free energy, vy, and
stiffness, y+7", we used the capillary fluctuation method (CFM) proposed in.** While this study

is still in progress, we are already able to explain the experimental results. Figure 2 shows

15

10

elapsed time (s)

20 30 4
Q (Inverse Nanometres)

B2 lowest stiffness interface (110 [ 10]) ¥ +79" =115 md/m? 833 hlghest stlffness mterface ( 001 [010]) y + y" 276 mJ/m
T 100 ign :

‘BJ‘:A,G«‘\?‘J\: wL)U‘F oY ’;1\\“,’-“ ﬁ "l"j
. b ”: S ) " 3 ok . S
A

Figure 2. Snapshots of the models containing SLI interfaces for NisoZrso B2 and B33 after
MD equilibration during 3 ns. The atoms are colored according to the order parameter.

the lowest and highest stiffness interfaces in the NisoZrso alloy. Clearly B2 has lower SLI
stiffness than does B33 which can be seen from the amplitude of fluctuations in the SLI profile.
Moreover, while we obtained the complete orientation dependence of the B2 SLI stiffness, we
still could not do the same for B33 because some SLIs have very large stiffness (this is why the
highest stiffness SLI looks so flat in Fig. 2). This explains why namely B2 appears first during
solidification even although B33 is always more thermodynamically stable than B2.
Recent Progress on Other Projects

To study the solidification in CuseZrsy alloy (whose most stable crystal phase at high
temperature is B2) we determined the complete map of the SLI properties from MD simulation
as shown in Fig. 3 (to our best knowledge this is the first such complete study for a stochiometric
compound). Examination of the obtained data shows that the SLI mobility in CusoZrs alloy is 3
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orders of magnitudes smaller than in pure metals. However, since the pure metals crystallize at a
cooling rate of ~10™ K/s '? this difference in mobility cannot explain why the CusoZrso alloy can
be vitrified at a cooling rate of ~10° K/s. Therefore, we should compare the nucleation in the
alloy and pure metals. However, the data on the SLI free energy shown in Fig. 3 does not reveal
any qualitative difference between the alloy and pure metals. Therefore, the mechanism of the
nucleation should be further investigated.

The MD simulation study of the SLI properties requires large computational resources.
Therefore, we also develop an alternative approach to estimate these properties using
perturbation and density functional theories. We had developed such an approach and applied it
to systems with inverse-powers, Lennard-Jones pair potentials as well as to metallic systems with
embedded-atom method potentials. For fcc systems, the results are in reasonable agreement with
the corresponding ones obtained from molecular dynamics simulations.*® For bcc systems, our
results provide the first reliable estimate for the interfacial free energies of the hard sphere
system.
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Figure 3. SLI properties in Cu, Zr and CusoZrsg. Note that the scale of the B2 mobility is 1000
times smaller than that pure elements.

Future Plans
To understand the phase transformation pathways in metallic alloys we will perform the
following studies.

(i) Perform levitation experiments to directly measure the solidification velocity.

(i) Complete our MD study of the SLI properties in NisoZrso alloys to explain the phase
transformation pathways in Ni-Zr alloys. Next we will perform MD simulations to study
the phase transformation of B2 into B33.

(iti) Perform MD simulation study of SLI properties in AlsgNisg alloy (which solidifies as B2).
Having all main SLI properties for CuseZrso, NisoZrsg and AlsoNisg we will investigate
why t8he SLI mobility in the AlsoNisg alloy is 20 times larger than that in the CusgZrsg
alloy.
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(iv)

Investigate nucleation phenomenon in the above three alloys. While we know that
CusoZrso alloy never solidifies during MD simulation the authors of ® reported that the
AlsoNis alloy easily solidifies during MD simulation.

(iv) Test the CFM for stoichiometric compounds. Also developing two new methods to

determine the stiffness from MD simulation which will be compared to the CFM.
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Program Scope

EMSC program concentrates on exploratory synthesis and characterization of the new model
materials of current interest in condensed matter physics. In addition, we often focus on
advanced synthesis of known materials in order to enable important physical and structural
investigations. We put strong effort in the discovery of new phenomena associated with the
correlated behavior of electrons in energy related materials. Most often materials are
synthesized in the single crystal form since many observables of interest are tensor quantities
and since this allows for the investigation of physical properties that are free of grain boundary
influences. We use range of techniques suitable for exploratory materials synthesis and crystal
growth: conventional arc melting and powder metallurgical techniques, solution methods, high
temperature intermetallic, oxide, sulfide or salt fluxes, chemical vapor transport and deposition.
Automated physical and structural characterization is the essential component of the lab. In
order to optimize synthesis parameters, it is necessary to characterize structural and physical
properties of materials. Quite often the same methods are used to probe and perturb crystal
structure, transport, thermodynamic and magnetic properties, sometimes at the extreme
conditions. We use environments of high magnetic fields and low temperatures at NHMFL
Tallahassee and HZDR Dresden. We also use EXAFS beamlines at NSLS and we are
constantly engaged in the buildup of our synthesis and characterization capabilities by custom
designing and/or building our materials synthesis and physical characterization tools. We
currently pursue several interpenetrating research directions:
Quantum criticality in heavy fermions and charge density wave
materials, Metal — insulator transitions (MIT) in nearly
magnetic materials, Dirac states in bulk crystals and facility
development. Our work enhances materials space available to
BNL research groups and neighboring universities, with whom
there are extensive ties. This program includes training of the
next generation of scientists. Students from neighboring
universities (Brown, Columbia, Johns Hopkins, Stony Brook)
were or are being educated in materials physics, arts and crafts
of crystal growth, materials synthesis and characterization.

Recent progress (examples) Fio T (ST.CaMnBi, crystal

structure. Dirac states are located

Exploratory synthesis of new materials. We have embarked | quasi-2D Bi layers
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on the exploration of Dirac states in bulk crystals. We reported two-dimensional (2D) quantum
transport in SrMnBi, and CaMnBi; single crystals (Fig. 1) [1-2]. The linear energy dispersion
leads to nonsaturated linear magnetoresistance (MR) since all Dirac fermions occupy the lowest
Landau level in the quantum limit. The transverse MR exhibits a crossover at a critical field B*
from semiclassical weak-field B, to the high-field linear-field dependence. With an increase in
temperature, the critical field B* increases and its temperature dependence is quadratic,
attributed to the Landau-level splitting of the linear energy dispersion. The effective
magnetoresistant mobility up to pmr~3400 cm?Vs is derived. Angular-dependent
magnetoresistance and quantum oscillations suggest dominant 2D Fermi surfaces. Our results
imply that bulk crystals with Bi square nets can be used to study low-dimensional electronic
transport commonly found in 2D materials such as graphene. Notably, we have demonstrated
large magnetothermopower effect in bulk crystals with Dirac states. This is atributed to the shift
of the chemical potential in the linear bands by magnetic field [3]. The maximum change of
thermopower is about 1600% in 9 T and at 10 K.

Small gap semiconductor FeSh, shows not only highest known electronic thermoelectric power
reported in any material [4], but also pronounced correlated electron phenomena. We recently
reported on the emergence of an electronic Griffiths phase in the Te-doped FeSh,, predicted for
disordered insulators with random

localized moments in the vicinity of a 0.65 - -
metal-insulator transition [5]. Magnetic, (@ ) '

. 18T n=2.00(2 ]
transport, and thermodynamic 060_—4-2- mlo
measurements of Fe(ShixTex). single 055 12T 1n=2.002) 114
crystals show signatures of disorder- 20,6 @ : ® e .
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induced non-Fermi liquid behavior and g 5 112 =4
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H 0.35} ot n=1.832 |
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albeit weak magnetic order (x >0.075). K" n H(T)

Similarity with Kondo or Anderson [Fig 2t (2) ReSiSti}]’it_y p(T) of Fe(SbixTey)z for
lattices is striking since non-Fermi liquid X=0.01 plotted vs T" in high fields. (b) Exponent n

. from (a) and coefficient p=po+AT? as a function of
divergences appear at rather weak |g.1q

randomness and are magnetic field tuned
to a Fermi liquid (Fig. 2).

Advanced materials synthesis and crystal growth. Crystals made at EMSC BNL enabled
several important STM and neutron studies in the past two years. These include:
a) Vortex lattice reorientation in a heavy fermion superconductor CeColns. A single vortex
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lattice VL orientation is observed for H11[100], while a 90° reorientation transition is found for
H11[110]. The VL form factor shows strong Pauli paramagnetic effects similar to H1[001]. At
high fields, above which the upper critical field becomes a first-order transition, an increased
disordering of the VL is observed.

b) First inelastic neutron scattering on a canonical magnetic-field induced quantum critical
metal YbRh,Si,. Spin fluctuations are reported near the magnetic field —driven quantum critical
point (QCP). On cooling, ferromagnetic fluctuations evolve into incommensurate correlations
located at go==(3,0) where 6=(0.14+0.04) reciprocal lattice units. There is a sharp intradoublet
resonant excitation at an energy Eo=guguoH with g=3.8£0.2 at 0.1 K and in an in-plane
magnetic field. Low temperature spin dynamics in the absence of magnetic field is affected by
the Fermi surface nesting whereas at high fields and temperatures it resembles Kondo-screened
spins above ferromagnetic long range order.

c¢) Imaging Coooper pairing of heavy fermions in CeColns. CeColns is the highest known T,
heavy fermion superconductor with 4f magnetic ions. It is also, arguably, the cleanest example
of material where superconductivity in nearly magnetic materials can be studied. Hence, it
might serve as a test bed for developing theoretical frameworks of magnetically mediating
superconductivity. Using Bogolybov quasiparticle interference technique it was possible for the
first time to measure the superconducting gap dependence of momentum space A(K).

Future work

In the next period we will pursue several crosscutting directions. These include:
1. Interplay of strong electronic correlations in bulk crystals with Dirac dispersion. In contrast
to graphene or simple topological insulators, Dirac states in bulk crystals usually coexist with
states derived from other electronic bands at the Fermi level. Hence, due to rich variety of
electronic complexity, bulk crystals can be used to understand electron dynamics of the Dirac
fermions, i.e. their interactions with other electrons with different values and origin of
quasiparticle mass enhancement. There are number of energy relevant materials where Dirac
states have been observed, for example BaFe,As, with spin density wave (parent compound of
Fe-based high-T. superconductors) [6]. Enhanced thermoelectric properties can also be
expected in complex materials with coexisting Dirac and bulk states [7].
2. Heavy fermions (HF) at QCP. We have embarked on the study of QCP characteristics in
disordered and doped CeColns. In particular, interlayer transport, phenomena at high magnetic
fields and Fermi surface changes will be investigated in an effort to elucidate similarities and
differences with Cu-based high T, superconductors.
3. Charge fluctuations at the QCP. Recently, firm evidence has been established that the charge
order could be an important ingredient in (as opposed to a competitor of) the high T,
superconductivity in cuprate oxides [8]. We will focus on relatively simple new chalcogenide
superconductors with quasi two dimensional conductivity and incipient charge density wave
order where such interplay can be observed isolated from long or short range order magnetism.
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4. Heavy fermion-like states in d- electron metals. We will synthesize and study materials with
large quasiparticle mass enhancement in narrow bands, similar to classical 4f-based HF
materials, but without Abrikosov-Suhl resonance. We will focus on investigations of properties
near metal-insulator transition with an effort to bring about larger materials class with recently
discovered giant thermoelectric power factor [4].
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Growth Mechanisms and Controlled Synthesis of Nanomaterials (ERKCS81):
Revealing the Growth Mechanism of Graphene on Catalytic Substrates
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Program Scope

The overarching goal of the research program is to understand the link between the growth
mechanisms and the resulting structure of nanoscale materials. The emphasis is on the development of
real-time methods to induce and probe chemical and physical transformations away from
thermodynamic equilibrium in order to controllably synthesize nanomaterials with enhanced properties
resulting from metastable structures. The approach relies on correlating the real-time diagnostic
measurements with predictive theoretical methods and post-growth characterization by imaging,
spectroscopy, and atomic- resolution analytical electron microscopy to develop a framework for the
deterministic synthesis of nanomaterials with desired properties. A distinguishing feature of the program
is the development and application of time-resolved, in situ diagnostics of nanomaterial growth Kinetics
and a corresponding development of models to understand the underlying kinetic and chemical
pathways. Spatial confinement and reactive quenching approaches are developed to explore the
synthesis mechanisms of rationally-designed nanostructures with enhanced intrinsic properties,
targeting: (1) oxide, carbon, and alloy nanomaterials produced in metastable states by catalyst-free or
catalyst-mediated processes, and (2) doped, decorated, and filled nanomaterial hybrids designed to
induce permanent electric fields or distribute charge within nanostructures. Theoretical methods are
used to understand fundamental mechanisms of synthesis in order to guide the formation of
nanostructures tailored to enhance energy storage, catalysis, thermal management, and photovoltaics in
support of DOE's energy mission.

Recent Progress

Non-equilibrium approaches including pulsed laser deposition (PLD), and pulsed chemical vapor
deposition (pulsed CVD) are employed to explore the nucleation and growth kinetics of graphene on
catalytic substrates and to understand its growth mechanisms. Understanding the mechanisms by which
graphene and other 2D nanomaterials grow on different substrates is essential in order to synthesize
these nanomaterials with the well-defined numbers of layers and ordered stacking required by many
potential applications. Synthesis of graphene and other 2D nanomaterials, e.g., metal
chalcogenide nanosheets, have common challenges that include: 1) controlling nucleation density and
number of layers, 2) rapid growth over large areas, and 3) growth of large crystalline grains. To address
these challenges development of in situ diagnostic approaches for controlling and understanding growth
mechanisms of these materials are required. Here, we discuss our results on graphene growth by CVD
on copper foils, which exhibit very low carbon solubility where surface processes are responsible for
graphene formation®, and also on Ni films, which has high carbon solubility where both surface and bulk
carbon are involved in the growth?. The most important parameter for the growth of large graphene
single crystals is the nucleation density as defined by the number of nucleation sites per unit area. First,
we focus on understanding the kinetic factors that control the nucleation density of graphene on Cu foils.
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Graphene on Cu foils

From the perspective of promoting large area graphene
growth the nucleation density determines the largest island size
that can be obtained before coalescence causes two or more
individual islands to merge into successively larger islands. In
thin film epitaxial growth, coalescence is known to be
accompanied by incorporation of lattice imperfections, and for
growing large area single crystal graphene this is undesirable.

Here we employed a two-step approach for controlling the
nucleation step that includes reducing the nucleation site density
combined with increasing the reaction barrier at the remaining
nucleation sites. These two factors are interrelated and are not
easily uncoupled and treated separately. To reduce the nucleation
density we use intentional oxidation of the Cu foils in air prior to
graphene growth. The role of this step is to remove surface
impurities such as carbon contamination and other metallic
impurities by oxidation. In addition, the number of structural
defects on the surface is reduced and the potential for preferential
regrowth of Cu grains exists in the subsequent annealing step in H,

Figure 1. Large graphene grains
on two different Cu foils f3p0 and

f400. Note that the graphene

grains change shape from
hexagonal on 300 to rectangular

on fg00. The Cu foils are
designated by “f7” where f stands

for foil and the subscript T
represents the oxidation
temperature.

that is used for reducing the oxidized Cu back to Cu prior to starting graphene growth. We also describe
our results on collisional deactivation (CD) for increasing the nucleation barrier at the existing

nucleation sites.
removing enough energy from activated nucleation precursors to
bring the reaction below threshold. In practice, we perform CD by
using a brief, 10 s duration pulse of Ar at the onset of graphene
growth. The use of collisions with inert gases is a familiar
approach for changing the rate and the outcome of thermal
decomposition reactions of hydrocarbons. Combining these two
steps in succession to suppress nucleation in graphene CVD on Cu
foils, we demonstrated the growth of large single layer single
crystal grains of up to 1.5mm in lateral size (Fig.1).

The Eden cluster model®, wherein we assume the methyl radicals
act as a generic growth species, was used for interpreting graphene
growth in the framework of two-dimensional crystallization
governed by kinetic parameters that control the balance between
adsorption and desorption of carbon containing intermediates in
nucleation and growth of graphene (Fig.2)

Graphene on Ni films

We also revealed the kinetics and mechanisms of graphene
growth on Ni films using a pulsed CVD approach combined with
real-time optical diagnostics2 (Fig 3). In situ UV-Raman
spectroscopy with simultaneous detection of both the G- and 2D-
bands was used to unambiguously detect isothermal graphene
growth at high temperatures, measure the growth kinetics with ~ 1s
temporal resolution, and estimate the fractional precipitation upon
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The effect of CD is to effectively increase the reaction barrier for nucleation by

Figure 2. (a) The formation of
a minimum size stable Eden
cluster in graphene nucleation

consisting of a 7-member
hexagonal ring structure
designated by the gray
background. (b) An Eden

cluster for graphene growth
showing a completed compact
inner region grown from a
minimum cluster illustrated by
light gray background and a
still growing incomplete outer
ring of a graphene island. The
methyl radicals in the schematic
illustrate a generic growth
species.



cooling (Fig. 3). Optical reflectivity and videography provided much
faster temporal resolution (Fig. 4). Both the growth kinetics and the
fractional isothermal precipitation were found to be governed by the
C,H; partial pressure in the CVD pulse for a given film thickness and
temperature. Graphene precipitation during cooling was shown to
occur above 600°C. Room-temperature Raman spectroscopy and
mapping of as-grown and transferred graphene grown by single, sub-
second acetylene pulses at low partial pressures and high temperatures
is a mixture of turbostratic bilayer graphene with low defect density
and few-layer graphene patches.

Higher acetylene partial pressures were found to drive larger fractions
of isothermal graphene growth and shorter nucleation and growth
periods. For example, at 800°C up to 94% of graphene growth occurs
isothermally within the ~1-second acetylene gas lifetime in the growth
chamber. The possible role of autocatalytic surface chemical reactions
should be considered as a growth mechanism (along with
dissolution/precipitation) since very similar flux-dependent nucleation
and growth kinetics were observed in similar experiments in the
pulsed-CVD growth of SWNTSs.

However, at lower acetylene partial pressures the bulk of the Ni film
was clearly involved in the growth. Isothermal graphene growth was
observed ~ 10 seconds after the growth gas was cleared from the
chamber, and this growth time was shown to significantly shorten
when the thickness of the Ni film was reduced. These results were
explained in the context of a dissolution/precipitation model
incorporating a flux-dependent induction time to form graphene
nuclei, and subsequent deposition from dissolved carbon driven by
concentration gradients (Fig. 4).
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Figure 3. (a) UV excitation
(Mg =405 nm) permits Raman

spectra of graphene at high
temperatures to be measured
during isothermal growth (>
1s resolution) and
subsequently by cooling,
showing characteristic G and
2D bands. (b) Integrated
intensities of the G- and 2D-
Raman bands  measured
during cooling from the
growth temperature (840C°)
to room temperature reveal
the  fractional  graphene
precipitation upon cooling.

In summary, 1) we employed a two-step approach for suppressing nucleation in graphene CVD on Cu
for large area single crystal growth. The combination of oxidation of as received Cu foils to remove low
energy nucleation sites and collisional deactivation by an Ar pulse to increase the reaction barrier for
nucleation at the remaining sites was used to reduce the overall nucleation density by almost three orders
of magnitude. The Eden cluster model was used for interpreting graphene growth in the framework of
two-dimensional crystallization governed by kinetic parameters that control the balance between
adsorption and desorption of carbon containing intermediates in nucleation and growth of graphene. 2)
Real-time optical diagnostics revealed that graphene nucleates and grows rapidly and isothermally on Ni
substrates by dissolution and precipitation of carbon with flux-dependent kinetics that indicate
autocatalytic reactions. Understanding the mechanisms by which graphene grows on different catalytic
metal films is essential in order to synthesize graphene with the well-defined numbers of layers and
ordered stacking required by many potential applications.

Future Plans

These real-time diagnostic techniques are currently being applied to understand the growth
mechanisms of other 2D nanomaterials beyond graphene, e.g., metal chalcogenides. These
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nanomaterials have very attractive properties, e.g.,
the band gap of these materials depends on the
number of layers, which can be useful for their
potential applications. For example, according to
our preliminary calculations the band gap of GaS
changes from1.6 eV to 2.5 eV when the number of
layers drops from 7 to 1, making them highly
amenable to real-time optical diagnostics. We are
exploring novel synthesis methods developed for
graphene, e.g. pulsed CVD and PLD, conducive
with in situ Raman scattering, time-resolved
reflectivity, and direct imaging during growth of 2D
nanosheets on substrates.
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Molecularly Organized Nanostructural Materials
Subtask: Guest Induced Structural Transformation and Nanostructural Materials
Synthesis
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Richland, WA 99352

Program Scope: The overall goal of this project is to investigate a combination of self-
assembly and controlled nucleation and growth approaches for synthesizing
nanostructured materials with controlled three-dimensional architectures and desired
stable crystalline hybrid organic — inorganic nanostructured materials for energy
applications.”™ Of importance is the understanding of crystallization in self-assembled
materials in order to control both resident porosity and pore interconnectivity in these
materials because these traits impart certain properties to the material that are
underpinning for energy technologies including conversion and storage. The project
contains the following components

e Manipulation of the Kinetics of competing self-assembly and precipitation reactions
e Use of molecular ligands and interfaces to control nucleation and growth

e Multiscale modeling of the self-assembly process in solution

e Structure-property relationships for energy storage

Nanomaterials with controlled micro, nanoporosities and structural ordering are
important for energy storage, catalysis, and many other energy related applications. In
this project, we investigate two fundamental approaches to synthesize such materials. The
first approach is molecularly directed assembly and crystallization, and the second
approach is interfacially controlled nucleation and self-assembly. One class of material,
metal-organic frameworks (MOFs) have come to the forefront during the last decade as a
new type of well-controlled microporous materials. Fundamental understanding of the
formation of such materials and the phase transitions induced by the chemical
environments will provide important knowledge regarding the mechanistic of the self-
assembly process and the driving force for the structural change.

Recent Progress:
Guest Induced Phase Transformations in Porous MOFs:

Metal organic frameworks built with flexible ligands have shown to provide some
intriguing properties such as breathing phenomena in other words framework expansion
and contraction upon guest adsorption and removal. Understanding what causes these
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materials to respond
to external stimuli
can have applications
in the development of
smart materials. We
studied a flexible

anionic metal organic
framework that
transformed into

neutral s g ' ' '
heterobimetallic R \ ‘ _) ‘ © 66
systems via single- r I r I
crystal-to-single-

crystal  processes 3D Anionic MOF 3D Neutral MOF
invoked by cation

insertion. These 7\. = Organic cations @ = Metal cations
transformations — are  Figure 1. A) Structure of the semi-rigid carboxylate linker
directed by  Tetrakis[4-(carboxyphenyl)oxamethyl]methane acid (HsL). Its
cooperative bond flexibility arises from twisting of the benzoate moieties
breakage and around the central quaternary carbon atom (defined as Ccore)

through ethereal links. (C, grey; O: Red); B) Photos of crystals

in  expansion o before and after TM** capture; C) Scheme showing the
' incorporation of TM?* cations into the anionic networks to

contraction of the 3D a¢tord neutral and heterobimetallic systems via ligand-

framework by up to  girecting SC-SC structural rearrangement.

33% due to the

flexible nature of the organic linker (Figure 1). These MOFs displays highly selective

uptake of divalent transition-metal cations (e.g., Co*? and Ni?*) over alkali-metal cations

(Li* and Na™).

formation, resulting

Gas-Induced Transformation in Porous Organic Lattice:

A well-known organic host, ris-o-phenylenedioxycyclotriphosphazene (TPP), exists in two
polymorphic guest-free forms: the thermodynamic nonporous high-density phase and the
kinetic nanoporous low-density phase. Exposure of high density form to solvent vapors often
brings a transition to hexagonal inclusion complex, with solvent molecules incorporated into
the nanochanels. However, guest-free hexagonal crystals are difficult to obtain by simple
evacuation of solvent molecules. Complete removal of the included guest molecules
generally causes the collapse of the hexagonal host lattice to nonporous monoclinic phase.
We demonstrate that simple pressurization of the high density phase with CO, brings a solid-
state transformation to the low density phase with concomitant CO, uptake up to 12 wt% ,
resulting in significant expansion of the the crystal volume by 23% (Figure 2). Weak
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interactions between
carbon dioxide and the
high-density compound
collectively provide
sufficient  energy to
expand the lattice through
creation of hexagonal
holes as seen in real time
by X-ray diffraction

Figure 2. Gas-induced conversion of a nonporous high

measurements. The  gensity phase (left) to hexagonal porous phase (right) with
primary building block of  moderate pressures of CO,.

the lattice, a six-member

phosphazene ring, exists in planar or chair conformations. Gas adsorption induces the
conformational transformation that expands the lattice. When the external pressure is
released, the gas flows out of the lattice but the porous structure remains unchanged.
Moderate heating recovers the initial dense phase. We are currently exploring new avenues to
manipulate and control molecular packing in such materials to further enhance their gas

adsorption and release properties.

Recent Progress on Other
Projects

Three novel crystalline forms of
cucurbit[6]uril  (CB[6]) have
been identified by fine control
over the mixing process of the
hydrochloride solution of CBJ[6]
with ethanol (Figure 3). The
form that exists in nanoplate
particles  shows  permanent
porosity upon desolvation and
the highest CO, uptake (15 wt%)
at 298 K and 1 bar among any
known solid-state forms of
CB[6]. The high selectivity in
adsorbing CO, over N; by
CB[6] form Il solid can be
ascribed to the high charge
density at two carbonyl laced
portals of CB[6] molecule,
which  might facilitate local-
dipole/quadrupole interactions
with CO, that would be absent
for Na. In addition, the electron

\ £ 3 ' Ed < (- %

Figure 3 Scanning electron microscopic (SEM)
images of three crystalline forms of CB[6] formed by
mixing its HCI solution with ethanol in different ways:
(a) crystallized bar-shaped form | crystals; (b) and (c)
fast-precipitated form 11 nanoplate particles with a
diameter of 200-300 nm; the white frame in (b) marks
the zoomed-in section depicted in (c); and (d)
crystallized form Il crystals existing as thin
hexagonal plates.
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lone pairs of nitrogen atoms of CB[6] molecules may have strong interaction with
CO;, molecules that accounts for high uptake. The adsorbed CO; in form Il solid can
be mostly regenerated by the pressure swing process and the remained trace CO, can
be fully liberated by heating at 50 °C under vacuum.

Future Plan: Our future plan will pursue further fundamental understanding of the
molecular level interactions by developing and using state-of-the-art characterization and
simulation tools. Specifically, we will use molecular simulation and surface sensitive
spectroscopy techniques to investigate the molecular interaction of and guest gas molecules
such as CO, on nanostructural surfaces. The use of more complex molecules will provide
more flexibility in synthesizing complex materials. Further studies will be focused on the role
of surfactants on the formation of spherical, hexagonal and square shaped nanoparticles and
the effect of polymer concentration in the process of nucleation and crystal. Simialrly, pore
expansion and contraction of metal organic frameworks, the role of functional groups,
secondary building blocks and metal centers will be investigated in greater detail. For
example, by incorporating photo, electro and magentic responsive functional groups can we
able to control the porosity of metal organic frameworks by applied light and potential will be
investigated.

BES Sponsored Publications in 2011 - 2013 from current subtask
Total publications = 3, 1 cover art and 2 review articles

J. Tian, L. V. Saraf, B. Schwenzer, S. M. Taylor, E. K. Brechin, J. Liu, S. J. Dalgarno,
and P. K. Thallapally, “Selective Metal Cation Capture by Soft Anionic Metal-Organic
Frameworks via Drastic Single-Crystal-to-Single-Crystal Transformations” J. Am. Chem.
Soc., 134, 9581-9584 (2012)

J. Tian, J. Liu, J. Liu and P. K. Thallapally, “Identification of solid-state forms of
cucurbit[6]uril for carbon dioxide capture” CrystEngComm, 15, 1528-1531 (2013)

J. Tian, P. K. Thallapally and B. P. McGrail, “Porous organic molecular

materials” CrystEngComm, 14, 1909-1919 (2012, Highlight).

J. Liu, P. K. Thallapally, B. P. McGrail, D. R. Brown and J. Liu, Chem. Soc. Rev.,
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Nanoscale Morphologies to control Atomic scale Processes
K.M. Ho'? , M.Hupalo!, P. A. Thiel**, M.C.Tringides"? and C. Z. Wang"
! Ames Laboratory, 2 Department of Physics-1SU, ® Department of Chemistry-1SU
Ames 1A 50011
Project Scope
The goals of the FWP are to grow epitaxially controllable nanostructures on a variety of substrates and,
once controllable morphologies are grown, to study different technologically important problems for which
such structures will be useful. Since growth is far from equilibrium and a wealth of metastable structures is
possible, control requires better understanding of mass transport (diffusion, nucleation, coarsening etc.).
Utilizing its previous expertise, this FWP grows and uses tunable metal morphologies in three areas: (a) to study
metal growth on graphene and graphite for improved metal contacts and to determine the extent to which the
metal-carbon interaction can modify the electronic structure of graphene. ((b) to grow metal defect-free
nanowires on carbon coated surfaces to elucidate the underlying growth mechanisms and optimize the wire
geometry for magnetic applications; (c) to investigate enhanced reactivity of adsorbed gases on metal islands
(hydrogen adsorption on Mg islands relevant to hydrogen storage). In all three problems the synergistic
interaction between theory and experiment is essential to attain understanding and predictability.
Recent Progress
Metal growth on graphene/graphite New properties emerge on the nanoscale that are not present in
bulk materials. To exploit these advantages, it is essential to find ways to produce nanostructures of controllable
size and morphology since their stability and properties can be tuned to a specific application. In the three
problems mentioned previously we aim to identify conditions where the relevant morphology can be realized
(layer by layer for graphene, dislocation—free high aspect ratio nanowires and 3-d wedding cake-like growth to
optimize reactivity etc.). Graphene is a material of
recent intensive studies due to its novel electronic and
structural properties[G-1]. Metals grown on graphene
also have been of interest because of their use as metal
contacts in graphene devices, for spintronics
applications and for catalysis. Controlled deposition
experiments on several metal systems (Fe, Gd, Dy,
Eu,Pb) have identified the growth mode.[1,2,4,9,11-
14,21,22]. A common method to study the grown
morphology is to measure the nucleated island density
n as a function of growth parameters, temperature T ,
flux rate F and coverage 6. From these measurements
the metal diffusion and adsorption barriers can be
extracted. It was found that metal with unfilled inner
(Fe, Gd, Dy) have high barriers while s-p metals(Pb)
have low barriers and Eu has barriers in between. All
metals grow 3-d (except Eu that shows extended
) terraces) which is not promising for good metal
contacts. These experimental results have been fully
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: / confirmed with DFT calculations that determine the
Figure 1: (a) Island density n vs 0 for Fe grown on type of bond and charge transfer between the metal
graphene at room temperature showing a monotonic  and graphene atoms.

dependence on 0. (b-f) Corresponding images at Besides these general results about metal

different 0; (b) 0.003ML, (c) 0.16ML, (d) 0.65ML, growth some metals show special results. Surprisingly
(e) 0.87ML, and (f) 2.3 ML. All images are 200 x
200 nm” except (c) which is 150 x 150 nm®.
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the growth of Fe on graphene shown in fig.1 is unusual because it does not follow classical nucleation: n is
unexpectedly high, and shows no temperature dependence[12]. These unusual results indicate the presence of
long range repulsive interactions. Kinetic Monte Carlo simulations and DFT calculations support this
conclusion. Dysprosium was deposited on epitaxial graphene and the majority of the grown islands have
triangular instead of hexagonal shapes, expected from its bulk hcp crystal structure. We analyze the island shape
distribution and stacking sequence of successively grown islands to deduce that the Dy islands have fcc(111)
structure[22].

We have studied the nucleation and growth of Cu on graphite shown in fig.2. We find that Cu decorates
step edges and also forms 3-d hexagonal islands on the terraces. A weak dependence of island density on
temperature and flux suggests a very low diffusion barrier, in agreement with DFT calculations. Upon
annealing, significant coarsening occurs above 600 K. The island density observed at 300 K is too high to be
defect-mediated, but is also higher than the maximum value predicted by nucleation theory. The high density is
most likely is due to a long-range repulsive interaction between Cu atoms, analogous to the interactions for Fe
graphene. The effect of repulsions has been modeled quantitatively with Kinetic Monte Carlo simulations.

QSE modification in Ag/Si(111) by oxygen We have used STM to probe the effect of oxygen exposure
on an ensemble of Ag islands separated by a Ag wetting layer on Si(111)-(7x7)[15]. Starting from a distribution
dominated by islands that are 1 layer high. coarsening at room temperature leads to growth of 2-layer islands, as
expected from Quantum Size Effects (QSE). If, however, the sample is exposed to oxygen, coarsening leads to
growth of 3-layer islands. Density functional theory supports a model of oxygen adsorbing on top of the Ag
islands and changing the height-dependent relative stabilities of the Ag islands.

Mass transport in Pb/Si(111) and Ag/Si(111) The Pb/Si(111)
wetting layer has shown unusual mobility at low temperatures T~180K
because its motion is superdiffusive x~t not classical x~t"2. The layer is
responsible for the formation of single height 7-layer Pb islands due to
QSE[G-2]. This unusual diffusive motion was partially accounted for by
using the Frankel Kontorova (FK) model[18]. More recent experiments have
shown that in addition to the motion of a steep concentration gradient that
moves unperturbed, an oppositely directed and equally sharp front provides
the mass required to refill an initially vacant hole[20]. The motions of both
fronts and the concentration profiles are highly correlated suggesting an
exceptional collective super-diffusive mechanism.

The Ag growth on the Si(111)-Ag(\3xV3)R30° phase was studied to
understand the V3xV3 nucleation and the role islands and holes differing by
one step height play. DFT (implemented as a genetic algorithm search)
supported the experimental conclusion that the the Si:Ag ratio is always 1:1
under all growth conditions. In addition the diffusion of Ag on V3x\3 was
studied by measuring the nucleated island densities over a wide temperature
Figure 2: STM image showing range[8]. Two different regimes were found. At 50-125 K, islands were
preferential nucleation along small and their density decreased only slightly with increasing temperature.
steps (left). With further Above 180 K, the islands were larger, and island density decreased strongly
deposition the island density is ~ with increasing temperature. These temperature dependencies indicate that
higher, than what expected from  there is a change of critical size cluster from i.=1 to i.=4 around 180 K, and
the low diffusion barrier, which  the diffusion barrier of a single Ag atom is 0.22 eV, in excellent agreement
suggest repulsive adatom with the value calculated by another group[8]. The long diffusion lengths are
interactions. thus due to a “normal” diffusion barrier and a rather large critical size, with

the latter simply preventing Ag islands from being captured on terraces.
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Future work

Layer by layer growth of metal growth on graphene In almost all cases, metal adsorption on graphene
was 3-d, confirmed theoretically, since the adsorption energy of a metal atom on graphene is smaller than the
metal cohesive energy. For metal contact applications it is important to find ways to grow metals 2-d (layer-by-
layer). 2-d growth on graphene was possible with Co films (deposited on graphene grown on Ir(111)) using
pulsed laser deposition[G-3]. The 2-d growth was attributed to an effective high flux which promotes interlayer
diffusion. High flux rates will be also used in the proposed epitaxial metal studies. Even surfactants will be co-
deposited that are known to change 3-d to 2-d growth and this FWP has extensive experience in these issues.

For ideal metal contacts (i.e., 2-d growth and no contact resistance) theoretical studies were performed for
Al-and Co- graphene contacts[G-4]. Even under idealized conditions of 2-d growth, the mapping of the Dirac
cone structure, as a function of position away from the contacts, shows strong deviations for Co (but not for Al)
from ideal graphene. Understanding how the spatial variation of the electronic structure degrades, under the
more realistic metal deposition conditions (i.e. for 3-d growth, for strained interfaces, etc.) are questions to be
pursued.

The extent to which the unique electronic structure of graphene is modified by the metal-C interaction,
requires better understanding of the deposited metal location and distribution. Metal deposition will be carried
out in a controlled way: after annealing from low to high temperature T, the changing film morphology and
diffusion towards the interface will be correlated with potential changes of the graphene electronic structure.
While STM images will provide information about the changing morphology, in collaboration with A.
Kaminski we will measure with ARPES the changes in the graphene electronic structure. These experiments
are important, because many device applications require operations at high temperatures, so the stability range
will depend on how the metal adatoms are distributed at the intrface.

Comparison of metals on carbon-based substrates, and control of metal nanowire growth on C coated
Si(111) substrates. We have obtained valuable information regarding the energetics that influence diffusion
and nucleation of Cu atoms on graphite. We next plan to study growth of Cu on n-layer graphene supported on
SiC, in order to determine the influence of the van der Waals forces between carbon sheets on the metal. This in
turn will reveal which aspects of metal growth can be tailored by changing the number of carbon layers. We
will undertake a similar comparison for Dy, motivated in part by our recent investigation of growth of Dy on
graphene[22] and in part by the status of Dy as a prototype magnetic metal. The main experimental approach
will be to measure the temperature-and/or flux-dependent island densities and to compare the results with
theory. Classically, this provides diffusion barriers, metal-metal bond strengths in small nuclei, and insight into
whether nucleation is heterogeneous or homogeneous. We will also study growth and nucleation of metals on
amorphous carbon surfaces supported on Si, because these substrates have proven to be effective surfaces for
nanowire growth[G-5]. To our knowledge, there is no model to predict nanowire morphology that is based on
an iterative combination of theory and experiment such as we will provide. We are also investigating the
possibility of transition metal intercalation between carbon sheets on graphite. Preliminary results are in good
agreement with predictions from DFT. Understanding transition metal intercalation could provide insight into
metal transport between carbon surfaces and underlying materials, such as the amorphous carbon on Si which is
effective for metal nanowire growth.

Controllable Mg film morphologies and enhanced H, adsorption.

A more challenging system (compared to O, on Mg) is adsorption of H, on Mg films, since the process
is not possible on bulk Mg(0001). Preliminary experiments on thick Mg films (~15 ML) grown on two
substrates Si(111) and W(110) have produced promising controllable morphologies. As expected rougher
morphologies are produced on Si(111) than on W(110) because of the larger strain. After deposition at 100 K
wedding cakes are produced on both substrates, but the ones on Si(111), are at least twice as steep as the
wedding cakes for Mg on W(110).
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These nanoscale morphologies will be explored to test if H, adsorption can be enhanced on the nanoscale.
This is relevant to finding new materials for hydrogen storage[G-6]. With a rich variety of Mg film
morphologies, or by using transition metals as catalysts or by possibly QSE-induced reactivity, we plan to carry
out several controlled experiments of H, adsorption on Mg. We will explore first H, adsorption on the open
morphologies of wedding-cakes and dislocation networks which have a large fraction of low coordination sites.
The importance of steps in promoting H, dissociation was shown in earlier experiments on stepped Pt
surfaces[G-7]. In addition for uniform height islands or films where QSE are clearly seen, enhancement of H,
adsorption (as found for O,) might be possible.
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Growth Mechanisms and Controlled Synthesis of Nanomaterials (ERKCS81):
Modeling and Characterization of Ultrasmall Nanoparticles

Mina Yoon, 1 David B. Geohegan, ! Alex Puretzky, 1 Christopher M. Rouleau, Gyula Eres,?
Masoud Mahjouri-Samani, * Miaofang Chi®, Mengkun Tian,® and Gerd Duscher?*
'Center for Nanophase Materials Sciences and *Materials Science and Technology Division,
Oak Ridge National Laboratory, Oak Ridge, TN 37831 and
the *Dept. of Materials Science and Engineering, Univ. of Tennessee, Knoxville, 37996

Program Scope

The overarching goal of the research program is to understand the link between the growth
mechanisms and the resulting structure of nanoscale materials. The emphasis is on the development of
real-time methods to induce and probe chemical and physical transformations away from
thermodynamic equilibrium in order to controllably synthesize nanomaterials with enhanced properties
resulting from metastable structures. The approach relies on correlating the real-time diagnostic
measurements with predictive theoretical methods and post-growth characterization by imaging,
spectroscopy, and atomic-resolution analytical electron microscopy to develop a framework for the
deterministic synthesis of nanomaterials with desired properties. A distinguishing feature of the program
is the development and application of time-resolved, in situ diagnostics of nanomaterial growth kinetics
and a corresponding development of models to understand the underlying kinetic and chemical
pathways. Spatial confinement and reactive quenching approaches are developed to explore the
synthesis mechanisms of rationally-designed nanostructures with enhanced intrinsic properties,
targeting: (1) oxide, carbon, and alloy nanomaterials produced in metastable states by catalyst-free or
catalyst-mediated processes, and (2) doped, decorated, and filled nanomaterial hybrids designed to
induce permanent electric fields or distribute charge within nanostructures. Theoretical methods are
used to understand fundamental mechanisms of synthesis in order to guide the formation of
nanostructures tailored to enhance energy storage, catalysis, thermal management, and photovoltaics in
support of DOE's energy mission.

Recent Progress

Synthesis and Characterization of Ultrasmall TiO, nanoparticles

TiO, nanoparticles were synthesized in the gas
phase by pulsed KrF-laser ablation of a ceramic TiO,
target and subsequent condensation of the laser-
induced plume in a background gas. Transmission
electron microscopy grids (TEM) were placed 2-7 cm
from the target to collect nanoparticles at room
temperature from locations within, at the leading edge,
and outside the laser induced plume under different
oxygen background pressures. It was found that

ultrasmall nanoparticles (UNPs) in the range of 2-5nm  Figure 1. (a) Atomic configurations of 2nm
were produced for a background pressure of 200 mTorr anatase and rutile nanoparticles at 500K and

at a distance of 5cm from the target. 1000K. (b) TEM images of TiO, nanoparticles.

2nm Anatase 2nm Rutile
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The UNPs were studied with high resolution transmission electron microscopy equipped with high
resolution electron energy loss spectroscopy to measure their size distribution, crystallinity, phase, and
crystal field splitting. Crystal field splitting, and therefore degree to which a particular UNP can be
unambiguously ascribed to a particular phase — i.e., anatase or rutile - was observed for nanoparticles in
excess of 5nm. For smaller nanoparticles with an unidentifiable phase, the increasing lack of crystal
field splitting is currently under investigation using theoretical approaches.

Our theoretical approach combines Monte Carlo simulations that are based on the Matsui-Akaogi force-
field [1] and conjugate gradient method to identify the atomic configurations of the UNPs observed
experimentally. Our initial configurations were based on the anatase and rutile phase of bulk TiO,. The
accuracy of our approach has been confirmed against previously published results on the (TiO,), (n<10)
systems™?, and represents the first step in a screening process that ultimately seeks to produce the global
minima for 1 and 2-nm TiO, nanoparticles. We applied a hybrid process combining Monte Carlo
simulations for large-scale coverage of the energy surface, and a conjugate gradient global optimizer to
locate the minima based on the Monte Carlo output.

Figure 1a shows excerpts from simulations that were performed for 2nm anatase and rutile structures at
temperatures from 500 to 2000K, and with 2x10” Monte Carlo trial steps for sufficient energy
convergence. The systems were kept at constant volume and allowed to relax before proceeding with
structural optimization using the conjugate gradient technique. At 500K, localized melting was found to
occur at the left facet of the anatase structure while most of the remaining crystal remained well-ordered.
In general, however, the disorder in bond length density of states was found to increase, but even at
1000K the anatase structure still only melted in localized areas. At 1500K, however, increased localized
melting occurred in the anatase structure, extending to both ends and the forward- and rear-facing
surfaces. By 2000K, anatase completely melted and rutile was only just showing initial signs of
localized melting. Although Collins et al. reports that the melting point of bulk TiO; to be 2150K, it is
expected that this value will be depressed in smaller scale particles [3].

How the shape of catalyst nanoparticles determines their crystallographic orientation during carbon
nanofiber growth
A theoretical model was developed that

explains spontaneous changes in the crystalline —

- - - - nisotropic
orientation of nanoparticles. The changes in I}’{SD : = surface
crystalline orientation are attributed to the crystal Enersﬂ ' Energy

anisotropy of the surface energy of the particles. We

consider the case of carbon nanofibers growth, where

previous studies have shown that both the catalyst _ Experimental.auservation

nanoparticle shape and the nanofiber growth rate  cownmme v(8) shoser M il |
change with the chemical potential of diluted carbon.

The model reveals the mechanism by which the shape  Figure 2. Diagram illustrating the physical

and crystallographic orientation of the catalyst process responsible for the shape changes and
nanoparticle are linked to the nanofiber growth rate. the reorientation of catalyst nanoparticle

crystalline axes that have been observed
Figure 2 illustrates the physical process responsible  experimentally.
for the shape changes and the reorientation of catalyst
nanoparticle crystalline axes that have been observed experimentally with changing carbon nanofiber
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growth rate. The chemical potential of carbon in the catalyst particle not only determines the nanofiber
growth rate, but also determines the interface energy between the catalyst particle and the nanofiber.
This interface energy governs the shape of the catalyst nanoparticle, and the crystal anisotropy of the
surface energy of the nanocrystalline particles drives the orientation of their crystallographic axes.
Thus, the shape and crystallographic orientation of catalyst nanoparticles are governed by the interface
energy with the carbon™.

Understanding the nitrogen doping of TiO, nanotube arrays

Identification of the phases of ultrasmall nanoparticles (UNPs) is still a challenging experimental
task, and although theory sometimes assumes the phase of UNPs mimic those of the bulk, it is not clear
whether such phases would indeed be most stable for a nanoscale feature where, characteristically, most
of the atoms are exposed. Note that TiO, thin films, which also have a large portion of atoms exposed, is
not so easily doped with impurity atoms whereas nanoparticles of the same material are.

Given that most of the energetically accessible doping
processes occur at the surfaces of nanoparticles and
films, we have performed atomistic modeling of the
surface structures, and generalize them as atomistic
steps, where an infinitely large step would correspond § 1 to
a flat film. We have considered many different types of MR Lot e il
atomic step-edges of different steps widths and surface (b)* R dameter (om)
terminations (see Fig. 3a,b), and by comparing their
energetics we found that the energy of the steps with
the least stable edge termination (Fig. 3a) has a
dependence on tube diameter, and therefore step-width,
shown in the right panel of Fig. 3a. Conversely, the
energy of all the other configurations, including the
steps with the most stable edge termination (Figure 3b),
stays constant with respect to tube diameter, and by
extension, step-width size. Interestingly, the energy of
the most unstable step configurations can become
stable only for very small widths — i.e., diameter of less
than ~5nm — and indicates that the atomic
configurations of nanoscale surfaces of different
curvature can have a qualitatively different nature. For
nanotube (or nanoparticle) less than 5nm in diameter, it
may be chemically very active only because of the
atomistic arrangement of its surface.
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Figure 3. Theoretical modeling of TiO,
nanotube surfaces; the least stable (a) and
the most stable (b) edge terminations. Only
the most unstable structure has a strong
energy dependence on the edge width as
shown in the graph. EELS study of
individual nitrogen-doped TiO, nanotubes
along the radial direction (c).

This theoretical study helps to explain the nature of nitrogen doping in the coaxial TiO, nanotubes
shown in Figure 3c, where a significantly higher doping concentration was found on the inner surface
than the outer. Coaxial TiO, nanotubes were self-organized during anodization, and had tube diameters
ranging from 40 to 150nm, wall thicknesses from 5 to 50nm, and lengths from 1 to 10 um. Doping was
accomplished by post annealing in hydrogen and ammonia. The most interesting feature of the N-doped
nanotube arrays is the radial variation in nitrogen doping concentration (see Fig. 3c), which is driven by
curvature according to our theory.
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Future Plans

Ultrasmall nanoparticles (UNPs) show very unique features and they can be used as building
blocks for synthesis of other nanoscale materials. Therefore, identifying and understanding their
structures, phases, and interactions are central to control synthesis of nanowires, nanoparticle
assemblies, thin films, and 2D nanosheets from the UNPs. To address this challenge, our theoretical
approach to explore a configuration space of molecules by combining efficient total energy calculations
and computational optimizer algorism will be further developed and applied to the UNPs building
blocks. Once those intermediates or nanoclusters are identified for a given experimental condition,
detailed analysis of their structural and electronic properties will be performed using state-of-the-art
first-principles approaches, where theoretical results will be compared with experimental data such as
HRTEM, XRD, EELS. Then, we will move forward to model processes of doping of UNPs and process
of forming larger nanostructures through melting and sintering UNPs at high temperatures.
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Program Scope

Graphene has received tremendous attention because of its exceptional properties
such as its ultrafast charge transport characteristics® ?; excellent mechanical strength,
flexibility, and resilience®; outstanding thermal conductivity*; and its ultrahigh surface
area / volume ratio. The nanostructuring of graphene further enhances its properties by
altering its electronic structure, opening an energy gap resulting in semiconducting
behavior””, and increasing the accessibility of the surfaces and the edge density. The
exceptional properties of nanostructured graphene materials have the potential to lead to
advances in next-generation photovoltaic energy harvesting, energy storage, and
semiconductor-based logic and sensing. These technological advances will be possible,
however, only if the synthesis of planar nanostructured graphene materials can be
realized with high quality and by rationally controllable means.

Traditionally, planar nanostructured graphene materials have been fabricated by growing
continuous sheets of graphene and then etching the sheets into nanostructures, from the
top-down. However, the top-down nanopatterning of graphene is severely limited by the
etching tools that are available, which induce substantial defects, oxidation, and disorder.
These defects degrade materials performance: for example, the electron mobility in sub-
20 nm graphene nanoribbons patterned using reactive ion etching has been shown to be
~1/10,000 of unpatterned graphene due to disorder.>® ° Therefore, while the properties of
unpatterned graphene materials are exceptional, the properties of nanostructured
graphene materials have, thus far, not been exceptional, by most measures.

The overarching scope of this project is to overcome this challenge and to learn how to
synthesize both monolayered and multilayered nanostructured graphene materials without
highly detrimental etch-induced disorder and with exceptional properties — from the
bottom-up via chemical vapor deposition.

Recent Progress

Recent progress has been made in 3 directions: (A) Growing graphene
nanostructures from the bottom-up via a newly developed synthetic approach we call
barrier-guided CVD (BG-CVD); (B) Understanding, more generally, the epitaxy,
faceting, and crystal morphology evolution of continuous sheets of graphene on
epitaxially oriented Cu thin films during CVD, the results of which tie into developing
(A) but have much broader implications for growing high quality, continuous graphene
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materials; and (C) Repairing defective edges of graphene nanostructures via a newly
developed approach based on edge reorganization catalysis.

(A) Growing graphene nanostructures from the bottom-up via barrier-guided CVD

We have pioneered a new synthetic method for rationally growing graphene
nanostructures from the bottom-up by chemical vapor deposition (CVD) with tailored
shape, size, and crystallographic orientation.°°®! Our approach called barrier-guided
CVD (BG-CVD) confines the crystal growth of monolayered graphene to nm-scale
channels and features. In BG-CVD, crystal growth is laterally restricted on planar metal
surfaces (Cu) by selectively passivating
the Cu with patterned barrier templates (3

(silicon oxide or aluminum oxide) - o
designed to (a) locally limit the L) i

generation of intermediate @ i -t
hydrocarbons, and (b) confine their . sa0 ]
migration. We have demonstrated the . . essne 2
bottom-up growth of nanoribbon arrays %.,‘1, IeSesen s oh

and nanostructures with 25 nm features

on polycrystalline Cu foil substrates

using aluminum oxide barriers (Fig. 1). gé%oép(()?esscré%magﬁ Ofml?oG (r:l;/ij[r)oc(a{ZbgrgA

The res_ulting nanostructures are hi_ghly which (i) diffuse and nucleate graphene,
crystalline without appreciable  (iii) growm to cover the unmasked Cu

heterogeneous nucleation due to the ggggrceed unt ('V%X;m? eentlr(')e S“r';gcﬁer{é
barriers (as characterized by electron nanorlbbons grown from the bottor% upp via
diffraction) and have refined edges BG-CVD.

compared to those produced via top-

down etching (as determined by Raman

spectroscopy). Ultimately, because BG-CVD relies on self-limiting crystal growth
processes and avoids top-down etch-induced defects, we expect this method will lead to

micro- and nanostructured graphene materials with superior performance.

(B) Understanding the epitaxy, faceting, and crystal morphology evolution of graphene
during CVD

In order to learn how to control the crystallographic orientation of graphene
nanostructures during BG-CVD, we have conducted fundamental studies on more
generally understanding the morphology and shape evolution of continuous graphene
crystals during CVD on Cu. In the literature, graphene CVD on Cu has been observed to
be complex, yielding different crystal morphologies, including lobes, dendrites, squares,
rectangles, stars, and hexagons, of various orientations depending on the CVD
conditions. We have comprehensively studied the conditions that lead to these different
morphologies and how they evolve."“%2 In order to gain unique and unparalleled insight
into the problem, growth has been studied on ultrasmooth, epitaxial Cu films instead of
the more common polycrystalline Cu foils. Cu enclosures are used to minimize the
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evolution of the Cu surface morphology and limit Cu sublimation and to decrease the
graphene nucleation density.

We show that at low pressure Increasing Hy:CH,
and low H,:CH, ratio, circular  cution “1
graphene islands initially form. 3
After exceeding ~1.0 pm, LPCVD
instabilities develop and evolve
into dendrites extending
hundreds of micrometers in the

100, 111, and 110 directions on APCVD ' ‘f

Cu(100), Cu(110), and Cu(111), Sum ‘ 14l
respectively_, _indicating mass g.2. CVDof gra hene on Cu 100 as low
transport limited growth. At pressure (LP) ang P mospheric pressure (AP) with
sufficiently  higher  inter-  Increasing Hz:CHy precursor ratio.

nucleation density, the

instabilities run together before they can develop into long dendrites, giving rise to lobed
structures commonly reported in the literature. Twin boundaries and grain boundaries
perturb the preferential growth direction and alter the graphene morphology. Increasing
H,:CH,4 (Fig. 2) results in compact islands that reflect the Cu symmetry (e.g. squares,
rectangles, hexagons). In contrast, at atmospheric pressure, increasing H,:CHy results in
more hexagonal islands on all surfaces, but with multiple preferred orientations on
Cu(100) and Cu(110). At high H,:CH, at both low pressure and atmospheric pressure, a
single orientation of graphene is observed on Cu(111). The understanding gained from
this study provides a roadmap for rationally tailoring the structure, morphology, and
orientation of graphene crystals by controlling the Cu substrate, the CVD chamber
pressure, the H, and CH, partial pressure, and temperature, resulting in fewer defects and
enhanced properties.

(C) Repairing the defective edges of graphene nanostructures

We have recently developed an alternative to BG-CVD for creating graphene
nanostructures with refined edges, via “edge repair”. We first use top-down lithography
and reactive ion etching to create graphene nanostructures with defective edges. We then
anneal them on a Cu catalyst substrate for repair. Edge carbon and hydrocarbon
intermediate species can detach from the edge and adsorb to the Cu catalyst surface,
providing an intermediate location where the species can migrate and then reattach to the
edge elsewhere, thereby lowering the kinetic barrier for edge reorganization so that it can
be realized < 1000 °C.

This annealing is only possible at a critical CVD condition in which attachment and
detachment are balanced. We have elucidated the conditions for achieving this balance
and in particular have identified a critical methane concentration (CMC) for atmospheric-
pressure CVD.P9% Above the CMC, graphene both nucleates and grows; below the
CMC, it etches; while at the CMC, hydrocarbon intermediate species attach and detach
from graphene at equal rates. By studying how the CMC varies with [H;] and
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temperature, we have identified the conditions necessary for our edge annealing reaction
and furthermore elucidated the reaction mechanism. Regarding the latter, we have
developed a comprehensive, intermediate hydrocarbon model of atmospheric-pressure
CVD of graphene on Cu that describes growth rate and nucleation over a large set of
experimental parameters. The model indicates that the growth-limiting intermediate
hydrocarbon is CH. Thus, not only do our results provide a roadmap for annealing defects
out of graphene nanostructures, but they elucidate the underpinnings of graphene CVD
altogether.

Future Plans

Moving forward, we are working to reduce the feature size of the nanostructures
that can be obtained using BG-CVD and edge refinement, to put the nanostructures into a
regime (~5 nm) in which quantum confinement effects will open up a more modest
electrical bandgap (> 0.3 eV). We are working to better characterize the ordering of
nanostructure edges via STM and using polarized Raman spectroscopy. We are working
to better understand the factors that control the crystallographic orientation of graphene
on Cu using LEEM. And, we are working to correlate edge structure and
crystallographic orientation with electronic transport properties (e.g. bandgap and charge
transport mobility).
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Program Scope

Atomic layer deposition (ALD) is a method for depositing thin films of numerous
semiconducting, insulating and metallic materials using an alternating series of self-limiting
reactions between gas phase precursors and the substrate. ALD is proving to be an enabling
technique for creating the innovative nanostructured materials needed for future applications,
including those in solar energy and photoelectrocatalysis. Despite its growing technological
importance, a fundamental, molecular-level understanding of most ALD processes is still
lacking.

The aim of this project is to perform both experimental and theoretical studies to uncover surface
reaction and nucleation mechanisms active during ALD. A combination of in situ and in vacuo
X-ray photoelectron spectroscopy, infrared spectroscopy, synchrotron radiation photoelectron
spectroscopy, and synchrotron radiation X-ray diffraction (XRD) studies are employed, together
with complementary theory and modeling. The research focuses on representative ALD systems
for the deposition of two categories of material: binary and ternary metal oxides, such as SnOx,
Zn0O, and Zn,SnyO,, and noble metals, such as Pt and Ru. Overall, the main objectives of this
study are to develop an improved understanding of the chemical reactions driving both
nucleation and steady state growth in ALD, and to provide the scientific foundation required for
the ultimate design and synthesis of new materials for applications in energy, electronics, and
catalysis.

Recent Progress

Our recent work has focused on experimental and modeling studies of nucleation in metal ALD.
We have also begun theoretical studies of metal oxide ALD. The experimental studies have
utilized both laboratory-based and synchrotron-based techniques to elucidate nucleation
processes in both Pt and Ru ALD.

(f) 600 cycles (HOPG)

The effects of the underlying substrate have a strong influence on
ALD nucleation and growth. This effect was investigated using
the Pt ALD system on highly ordered pyrolytic graphite (HOPG)
as a test case. Pt was deposited by
(methylcyclopentadienyl)trimethylplatinum and air. Our results
show that Pt nanowires (NWSs) form instead of a continuous film
(Figure 1). We show that the Pt is deposited only at the step edges
of HOPG, where chemically active sites exist, and not on the basal Figure 1. Plan-view SEM

planes, which are chemically inert, leading to the formation of image of Pt ALD on HOPG
laterally aligned Pt NWs. By TEM measurements, we show that ’
each Pt NW is comprised of a line of single crystalline grains. A

showing the formation of
laterally aligned Pt NWs.
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growth model involving a morphological transition from 0-D to 1-D structures via coalescence
was developed [1]. Our data show that the width of the NWSs grows at a rate greater than twice
the vertical growth rate. This asymmetry is ascribed to the wetting properties of Pt on HOPG as
influenced by formation of graphene oxide, which we aim to detect in future experiments

We also performed ex situ thin film diffraction studies at the Stanford Synchrotron Radiation
Lightsource (SSRL) on a series of Pt films of differing thicknesses grown on silicon oxide-
covered Si(100). Our results allow us to track the Pt ALD growth from initial island nucleation,
to island growth, coalescence, and film formation. By using 2D grazing incidence X-ray
diffraction (GIXRD), we show that the lattice orientation becomes more [111] oriented during
deposition, with a sharp transition occurring during coalescence. We also follow a transition of
the in-plane strain of the Pt lattice from compressive strain to tensile strain when the individual
islands coalesce into a continuous film. QAY

18 20 22 24 26 28 30 32
| | | | | |

We looked at a second model metal ALD system, Ru, 4o ovcles
and studied the competition between Ru and Ru oxide ] = g — 300 cycles
thin film growth by both in situ and ex situ synchrotron 2 S o e
radiation XRD. We had previously shown that Ru can be 1 g — by gg:ng

>

grown using a new ALD precursor E

bis(dimethylpentadienyl) ruthenium (Ru(DMPD),) and
oxygen at an unusually low operating temperature for
metal ALD (185°C). Recently, we measured the crystal
structure and growth behavior of Ru and RuO;, on -
amorphous SiO, during ALD by Ru(DMPD),. Our in situ
XRD studies (Figure 2) suggest that RuO, films grown 7

by Ru(DMPD), and oxygen at low temperature do not s 15 20 2 24 26 28
initially nucleate as RuO,. Despite large oxygen 2q(12.7 keV)
exposures during the ALD process, the initial nuclei form
as hcp Ru. Then, after higher numbers of ALD cycles,
crystalline rutile RuO, begins to appear. The results
suggest that a critical Ru nucleus size is required to
initiate the growth of RuO,. We speculate that a rate ! :
limiting step in the oxidation of Ru, possibly the collected in situ under ALD
formation of subsurface oxygen, is dependent upon the ~conditions using a fixed grazing
size of the Ru nuclei. Although the hcp Ru films are  incidentangle of 0.40°.

textured with a (002) preference in the growth direction,

the rutile RuO; films have no preferential orientation once they nucleate [2].

a.u.
Ru (100)
RuO, (200)

Figure 2. In situ in-plane diffraction
spectra during the growth of RuO,
ALD by Ru(DMPD); and oxygen(10
s at 1000 mTorr). The spectra were

To develop a better understanding of metal oxide ALD, we have begun ab initio calculations on
tin oxide ALD, a system that we also explore experimentally. The surface chemistry and growth
characteristics of SnOy, ALD from tetrakis(dimethylamino)tin (TDMASn) and H,O on OH-
terminated silicon were investigated (Figure 3). The reaction pathways that we determine
provide the basis for a mechanistic understanding of SnO, ALD on this substrate and facilitate
analysis of previous experimental observations. In particular, our previous experiments showed
an increase in the growth rate of SnOy at temperatures below 100 °C, for which the role of
physisorbed H,O was suggested. Our calculations provide insight into the origin of this effect by
demonstrating that the energetics for the TDMASN reaction with surface OH groups is similar to
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that with H,O molecules. Our results therefore show that

the low temperature effect is not due to an especially facile

e reaction between TDMASN and water. Instead, it is likely
caused by an increased density of OH reactions sites due to

the physisorbed water species [3]. Future investigations are

necessary for understanding the mechanistic details of

4 TDMASNH behavior on surfaces that contain both
,ECS*‘ g *' '. ;’*%} chemisorbed and physisorbed OH groups. The surface
> 58 & j} e chemistry understanding for SnOx is expected to be of
relevance for the ALD of other technologically promising

Figure 3. Model system for materials such as zinc tin oxide.
study of ALD chemistry of

TDMASnN on HO-Si surface.

Future Plans

We plan to extend our studies of metal ALD to better understand the nucleation process under
different oxidizing precursors and conditions as well as on different substrates. Attention will be
placed on changes in crystal structure, particle orientation, grain size, film strain, and
coalescence during the nucleation and growth process. The studies will use our newly built in
situ XRD instrument at SSRL as well as ex situ measurement and modeling. The results from the
metal ALD studies are intended to help us to discover strategies for enhancing the nucleation of
metal ALD on non-metal surface for production of uniform ultra-thin films, which remains a key
challenge in the field. We will also continue to build our program on mechanistic studies of
metal oxide ALD, focusing on SnOy, ZnO, and zinc tin oxide (ZTO) ALD systems. Our studies
aim to answer questions about oxidation state and phase in the deposited metal oxides, the
deviations in growth rate and composition in ternary metal oxides, and compositional uniformity
in ternary metal oxides. Of special interest in each of these systems are questions about how
chemical mechanisms differ during nucleation versus steady state growth, what occurs at
temperatures below standard ALD conditions, and what serves as ALD nucleation sites on
primarily unreactive surfaces.
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Novel theoretical and experimental approaches for understanding and optimizing
molecule-sorbent interactions in metal organic framework materials

Nour Nijem, Kui Tan, Y. J. Chabal, University of Texas at Dallas
Haohan Wu, Debasis Banerjee, Jing Li, Rutgers University
Pieremanuele Canepa, Sebastian Zuluaga, Timo Thonhauser, Wake Forest University

Program Scope: The aim of this program is to develop a fundamental mechanistic
understanding of the interaction guest molecules (e.g. Hz, CO,, N2, CH,) in porous metal organic
framework (MOF) materials, using a combination of novel synthesis, theoretical analysis and
characterization. In particular, we combine high-pressure and low-temperature infrared (IR)
absorption and Raman measurements, adsorption isotherms and isosteric heat of adsorption
measurements with first-principles calculations based on van der Waals density functional (vdW-
DF), to study a number of different MOF materials. One of the goals is to provide insight for the
role of unsaturated metal centers in enhancing molecular uptake, selective adsorption and
diffusion. The short term impact of the proposed work will result from the control and the
understanding of common MOF systems, making it possible to determine the theoretical loading
limits and stability of a specific class of materials. The long term impact will involve the
development of 1) theoretical and experimental methods to gain a fundamental understanding of
molecular interactions within these systems, and 2) new concepts to develop microporous MOFs
with tailored molecular binding and selectivity.

Recent Progress

We have recently focused on two dynamic aspect of gas adsorption
in MOFs: diffusion and selective adsorption. To investigate
diffusion, we have selected a well-studied system, MOF-74,
characterized by unsaturated metal centers with relatively high
binding energies. For selective adsorption, we have examined the
behavior of a flexible MOF synthesized in our laboratory with
interesting structural properties.

ﬁ%ﬁf

o

Diffusion: Combining vdW-DF calculations and time-resolved in
situ IR spectroscopy, we have studied the diffusion of small
molecules in MOF-74-Mg by focusing on the diffusion of H,, CO,,
and H,0 in MOF-74-Mg." Binding-energy calculations indicate that

water binds much more strongly than H, and CO, and thus is
thermodynamically much more likely to occupy metal sites.?* This
finding has tremendous importance for storage and capture
applications.

To model molecular diffusion in the MOF structure, we coupled
climbing-image nudged elastic-band simulations with vdW-DF and
identified four important diffusion mechanisms at the atomistic
scale. We calculated their corresponding diffusion barriers and were
then able to calculate the ratio of diffusion rates for different
molecules using the transition-state theory and Arrhenius transport
equation. By measuring the asymmetric stretch modes of small
molecules over time, we found that MOF loading typically occurs in
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two consecutive steps: first, the guest molecules condense in nanopores on the surface, leading to
very high loading and resulting in a red-shift; second, molecules diffuse from highly loaded to
low-loaded pores deeper inside the MOF, and the asymmetric mode returns to its original
location. From the time scale of this process for different molecules, we determined the ratio of
their diffusion rates, in excellent agreement with our vdW-DF calculations. Our theoretical
model for atomistic molecular transport explains the otherwise difficult-to-interpret experimental
IR macroscopic evidence.

Gate Opening Effect and Hydrocarbon Separation: Separation of hydrocarbons (HCs) is one
of the most energy intensive and costly processes in petroleum refinement industry. The need to
develop adsorbent materials for low-cost and energy-efficient separation of hydrocarbons is
therefore of paramount importance. Porous metal-organic frameworks have proven to be a very
promising adsorbent class for adsorption-based HC separations. Often, their crystal structures
play an important role in the separation process, as in the case of flexible MOFs for instance.
Employing both experimental and theoretical methods we have investigated the effect of gate
opening and selective separation of C1-C4 paraffins and two pairs of C2 isomers (C,H,-C,H4
and C,H4-CyHg), in a highly flexible framework, Zn,(bpdc),(bpee) or RPM3-Zn* (bpdc = 4,4’
biphenyldicarboxylate; bpee = 1,2-bipyridylethene), based on gas-framework interactions at the
molecular level.> Raman spectroscopy and ab initio DFT calculations account for the separation
behavior of the different hydrocarbons and show that H-bonding between their terminal groups
and the C=0 bond of bpdc ligand of the framework is the dominant effect. The separation
behavior of the C2 isomers is found to be dependent on the hydrogen bond strength and the
presence of m electrons. The stronger interaction of longer-chain hydrocarbons and the non-
coordinated C=0 bond in the bpdc ligands present in the 2D layers in RPM3-Zn, are key reasons
for the gate opening pressure dependence (C2<C3<C4) (Fig. 2, Right). Surprisingly, the effect of
terminal CH3 groups is found to dominate over that of the high-density n-electrons in unsaturated
hydrocarbons, accounting for the trends in gate opening pressures in similar size molecules.
Strong H-bonding, as in the case of acetylene, reduces the gate opening pressure, although
acetylene is smaller than the other hydrocarbons. This formation of strong H-bonding was
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identified by the sizeable change of the v(C=0) mode that disappears at 1650 cm™ and reappears
at 1616 cm™ in Raman spectra of Fig. 2 (left). This result confirms that stronger hydrogen
bonding leads to a lower gate opening pressure and suggests a pressure swing adsorption type
separation based on hydrogen bond strength in similar size molecules. This phenomenon also
opens the door for the use of strong hydrogen bonding for the detection of traces of acetylene in
gas flow for practical applications and as a sealing method for storage of adsorbed molecules in
porous materials.

Future Plans
We plan to examine in detail the competitive adsorption of a variety of molecules in selected
MOFs, including the Kkinetics of site exchange, as for instance, H,O and CO; in MOF-74. This
work will also require the development of vdW-DF methods that can handle systems with spins.
We also plan to incorporate catalytic activity within MOFs by incorporating molecular catalysts
within the MOF. Whenever possible, best choices for active metal and ligand structures will be
guided by ab initio simulations.
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A Unified Understanding of Residual Stress in Thin Films:
Kinetic Models, Experiments and Simulations

Eric Chason, Brown University, School of Engineering

Program Scope

Residual stress is a critical reliability issue in thin films. These stresses can be
large enough to induce failure and are strongly tied to the processing conditions. For
example, Ni films grown at 0.1 nm/s are highly compressive (-600 MPa) while films
grown at 20 nm/s are highly tensile (400 MPa) [1]. Although there is a large literature of
stress measurements in thin films [2,3,4], the fundamental connection between the film
growth process and the resulting stress is not well understood. The goal of the work in
this program is to develop a unified framework that can quantitatively explain the
residual stress in terms of the underlying kinetic processes and microstructural
parameters.

The research consists of projects that integrate experiments with modeling. The initial
experiments focus on quantifying the stress in a systematic way that can be compared
with the models: different systems ((e.g. Cu, Ag, Ni, Fe, Cr), different conditions
(temperature, growth rate), different deposition methods (evaporation, electrodeposition)
and patterned/randomly-nucleated films. We measure the in-plane stress integrated over
the film thickness (called stress-thickness) using a multi-beam wafer curvature system
(MOSS [4]) while the film is growing.

The modeling effort utilizes rate equations (described below) to model the stress that
develops at the grain boundary as the film is growing. The model describes the evolution
of the stress with thickness and its dependence on the grain size (L), growth rate (R) and
effective diffusivity (D). The parameters obtained from the modeling will be used to
connect the kinetic processes controlling stress with other measurements of parameters
such as the surface and grain boundary diffusivity and interfacial energy. Additional
modeling will use kinetic Monte Carlo (KMC) simulations to describe the growth of
polycrystalline systems based on atomic-level kinetic

processes. In the latter part of the project, these Deposition flux

experimental and modeling tools will be extended to alloy l 1 l 1 l l l 1

systems.

Recent Progress - ¥ daver |
The current work is centered around a model we wiple 7 a

have developed that predicts the stress evolution junction > |

(described more fully in [4]). In brief, the model boundary

describes the dynamic balances between stress-generating

processes occurring at the grain boundary as the film Figure 1. Schematic of

grows (shown schematically in figure 1). As layers in film structure around

adjacent grains grow towards each other, they formanew  triple junction for model

segment of grain boundary that lowers the bond energy, of stress evolution.
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even at the expense of inducing tensile stress (o7) in the layer [5]. After the grain
boundary forms, the higher chemical potential on the surface can drive atoms into the top
of the grain boundary (triple junction) until it is covered over by the layer above it.
Balancing these Kinetic processes produces a rate equation for the stress in each layer
(indexed by i) as the film grows:

o, =oc +(o7 _Uc)'em(_%%j 1)

where a is the height of an atomic layer and oc is the saturation compressive stress. The
characteristic time in this equation is related to the rate at which the grain boundary
height is changing (dhgv/dt =a/At). In the early stage of growth (island coalescence), this
can be much faster than the average growth rate of the film. For thick films (steady-state
regime) the grain boundary grows at the same rate as the film thickness (44=a/R).

Steady-state stress: We have measured the steady-state stress as a function of growth rate
in Cu layers grown by electrodeposition. This
work was a collaboration among multiple labs .

(Brown, NIST, U. of Limerick) that used A/./o-/;—.r.f
different electrolytes but similar growth T/‘i.
R A ¢ Brown |
m NIST

rates/grain sizes (submitted to a special issue of

J. Electrochemical Society on Electrochemical | & Limerick
Deposition for Interconnects). The results from | —medel 1]
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(multiplied by the grain size) is shown in figure 0 2000 4000 6000

2. The solid line in the figure is a fit to the Growth rate*grain size (R*L) (nm?/s)

model described above, showing that it can Figure 3. Steady-state stress vs

account for the measured dependence of the growth rate for data measured at

stress on growth rate. the three laboratories (as indicated
in the figure).

Stress vs thickness in patterned films: Our model describes the stress in terms of the rate
at which the grain boundary height increases (eg. 1). During the coalescence of
individual nuclei into a continuous film, this velocity changes greatly as the
microstructure evolves. At the initial point of coalescence, the grain boundary grows
very rapidly because of the steep contact angle between the coalescing grains and then
decreases towards the average rate (R) asymptotically. In previous work, we have
modeled this in evaporated Ag films by assuming that the islands are semi-circular in
cross-section. The change in grain boundary growth rate with thickness explains the
measured transition from tensile to compressive stress as the film grows.

However, this shape of islands is only an approximation for grains that have been
nucleated randomly. To determine if the model works quantitatively, we have measured
the stress evolution during the growth of patterned island arrays in which we know the
shape of the islands. Figure 3 shows an SEM image of an array of Ni grains with a
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spacing of 22 microns grown in conjunction with S.J. Hearne at Sandia Labs (not yet
published). The islands are hemispherical in shape (cross-section in figure 3a) with a

a)

Stress-thickness (N/m)
2 & 8 8§

8404 .
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Time (8)
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Fig. 3. a) SEM micrographs of patterned array of Ni islands b) Stress-thickness data
measured using wafer curvature for electrodeposition at different growth rates (as
indicated on figure) Solid lines are fit to stress model described in text.

radius that grows at a uniform rate during electrodeposition. At earlier stages of growth,
(not shown) the islands are not touching. As the thickness increases, the film evolves
with a geometry that mimics the overlap of hemispheres with increasing radii.

The corresponding measurements of stress-thickness vs time from these island array are
shown in figure 3b for different growth rates (as indicated in the figure). The rapid rise in
the stress-thickness occurs when the diameter of the spheres is equal to the spacing
between them and the spheres start to intersect. Initially, the stress-thickness change is
positive (i.e., tensile stress) as the grain boundary height increases rapidly. At longer
times, when the grain boundary growth rate decreases toward the average growth rate,
the steady-state stress depends on the value of R (more tensile for faster growth and
compressive for slower growth, in agreement with eq. 1).

The solid lines in figure 3b represent a fit to the model, using the intersection of growing
spheres to determine the rate at which the grain boundary height is increasing (with the
apropriate growth rates (R) and island spacing (L)). The calculations also include the fact
that the area of contact increases as the film gets thicker. A single set of fitting
parameters (oc - -488 MPa, o1 = 60.8 MPa, and pD/alL = 1.85) was used to obtain the
results shown.

Future Plans

In the future, we will extend our measurements of the steady-state stress in Cu to look at
the effect of different parameters: grain size, additives to the electrolyte, the electrolyte
concentration (exchange current) and deposition method (evaporation). These will
enable us to probe different aspects of the model such as the mobility and the grain
boundary energy. We will also look at other systems with high and low atomic mobility
to further explore the limits of the model’s validity. In collaboration with Gery Stafford
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at NIST we will use impedance spectroscopy to look at the time constants when growth is
turned on and off and relate these to the model parameters. Measurements of the effect
of roughness on steady-state stress will be performed to determine quantitatively how this
affects the stress. Surface roughness can modify the stress-generating mechanisms
included in our model but its effect has not been well measured previously.

Measurements of the evolution of the stress thickness during island coalescence will be
studied in patterned and unpatterned films. The patterned films will be grown through a
proposal to CINT (Center for Integrated Nanotechnology) at Sandia that was approved
this summer. One aspect of this work will be to compare coalescence of hemispheres (2-
d) with the coalescence of cylindrical islands (1-d) to relate the difference in stress-
thickness evolution to the evolution of the grain boundary. Patterns with different length
scales will probe the dependence on L in the model. Unpatterned films of Cu will be
grown by electrodeposition on amorphous substrates to suppress the effects of lattice
mismatch and substrate grain structure on the stress evolution. The parameters from
modeling the patterned films will be compared with the unpatterned films to determine if
they are consistent over different length scales.

Kinetic Monte Carlo simulations of polycrystalline film growth will be performed in
collaboration with Luis Zepeda-Ruiz (LLNL) and Hanchen Huang (Northeastern). These
will enable the atomistic processes of atom incorporation to be modeled for comparison
with the predictions of our rate equations. Although KMC simulations can not directly
model the stress, we have described in previous work [6] how we can use the retained
vacancy concentration as a surrogate for the stress. In later years, we will extend the
experimental and modeling efforts to look at stress evolution in alloy films. These films
are important technologically but there is much less known about the phenomenology of
stress evolution in these systems. We will study a solid solution (e.g., Ag-Cu) and a
phase separating system (e.g., Ag-Ni) to look at how the stress depends on the growth
rate. The samples in these studies will be carefully characterized to make sure that we are
comparing stress in films with the same grain size(s) and composition. Based on the
results we will extend the model to include the different mobility of the two atomic
species and the presence of grain boundaries between different phases.
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Electric-Field Enhanced Kinetics in Oxide Ceramics: Pore Migration, Sintering and Grain
Growth

I-Wei Chen, iweichen@seas.upenn.edu
Department of Materials Science and Engineering
University of Pennsylvania

Philadelphia, PA 19104-6272

Program Scope

Although oxide ceramics have been used in many solid state devices in which electric field is
high and ion conduction is rapid, there has been little systematic study of the material stability
under such conditions. Material stability is usually presumed after initial screening leading to the
material selection, but long term operation and device miniaturization may pose new
circumstances that challenge the presumption. Prominent solid state ionic devices that are
pertinent to energy applications include solid oxide fuel cells and solid oxide electrolysis cells as
well as solid state batteries. A large electric field is also utilized in extreme-condition processing
such as spark plasma sintering.

This work is an in-depth study of three exotic phenomena not previously known to occur in solid
ion-conducting oxides under a large electric current. These phenomena are

(a) neutral objects such as pores and bubbles can move in an uniform electric field without a
direct thermodynamic force;

(b) pore migration and electro-sintering can occur at low temperatures without cation
lattice/grain-boundary diffusion; and

(c) grain growth is position-biased even though the spatially uniform field is not.

Model electric loading experiments in well defined systems are conducted to define the material
parameters that govern these phenomena. The experimental results and theoretical work are
combined to elucidate the thermodynamic and kinetic principles of electric-field-induced
microstructure evolutions in ion-conducting oxide ceramics.

Recent Progress

In Situ Thermometry and Temperature Surge in Flash Sintering

The relatively large current density investigated in this study may induce Joule heating. This is
monitored using impedance spectroscopy, which uses a small AC perturbation over and above a
DC current/voltage to probe the impedance change as a result of the DC power. The AC
impedance spectroscopy has the ability to simultaneously monitor the real part and the imaginary
part of the impedance over an extended range of frequency. This information allows the
separation of the impedances from different parts of the electric-loading-train: the line, the
electrode, and the ceramic ionic conductor in question, which have different characteristic time
constants. Since the microstructure evolution of a ceramic ionic conductor is slow relative to the
temperature change caused by Joule heating, the impedance change of the ceramic ionic
conductor is solely due to the temperature change. It thus provides a means for in situ
thermometry. In situ thermometry using this method is fast since the frequency scan over many
decades can be completed in a few seconds before repeating, continuously in real time. In
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practice, a high frequency reading often suffices allowing a time resolution of miliseconds. The
method is applicable for both large and small samples. It is even feasible for samples that are out
of sight, which is often the case: for example, a small thin disc covered on both sides by
electrodes, or a sample housed in an enclosure.

In our standard work, we use a power that is small enough to not cause a significant impedance
change, thus assuring the sample temperature to maintain at the same level as that of the furnace.
However, to test the limit of this new in situ thermometry, we also conducted experiments that
simulate the so-called flash sintering condition, in which a constant voltage is applied to the
sample while the furnace temperature increases at a constant rate. Our experiment demonstrated
that this condition invariably led to a thermal runaway with an exponential rise in temperature
that cannot be captured, in real time, by conventional thermometry. For example, in a 8 mol%
Y,0s-stabilized ZrO, (8YSZ) under flash sintering conductions, temperature surges up to
1500°C, corresponding to a 1,000x drop in resistance, were recorded under a modest voltage (a
few V). The temperature surge is strongly sensitive to the voltage and the sample size/shape:
under the same field the surge is larger in larger samples, and in samples with a larger height-to-
width ratio.

Pore lono Migration, Electro Sintering, and Pore-Grain Boundary Interaction

We have found under a wide ranging set of electric loading conditions, pores in porous 8YSZ
undergo ion-flow-motivated migration, leading to sample dimensional changes (electro sintering)
and grain boundary distortions. Sample dimensional changes are best illustrated using an initially
uniform disk-shaped sample, which after testing becomes thin in the middle section between two
Pt electrodes. Remarkably, the grain size in the sintered region is uniformly small, independent
of the temperature of electro sintering, and very close to the initial grain size in the porous
sample. This is a remarkable result that is not expected by the prevailing sintering paradigm in
ceramics and metals. A more detailed theoretical study further concluded that electro sintering is
due to (cation) surface diffusion, which is impossible according to the prevailing paradigm of
sintering. Such cation surface diffusion mechanism when coupled to the fast oxygen wind in
8YSZ enables surface reprogramming and pore translation, which accrues to large
microstructural changes. Thus, in almost every respect, the electro sintering results are surprising
and revealing.

To understand the fate of pores interacting with stationary grain boundaries, we have analyzed
the critical conditions for pores to break away from the grain boundary under iono migration
condition. This problem was formulated in terms of the thermodynamic condition (the limit of
capillarity, which provides pinning force) and the kinetic (the time window for grain boundary
bowing, which enables pinning force) condition. Large pores at lower temperature and higher
field are found easier to break away. A (pore size-temperature) map for pore-boundary
breakaway was constructed for various electric fields. This map was compared with the data
obtained in polycrystals of cubic zirconia (8 mol% Y,0s-stabilized ZrO, (8YSZ)) and found in
reasonable agreement. The above problem has an analogy in classical physical ceramics: during
final stage sintering, grain boundary migration may be too fast for pores to follow, resulting in
pores breaking away from the grain boundary. The fundamental difference between the two
problems is that in classical sintering, it is grain boundary migration that sets the speed limit for
pores to follow, whereas in iono migration, it is pore migration that sets the speed limit for grain
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boundary to follow. The map for the former is typically in the (pore size-grain size) space since
grain size determines the driving force for grain boundary migration. Such a map is not
applicable to iono migration since grain boundary is stationary in practically important cases
(e.g., fuel cell and electrolytic cell applications).

To investigate the pore-grain boundary interaction in a well-defined configuration, we used
single crystals of cubic zirconia (8YSZ)) deposited with a thin layer overcoat of polycrystalline
8YSZ sintered to a relatively high density. After applying an electric current, we observed some
residual pores in the thin film to migrate into the single crystal in the direction of oxygen flux but
opposite to the direction of electric field. The sole interface between single crystal and
polycrystal acts as a pore filter: at a given temperature and electric field only pores of a certain
size can pass, which can be used to verify the model prediction. Our data found large pores
migrating furthest into the single crystal, which indicates faster electric breakaway of larger
pores.

Modeling Cation Diffusion in 8YSZ

We have resolved a long-standing controversy in ceramic diffusion literature concerning cation
diffusivity in 8YSZ and similarly (fluorite) structured ceramics. These ceramics have extensive
anion vacancies, which give rise to fast anion diffusivity. However, cation diffusion some 10*
times slower than anion diffusion is the mechanism that controls microstructure evolution,
processing, and mechanical and irradiation properties. Experimentally, the activation energy of
cation diffusivity is found to be around 5 eV according to many studies. Yet all model
calculations suggest an activation energy of at least 10 eV for the cation vacancy mechanism,
and even higher for various cation interstitial mechanisms. Meanwhile, the dependence of cation
diffusion on oxygen pressure is inconsistent with the vacancy mechanism. These discrepancies
are already known for over 30 years without a resolution. Our experiments on electrically
motivated grain growth in 8YSZ revealed another interesting and perplexing observation: grain
growth on the cathode side is orders of magnitude faster than that on the anode side. More recent
experiments on electro sintering confirmed the same. This is itself remarkable: since there is no
gradient in the electric field to justify a faster migration velocity, it must be grain boundary
diffusivity itself that is position sensitive. This sensitivity can only come from a position-
sensitivity in defect concentration, yet the concentration of the dominant defect—oxygen
vacancy, is essentially constant due to the large concentration of the aliovalent dopant (Y*").

Using first principles simulation, we have found that the activation energy of cation diffusion is
highly sensitive to the local structure. Although 8YSZ has a nominally “cubic” fluorite structure,
the local atomic structure is far from being cubic, with Zr surrounded by 7 anions instead of 8
anions as in the fluorite, which confirms the local structure determined by EXAFS. First
principles simulations found a difference of about 5 eV between the activation energy of a 7-
anion-coordinated Zr in “real” 8YSZ and that of a 8-anion-coordinated Zr in “cubic” 8YSZ. This
large difference which can largely resolve the controversy has escaped the attention of all the
previous investigators because they “habitually” adopted the cubic fluorite structure in their
computation.

The result of faster cation diffusivity on the cathode side was also reproduced by first principles
simulation which found a higher diffusivity after introducing a small number of supersaturated
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oxygen vacancies. Unlike the structural vacancies in 8YSZ, which form because of “acceptor
doping” by trivalent Y*' replacing tetravalent Zr**, each supersaturated oxygen vacancy must be
charge-compensated by some form of cation reduction. This raises the ground state energy of the
reduced cation, which lowers the activation energy.

Summary
Our experimental findings and first-principles simulation studies have revealed a large set of

unexpected and novel results, which challenge prevailing paradigms, resolve long standing
controversies, and reveal new kinetic principles and defect thermodynamics, for oxide ceramics
that have active ionic conductivity such as YSZ. These results will have a decisive impact on the
future course of oxide ceramic studies and applications.

Future Plans
We will report results on electro sintering and pore migration in other oxide ceramics of large
ionic conductivity.
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None.
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Program Scope

Nanoscale materials attract considerable interest because of their unusual
properties and potential for practical applications. Most of the activity in this field is
focused on the synthesis of homogeneous nanoparticles from metals, metal oxides,
semiconductors, and polymers. It is well recognized that properties of nanoparticles can
be further enhanced if they are made as hybrid structures. This research is concerned
with the synthesis, characterization, and application of plasmonic Ag nanoparticles (NPs)
and structures. One of the emphases is on asymmetric hybrid nanoparticles (AHN).
These are composed of a metal plasmonic core with other layers and particles on their
surface. The layers and particles are places on the surface in an asymmetric fashion.
These structures exhibit new properties that arise from the interactions between the core
and the layers thereby rendering the development of AHNs fundamentally and practically
important.

Plasmonic NPs exhibit unique optical properties arising from the excitation of the
collective oscillations of the conduction electrons termed plasmon resonances. Plasmon
resonances can be tuned across the visible spectral range by varying the particle size,
shape, and dielectric environment, as well as by organizing the NPs into arrays. Plasmon
excitation in Ag NPs represents the most efficient mechanism by which light interacts
with matter. Because of this efficiency, tunability, and photochemical robustness,
plasmonic AHNs are ideal for applications involving interaction with light. We design
structures for novel optical applications.

Recent Progress

Irradiation of Ag NPs with light results in the
excitation of plasmon resonances. Plasmon resonances can
‘enhance’ many optical phenomena such as Raman scattering
fluorescence, infrared absorption, second harmonic
generation, and Rayleigh scattering, via a strong evanescent
field associated with the oscillating electrons. Ag NPs can
undergo the coherent plasmon coupling when assembled into 1t
2D arrays leading to a sharp cooperative resonance with
FWHM of 10-15 nm (Fig.1). In this case, light interacts not o
with each individual particle in the array but with an
ensemble of particles. The ensemble is characterized by the ¢ — — —
coherent oscillations of the electron density in the particles. ) Wavelengh (im)
The coherent plasmon coupling was discovered in this  Fi9. 1 Coherent plasmon
laboratory and is extensively investigated to understand its ~ coupling (blue) and the
fundamental properties and potential practical applications. ~ Same Ag NPs in the water

The strongest coupling, as evident from the sharpest (Plack). Inset: EM images
of a coupled 2D array
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resonance, occurs at the optimum interparticle distance that depends upon the particle
size and dielectric environment. Once the conditions are optimized, the resonant
frequency becomes sensitive to small changes in the dielectric environment in the space
between the particles and to the presence of different species on the particle surface. This
behavior opens opportunity for various sensing applications of the coherent plasmon
coupling.

In the last year, we have been developing a sensitive, real time measuring system
utilizing the coherent plasmon coupling. The sharpness of the resonance presents an
opportunity for differential optical measurements. A coupled 2D array of Ag NPs is
simultaneously irradiated with two closely spaced wavelengths selected in such way that
they probe the resonance on both sides from its peak. When the resonance shifts to either
red or blue side, the extinction at one wavelength increases whereas the extinction at the
other wavelength decreases. The sharper the resonance the larger the differential signal is
and more sensitive measurements can be performed.

We have developed and constructed an instrument capable of performing the
differential optical measurements. The
instrument consists of a monochromator,
00043 1 in which the exit slit was replaced with
00042 two small apertures permitting two
wavelengths spaced 10 nm apart. The

stirring optics crosses the two beams at
M the coupled 2D array followed by their
e separation into the two detectors with
00038 - corresponding electronics. Typical data
. is presented in Fig. 2, in which the signal
P change is shown with the injection of a
e Tine model compound that changes the
dielectric environment. As the local
dielectric ~ function was increased
stepwise, the  signal increased
accordingly. The table below presents
numerical data for the graph shown in
Fig. 2. The signal-to-noise ratio in the
range of hundreds was obtained in only
10 seconds of the data collection with
the integration time of 300 milliseconds. The detection limit under these conditions was
estimated to be in the range of 1E-05 refractive index units. Further improvements are
feasible with more optimization and a flow-cell setup.

0.0044 -

u
=
8
=
by

Intensity {a.u.)

=4 =]
B

Fig. 2 Differential signal as a function of
the injection of a model compound.
Vertical lines correspond to the noise
spikes due to the injection. See table for
more numerical data.

~5k Data Points Collected Per Change in Refractive Index

Refractive Index Change|  Signal Noise SIN Signal Increase
0 " 0.0036831 [ 4.2008E-06 |876.7615 0
7.00E-05 0.00372299( 5.41509E-06 |687.5206| 3.98832E-05
1.40E-04 0.00377352( 6.81662E-06 |553.5755| 9.04125E-05
3.50E-04 0.00387105( 5.7775E-06 |670.0219| 0.000187951
7.00E-04 0.00401809 [ 5.06459E-06 |793.3681| 0.000334984
1.05E-03 0.00418738( 6.79096E-06 |616.6113| 0.000504277
1.40E-03 0.00435837 8.28483E-06 |526.0668| 0.000675269
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have improved the detection limit by at least two orders of magnitude.

800

Fig. 3 Spectral shift of the
resonance after changing the
refractive index of the
medium by 1.4E-3 units and
measured using conventional
UV-vis spectroscopy. Inset:
Magnified region around the
peak of the resonance. Even
though the shift of the
resonance can be detected, it
cannot be reliably measured
due to the system noise.

To demonstrate the advantage of
the differential optical
measurements, we have also
performed ‘conventional’
measurements on 2D coupled
arrays using a standard UV-vis
spectrophotometer. The
frequency  shift  of  the
cooperative resonance can only
be  detected using  this
instrument  (but cannot be
reliably —measured) at the
maximum (1.4E-03) change of
the refractive index (Fig. 3).
The differential measurements
Another

advantage of the differential measurements is that they can be performed in real time.
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Conduction Mechanisms and Structure of lonomeric Single-lon Conductors
R. H. Colby (PI), J. K. Maranas, K. T. Mueller, J. Runt and K. I. Winey

Program Scope

We have assembled an active team of scientists to study conduction mechanisms in
ionomers. Our focus is on model cation-conducting ionomers that allow systematic
variations in polarity, solvating ability, anionic group, alkali metal counterion and ion
content. The low-T4 ionomers we have studied thus far — sulfonated polyester ionomers
based on poly(ethylene oxide) and polysiloxane backbone ionomers with weak-binding
borate anions and either ethylene oxide or cyclic carbonate side chains — have greatly
advanced the field of single-ion conducting ionomers. This class of material is expected
to play a pivotal role in advanced batteries, as the next generation of battery separator
membranes is expected to require single-ion conductors.

If successful, our fundamental study should lead directly to improved models for cation
motion in soft low-T, ionomers and how that motion is facilitated by changes in ion
content, dielectric constant, solvation and cation-anion pair formation energy. Since very
similar materials are being considered for advanced batteries, fuel cells, actuators, sensors
and super-capacitors, our study of model ionomers will aid in designing superior
membranes for these applications. The fact that ionomers only have a single mobile ion
makes them ideal for studying conduction mechanisms but it is important to note that
these ionomers are not intended to be candidate materials for actual battery applications.
The understanding we develop will instead drive the field towards superior materials as
single-ion conductors for various applications, guided by our Primary Target: What is
needed to build a single-ion conducting polymer membrane with high conductivity? That
target will be explored via random copolymer ionomers made by RAFT, from various
anionic and polar comonomers and blending with various nonionic polar oligomers as
nonvolatile plasticizers. Our Second Target will address the question: Can we achieve
sufficient mechanical properties without sacrificing conductivity? That question will be
addressed by constructing block copolymers having a high-Tg hard block for mechanical
strength and a low-T soft block for ion conduction.

To accomplish these goals we have a team of five faculty, one post-doc and nine graduate
students. Ralph Colby (Materials Science, PSU) has considerable experience with
synthesis, dynamics, mechanical properties and charge transport in ionomer melts and
polyelectrolyte solutions. Janna Maranas (ChemE, PSU) brings MD simulation expertise
and calibration of simulations using quasielastic neutron methods and her force fields
have been fully tested for PEO-ionomers. Karl Mueller (Chemistry, PSU) is an expert on
multinuclear NMR methods, vital for probing ion surroundings and ion diffusion. Jim
Runt (Materials Science, PSU) uses FTIR and dielectric relaxation spectroscopies to
study ionomers, with methods developed to extract conducting ion content and mobility.
Karen Winey (Materials Science, UPenn) is a world-class expert on characterizing the
morphologies of ionomers using X-ray scattering and scanning transmission electron
microscopy methods.
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Recent Progress
Polyanions We have developed ab initio methods (using Gaussian software) to identify
ions and polar groups from which to construct single-ion conducting ionomers for facile
transport of any particular ion [pub #2]. For transporting Li*, these quantum chemistry
calculations have led to constructing ionomers [pub #6] based on polar cyclic carbonate
side groups and weak-binding tetraphenyl borate or perfluorinated tetraphenyl borate side
chains (see figure below).

We synthesized anionic polysiloxanes with polar F
carbonate side groups (in blue) and weak-binding F F
tetraphenyl borate or perfluorinated tetraphenyl £ FEY F E
borate side chains (shown at right in red) and O O_@QBEQ_F
lithium  counterions  [pub  #6], using -Si—~ oA=L KL
hydrosilylation. Blending with M = 600 g/mol jf\%(
poly(ethylene glycol) (PEG) improves ion —\ﬂ T
conduction by improved solvation, lower T4 and o

homogenization [paper in preparation]. The \—(i

inherent problem with the neat copolymer ° o

ionomers seems to be that while the polar carbonates (blue) solvate Li*, they microphase
separate from the borates (red). We also have developed a variety of non-volatile
oligomeric plasticizers based on ethylene oxide (for strong solvation of Li*) and cyclic
carbonates (to raise dielectric constant) and blended those with these siloxane-carbonate-
borate ionomers. The plasticizers boost ion conductivity greatly, by lowering T4 and
solvating Li*, homogenizing the system and allowing all Li* to contribute to conduction
[paper in preparation].

Polycations For construction of polycations to transport F~ or OH" (other potential
lightweight battery ions) we used ab initio methods to prove that phosphoniums are both
weaker binding and more stable than ammoniums or imidazoliums. The ionomers we
have synthesized are the topic of a paper recently submitted to Chemistry of Materials.
The reason for the weakened ion interactions and improved stability for phosphonium is
fully understood. P is less electronegative than C, so the phosphonium has the expected
strongly positive P but with weakly negative carbons attached to it that act to shield the
positive charge from the small anions and stabilize the carbons by making their protons
less acidic. In contrast, nitrogen-containing cations (such as ammonium and imidazolium
that we have studied) have N more electronegative than C, making the nitrogen bear a
negative charge in these cations, with the attached carbons strongly positive and easily
accessible to both the anion (meaning they bind the anion more strongly) and attack on
their much more acidic protons (making them less stable).

We have used the same hydrosilylation chemistry above to construct cationic
polysiloxane ionomers with phosphonium and oligo ethylene oxide side chains, with
fluoride, hydroxide or bromide counterions. These anion conductors are potentially
useful for F~ or OH" conducting membranes for batteries and fuel cells and even at high
ion contents these ionomers have very low Ty = -75 °C and reasonable ion conductivity
without any solvent present. X-ray scattering suggests no ionic aggregation and this
helps to keep Tg low, detailed in our paper recently submitted to Chemistry of Materials.
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Future Plans
RAFT lonomers
Both polyanions and polycations have been successfully synthesized by our team using
Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization methods.
One Ph.D. student has been using RAFT for the past 2 years and is developing expertise
in this standard polymerization method. Owing to different monomer reactivities, we
typically react to 70 or 80% conversion, resulting in quite uniform random copolymers.
A strong advantage of RAFT is that, in contrast to our previous polymerization methods,
it is straightforward to make ionomers with molecular weight in the 30,000 < M <
600,000 g/mol range, with fairly narrow distributions, My/M, < 1.2.
Nice examples are the random copolymers of sulfonated styrene and
methacryl-PEO, such as the one shown at right. Both homopolymers
are fully water soluble so the copolymers are easily purified by
aqueous dialysis and the counterion can be exchanged by simply

40 10¢ adding a 100x excess of a
0l . T lithium salt (for example) during

g o . 0 dialy_sis. Ty stays quite low at

5 . ot S low ion content (Ty < -40 °C for

9 * o0 = less than 40 mol% sulfonated

= Ay ‘ o © styrene) while T, increases more rapidly at higher
S0y o 102 ion contents, eventually exhibiting two Tgs in DSC
80 * L= at 70 mol% sulfonated styrene (blue symbols in the

T & 8 o\ » plot at left, with 25 °C conductivity in red).

lon Content [mol %]

RAFT Block Copolymer lonomers

We are now shifting our focus to study block copolymer ionomers made by RAFT. One
block is a random copolymer of a sulfonated monomer and methacryl-PEO, such as the
one shown above, designed to have low-T4 and high conductivity of cationic counterions
such as Li* or Na*. The second block needs to be high-T, and impart good mechanical
properties. Several candidates have been tried but we are now planning to focus on
dimethyl acrylamide as the hard block, with T4 = 120 °C. The enormous advantage of
this high-Ty polymer is that it is fully water soluble, allowing our usual method of
exhaustive aqueous dialysis, effectively flushing many liters of water through the solution,
to remove impurities. Poly{dimethylacrylamide)-b-(PEG,M-ran-sodium sulfonated styrene)

The chemical structure of these block o

copolymers is shown at right. As with
all of our team’s work, we plan to use
the wvast array of experimental
materials science methods to fully
characterize these materials,
emphasizing X-ray scattering (both
morphology of ions and microphase
separation of the two blocks),
dielectric spectroscopy (ion conductivity and segmental polymer motions), linear
viscoelasticity (modulus and softening at lower frequency / higher temperature) and "Li
PGSE NMR to study diffusion of Li".
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Title: Integrated Growth and Ultra-low Temperature Transport Study of the 2" Landau
Level of the Two-Dimensional Electron Gas

Principal Investigators: Gabor Csathy and Michael Manfra
Institution: Purdue University

Address: 525 Northwestern Ave., West Lafayette, IN 47907
E-mail of Pls: gcsathy@purdue.edu, mmanfra@purdue.edu

Program Scope

We have developed a synergistic experimental program based on systematic growth and ultra-
low temperature measurement of high quality GaAs crystals tailored to answering outstanding
questions concerning the collective behavior of the correlated electronic ground states of the two
dimensional electron gas. Our primary focus is the study of the fractional quantum Hall states
and exotic electronic solids of the second Landau level, i.e. corresponding to Landau level filling
factors 2<v<4. There is mounting theoretical and experimental evidence that several fractional
quantum Hall states in this region are not well described by the model of non-interacting
composite fermions. For example, the even denominator state at v=5/2 may result from an
unusual pairing mechanism of the composite fermions described by the Pfaffian wavefunction.
Because the pairing is believed to be p-wave, the 5/2 state may resemble other condensed matter
systems of current interest such as strontium ruthenate, certain fermionic atomic condensates,
and the quantum liquid He-3. Moreover several odd denominator fractional states in the 2"
Landau level such as the 2+2/5 and 2+6/13 states are quite distinct from their well understood
lowest Landau level (v<2) counterparts.

The study of the 5/2 state has been reenergized with the prediction that its excitations obey exotic
non-Abelian statistics. The v=5/2 and other novel states in the 2" Landau level are not only of
fundamental interest as they may manifest behavior not seen in any other physical system, but
also may find technological utility in fault-tolerant schemes for quantum computation. These
exotic states are, however, fragile and hence they develop only in the highest quality GaAs host
crystals and typically only at the lowest electron temperatures.

The goal of our program is to use incisive experimental techniques to generate new insight into
the nature of the exotic correlated states of the 2" Landau level. We carry out an integrated
growth and experimental study of the two-dimensional electron gas in GaAs in the 2" Landau
level by focusing on:

1) Growth of ultra-high quality GaAs/AlGaAs heterostructures specifically tailored to study
the impact of various material parameters on the stability of the various fractional
quantum Hall ground states in the 2" Landau level.

2) Application of novel techniques together with transport measurements in the most
interesting but technologically difficult ultra low temperature regime (T~5mK). As this
regime is still largely unexplored, new and unanticipated results can be expected.

Recent Progress

This project builds on the ongoing collaboration of the Pls and unique experimental capabilities
developed at Purdue University. Our team has recently developed a unique combination of next
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generation growth and measurement capabilities needed to address several of the outstanding
problems in the field of 2D electron physics.

Manfra has designed and built a highly customized MBE
chamber designed for the growth of ultra high mobility
GaAs/AlGaAs heterostructures (see Fig.1). Over the past
year, Manfra’s DOE-related work has focused on 4
primary tasks: 1) improvement of 2DEG samples for
examination of exotic 2nd Landau level physics, 2)
growth and processing development of in-situ backgated
ultra-high mobility 2DEGs, 3) growth and charaterization
of 2DEGs with controlled disorder, 4) growth of samples
specifically  designed for DOE-funded external
collaborations. Towards  these  ends  several
accomplishments are noteworthy.

a. electron samples with a recond high stability of
the exotic v=5/2 fractional quantum Hall state
as measured by the largest energy gap of
569mK. This is an ongoing work, the first
results are already published [1,2].

Fig.1l. Manfra’s custom-designed
MBE installed at Purdue.  This
new machine is producing samples
of record quality used not only in

b. samples in which the 2DEG density can be  this cyrrent project but also
tuned W|th1a1n |r]2-3|tu.backgate from 2x107°cm™  yistributed among  colleagues,
to 2'76)(1% cm® with a peak mobility of geyeral of which are DOE
17x10°cm?/Vs at T=0.3K. supported.

c. aseries of samples with different stregth of the
alloy disorder including samples with Al concentrations as low as 0.057% [4].

d. Manfra’s samples have been widely distributed to collaborators, including many
DOE-funded researchers.  Samples have been grown for approximately 15
independent research groups around the world. Manfra’s work with Michael Zudov of
the University of Minnesota is a prime example of his external collaborations with
DOE-funded researchers [6-8].

Csathy has built a specialized ultra-low temperature
refrigerator capable of cooling electrons in
semiconductors to 5mK [9,10]. This setup not only
cools the electrons but also allows for a reliable
magnetic-field-independent temperature
measurement of the local bath via He-3 viscometry.
His immersion cell is shown in Fig.2. Notable
results from his lab supported by this DOE award
are:
a. discovery of a unique experimental
signature in the Ry of the exotic
electronic solids called the bubble

phases [1].

b. we have reported unexpected results of
the bubble phases in the third Landau
level [2].

c. we have made significant progress with
the measurements of samples with alloy
disorder [4].
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Fig.2. Csathy’s He-3 immersion cell
allows reaching temperatures of 5mK
(left). A sample mounted on sintered
Silver heat sinks (right). Reliable
temperature measurement is achieved
using a novel quartz He-3 viscometry [9].



Our progress is evident in the observation of some of the most fragile fractional quantum Hall
states [1, 2]. Our electron samples show extremely robust fractional quantum Hall ground states
in the lower spin branch of the second Landau level near the filling factor v=5/2 [2]. The v=5/2
state in one sample grown by Manfra has the largest excitation gap ever reported — close to 0.6
Kelvin. The fine details of the transport features near v=5/2 are shown in Fig.3. In particular,
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Fig.3 Magnetotransport in the second and third Landau levels showing the prominent
reentrant integer states shaded in yellow and many fractional quantum Hall states marked by
their quantum number. See reference [2] for more detail.

3z

we find a completely well-formed v=2+2/5 state. This v-so—@é-\—-—--‘ ------- ' 0

feature has only been reported in 2 samples during the past 1 /| R

6 years, yet it appears quite strong in many of our samples. A T / e O]
In addition, we see rich physics in the upper spin branch, oo ' -

near the quantum number v=7/2, and in the third Landau < ', )\ _veaam| g
level, near v=9/2 and 11/2. The exquisite quality of the >:eo} Remne| =
data enabled us, for the first time, to investigate the ] I e
reentrant integer quantum Hall states (RIQHS). In a el raal] | \y=2en]
recently published Phys. Rev. Lett. [1] we report an | /™ |
unexpected sharp peak in the Ryx versus temperature curve hise h f‘i"z .

of the reentrant integer states, also called the bubble ool .. .. . . JL— ., . 1%
phases. We associated these peaks with the melting of the TImK TImK

collective ground state. This allowed us, for the first time, Fjg.4 The prominent changes in
to compare energy scales of various reentrant states [2].  poth Ry and Ry signal the onset of
We found that the onset temperatures scale with the  the electronic bubble phases, see
Coulomb interaction energy. This comparison allowed us  reference [1].

to conclude, that since the interaction energy plays a

dominant role in the formation of these phases, the eletrons are not randomly localized but form
a strongly interacting phases, most likely an exotic electron solid. Furthermore, we found that,
contrary to expectations, the onset temperature in the third Landau level is substantially higher
than that in the second Landau level. This large discrepancy is not yet understood, but it shows
us that there is still much to be learned about these states.
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Available data suggests that the 5/2 state responds differently to different types of disorder.
However, in all prior measurements, disorder is uncontrolled as it is the residual disorder from
the sample growth process. Manfra has grown a set of samples with deliberate introduction of a
specific type of disorder: short range alloy disorder [4]. What is remarkable about these samples
is that they host well-developed 5/2 states even in the regime in which alloy disorder dominates.
The low temperature transport measurements are currently under way.

Under this program, Manfra has also grown high quality two-dimensional hole samples, for
which he holds the record for mobility. Manfra’s students found that the mobility exhibits an
unexpected peak at the relatively low hole density of ~6x10*°/cm?. Their analysis of known
scattering mechanisms was not able to account for the observed behavior leaving the possibility
open for an underappreciated mechanism at high densities [3].

Future Plans

We will continue our effort in studying disorder effects by energy gap measurements in the
presence of alloy disorder. We will then extend our studies to other types of well-controlled
disorders. We are also investigating the spin polarization of the v=5/2 state. Finally, our recent
result on the reentrant insulating states calls for their study in high Landau levels. Such
investigations involve a coordinated effort between growth and ultra-low temperature
measurement and are part of our long term effort aimed at exploring unconventional collective
behavior in low-dimensional systems.
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High-Throughput Preparation and
Characterization of VVapor-Deposited Organic Glasses

S.S. Dalal, D.M. Walters, A. Gujral, and M.D. Ediger
Department of Chemistry
University of Wisconsin-Madison, Madison, W1 53706

Program Scope

We discovered recently that organic glasses with high density, low enthalpy, and
extraordinarily high kinetic stability can be prepared by physical vapor deposition.' Prior to our
recent work, these high density/high stability glasses would have been considered to be
“impossible materials” in that one would have to age an ordinary glass for thousands of years or
more to achieve similar properties. In order to reveal the full potential of these stable vapor-
deposited glasses for a variety of applications, and to answer fundamental questions about the
amorphous state, we are working to achieve the following objectives: 1) Develop high-
throughput methods to characterize the density, surface topology, and molecular packing of
vapor-deposited organic glasses. 2) Advance understanding about how the properties of vapor-
deposited organic glasses depend upon deposition conditions, substrate, and film thickness. 3)
Understand the microscopic packing responsible for the macroscopic anisotropy of some vapor-
deposited glasses. 4) Prepare a wide variety of glasses from molecules relevant for organic
electronics, both to understand generic features of vapor-deposited glasses and to allow the
optimization of deposition conditions for applications in this area. 5) Advance fundamental
understanding of amorphous systems by attempting to prepare materials that are equivalent to

supercooled liquids equilibrated at very low temperature.
Copper )
Thermal Paste Silicon

Recent Progress

We have developed a high-throughput protocol to  &'°] 5k = mox
characterize vapor-deposited organic glasses. Our previous 2 '°| I 2«2
work has shown that substrate temperature can have a g %°
significant effect on the physical properties of an organic ~ g %017 ==
glass made by vapor deposition.? There has been no 205 Ap
efficient way to study the effect of substrate temperature in a ;'1-0 " e -
rapid fashion, significantly hindering progress in 45 = . :

295 305 315 325 335

understanding structure-property relationships in these
materials. In the past year, we have demonstrated a
technique which allows the high-throughput characterization

Ramping Temperature (K)

Figure 1. Top: A diagram of the

of many properties of organic glass-forming materials.®> Ina temperature  gradient ~ sample

single experiment, we are able to measure the density, holder. Bottom: Parallel

molecular orientation and kinetic stability of a large range of ~ dilatometry — measurements  for

glasses using spectroscopic ellipsometry. many  different  glasses  of
indomethacin. Different colors

Figure 1 schematically illustrates the experiment. A silicon ~indicate  different  substrate

wafer is suspended between two copper fingers which are at tempei\ratures from the same
sample.
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different temperatures. This imposes a temperature gradient onto the silicon wafer which is used
as a sample substrate during deposition. After deposition, we heat the sample on our
ellipsometry stage and perform dilatometry experiments on many different glassy materials
simultaneously. As shown in Figure 1, all the different glass samples initially expand linearly as
solids. At Tonset, Which depends on substrate temperature, the glass structurally transforms into
the supercooled liquid (SCL), which is identical for all the glasses. For the samples shown here,

Tonset 1S UP to 18 K greater than the conventional glass
transition temperature Ty, indicating that these materials
have achieved significant Kinetic stability in comparison
to the liquid-cooled ordinary glass (OG). The thickness
difference between the as-deposited material and the
ordinary glass determines the density of the vapor-
deposited glass. The agreement of T4 and the thermal
expansion coefficients of the ordinary glass and
supercooled liquid for all the substrate temperatures
ensure that all of the transformed materials are in the
same state at the end of the experiment.

Figure 2 shows the density of as-deposited
indomethacin glasses as a function of substrate
temperature for several temperature-gradient
samples. This data is acquired by mapping the

1.4
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%

Figure 2. The density of vapor-
deposited indomethacin  glasses
relative to the ordinary glass,
determined for many different
substrate temperatures.

= 108

sample before and after transformation into 2.0
the supercooled liquid.

Figure 3 highlights the influence of Kinetic '
and thermodynamic competition in these
materials by comparing measurements of the
isothermal resistance to transformation into
the supercooled liquid,* the longitudinal 0.5 |
sound velocity (which is related to the
modulus)® and the density.> The red region
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2>
Isothermal Transformation Time (sec)

- 2420

0.0

indicates where true equilibrium supercooled 200 220 240 260 280 300 320

liquids are prepared. In the yellow region
the macroscopic observables follow the
equilibrium trend but these materials are
structurally anisotropic. In the blue portion
of the plot, kinetics dominate the structure of
the glasses and the different observables
decorrelate. We anticipate materials with  Figure

L 102

Substrate Temperature (K)

e Density (This Work, 0.2 nm/s)
Supercooled Liquid (Extrapolated)
Longitudinal Sound Velocity
0.2 nm/s 2 -4 nm/s
Isothermal Transformation Time
%* 0.2 nm/s 0.8 nm/s % 7 nm/s

3. A comparison of three

interesting and unexpected properties in this  ghservables reveals the competition between

domain. kinetics

and thermodynamics  during

physical vapor deposition.

Glasses have been prepared from molecules

relevant for organic electronics. We used our high-throughput protocol to prepare a variety of
glasses of molecules relevant for organic electronics. In order to measure the dichroism of these
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molecules, we upgraded our spectroscopic ellipsometry to increase its spectral range to 245-
1000nm. We quantify the dichroism using the order parameter, S, calculated as shown in
Equation 1.

k, -k

= 3 2 1 _ K27 %y
(1) S=3(ost)-5 = Ky +2 kyy

By calculating the dichroism for the strong transition dipole moment along the long axis of the
molecule, the order parameter describes how the molecules are aligned.  Vertically aligned
molecules have an order parameter value of 1, horizontally aligned molecules have a value of -
0.5, and randomly arranged molecules have value of zero. We observe nearly identical trends in
the birefringence and order parameter, suggesting they ¢ 5

describe the same type of molecule orientation.

Figure 4 shows how the order parameter depends on the
substrate temperature during deposition for several - 9
molecules relevant for organic electronics. The general " DSA-Ph
trend is the following: Ordinary glasses, prepared at 0.2

substrate temperatures above Tg, are nearly isotropic and o 0.1 1
have an order parameter of about zero. As the substrate 2 o0
temperature decreases, molecules have a tendency to § 4|
stand-up and align vertically, as indicated by a positive %_02_
order parameter. Lower substrate temperatures result ina § =

. o . ; 03] o DSA-Ph
negative order parameter, indicating horizontal alignment. 02 ° NPB

While it has previously been reported that high aspect ratio 0.4
molecules tend to show horizontal alignment,® vertical
alignment and the strong substrate temperature dependence
are unexpected and not yet understood.
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Figure 4. Structures and order

parameters for molecules used for

High-throughput WAXS. Previously we have reported that organic electronics.

wide angle X-ray scattering (WAXS) can detect short
range molecular ordering that depends on substrate
temperature in indomethacin glasses.* This packing is
different from that measured using spectroscopic
ellipsometry.®  This makes WAXS a complementary
technique for studying the anisotropic packing of molecules

Intensity (a.u)

- Decreasing

relevant for organic electronics.
“ substrate
We have measured two-dimensional WAXS patterns for a ~ temperature

variety of TPD glasses prepared with our high-throughput . T
protocol. Figure 5 shows the integration of a 2D WAXS T R
pattern for TPD glasses from the same sample across a 12 K 26

range in substrate temperature. ~ The signal intensity Fjgure 5. Integration of 2D WAXS
increases with decreasing substrate temperature 260 = 10°. patterns for TPD. Different colors
This is indicative of a second length scale important for the jndicate different substrate

packing of TPD molecules. temperatures from the same sample.

121



Future Plans

In the remaining 20 months of our project, we have these priorities: 1) Complete our
ellipsometric investigation of stable glasses of seven molecules utilized in organic electronics. 2)
Continue the development of WAXS measurements in conjunction with temperature-gradient
samples. 3) Begin IR and AFM characterization of vapor-deposited glasses. 4) For one
molecule, likely a,a,3-TNB, prepare temperature-gradient samples at a series of deposition
rates. 5) Utilize the temperature-gradient stage to measure transformation growth front velocities
as a function of deposition conditions.
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Program Title: Artificially Layered Superlattice of Pnictide by Design
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Program Scope

The goals of the program are to grow artificially engineered superlattices of pnictide materials by atomic
layer-controlled growth, and to understand how structure property-relationships interact with the novel
superconductivity in the pnictides so as to develop new understanding, applications, and devices. The
critical scientific issues we will address include growth mechanisms, interaction between
superconductivity and magnetism, interfacial superconductivity and physics of flux pinning in pnictide
thin film heterostructures. We expect that this goal will also enable an understanding of the fundamental
heteroepitaxial growth of intermetallic systems on oxide surfaces and role of interfacial layers in a
sufficiently general way that can be applied broadly to many different material systems.

The discovery of superconductivity with transition temperatures of 20K-50K in iron-based materials has
initiated a flurry of activity to understand and apply these novel materials. The superconducting
mechanism, the structural transitions, the magnetic behavior above and below T, the doping dependence,
and the critical current and flux-pinning behavior have all been recognized as critical to progress toward
understanding the pnictides. A fundamental key to both basic understanding and applications is the
growth and control of high-quality epitaxial thin films and superlattices with atomic layer control. The
ability to control the orientation, the strain state, defect and pinning site incorporation, the surface and
interfaces, and the layering at the atomic scale, are crucial in the study and manipulation of
superconducting properties.

An important characteristic of the Co-doped BaFe,As; (Ba-122) material is the relatively low values of
doping required to produce superconductivity. This leads to homogeneous films, and similar lattice
constants between differently doped films, and great potential for epitaxial superlattices. The 122
materials share the fundamental iron-containing planes that are believed to be responsible for
superconductivity, and they potentially all share the same basic mechanism of superconductivity, with a
leading candidate being s™ pairing between electron and hole pockets at the zone center and boundary.
All share the five Fe 3d-orbitals important in the electronic structure, leading to a richness that has great
potential for manipulation. In addition, the likely coexistence of magnetism and superconductivity for
low-doping, and the nearby structural transitions in the intermediate-doping region, offer great flexibility
in the design of new superlattices of, for instance, doped 122 and perovskite oxides, 122 layers of
different doping levels, and doped 122 layers with the semi-metallic undoped parent compound.

We are guided to the main goals by our understanding developed over the last three years in relating
pnictide structural and superconducting properties. The new film growth methods used in this project
enables us to not only resolve these uncertainties, but also to design and synthesize new pnictide atomic
layered structures that explore the limits of this material’s superconducting properties. The thrusts of our
project are:

(1) Atomic-layer-controlled growth of artificially engineered superlattice synthesis

(2) Designing interfacial superconductivity at pnictide and FeSe interfaces.

(3) Investigation of interaction between superconductivity and magnetism by proximity effect

(4) Understanding and control of flux-pinning mechanisms

(5) Study of growth mechanisms of heteroepitaxial superlattices and artificial pinning centers
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Recent Progress

Artificial layered superlattices offer unique opportunity towards tailoring superconducting properties and
understanding the mechanisms of superconductivity by creating model structures which do not exist in
nature. We have successfully demonstrated the growth of two different types of artificially engineered
superlattices of pnictide superconductor by pulsed laser deposition. First, we have grown a structurally
modulated SrTiO3; (STO) / Co-doped Ba-122 superlattice with sharp interfaces. The epitaxial crystalline
quality and modulation wavelength (A) of the superlattices were determined by four-circle x-ray
diffraction (XRD). Figure 1a shows the ¢-26scan of the (STO1,nm / 8 % Co-doped Ba-12213 nm) X (n=24)
superlattice (STO SL) on 40 nm STO templates deposited on (001) (La,Sr)(Al,Ta)O3 (LSAT) substrates.
Figure 1(b) is a magnification of Fig. 1(a) close to the 002 reflection of the STO SL which clearly shows
satellite peaks with calculated modulation length A = 14 nm + 2 nm the same as the nominal A. We have
also grown oxygen-rich undoped BaFe,As; (Ba-122) / Co-doped Ba-122 compositionally modulated
superlattices.

To investigate the microstructure of STO and O-Ba-122 SLs, transmission electron microscopy (TEM)
was used. Figure 2a, b show cross sectional low and high magnification high-angle annular dark field
(HAADF) images of STO SL. In Fig. 1(c), bright and dark layers correspond to 13 nm Co-doped Ba-122
layer and 1.2 nm STO layer, respectively. We can clearly see that there are 24 STO / Co-doped Ba-122
bi-layers and A is 14 nm in accordance with our design and the modulation wavelength determined by x-
ray diffraction. Figure 2d is a cross-sectional TEM image of the O-Ba-122 SL, which clearly shows 24
bilayers and the modulation wavelength A=16 nm. The interface O-Ba-122 layers have grown as laterally
aligned but discontinuous second phase nano particles of several nm size. The structure of the O-Ba-122
SL is more desirable than the structure of the STO SL for flux pinning, since the O-Ba-122 SL has
structural defects in both c- and ab-axis directions.
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Figure 1. XRD patterns obtained on STO inserted Co-doped BaFe,As, superlattices (a), Out-of-plane -2 XRD
pattern of (STO;, ,m/Co-doped Ba-122:5 ,m)*x24. (b), Magnified at near 002 reflection of (STO,, ,n/Co-doped Ba-
12213 ym)*x24. (c) HAADF image of the <100> projection of (STO;, nn/Co-doped Ba-122;; ,m)x24. ¢, Cross-
sectional TEM image of the <100> projection of (O-Ba-122; ,n/Co-doped Ba-122;3 nn)%24. Arrows indicate nano
particle arrays in the O-Ba-122 layer along ab-axis.

In order to understand the effect of this nanostructural engineering on J. and Hi, we made extensive

characterizations at various temperatures, fields and field orientations to the crystal axes. Figure 2(a)
shows Jc(H) for H//c at 4.2K far from T.. It is immediately clear that the two samples with c-axis nanorod
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pinning defects have much higher J.(H) and H;.(T). The influence of the ab-plane defects is revealed in
Fig. 2(b) where the J. anisotropy for the O-Ba-122 SL and Co-doped Ba-122 single layers at 16K for
perpendicular (H//c) and parallel (H//ab) configurations is compared. Despite these data being affected by
their T, differences, both samples have the same H,~11T for H parallel to the c-axis, a result consistent
with the lower density of c-axis pinning centres in O-Ba-122 SL compared to the single layer Co-doped
Ba-122. But the really striking result is that the inverted Hj,, anisotropy seen for the single layer film with
only c-axis defects (H;.r for H//ab is less than for H//c) is corrected when ab-plane pins are present in the
O-Ba-122 SL film. It is clear that H;., for H//ab (Hirrab) of O-Ba-122 SL is approximately doubled from 9
to ~19 T, restoring the expected anisotropy of Hj, and J.(H) without any degradation to the c-axis
properties. This enhancement is due to the presence of the ab-plane aligned nanoparticles in the O-Ba-
122 SL shown in Fig. 1.

The angular transport J. of the STO SL, O-Ba-122 SL, and Co-doped Ba-122 single layer shown in Fig.
2(c) evaluated at a constant reduced temperature T/T. ~0.6 provides further insight into the pinning
effects of the nanoparticles. The Co-doped Ba-122 single layer shows only the strong c-axis pinning
produced by the correlated, self-assembled nanopillars, while the J. of the STO SL shows only a sharp,
few-degrees wide peak when the magnetic field is aligned with the ab-plane STO superlattice. The J;(6)
of O-Ba-122 SL is higher than the other two samples and shows both strong ab-plane and c-axis peaks,
which is quite consistent with the ab-plane aligned second-phase nanoparticles of the bilayer and its c-
axis aligned defects, seen in Fig. 1(d).
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Figure 2. J. as a function of magnetic field. a, Magnetization J. as a function of magnetic field at 4.2K with the
field applied perpendicular to the plane of all three films. b, Transport J. as a function of magnetic field at 16K with
the field applied perpendicular and parallel to the plane of (O-Ba-122; ,/Co-doped Ba-12213 ) X 24 and Co-doped
Ba-122 single layer thin films. ¢, Angular dependence of transport J. at 4T for all three films at a reduced
temperature of T/T, = ~0.6.

Future Plans
(1) Superconductivity and magnetism at atomically abrupt Pnictide interfaces

The interaction between magnetism and superconductivity is central to the physics of pnictide
superconductors, as well as other modern superconductors with potential applications. We have
demonstrated that epitaxial heterostructures with sharp interfaces can be made between the optimally-
doped material Ba(Fe,Co),As; and other doping levels, as well as insulators such as SrTiO3, and metallic
ferromagnets such as Ni, Co, and Fe.

We will compare two different Normal Metal (N) / Superconductor (S) configurations, using the same
superconducting layer and changing the N layer properties to determine the interfacial interaction of
superconductivity and magnetism. The SC material will be fixed at optimal doping Ba(Fe(.9,Co0.08)2AS2
(x=0.08), with maximum T, (see Fig. 3, the phase diagram for Ba-122 with Co doping). In the first N,
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(undoped normal metal) /S (superconductor) interface, the normal metal (N,) will be undoped BaFe,As,
in which the AFM-SDW correlations dominate. In the second N, (overdoped normal metal) /S
(superconductor) interface, the normal metal (N,) will be heavily doped Bal22 (x=0.20), a paramagnetic
metal with no AFM ordering and no SC transition. In Fig. 3 the blue, purple and red arrows represent,
respectively, the low doping, optimally doping and over-doping Ba-122 compounds, whose relative
interaction we propose to study. Any weakening or enhancement of superconductivity in these systems
(i.e., seen as a decrease or increase of T¢) will provide a straightforward demonstration of the competitive
nature or coexistence of the two long-range orders. The comparison between the two heterostructures
will also determine if magnetism has an important role as mediator in the interaction that drives
superconductivity in pnictides.
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Figure 3. (a) Co-Ba 122 phase diagram, with heterostructure layer doping levels indicated, (b) and (c) two
different S/N configurations with undoped (x=0) and overdoped (x=0.2) normal metals .

(2) Understanding and control of flux-pinning mechanisms in Pnictide

Pnictide superconductors have potential for high-field superconductivity. The existence of nano-scale
columnar second phases and nanoparticles in our artificially engineered superlattices allows a direct
probe of fundamental flux-pinning mechanisms in our films as shown in Figure 14(a). We would like to
understand the nature of the pinning centers, their origin and growth mechanism, and from that
understanding elucidate the physics of flux pinning in pnictide superconductors.

We will address (1) What is the nature of pinning centers in pnctide superlattices? (chemical, structural,
and electrical characteristics) (2) What are the intrinsic limits to J. and pinning force in pnictides? (3)
How do we control the nucleation and growth of pinning centers (4) How do we achieve an ideal pinning
center geometry (i.e. optimum size, volume fraction and density of the pinning) to reach a maximum
and/or isotropic J.? We propose to answer these questions by controllably altering the nature of pinning
in the films, and correlate the electromagnetic and structural characterizations.
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Using Energetic Gas Jets to Enable New Modes of Focused Electron Beam Induced
Deposition

Matthew Henry and Andrei G. Fedorov*
George W. Woodruff School of Mechanical Engineering
Parker H. Petit Institute for Bioengineering and Bioscience

Georgia Institute of Technology, Atlanta, GA 30332-0405

Program Scope

Focused Electron Beam Induced Deposition (FEBID), also referred to as Electron Beam
Chemical Vapor Deposition (EB-CVD), is an emerging additive manufacturing (AM) method for
“direct writing” of three-dimensional nanostructures from a variety of materials. FEBID has been
increasingly used in many applications, ranging from photolithographic mask repair to electrical
interconnect fabrication to rapid prototyping of topologically complex opto-electro-mechanical
devices.[1] The FEBID advancement as a manufacturing tool remains limited due to low
deposition rates, poor deposit purity, and a trade-off between an achievable deposition rate and
resulting deposit resolution. The customary method of maximizing precursor supply to the
deposit, which is typically the limiting factor for growth rate, is to inject vapor of precursor
molecules through a capillary into a vacuum chamber very near the substrate site of deposition.
Gas injection as a method of precursor delivery presents many ways in which FEBID may be
modified to achieve an improved performance.[2] One of the most promising and least explored
is modulation of the local effective surface temperature of the substrate using energetic jets. In
particular, as we have demonstrated recently, the energy of an inert gas jet impinging upon the
surface is sufficient to raise the effective temperature of the surface, to greatly enhance the pre-
adsorbed precursor diffusion rate and, in turn, to significantly improve the deposit growth rate
and deposit aspect ratio.[3] By further increasing the jet energy, the effective surface temperature
rises high enough that desorption becomes dominant and contaminants are cleaned from the
surface, which allows a new operating mode of FEBID resulting in formation of deposits free of
carbon contamination.

A great deal of fundamental science relevant to gas jet assisted FEBID is not well
understood, such as predicting the adsorption probability of impinging molecules onto the
surface and the dissociation probability of adsorbed molecules due to secondary electrons.[4] We
propose a complimentary modeling and experimental research that would allow us to develop the
first principle sticking probability model(s), thus enabling development of comprehensive
FEBID simulation tools with minimal empirical inputs. To this end, several fundamentally new
and practically useful effects of energetic gas jet impingement are proposed for an in-depth
investigation:

e The sticking coefficient of precursor molecules to the surface can be altered due to jet
impingement energy, just allowing one to modulate a fraction of precursor molecules
sitting on the surface in the state suitable for deposition. What is the physical mechanism
of this process and how it can be quantified and modeled?
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e Contaminant free radicals at the deposition site may be removed by jet impingement
rather than becoming entrapped in the deposit and diminishing its purity. How effective
and controllable this process?

e Jet pressure on the deposit is observed to pre-stress FEBID pillars as they are being
deposited. If pillars maintain internal stresses when the jet is removed, then structures can
be deposited with an adjustable modulus of elasticity. What range of elasticity
modulation is possible and for what materials?

It should be noted that a similar deposition process, Focused lon Beam (FIB) Induced Deposition
(FIBID), exists and is often preferred over FEBID due to its higher deposition rate in the beam-
limited growth regime and improved “as-deposited” deposit purity with respect to co-deposited
carbon contaminants.[2] It has, however, the disadvantages of surface damage, ion implantation,
and a generally lower resolution.[2,5] Since both FEBID and FIBID utilize the low energy
secondary electrons (SE) generated upon interaction of high energy primary electrons (FEBID)
or ions (FIBID) with the precursor molecules to produce a deposit, there is a significant degree
of overlap in the fundamental principles and models describing both deposition processes.
Therefore, while the proposed research is focused on FEBID its implications are much broader
and will impact the advances in FIBID as well.

Background

The energy of gas jet impingement affects a number of deposition properties/processes,
including the precursor sticking coefficient, surface diffusion, surface desorption, and surface
temperature. The effective temperature of the surface adsorbed precursor is not necessarily the
same as the actual temperature of the substrate it is adsorbed onto. When a gas jet impinges on a
substrate it delivers kinetic energy to the adsorbed precursor molecules thereby altering effective
surface temperature. Our experiments (Fig. 1) explored the gas-jet effect on surface adsorbed
precursor diffusion and desorption, which vary with T, the effective surface temperature,
according to Doexp(—E4/k,T) and vexp(—E,/k,T) , where Egi and Eges are the activation
energies for diffusion and desorption, respectively; Dy is a reference diffusion coefficient; v is the
desorption rate constant; and kg is the Boltzmann constant. To demonstrate this effect, paraffin
was partially dissolved in methanol then applied to a silicon oxide surface of the substrate as the
precursor material. At least one day was allowed for the precursor to diffuse uniformly over the
surface and for excess molecules to desorb from the surface, thus reaching the equilibrium
surface concentration. The reference deposits in Fig. 1a were repeatedly grown on this substrate
at a beam current ~90pA and accelerating voltage 25kV. A higher beam current did not increase
the size of the deposits; therefore, the growth rate is mass transfer (not e-beam) limited.
Impingement of an inert gas (argon) jet upon the substrate surface from a 75um inner diameter
capillary with a mass flow rate of 1.26x10kg/s enhanced the growth rate of the pillars in Fig.
1b. The growth rate increased 10-fold over the reference deposits that were grown under the
same conditions in the same experiment, but without the gas jet.

Since no precursor was delivered with the inert gas jet, this indicates that the precursor
supply increased due to an enhanced surface diffusion rate. The degree of the enhanced growth
rate increases with an increased argon flux to the surface up to a threshold beyond which the
growth rate cannot be enhanced further. In the case of a paraffin film on a silicon oxide substrate,
the threshold flux to the surface is 0.05kg/ms for argon gas. Changes in the deposition rate,
which were observed to occur immediately in response to applying or removing the inert gas jet
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impingement, indicate that the effective surface temperature responds rapidly to the jet. Because
the activation energy for desorption is greater than that for diffusion, desorption was not
observed with the use of a low energy jet. To increase the impingement energy of the argon jet,
the nozzle temperature was increased from 20°C to 140°C using the resistive heating element.
The effective surface temperature increased and the resulting deposits in Fig. 1c, while still
exhibiting enhanced growth rates, were much diminished in size as compared to the case of the
low-energy (diffusion-stimulating) inert gas jet. This is due to some surface adsorbed precursor
molecules being depleted by desorption, although the surface diffusion rate was also enhanced.

a) No Argon Jet I ' : : ;
) Referegnce Case Deposit 1 Deposit 2 Deposit 3

5.0um

)

Fig. 1: Effect of Increasing Energy of Inert (Ar) Gas Jet on FEBID Deposits (10min Deposition Time, E-beam at
25kV and 90pA). (a) Reference Deposits with No Jet (b) Enhanced Deposits due to Jet Impingement from 20°C
Capillary (c) Subsequently Depleted Deposits due to Jet Impingement from the Capillary maintained at 140°C.

b) Low Energy Argon Jet :
20°C Inlet Temperature
Enhanced Diffusion

c¢) High Energy Argon Jet
140°C Inlet Temperature
Enhanced Desorption
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Future Plans

In the course of the three year research program, we plan to (1) investigate the effect of energetic
gas jet properties on precursor sticking, diffusing, desorbing — and therefore precursor mass
supply rate; (2) verify that precursor mass flux and jet energy can be tuned separately from each
other in such a manner as to produce the same heating effect on the surface; (3) fully define the
characteristic field properties resulting from jet impingement on the surface (flux distribution,
impingement angle distribution, and impingement energy distribution); (4) verify that the
effective substrate surface temperature due to jet impingement relates to the gas parameters via
kinetic theory; (5) identify the effective mass of a surface adsorption site for use in simulation
via the hard-cube model; (6) develop methods to increase deposition purity under enhanced
growth conditions; and (7) investigate the possibility of increasing the stiffness of a deposited
pillars by pre-stressing it with jet-impingement while it is being grown. This will be done via a
complementary theoretical (modeling & simulations) and experimental (model validation and
hypothesis generation) approach as depicted in Figure 2.

' N

Underlying Theory ] Multi-Physics EBID Simulation
and Models *Direct Simulation Monte Carlo (DSMC) tracks the gas jet expansion from continuum flow at
v the capillary through the transition to molecular flow impinging upon the substrate surface.
Experimentally *Hard Cube model calculates the adsorption probability of a precursor molecule upon surface
Determined || lmpingement.
Model Parameters *Finite difference solution of the precursor surface transport equation of region surrounding
deposition indicates the concentration distribution of surface adsorbed precursor while
taking into account the effective surface temperature, rate of adsorption, and rate of desorption.
*Local Cellular Automata simulates the morphology of the pillar it is being deposited.
Experimental *Monte Carlo simulation of electron trajectories predicts the location and energy of electrons
Validation >\ that may dissociate precursor molecules. )

Guidelines to Gas-Jet Assisted EBID
Parameter Optimization

sImpingement Energy

sImpingement Flux

Effective Surface Temperature

Carrier Gas Mass/Flux

*Precursor Mass/Surface Energy

Fig. 2: Overview of different aspects of the proposed research, their interactions and expected outcomes.
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Program Scope

In the past decade, an astounding variety of intricate nanostructures, having at least one
dimension of 100 nm or less, have been synthesized via solution-phase techniques. These
nanostructures will benefit numerous applications in energy technology involving (photo)
catalysis, fuel cells, hydrogen storage, and solar cells. In these and many other applications, it
has been emphasized that the sizes, shapes, phases, and assembly or dispersion of the
nanoparticles can significantly impact their performance. A deep, fundamental understanding of
the phenomena that promote shape-selective growth and assembly in these syntheses would
enable tight control of nanostructure morphologies in next-generation techniques and allow for
the synthesis of more elaborate nanostructures. In certain systems, elaborate nanostructures have
been fabricated via oriented attachment (OA), an aggregative growth mechanism that leads to
twinned or single-crystal nanostructures. However the mechanisms of OA remain unresolved.
In many systems, structure-directing agents (SDASs) are used. These agents can range from small
monomer molecules to high-molecular-weight polymers. Although there is a great deal of
experimental evidence indicating that SDAs can play a pivotal role in selectively producing
various nanostructures, their exact role remains elusive.

In this work, complementary theoretical and experimental methods are used to quantify
the binding of SDAs to coinage-metal surfaces and to resolve mechanisms of shape-selective
growth. On the theoretical side, first-principles, dispersion-corrected, density-functional theory
and classical molecular dynamics (MD) simulations are employed to quantify binding energies,
as well as mechanisms by which solution-phase growth occurs. Two experimental platforms —
isothermal titration calorimetry and in-situ, liquid-phase, high resolution transmission electron
microscopy — are being developed and used to quantify SDA binding energies to various
nanostructures and provide a real-time, in-situ view of nanostructure growth.

Recent Progress

The growth of hierarchical nanostructures by OA of molecular clusters and nanocrystals in
solution is now widely recognized as an important alternative to the classical crystal growth
mechanism by monomer attachment. Crystallization by the aggregation and coalescence of
nanocrystals is observed frequently in natural processes and is applied by natural organisms
during biomineralization [1], during morphosynthesis of biomimetic inorganic materials [2] and
during controlled synthesis of nanocrystals and nanowires [3, 4]. Remarkably, growth by OA
occurs in wide variety of organic and inorganic materials exhibiting diverse particle
morphologies including spheres, ellipsoids, cubes, platelets, wires, and hybrids, resulting in
complex architectures ranging from quasi-one-dimensional nanowires and nanorods to
hierarchical two- or three-dimensional superstructures [5]. However, the microscopic origins of
OA are still unclear. Atomic-scale investigations with MD could contribute significantly to
understanding growth by OA and furnish many details of this mechanism that are not accessible
experimentally.
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We performed MD simulations using a recently D o e A
developed® and validated” ReaxFF reactive terminathyaroigt 5 T B
force field for TiO,/water interactions to study

the aggregation of various titanium dioxide
(anatase) nanocrystals in vacuum and humid
environments. In vacuum, the nanocrystals tend
to merge along their direction of approach,
resulting in a polycrystalline material. By
contrast, in the presence of water vapor, we
observed many instances of oriented
attachment, which is facilitated by adsorbed
water and surface OH in several ways.

First, adsorbed water and OH protect the
nanoparticles and prevent the immediate (and
relatively misaligned) aggregation that occurs
in vacuum. Thus, when two nanoparticles come
into close contact, where their surfaces are
within A distances, they are able to bounce and
rotate with respect to one another to adjust their
relative orientation. Eventually, the particles
achieve a configuration with aligned facets,
wherein they are loosed associated via a | Figure 1: Snapshots of the OA of

network of hydrogen bonds between the | nanocrystalline anatase. Shown on top are
surface hydroxyls on one nanocrystal and the | two nanocrystals aligned along a {112}
surface oxygens on the other, as shown in Fig. | twin plane via hydrogen bonds (shown as
1, top. The particles shift relative to one | yellow, dashed lines). The bottom figure
another, constantly reconfiguring their | shows the same nanocrysta|5 from a
hydrogen-bonding network, until they achieve | different perspective (along the [001]
alignment. Subsequently, surface hydroxyls | direction) after they form a twinned
combine with protons to form water, which | aggregate.

vacates the inter-particle gap and allows the
nanocrystals to aggregate. The result is a single or twinned crystal, as shown in Fig. 1, bottom.
We find that OA is dominant on surfaces with the greatest propensity to dissociate water. We,
thus, demonstrate the critical role of solvent in nanocrystal aggregation, a finding which opens
possibilities for directing nanocrystal growth to fabricate nanomaterials with desired shapes and
sizes.

Experimentally, we have utilized isothermal titration calorimetry to determine the
thermodynamics of adsorption of small molecules to the surface of solvated nanocrystals.
Ultimately, we aim to describe the influence of metal identity, solvent and small molecule (and
polymers) on the adsorption thermodynamics. One proposal for shape-control in colloidal
synthesis is the facet-dependent adsorption of structure-directing agents. However, there are no
guantitative measures of differences in binding energies of SDAs to the surface of solvated
nanostructure surfaces. We have utilized isothermal titration calorimetry (ITC) to measure the
adsorption thermodynamics of small molecule SDAs in aqueous solutions on the surface of
spherical nanoparticles. To demonstrate the capability of ITC to measure the complete
thermodynamic profile of adsorption, we chose the model system: carboxylic acid terminated
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thiol adsorption to the surface of Au nanoparticles of varying size, and as a function of
temperature.® Figure 2 is an example of the adsorption of 3-mercaptoproponic acid and 6-
mercaptohexanoic acid to the surface of 5 nm Au nanoparticles in aqueous solution. With this
model system, we were able to demonstrate that ITC is ideally suitable to measure the complete
thermodynamics of adsorption since K, AH and n (binding stoichiometry) can all be measured in
a single experiment. An apparent consequence of changing the structure of the thiol (i.e.,

increasing the number of methylene
groups) was a compensation effect
between AHags and ASggs Since AGags
was constant amongst the various
thiol 2 A recent manuscript
demonstrating a more robust solution
to complex adsorption models has
been developed.’

Recently, we utilized ITC to
measure the interfacial
thermodynamics of the adsorption of
substituted pyrrolidone monomers on
Ag nanoparticle surfaces in polar
solvents (ethylene glycol and water).
Xia and co-workers have
demonstrated that Ag nanoparticles of
various shapes can be synthesized by
altering the conditions of a polyol

synthesis, including the use of different SDAs.
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Figure 2. Real-time ITC thermograms at pH 6.1 for
(A) C3-MPA and (B) Cs-MHA binding to 5.4 + 0.7
nm Au NPs at 298.15 K with C and D as the
respective integrated heat data with an independent
model fit.®

1011 We are utilizing ITC and environmental

transmission electron microscopy to understand the thermodynamics and kinetics associated with

nanoparticle growth in the presence of a common SDA, such polyvinylpyrrolidone. We are

currently addressing three aspects of silver nanostructure synthesis in the presence of PVP:

(i) Role of side-chain structure of functionalized pyrrolidone monomers on their adsorption
thermodynamics on Ag(111) and (100) surfaces and synthesis of Ag nanostructures by the
polyol method in the presence of pyrrolidone monomers.

(i) Effect of solvent on the observed thermodynamics of binding — decoupling surface
solvation effects to determine intrinsic binding enthalpies.

We anticipate that a detailed understanding of the adsorption thermodynamics under solvated

conditions of common SDAs in the Ag system, as well as others, will enable the design of

anisotropic nanostructure syntheses utilizing quantitative thermodynamics measured by ITC.

Future Plans

Experimentally, we will examine binding cooperativity (structure selectivity multivalent effects)
during the adsorption of oligomers of vinylpyrrolidone on Ag(111) and (100) surfaces and
synthesis of Ag nanostructures by the polyol method in the presence of vinylpyrrolidone (VP)
oligomers. The facet-specific surfaces will be synthesized in colloidal form utilizing known
recipes and epitaxially-grown on appropriate substrates for determination of facet-specific
adsorption thermodynamics. In addition, we are developing an experimental program in liquid-
phase environmental TEM to examine the kinetics of nanoparticle growth (in selected systems
(Au, Pt) due to their favorable reduction potential) in the presence of various structure directing
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agents and solvents.*? In complementary theoretical work, we have developed force fields to
describe the interaction of PVP and vinylpyrrolidone oligomers, as well as polyethylene oxide,
ethylene glycol, and water with Ag surfaces. MD studies of the binding of PVP and its
oligomers to Ag surfaces are underway. These studies are aimed at corroborating experiment
and understanding SDA-mediated growth mechanisms of Ag nanostructures.
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Atomistic Structure, Strength, and Kinetic Properties of Intergranular Films in Ceramics

Yun Jiang, Ying Ma, Stephen H. Garofalini*
Department of Materials Science and Engineering
Rutgers University

Program Scope

The thin glassy intergranular films (IGFs) present between the crystals in polycrystalline
ceramics occupy only a small volume percent of the bulk ceramic but can significantly influence
morphology and mechanical, chemical, and optical properties*?. Understanding the atomistic
basis for how these IGFs affect material properties has been elusive, although advances in
computer simulations>® and recent electron microscopy®’ have provided information about the
location of atoms at the IGF/crystal interface. Nonetheless, the specific role of these interfacial
ions and the important effect of the interfaces on adsorption and their effect on properties have
not been quantified from an atomistic perspective.

For instance, HAADF-STEM show that both La-doped and Lu-doped IGFs show the
each rare earth (RE) adsorbed onto the prism-oriented surface of SizN,, potentially poisoning the
surface and preventing growth, but growth morphology and fracture behavior are quite different.
Previous ab-initio calculations could not reproduce the Lu adsorption sites seen experimentally.
Our current works provides the cause for the observed behavior as well as the difference between
La and Lu adsorption on properties.

We address the detailed atomistic structure and behavior of these IGFs in oxide and
nitride ceramics using molecular dynamics computer simulation techniques, with correlations to
available experiments using HRTEM, AEM, and HAADF-STEM. The work includes the effect
of compositional variations on interface structure as a function of crystal orientation, structure of
the interior of the IGF (away from the IGF/crystal interface) as a function of IGF thickness, the
role of impurities on the crystal surface, and the effect of these properties on morphology. Our
work is being done in conjunction with available experimental verification in collaboration with
Dr. Pennycook at ORNL and Professors Phil Batson and Fred Cosandey at Rutgers, as well as
interactions with Dr. Christoph Koch at Max-Planck Institut fir Metallforschung, Stuttgart for
initiating HAADF-STEM images from our simulation data for direct comparison to experimental
HAADF-STEM images.

A major thrust of our work is quantifying the important role of local IGF composition
and bounding crystal surface structures and composition on properties, enabling us to justify the
difference seen in La-doped IGFs versus Lu-doped IGFs on properties. We have expanded the
simulations to address non-REs of similar size or charge but different interaction strengths.

Recent Progress

Our most recent results provide the atomistic mechanism for the difference between
La and Lu additives in the IGFs on the adsorption behavior that affects crystal growth,
morphology, and strength. The results reproduce the HAADF-STEM data regarding
adsorption sites, but also show how such experimental data observe only the ‘end-state’
structures that do not tell the tale of the dynamic behavior during processing that affects
morphology and growth behavior.

ab-initio calculations at ORNL reproduced the La adsorption at sites Lal and La2 as seen
experimentally, and Lu at site Lu2, but could not obtain Lu at site Lul®, observing Lu at the
incorrect site Lul’ (see figure 1b). Our MD simulations similarly reproduced the HAADF-STEM
data for La at sites Lal and La2 (as well as the experimentally observed La3 and La4) ° (figure
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1c), as well as Lu at Lu2; however, initial attempts at reproducing the Lu sites Lul on a fully
nitrided (N in all anion surface sites) prism surface were, like the ORNL calculations,
unsuccessful. We spent quite some time evaluating the interatomic potentials, to no avail.
However, we obtained success
S3 S4 S5S1S2S3 after we looked at the effect of
oxygen replacing nitrogen on
specific sites on the nitride
surface on Lu adsorption. The
presence of O on N-surface sites
was shown in EELS studies of an
SiO; IGF on the prism [-Si3Ng
surface™® and could be expected in
g RE-doped IGFs. Figure l1a
La4  La3 provides the nomenclature for the
L X “ v o different surface N sites that are
\ N La2 replaced by O on the prism surface
(b Lu2 Lm,""’! '.'“_2 (c) @ in our MD simulations and VASP
> , @ calculations in our lab. Placing O

®
, at either single sites, Sx, or double
| ”‘N W combinations, Sx+Sy, or triple
combinations Sx+Sy+Sz, where X,

y, z are filled with any site

. ) . . numbers from 1 to 6 provided data
Figure 1 (a) Top view and (b, c) side view of the SisNs  \yith regard to the important role of

prism surface (N in blue spheres, Si in larger yellow O at specific surface N-lattice sites
spheres). Nitrogen sites are respectively labeled as S3, on Lu and La adsorption.

S4, S5, S1, S2, S3 along the x axis. The red dots in (a) We also changed the
indicate possible Lul and Lu2 sites. In (b) are shown strength of the La-O vs La-N and
Lu adsorption sites Lul, Lu2, Lul’ and Lu2’ (the
primed sites are not observed in HAADF-STEM) (c) our potentials to expand the
La adsorption sites Lal, La2, La3 and La4 on the work beyond just these

Si3N, prism surface. particular REs to allow for
possible application of the results
to other non-specific ions with size and charge near these REs but different bond strengths.
In total, 312 samples are studied via molecular dynamics computer simulations with 26 prismatic
surface terminations (including single, double and triple O replacements of N), 6 RE potential
sets (i.e. RE-O>RE-N, RE-O~RE-N, and RE-O<RE-N for RE= La and Lu) and 2 film
thicknesses (6 A and 18 A).

Results showed that the positions of Lu siteing at the prism oriented surface is
significantly influenced by the presence of O replacing N on the surface lattice sites and the
correct Lu siteing similar to HAADF-STEM results can only be obtained if O is present.
Importantly, La siteing on the prism oriented surface is unaffected by the presence of O replacing
N at these different N surface lattice sites, although the concentration is slightly modified.

The red dots in figure 1a indicate possible adsorption sites Lul and Lu2 from the top
view. However, previous HAADF-STEM data °® showed that sites Lul and Lu2 are staggered in
that they do not have the same y location. The implication is that if one site is filled, the adjacent
site with the same y dimension cannot be filled. This is observed in the simulations, and a plot of
the interaction energy of Lu over the surface in the presence of a pre-adsorbed Lu provides the

Lu-O and Lu-N interactions in
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justification. The energy distribution for Lu adsorption onto the N-terminated prism surface
versus the S1 O-terminated is shown in figure 2. The surface atoms and one Lu at the Lu2 site
given in grey in the figure are kept frozen while a second Lu samples the surface. As shown in
figure 2, the second Lu samples a repulsive region surrounding the pre-adsorbed Lu at the Lu?2
site (all energies greater than zero were set to zero so that the color bar could be more clear).
This repulsive region prevents the second Lu from adsorbing at the Lul site at the same y
dimension as the occupied Lu2 site (see red dots in figure 1a). The next possible Lu adsorption
site would be displaced in y to the second row of red dots in figure 1a.

Figure 2a shows a well only
near (3.5, 0), which is a Lul site,
indicating both the staggered nature
of the siteing and also the lack of
another Lu2 site along the same y
location (x, 0). The next site would
be near (5.5, -3), which is the next
available Lu2 site. This lower y-

-3 - -3 location adsorption site is broader in
0123456738 0123456738 x because it encompasses both Lu2
x (A) x (A) and Lu1, but our data shows Lu2 is a
deeper well than Lul, although the
Figure 2. Energy map for Lu on the (a) pure N prism  color scheme does not show this
surface and (b) O at the S1 sites. Grey hemisphere at difference sufficiently well. The
(5.5, 3) is one Lu at site Lu2 that is kept frozen, while  actual energetics observed in our

T T P N e I e )
oo NG RWN-=-O

a second Lu samples the rest of the adjacent surface simulations show that the Lu binding
sites. Site Lul is at (3.5, 0) and a second Lu2 site at energy is stronger on the oxidized
(5.5, -3). Color bar gives Lu energy in eV. See text surface than on the N-terminated

for further details. surface, although it is hard to see in

the color scheme in figure 2. A Lu

sampling this ~(x, -3) location would naturally fall into the Lu2 site rather than the Lul site
because our simulations show that there is essentially no barrier between the sites. Our
tabulated energies (not shown here) also show that the adsorption energies at sites on the
N-terminated prism surface are clearly weaker than on the O-terminated surface for the S1
and S1-related double replacement sites.

Finally, HAADF-STEM showed Lu adsorbed onto the prism-oriented surface, similar to
La, but Lu did not prevent growth of this surface outward as much as La did, creating the
different morphologies of these materials. The HAADF-STEM data was therefore insufficient in
providing the mechanism by which La poisoned the surface more than did Lu. Our MD
simulations enabled us to view the migration of La or Lu near the prism interface during the
melt-quench process to show why one poisoned the surface and the other did not. La adsorbs and
sticks to the surface whereas Lu adsorbs but is more easily displaced by Si and N (or O) to allow
for normal (outward) growth of the prism surface. However, the Lu remain near the surface and
reattached at lower temperatures, reconciling both the growth behavior and the HAADF-STEM
results seen experimentally.

Future work

The project is terminating on April 2014; the student will finish writing the 2 new papers
and the dissertation as well as defense of the thesis by the graduate student.
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Two other papers are currently being written regarding the growth behavior induced by the
different RE-like atoms in the IGF, providing a possible generic substitute for the RE ions.
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Brush-Coated Nanoparticle Polymer Thin Films: structure-mechanical-optical
Properties

Peter F. Green
Department of Materials Science and Engineering and Department of Chemical
Engineering, Applied Physics
University of Michigan, Ann Arbor, MI 48108

Program Scope:

It is now well established that the addition of even small quantities of
nanoparticles to polymer hosts to create polymer nanocomposities (PNCs) has the effect
of drastically changing physical properties, thereby rendering PNCs useful for diverse
applications." Based on the functionality of the polymer and of the nanoparticles,
applications include energy conversion, optical behavior, mechanical behavior and a
variety of functional environmental and biomedical uses. The major scientific challenges
are associated with predictable control and spatial organization of the inorganic
nanoparticles within the organic polymer host. Accomplishing this would enable the
development of a fundamental understanding of the structure-property behavior of these
systems; there is indeed much progress toward accomplishing these goals. One strategy
that enables control of the spatial organization metallic nanoparticles within a polymer
host is to graft polymer chains onto the nanoparticle surfaces: this enables control of the
interactions between the brush layer and the homolymer host, an otherwise difficult
challenge. We established a phase diagram that enabled us to design and control
polystyrene (PS) grafted gold nanoparticles in PS hosts for bulk and thin films.? This
accomplishment enabled us to investigate a series of questions related to structure-
property relations in PNCs: (1) NP/block copolymer thin films; (2) coarsening
phenomena in NP/BCP systems; (3) surface dynamics of miscible NP/polymer-
Alpolymer-B systems; (4) surface plasmon processes in thin film PNCs.
homopolymer/block copolymer micelle encapsulated brush---coated metallic
nanoparticle mixtures.

Recent Progress:

Efforts to develop a unified picture of how various competing interactions at the
nanoscale determine the structure-property behavior of polymer nanocomposites (PNCs)
continue to be of interest to diverse scientific communities. We established procedures to
control the spatial distribution of polystyrene (PS) chain grafted nanoparticles within PS
bulk and thin film hosts. ? In thin films the existence of external interfaces has a profound
influence on the structure of the PNC. Thin films are thermodynamically less stable than
their bulk analogs due to the preferential attraction between the brush coated
nanoparticles and the surfaces. Gains in entropy associated with the interfacial
segregation of the grafted nanoparticles compared to the linear host chains as well as van
der Waals interactions between the nanoparticles and the interfaces contribute, in part, to
this preferential interfacial attraction. Through control of the grafting chain length, host
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chain length, film thickness, particle size (and shape), nanoparticle composition and
grafting density, significant control of the nanoparticle distribution throughout the
homopolymer host is achievable; all this information is quantified in terms of a phase
diagram used to guide the structural design of such PNCs. Our prior research laid the
foundation to develop rules/procedures to control the nanoparticle organization in block
copolymers and block copolymer/homopolymer mixtures. To this end, we provide
examples of recent accomplishments.

Homopolymer/nanoparticle mixtures

Using the aforementioned strategies we designed and fabricated thin films in
which nanoparticles of different sizes were organized within thin film polymer hosts:
dispersed, phase segregated at interfaces.” For nanoparticles dispersed in thin films, Mie
theory provided an excellent description of the optical properties. We also showed how
the surface plasmon responses of the thin film PNCs manifested features such as particle

size, interparticle separation and the proximity to substrates (Fig. 1).
Red shif

Figure 1: (a, b) 2D organization of nanoparticles of different sizes based on design
principles; (c) surface plasmon response of particles of different sizes dispersed in a
PS host; (d) shifts in the location of the maxima associated with the proximity of
interfaces of very different dielectric behavior from the host.

Block Copolymer Thin Film hosts.

A-b-B diblock copolymers (BCPs) exhibit different phase-separated
morphologies, with A and B-phases (spheres, cylinders, lamellae and gyroids) based on
the degree of asymmetry between the sizes of the blocks. A common strategy to
incorporate NPs within the host includes in situ NP synthesis, which has drawbacks, or ex
situ synthesis of NPs possessing diameters that are small in comparison to the domain
dimensions. Sufficiently small NPs will reside in the domains with which they are
thermodynamically most compatible, thereby creating a material in which the
nanoparticle organization follows the symmetry of the copolymer morphology.

We showed that in BCP thin films defects, dislocations, primarily influence the
organization of sufficiently large nanoparticles. Specifically nanoparticles of sufficiently
large-sizes that would normally be accommodated within the domains, or form separated
phases in bulk BCP, preferentially segregate to the core of edge dislocations. This
minimizes the free energy associated with the accommodation of surface relief structures
(islands and holes) that form due to a nucleation and growth process in these systems: the
chains that comprise the dislocation undergo less stretching and therefore gain
conformational entropy when the nanoparticles are located within the dislocation core.”
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: = Figure 1: (a)Nanoparticles
F R T e ‘ organized around an island;
RTINS (b) schematic of
nanoparticles in a
dislocation core; (¢) AFM

image of an island.

Having demonstrated how to reliably produce these
structures we embarked on a problem of particular interest
to the field of materials science: coarsening phenomena. Coarsening is a ubiquitous
phenomenon: aggregation of aerosol particles, phase separation of liquid-liquid mixtures,
structural evolution of alloys.

Figure 3:
(a,b)Nanoparticles surround
islands at early and late
times. Coarsening of the
islands from images in part
ato part b. Distribution
function describes the
We investigated how nanoparticles influenced the organization of
coarsening of the domains (islands). The main effect, nanoparticles (coalescence
apart from decreasing the dynamics, changed the mechanism)
mechanism from purely coalescence, in the absence of
nanoparticles, to a combination of coalescence and Ostwald ripening.” The structures of
the domains were self-similar and well described by conventional coarsening models.
Having discussed nanoparticle organization in homopolymers and block
copolymers, we developed procedures to sequester nanoparticles within BCP micelles in
homopolymer hosts.® BCP Micelles are formed in A-b-B copolymer/homopolymer-A
blends; each micelle possesses an inner core of B-type chains and an outer coronae of A-
type chain segments. We showed that nanoparticles could be sequestered within the
micelles, with an average of one nanoparticle per micelle. The thermodynamics of the
systems are described in the publication.

1.0

Fivetin)

Figure 4: the number of
nanoparticles per micelle in the
BCP/homopolymer mixture. Most
micelles are empty. The occupied
micelles contain one nanoparticle
per micelle.
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Finally, other accomplishments included the design of a new class of
electrorheological fluids® and the study of chain dynamics under various conditions of
geometrical confinement.’
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Evolutionary Selection Growth:
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Program Scope

(i,
Y

Growth of single crystal semiconductors on
amorphous substrates represents both a fundamental
conceptual difficulty and a long-standing practical
challenge. The ability to form device quality
semiconductor material on an amorphous substrate
would be outside the realm of typical heteroepitaxial
growth methods, where the substrate is expected to
provide atomic registry for single crystal growth. In P
particular, the importance of GaN in opto- and power-
electronics is well established. A particular need that
has received much attention is the heteroepitaxial
integration of GaN with mainstream Si technology.
This aspiration faces major challenges including
mismatches in lattice and thermal expansion constants,
the problem of chemical reactivity, and the current
leakage through conductive Si substrates.

Figure 1 a) Schematic of confined
evolutionary selection growth of GaN in
vertically and laterally confined SiO,
selective area growth mask, and b)
Electron backscatter diffraction analysis
of GaN crystal grown showing large
single crystal evolving from
polycrystalline seed, and Kikuchi pattern
of single crystal GaN captured ~2 um

The previous approaches of artificial epitaxy, or from end

graphoepitaxy,* resorts to surface patterning, typically
through electron-beam, interferometric, or photo- :
lithography, to create geometric boundary conditions on
the length scale of nuclei so their orientations can be
influenced, if not dictated, by the shape of the moulds.? 3

—
-
-
—-—
-
—
-
—

With all the advances in growth and lithography - FWHM=35
techniques since then however, graphoepitaxy has not A
produced the level of control required by modern device 5

applications. Within the scope of this project, we explore A :

the possibility of single-crystal growth on amorphous ) =
oxide by exploiting a phenomenon in material deposition: I -
evolutionary selection growth.* With the successive ‘
applications of evolutionary selection (ES) along two Y-
perpendicular axes, we work on removing the degrees of S
freedom in grain orientations, resulting in the D
preparation of single-crystalline GaN on a Figure 2 Micro x-ray diffraction
Si0,/Si(100) template. The conceptual model of ESis  characterization of GaN at Diamond Light
confirmed by the modeling of growth dynamics to Source (synchrotron source, UK) a) AIN
provide a universal procedure in forming crystalline (0002) spatial mapping, b) RSM, and c)
layers on amorphous substrates. linewidths showing microstructural quality

of GaN comparable to bulk GaN
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Recent Progress

0.1

We have recently demonstrated single crystal
GaN growth by employing the general phenomenon
in film deposition of evolutionary selection.” In the
concept that has been proposed and demonstrated,
evolutionary selection (ES) was employed in firsta )
vertical, then in a lateral direction, allowing a final
single crystal of GaN to be formed. This was
implemented by deposition of an (0001) oriented
AIN layer on a SiO/Si(100) substrate. A SiO;
confined mask structure is then formed, and DT T
subsequent lateral selective area growth of GaN
by MOCVD using AIN as a seed, produced site-  Figure 1 a) Simulation of competitive growth
selected placement of GaN and eliminated the in-  process of randomly oriented nuclei forming

Number of grains (N/N;}

1 10 100
Thickness (h/d.}

did, «(hid ) *

Average grain size (d/d )

10 100
Thickness (hid,)

plane misalignment. textured film, b) number of grains, c)
orientational distribution, and d) grain size
In this work, the evolutionary distribution dependence on film thickness

selection process is modeled in the
context of GaN growth, and the
analysis of the deposition
conditions that allow this growth
process to occur are discussed. L
Essentially, the concept is enabled )(
by combining evolutionary A~
selection with a selective area _ *{J;
growth process. Here, as opposed

to typical ELO processes, the

surface is predominately covered
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with dielectric in the regime of Figure 3 a) Gas phase concentration profile of precursor
very low fill factors, in which the modeled by finite element modeling above a single tunnel, b)
local growth environment is growth rate dependence on initial depth

expected to be considerably altered.

Additionally, while the mass transport mechanisms of typical planar SAG has been thoroughly
studied, the extension to 3-dimensional masking (vertical and lateral confinement) has not been
well explored. By controlled variation of MOCVD growth conditions, in combination with
analytic and finite-element modeling of mass transport by gas-phase diffusion (COMSOL), we
identify and analyze the major factors in of single-crystal GaN on SiO, in this configuration.

There are three influences on the growth condition of GaN in the ES-SAG growth scheme here.
The first is necessity of selective growth to prevent unwanted nucleation on the SiO, growth
surface. While these polycrystals can be removed with subsequent etching of the SiO, mask,
these large GaN clusters act as sinks for the precursors and grow at a much faster rate since they
are not confined within tunnels. The second influence of the growth condition is on the density
of nucleation on the AIN seed, which in turn will affect the evolutionary selection mechanism.
The ES growth mechanism scales as the density of the initial nucleation, thus the evolution rate
will be scaled as well. The third effect of growth condition on the ES-SAG growth is on the
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growth rate, which will determine the final length of GaN growth in the tunnel in a given growth
time. The balance between these considerations will determine the growth conditions used, each
of which is investigated in detail.

12
While growth on planar 2D selective area growth masks =
have been analyzed in detail, the use of three 10 1
dimensional masks, i.e. confinement of growth in both g 8 T '._____
in-plane and out-of-plane directions are have been o " T o~
subject to fewer studies . In this case, for analyzingand % 6 —éi J :
predicting the mass transport in this growth method, the _':' ) T
structures here are modeled as inert rectangular channels ‘é‘ 41 #
of varying dimensions. Typically, a combination of 0 J
surface and lateral gas phase diffusion takes place, each © 2 |
acting dominantly over different characteristic length |
scales. Given the large length scales of the SiO, mask, the 200 400

situation is analytically modeled, dominated by gas phase

diffusion, as a simple compartment model, described by Pressure (mbar)

the reaction-diffusion equation. The solution of such  Figure 4 Analytic compartment model

a system has been given, by Deal and Grove®, to be (dashed line) describing growth rate
dx _ B dependence on reactor pressure, with
dt  2x;+A experimental data points shown.

where X is the length distance from the tunnel opening to the growth front, and the constants A
and B are defined by A = 2D¢s/k, B = 2D¢C*/N, where D is the effective diffusion constant
inside the tunnel, k is the reaction rate constant, C* is the concentration of precursors outside the
tunnel, and N is the number of precursor molecules incorporated in a unit volume. Using typical
constants for MOCVD growth of GaN, Des = 22 cm?/s, k = 15850 cm/s,” and C*=1x10* mol/L,®
the curve is plotted in Fig 3 and Fig 4, and matches experimental data of growths performed on
tunnels etched to different depths. It can be seen that this curve predicts a decreasing growth rate
as depth of tunnel increases due to the increased diffusion distance required of the precursors.
However, it is found that an appreciable growth rate ( >1 um/hr) is still possible with tunnel
depths of 100 um and greater.

Future Plans

We plan to extend the physical dimensions of ES material by further developing fabrication
processes and using alternative growth methods such as hydride vapor phase epitaxy to increase
growth rate and improve selective area processes. This will allow the possibility of realizing
commercial scale light-emitting and electronic devices.

In parallel, extension of the ternary InGaN nanorod concept for long wavelength emitting
photonic materials are pursued by the fabrication of 3D scaffolded nanocomposite material. The
use of porous GaN will enable a low dislocation density template for high In composition
material. The concept of liquid-phase mediated confined growth to produce high In composition
InGaN will also be explored.

146



References

N GRWN R

E. I. Givargizov, Thin Solid Films, 189, 389 (1990).

M. W. Geis, D. C. Flanders, H. I. Smith, Appl. Phys. Lett., 35, 71 (1979).
A. L. Giermann, C. V. Thompson, Appl. Phys. Lett., 86, 121903 (2005).

A. van der Drift, Philips Res. Rep., 22, 267 (1967).

B. Leung, J. Song, Y. Zhang and J. Han, Adv. Mater. 25, 1285 (2013).

B. E. Deal and A. S. Grove, J. Appl. Phys. 36, 3770 (1965).

M. E. Coltrin and C. C. Mitchell, J. Cryst. Growth, 254, 35 (2003).

A. Hirako, K. Kusakabe, and K. Ohkawa, Jpn. J. Appl. Phys, 44, 874 (2005)

DoE Sponsored Publications in the Last 2 Years

1.

J. Song, et al., “Growth, structural and optical properties of ternary InGaN nanorods
prepared by selective-area metalorganic chemical vapor deposition”, submitted to
Nanotechnology, (2013).

B. Leung, et al., “Using the evolutionary selection principle in selective area growth to
achieve single-crystalline GaN on SiO,”, International Journal of High Speed Electronics
and Systems, in press, (2013)

B. Leung, et al., “Analysis of confined evolutionary growth for single-crystalline GaN
layers on SiO,”, manuscript in preparation, (2013).

B. Leung et al., “Evolutionary Selection Growth: Towards
Template-Insensitive Preparation of Single-Crystal
Layers”, Advanced Materials 25, 1285 (2013). [Featured
on cover page]

B. Leung et al., “Growth evolution and microstructural
characterization of semipolar (1122) GaN selectively
grown on etched r-plane sapphire” Journal of Crystal
Growth 341, 27 (2012).

B. Leung, et al., “Using the kinetic Wulff plot to design
and control nonpolar and semipolar GaN heteroepitaxy”
Semiconductor Science and Technology 27, 024005
(2012).

B. Leung, et al., “Optical emission characteristics of
semipolar (1122) GaN light-emitting diodes grown on m- i

sapphire and stripe-etched r-sapphire”, Semiconductor

Science and Technology 27,024016 (2012).

Q. Sun, et al., “Understanding and controlling heteroepitaxy with the kinetic Wulff plot: A
case study with GaN” Journal of Applied Physics 110, 053517 (2011).

C. D. Yerino et al., “Shape transformation of nanoporous GaN by annealing: From buried
cavities to nanomembranes”, Applied Physics Letters 98, 251910 (2011).

147



Understanding and Controlling Nanoscale Crystal Growth Using Mechanical Forces
Mostafa Bedewy'?, Assaf Ya’Akobovitz', Kendall Teichert', and A. John Hart"?

'Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI
Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge,
MA

1. Program Scope

Growth of one-dimensional nanostructures such as carbon nanotubes (CNTSs) and silicon
nanowires
(SiNWs) is analogous to bulk crystal growth, where a solid is formed by precipitation due to a
thermodynamic driving force at an interface. While it is well-known that mechanical stress
affects crystal growth, diffusion, and defect migration [1-3], the mechanisms and roles of these
phenomena at the nanoscale are not comprehensively understood, and have not been studied with
respect to growth of nanostructures. In this program, we are exploring how mechanical
stimulation may be used to control the formation rate, geometry, and perfection of one-
dimensional nanostructures; and thereby aim to understand how mechanical stress affects the
growth of crystals at the nanoscale. We are studying growth of CNTs because their basic growth
processes are well-known, yet there is important need to more precisely control the structure and
properties of CNTs for many applications. We have constructed micromanipulation systems for
application of controlled forces to CNT forests and individual CNTs during growth. Also, we
have used comprehensive in situ and ex situ characterization methods including synchrotron X-
ray scattering to construct population-based models of mechanically coupled nanostructure
growth, enabling us to relate the measured growth Kkinetics and structural transformations of the
nanostructures to both intrinsically and extrinsically imposed mechanical stimuli.

2. Recent Progress

Here we highlight the results of three complementary tasks at the core of the program scope:
(1) analysis and modeling of mechanical coupling in CNT forest growth; (2) mechanical
perturbation of CNT forest growth using a custom-built C\VD reactor; and (3) design and
fabrication of MEMS devices for stretching individual CNTs during growth.

2.1 Analysis of mechanical and chemical coupling in CNT forest growth

We analyze the mismatch between the apparent forest height kinetics and the calculated
diameter-dependent growth kinetics in order to estimate the axial load applied on catalyst
nanoparticles by tortuous CNTs in contact. This is based on modeling of the CNTSs as curved
beams under axial deflection, with geometry derived from X-ray mapping of CNT forests. Using
this approach, Fig. 1A shows the time evolution of the diameter-dependent compressive force
applied on the catalyst nanoparticles. Here, the diameter range of 1-40 nm is assumed to
completely represent the CNT population within the forest. The predicted forces increases to
reach a maximum 115 seconds after start of growth. Owing to the sign of the growth rate
mismatch, the loads change from slightly tensile for diameters smaller than the mode of the
diameter distribution to highly compressive for larger diameter CNTs. The compressive stresses
applied on the catalyst nanoparticles are then calculated as the force per unit projected area of
CNT, based on the measured values for the outer and inner CNT diameters obtained from fitting
SAXS linescans. In this figure, positive force means that CNTs are pushing on the catalyst,
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and negative means the CNT is pulling [A] gy

on the catalyst. Now, Fig. 1B places a5 Buldup of slgnment
this information into the collective £ J% (>
picture of CNT population growth. ™ { | Rinmontincrsases
Hence, we conclude that growth rate LI y P ipenie
mismatch leads to significant % ' mm.,
mechanical stresses on individual ; e e
CNTs that are coupled due to van der G0 M o
Waals forces at contact points. Based "'é%f N - c\“°° D et
on these results, we hypothesize that Dy 00 e rM

the maximum density achieved in a
forest may be limited by the axial
forces acting on the CNT-catalyst
interface. Moreover, it is possible
that these loads can influence the
growth kinetics and structural quality
of individual CNTs. The potential

Fig. 1 (A) Time evolution of the diameter-dependent load
exerted by the CNTs on corresponding catalyst particles. (B)
Schematic of the successive stages of CNT forest growth
showing the evolution of density, alignment and forces along
with the competition between CNT activation and
deactivation, starting with CNT nucleation and ending with

influence of mechanical forces on the
kinetics and quality of growing CNTs
suggests that strategies to improved
manufacturing of organized CNTSs should
consider both chemical and mechanical
effects.

Moreover, we propose that during CVD
growth of CNTSs, the catalytic decomposition
of the gaseous precursors at the catalyst
surface produces gaseous active species, the
concentration of which locally modulates the
growth rate of carbon nanotubes by shifting
the activation energy. We adopted the
mathematical growth model developed by
Puretzky et al. [3], to describe the growth
Kinetics based a set of partial differential
equations having reaction constants and
activation energies. We use the Kinetics of
surface carbon generation predicted by this
model, and feed this back into the source
Kinetics of the generation of active species
(gaseous by-products). Then the diffusion
equation is used to update the spatial
distribution of concentration. To close the
loop, the activation energy for CNT growth is
coupled to this concentration, in such a way
that the activation energy is reduced with
increasing concentration. We have done
experiments and computer simulation, to

collective growth self-termination.
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Fig. 2 (A) Schematic of chemical coupling model,
where each catalyst area is considered a source of
active species, and this gaseous species diffuses to
the surroundings, creating the typical concentration
profiles. (B,C,D) SEM images of pillar arrays
having diameters of 30 microns and center-distance
of 33, 100 and 300 microns respectively. (E, F, G)
Simulation results for the same arrays. (H, 1, J)
Concentration profiles for active gaseous specious,
showing the threshold value for lift-off.
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elucidate and validate this mechanism. As shown in Fig. 2, our mathematical model can
accurately simulate the experimental results of CNT pillar array growth. At larger spacing, the
concentration profiles have lower magnitudes, and when these concentrations are below a certain
threshold for lift-off, only a tangled CNT film is obtained.

2.2 In situ mechanical manipulation of CNT forest growth

We have integrated a custom-built vacuum chamber with a custom-built position/force
control module, referred to herein as the "tower", which includes the voice coil actuator, linear
flexure bearings, optical encoder, load cell, and the end-effector. First, we apply mechanical
compression force to a growing CNT structure by means of pushing rod. The push-rod in
connected in series to a load cell and the
linear motion system, hence enabling a
feedback control on the motion of the rod to
track growth while maintaining a constant
compressive force (Fig. 3). In this
experiment, CNT forests grow immediately
upon the introduction of acetylene at 800
°C. Initially, there is a gap between the
substrate and the probe. However, as soon
as CNTs start growing, this gap is bridged
by CNTSs until contact with the pushing
probe. At this point, the load cell starts
reading compressive forces, as the voice coil
is pushing against the growing CNTSs to
maintain position. As the load reaches 5
grams, the control scheme is switched from
a constant-position feedback loop to a
constant force feedback loop, meaning that
the load will be held constant at 5 grams,
while the actuator moves the probe to
compensate for both the CNT growth rate
and the thermal expansion of the heater
assembly. More recent experiments indicate

Fig. 3. (A,B) Photograph of the custom CVD
chamber for mechanically controlled CNT forest
growth. (C) Schematic of the in situ mechanical
manipulation of growing CNT structures. (D)

a non-monotonic relationship between
applied (compressive) force and CNT forest
growth rate, suggesting different thresholds

Experimental result for application of constant
force during CNT growth using a feedback loop
that updates the position of the pushing probe in
order to maintain constant force at the contact

for mechanical influence on growth Kinetics
during CNT self-organization and steady
collective growth.

2.3. MEMS devices for applying tension during CNT growth

Last, we have fabricated MEMS devices to enable in-situ manipulation of single wall carbon
nanotubes (SWNTSs), namely to stretch the CNTSs after growth across a microfabricated gap. The
device consists of an electrostatically actuated MEMS manipulator, aiming to stretch the CNTs,
and a heater, that elevates the temperature as necessary to cause CNT growth on the islands.
First, the device is actuated in order to reduce the gap between it and the heater. Next, we apply
Joule heating and flow of C,H,, in order to cause CNT growth. Finally, the device actuation

between the probe and CNT forest.
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voltage is reduced in order to stretch the grown SWCNTSs while keeping the growing conditions,
i.e. high temperature of the heater and C,H, gas flow, so that the simultaneous presence of
carbon feedstock and applied tension can allow mechanically manipulated carbon precipitation.
Stretched SWCNTSs will be characterized mainly using Raman spectroscopy in order to detect
changes in their tension, defects and chirality comparing to a reference un-stretched SWCNTSs.
Later, we will attempt to integrate the devices with TEM images to observe stretch-induced
structural changes in the CNTs. The device shown in Fig. 4 is fabricated using a SOI wafer,
with separate contact electrode paths for the actuator and heater. The device is packaged on a
circuit board and the custom-built vacuum chamber holds the device during the growth
experiment.

Fig. 4. MEMS manipulator for applying tension during SWNT growth across a gap: (a) 3D
model of device indicating material layers and electrical signals applied for resistive heating and
electrostatic actuation; (b,c) schematic position of device before and after tension is applied, with
SWNTSs spanning gap between heater and actuator module; (d) SEM images of released device,
with inset showing islands.

3. Future Plans

We plan to investigate the effect of applied forces on the growth kinetics of individual
micron sized CNT pillars using the CVD reactor manipulation system described above, by
applying both contact forces and non-contact forces (via electrostatics). To understand the
effects on the CNT morphology and crystal structure, we will first perform ex situ SAXS
mapping of the CNT pillars, and therefore extract relationships between applied forces, growth
Kinetics, and structural quality. We will also use the MEMS devices described above to apply
tension to individual CNTs during growth, and relate the applied tension to diameter and defect
quality as measured by Raman spectroscopy.

We have also begun to perform in situ TEM studies of CNT growth at Brookhaven National
Laboratory (BNL); specifically, we plan to study the mechanism determining CNT growth
catalyst activity, quantify the catalyst activation Kinetics leading to self-organization, and
observe CNT-CNT growth coupling in real time.

Last, we plan to derive a model for nanoscale crystal growth (with adaptation to CNTs and
solid nanowires) that includes the effect of applied forces on the crystallization kinetics. This
has been postponed to further due to additional findings of our collective growth modeling effort
during the past year. We will use this kinetic model in a feedback model of coupled
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nanostructure growth, i.e., considering the coupling between CNTs growing at different rates,
their elasticity, mechanical instabilities, and mechanically-driven kinetics.
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Improved Electrochemical Performance of Strained Lattice Electrolytes via Modulated
Composition

Joshua L. Hertz
Departments of Mechanical Engineering and Materials Science and Engineering
University of Delaware

Program Scope

Solid electrolytes, found in batteries, fuel cells, and chemical sensors, are highly (and
increasingly) important energy technology components. Nevertheless, the rigid atomic
framework of solids provides for relatively few materials with high ionic conductivity,
particularly at low temperatures. For example, solid oxide fuel cells typically must be operated
at > 800 °C in order to obtain sufficient oxygen ion conduction through the electrolyte. These
temperatures necessitate the use of expensive components and limit device lifetimes, making
them economically unfeasible at this time.

Recently, the use of nanostructured multilayers has been proposed as a means to obtain
vastly improved solid state ionic conduction. It is believed that coherency strains and/or
differences in defect formation and association energy can cause a redistribution of mobile
species, thereby altering the conductivity. Unfortunately, the experimental evidence advocating
these techniques has often been controversial. In addition, the materials used in the multilayers
are often chosen on an ad-hoc basis, with no general theory to explain how best to optimize
conductivity. Further, nearly all of the multilayers demonstrated have used layer materials
wherein one of the layers was a poor ion conductor. This latter aspect leads to conduction that is
highly anisotropic, with poor conductivity in the through-thickness direction.

In this project, we are studying sputter deposited nanostructured films and multilayers of
oxygen ion conductors. We have established means to fabricate zirconia- and ceria-based films
where the composition—considering both the Zr/Ce ratio and the dopant content—can be
controlled and even modulated with single nanometer resolution. Series of well-controlled
compositional modulations enable the determination of the relative importance of strain and
defect formation and association energy in spatial redistribution of mobile defects. High
resolution TEM and SIMS are being used to physically characterize the specimens. Impedance
spectroscopy is being used to determine the effects of the layer spacing and the magnitude of
compositional modulation on ionic conductivity. Oxygen ion conductors, with application to
SOFCs, are being used in this study; however, the concepts and methods being discovered are
applicable to other ionic conduction systems. The research being performed impacts our
understanding of the effect of materials nanostructure upon ionic conduction and influences the
development of methods to engineer improved conduction.

Recent Progress

In first-stage work on this project, we demonstrated means to produce epitaxial, single-
layer films with arbitrary dopant composition and Zr-Ce ratio. Reactive co-sputtering was
performed using pure elemental targets of Zr, Ce, and either Y or Gd onto (100) MgO substrates.
The use of metal targets allowed for high purity and, by varying the relative sputtering powers
and deposition time, controlled composition and thickness of single or multi-layer thin films. X-
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ray diffraction (XRD) and transmission electron microscopy
(TEM) showed that yttria-stabilized zirconia (YSZ) films
deposited on (100) MgO substrates at a substrate temperature
of 400 °C were epitaxial with (100) orientation, while
gadolinium doped ceria (GDC) films had no preferred
orientation. Still, it was found that a YSZ film could be used
as a buffer layer to enable epitaxial growth of GDC.

On further testing, YSZ films with thickness ranging
from 6 nm to 100 nm were deposited on (0001) Al,O3
substrates and exhibited growth along (111)[110] YSZ //

(0001)[10 1 0] Al, O3 (Fig. 1). While the thicker films
exhibited oxygen ion conductivities similar to bulk samples,
the thinnest films exhibited increased ionic conductivity and a
reduced activation energy of 0.79 eV between 300 °C - 650
°C. Concomitant with the improved conductivity of the
thinner films was an increase in the out-of-plane lattice
parameter, matching theoretical expectations regarding ) P ORI
tensile strain, and the introduction of edge dislocations, Fig. 1. (Top) HRTEM cross-

which may additionally assist in-plane ionic conduction. section of a 6 nm thick YSZ thin
Further evidence for lattice interactions on YSZ ionic film. The red marks indicate edge
conductivity was found in studying films deposited in dislocations. (Bottom) Solid
parallel on MgO and Al,O3 substrates that had polished, sphere model of the YSZ/Al,0;
ion cleaned, or milled surfaces. Increased substrate surface  interface. Green, blue, and red
roughness led to decreases in both the crystallinity and spheres represent Zr/Y, Al, and
ionic conductivity of the films. O, respectively.

Similar deposition of GDC films on (0001) Al,O3
substrates resulted in columnar, polycrystalline grains with (111) texture. Unlike the YSZ films,
which exhibited sharply and monotonically increasing conductivity with decreasing thickness,
GDC films achieved highest conductivity at 81 nm thickness with more mild decreases in
conductivity for thicker and thinner films. Lattice parameter values never strayed far from
equilibrium values, consistent with the lattice strain-based explanation for the prior results.

Multilayer work began with samples of Y-doped CeO, thin films where the Y dopants
were distributed homogeneously or were condensed into increasingly concentrated layers, to the
limit of alternating layers of
pure Y,03 and pure CeO,
(Fig. 2). Both the entire film
thickness and net Y-
concentration were kept
constant such that only the
spatial distribution of
dopants was altered. Space
charge regions formed at
interfaces between regions
with varying vacancy
concentrations, yielding

vacancies trapped within Fig. 2. (a) Bright field and (b) high resolution TEM cross-
sections of a heterogeneously doped sample with multilayered
19 nm CeO, /1 nm Y,0a,.
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two-dimensional accumulation regions. A Gouy-Chapman model was implemented to understand
the distribution of accumulated oxygen vacancies in these regions. Comparison of the measured
activation energy of conduction indicates that in films with intermediate dopant condensation,
conduction occurred predominantly by vacancies trapped in the Y-containing layers. Conversely,
in the film composed of alternating layers of Y,03 and CeO,, ionic conduction arises mainly
from vacancies trapped in the space charge region. From the Gouy-Chapman model, the total
excess conductance of the space charge regions can be analytically determined, thus providing a
means to determine the properties of

vacancies in ceria in proximity to dopants. W

Multilayers composed of e oy _YDC Ceosloi0zs
Ce0.90Y0.1002:5 (YDC) an(_j Ce1xZrxO2:5 - 200) C2045 E:l”ir“c;”‘s
(CZO) (Fig. 3) were studied in order to 2 09701725
directly quantify the effect of interfacial S "\ N=3 Ce1,2n0;5
compressive strains on oxygen ion g CeosY01025
conduction. CZO solid solutions that adopt & /\'\ N=5 Ce1xZO2s
a cubic structure (x < 0.5) were used. Our & fl\’\
unique fabrication method allowed e L, A
different compressive strains to be induced *2 st J\se, N=15
in the YDC layers by controlling the Ce/Zr ™
atomic ratio—and thereby the lattice )\ N =21

parameter—in the alternating CZO layers. 26 28 30 32 34 36
A key benefit of using CZO other than rare 20 (degree)

earth oxides is that the lattice parameter of
CZO can be continuously varied. First -2
results using CegsZros0, seemed to _
indicate a sharp reduction in conductivity £
. . . T L 3.
with compressive lattice strain (Fig. 3). 0
Similar results to those shown in Fig. 3 are b
found in literature as putative proof of a D 4
lattice strain effect. Bulk and interfacial S
conductivities were distinguished from the
dependence of the conductivity on 51
interlayer-spacing. Comparing these values ——————
10 11 12 13 14 15 16 17

across multilayers using reduced Zr
content in the CZO layers—to the limit of
pure ceria and thus near-zero lattice strain
in the YDC—showed that interfacial
conductivity was not affected by the
amount of lattice strain.

While most of the work performed
here has used electrical measurements to
determine the oxygen diffusion coefficient,
D, isotopic tracer measurements have also been explored. Recently, there has been concern
regarding the ability of this technique to measure D and/or the surface exchange coefficient, k,
with high precision. By numerically modeling a generalized solution to the diffusion equation,
we have derived characteristic parameters related to the exchange time (t), material thickness (1),

1000/T (K™

Fig. 3. (Clockwise) XRD patterns, a schematic
diagram, and conductivity values of component
films and multilayers of YDC and CZO. Total film
thickness is 105 nm, with the N value indicating
the number of layers within this thickness.
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D, and k that can be used to quantify the range of experimental conditions where D and/or k can
be precisely determined. Of particular interest was that experiments where 1 > % can be used to

robustly determine k so longas 5-107° < % < 20. Experimental validation of the utility of
isotope exchange with thin film samples was performed on films of LaCoO3 and SrCoOs.

Future Plans

Three key themes have emerged from the project thus far and will be key focus areas for
the future. The first involves the role of substrate-induced lattice parameter changes in single-
layer YSZ and GDC films upon ion conduction. These effects clearly depend on the film
thickness and the substrate surface and are related to the film’s crystallinity. In-depth
characterization of the (probably biaxial, and possibly triaxial) strain state and examination of the
effects of annealing and dopant content will determine the root cause of these effects and how to
engineer improved conduction thereupon. The second theme is the use of heterogeneous doping
to study vacancy migration in accumulation region. Because the vacancies are localized to
interfacial regions, the identity of the dopant affects the lattice parameter and thus the strain in
these same regions. Thus, variation in the thickness and identity of heterogeneous dopant layers
will be studied. Third, CZO-based multilayers where strain can be finely tuned will be expanded
to look at tensile strained YSZ layers.
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Science-directed Pursue of the Smallest Metallic Nanorods
using Physical Vapor Deposition

Hanchen Huang
Department of Mechanical and Industrial Engineering
Northeastern University, Boston, MA 02115

Program Scope

In growing nanorods, one characteristic length scale is their diameter. This length scale
depends on diffusion rates of atoms and on the dynamics of surface steps, among others. In turn,
this length scale dictates how small nanorods can be, but does not guarantee such small nanorods
will be grown. Another length scale is the separation between neighboring nanorods. If the
separation is smaller than the diameter, even if both are small, no nanorods can exist with clear
separation; continuous film will then develop.

This project focuses on the theoretical formulation of the characteristic length scales,
taking insights from atomistic simulations and physical vapor deposition (PVD) experiments,
and relying on PVD experiments for validation. Among all the factors, the atomic diffusion rate
over surface steps is the most critical. Based on our earlier studies [1, 2], the atomic diffusion
rates over monolayer surface steps and those over multiple-layer surface steps are very different.
However, the latter will be meaningful only if the multiple-layer surface steps are kinetically
stable. In contrast to the classical theory of Schwoebel and Shipsey [3], which states that the
multiple-layer surface steps are not kinetically stable, our recent studies [4] have revealed a
positive feedback mechanism that kinetically stabilize multiple-layer surface steps. With the
stability established, the remaining questions are how monolayer surface steps cluster and how
multiple-layer surface steps dissociate. The competition of clustering and dissociation will
dictate the characteristic length scales.

Recent Progresses

Most relevant to this presentation are three progresses: a closed-form theory of nanorod
separation on a homogenous substrate, a closed-form theory of the smallest diameter of
nanorods, and a new technology of metallic sealing that has direct benefit to the lifetime of
organic solar cells.

In the first progress [5], we derived a closed-form theory of nanorod separation, shown as
the blue line in Figure 1. In order to achieve the closed-form theory, several idealized
assumptions have to be made in terms of nucleation processes on a substrate. The accompanying
Monte Carlo simulations, which do not make these assumptions, verify that these assumptions
are valid. In contrast, previous approximations — the lattice approximation and the mean field
approximation — are slightly off when compared with the Monte Carlo simulation results. The
most important progress here is not the slightly better accuracy of our closed-form theory than
the approximations. Rather, the most important progress is the closed-form nature of the new
theory. The closed-form theory clearly states how the separation Ls depends on processing
conditions — it scales with (1/F)*®; here, the adatom diffusion rate v depends on material type
and substrate temperature, and F is the deposition rate. This explicit expression of dependence
will be useful in guiding the design of nanorods, as we will show later in this abstract.
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and deposition rate F. surface steps v3p and deposition rate F.

In the second progress [6], we derived a closed-form theory of the smallest diameter of
nanorods. Conceptually, when the top surface of a nanorod is completely bounded by multiple-
layer surface steps, the adatom diffusion rate over multiple-layer surface steps vsp, which is
slow, dominates. As shown in Figure 2, the smallest diameter scales with (v ./F)Y°. The
accompanying Monte Carlo simulations verify that the closed-form theory is based on realistic
assumptions. As substrate temperature and deposition rate change, the two length scales — the
separation and the smallest diameter of nanorods — change at different rates. As a result, they
cross at a diameter of about 20 nm (for Cu nanorods); Figure 2. The implication is that increasing
deposition rate or decreasing temperature will not lead to Cu nanorods that are below 20 nm in
diameter, because the separation will be smaller than the diameter. Indeed, this crossing agrees
with our experiments [7]; in this case, the theory comes after the experiments, and it provides an
explanation instead of prediction.
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What comes next is a prediction. Based on the closed form theories, we can design to
reduce the diameter, for example, by using materials that have smaller vzp (or larger diffusion
barrier); and to increase the separation, for example, by using substrates that are more non-
wetting (or larger v). Figure 3 shows two such cases of the smallest well-separated Cu and Au
nanorods that have ever been achieved using PVD [6].

The third progress [8] takes the results of basic energy science to energy technology. In
organic solar cells, one of the primary limiting factors is their degradation due to leakage of
water moisture and oxygen; as shown in Figure 4. The polymer-based sealing may block such
leakage at the start of operation but degrades fast under sunshine. Metallic sealing would not
degrade under the sunshine, but it would require either high temperature or/and high pressure to
seal anything with metals. However, when two substrates are decorated with small well-
separated nanords and are brought together, they can easily crosslink. The fast surface diffusion
then leads to bridging of the crosslinked nanorods into a continuous film. Our experiments show
that the Ag seal forms at room temperature, in air, and under a small pressure of 10 MPa; that is,
the condition involves ambient environment only and causes no damage to other components of
the solar cells. This Ag seal has a leak rate that is 1000X lower than that of polymer-based seal;
and the Ag seal is not expected to degrade under the sunshine.
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Figure 4: Schematic of metallic sealing vs polymer-based sealing for organic solar cells (OSCs).

Future Plan

Having established closed-form theories of the smallest diameter and the separation of
nanorods, we plan to focus on the dynamics of surface steps. Specifically, we will formulate how
multiple-layer surface steps dissociate and how monolayer surface steps cluster. The competition
of the two processes will define a length scale that is between the smallest diameter and grain
size of thin film. This formulation will rely on insights from atomistic simulations and
experiments, and on experiments for validation; as in the previous work. Further, based on the
theory of step dynamics (as it is developed), we will also explore mechanisms of controlling the
dynamics and thereby controlling the nanorod diameter (and possibly crystal orientations).
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Laser Fabrication of Active Single-crystal Architecture in Glass

H. Jain, V. Dierolf*, D. Savytskyy, P. Gupta, B. Knorr*"
Department of Materials Science and Engineering, Lehigh University, Bethlehem, PA 18015
Department of Physics, Lehigh University, Bethlehem, PA 18015

Program Scope

Nonequilibrium synthesis and processing with energetic particle and photon beams offer
new ways to create materials and devices that are not currently possible with established
techniques. This project explores a path in this direction, specifically the fabrication of single-
crystal architecture in an infrared (IR) transparent glass by a laser beam. Its goal is to develop the
enabling science for the formation of active, ferroelectric (single) crystal-in-glass architecture
(FCGA), leading to a new class of IR metamaterials that combine exceptional electrical +
mechanical + optical functionalities of ferroelectrics (FE) with the robustness, easy formability
and low cost of glass. They would provide multiple novel functionalities for micro/nano-opto-
electro-mechanical system (M/NOEMS) transducers, sensors; electrically addressable nonlinear
waveguides; optical modulators; etc.

The project is focusing on laser-induced single crystal formation in appropriate
chalcogenide glasses (ChG), which are IR transparent and devitrify normally to form
ferroelectric crystallites. It is building on our proof-of-concept for making FCGAs in a model
oxide glass. Sh-S-1 glass system is selected as a model of ChG, as it comprises crystals like SbSI
and Sh,S;3 with excellent potential for energy applications. Upon sufficient understanding of the
laser-crystallization process with a continuous wave (CW) laser, in the next step we may exploit
femtosecond (fs) laser radiation that can facilitate fabrication in 3D. The special issues of laser-
induced fabrication to be addressed include: (a) The controlled single crystal growth by CW (or
fs) laser under glass—paraelectric—ferroelectric transformation in a relatively soft ChG, (b)
Laser-induced changes in ChG that is usually made of components with very different vapor
pressures. (c) The relationship between growth conditions and crystal/domain orientation, and
(d) The impact of various photoinduced phenomena (such as photofluidity, photodarkening,
photoexpansion, etc.), which are special characteristics of ChG, on its crystal growth process.
The mechanism of single crystal growth by laser irradiation is being investigated as a function of
laser characteristics with supporting structural information from electron microscopy (especially
EBSD), EXAFS, micro-XRD, and micro-Raman spectroscopy. Also the FE state of confined
crystals and crystal order at micron and nanometer scales are characterized by novel
spectroscopic techniques pioneered in our labs.

Recent Progress

We have prepared a series
of Sb-S-1 bulk glasses and
established stages of their
modification by CW laser: | |} _ e PRI St
decomposition/ ablation (Fig. 1a), | Figure 1. SEM images of laser-fabricated spots at: (a) high
and (b) low beam intensity [4].

" BK, who helped with the laser irradiation facility, is supported by NSF.
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photoexpansion (Fig. 1b) and crystallization (Fig. 2). Laser writing in chalcogenide glasses is
found to be inherently more complicated than in oxide glasses due to preferential evaporation
and oxidation (if performed in air). For example, we find physical contraction and chemical
changes under irradiation with a 488 nm CW Ar" laser due to thermal runaway. The wavelength
of the laser is well above the bandgap of the SbSI glass and is thus absorbed readily by thin
surface layer (several hundred nanometers) of the glass sample. The quasi-eutectic structure of
Sb-S-1 glasses facilitates decomposition of weak molecular bonds between ShS; and Sbl;
eutectic elements and further evaporation of Sbl; molecules from sample surface under the
action of laser beam. The evaporation of this iodine rich phase enriches the remaining
supercooled liquid Sh,S3, which together with volume changes (contraction due to the Shls;
evaporation) complicates surface crystallization of SbSI phase [1-4].

Notwithstanding the multiple
challenges, active ferroelectric ShSI
single crystal lines were fabricated by
a novel three-stage process as demon-
strated by EBSD scan in Fig. 2. To
begin, the polycrystalline line was
created by translating the laser spot
across a previously fabricated line on
the surface glass. During this process,
a line with few crystal grains was
produced. Next, the sample was scan-
ned in a direction perpendicular to the w10 9w 20,0y
initial “polycrystalline” line, which )
led to the growth of a single crystal | Figure 2. Electron back scattered diffraction confirms
from one of the seed crystals formed | single crystallinity: (a) SEM image, (b) image quality
earlier. The reason for using seed | (IQ ), and (c) inverse pole figure (IPF) maps of a
lines instead of spots is that after a | ShSI single crystal line [2].

certain distance the process reaches
equilibrium and the remainder of the line becomes homogeneous in composition and morpho-
logy, thereby providing reproducible nucleation sites for subsequent growth of crystal lines [2].

Very small laser power (0.5-5 mW) is required to induce crystallization in Sb-S-1 glasses
because of their low crystallization temperature. The control of laser power at these low levels
has been difficult with the Ar* laser high power laser. The fluctuations in intensity have been a
major source of problems in making reproducible structures [1, 2]. Therefore, we have switched
to a more stable, low power, energy efficient diode laser instead of the Ar" laser. In addition to
stability, a diode laser is providing much more precise electrical control of the output power
compared to the manual control for the Ar* laser.

Surface heating of the SbSI stoichiometric glass induced by a 520 nm CW semiconductor
diode laser shows two contracted regions: needle-like crystalline formations at low temperature
and bulk crystallization at high temperature. The analysis of observed phenomena and
differential calorimetry (DSC) results (Fig. 3) suggest two different kinds of crystallization of the
SbSI phase: one-dimensional crystallization at low temperature which starts from the sample
surface, and three-dimensional bulk crystallization that continues the transformation to
crystalline state at higher temperatures. The origin of the two different crystallizations can be
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traced to the strong anisotropy of the SbSI crystal structure due to the weak Van der Waals
interaction between covalent-ionic chains (Sb,S:l,), [5].

Laser writing by 520 nm diode laser beam
of circular cross-section was used also on
Sbsl off-stoichiometric 82ShSI-18Sh,S3
20 K/min chalcogenide glass to produce crystalline
architecture on the sample surface. It was
found that Sh,S; single crystal spots with
elliptic cross-section were produced with
the <001> direction parallel to major axis
of the ellipse and surface of glass matrix
(Fig.4). The crystallized lines of Sb,S;3
grew in the same <001> orientation with
respect to the laser scanning direction. An
T o T v e | explosive ch.an.ge in line _morpholqu was
Temperature, °C observed within such lines during the

Figure 3. DSC data for different size particles writing process. Its cause was identified to
of the SbSI glass with heating rate 20°/min. be the oxidation of Sb,S; crystalline phase,
which releases huge amounts of reaction

energy (similar to commercial fireworks based on Sb,S3). The oxidation of the laser-induced
Sh,S3 crystals can be eliminated by flow of nitrogen gas over the laser-illuminated zone.
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Figure 4. (a) SEM image, (b) image quality (1Q), and (c) confidence index (CI),maps of Sh,S;
single-crystal grain created by 520 nm laser beam; (d) orientation inverse pole figure (IPF) map
with reference vector in the direction of surface normal, and (e) pole figure for <001> direction.

The discovery of laser-induced shrinkage and expansion in combination with
crystallization of SbSI as well as Sh,S3 ferroelectric phases has opened a way to produce and
integrate different types of passive (optical waveguides, Bragg gratings, microlenses, lens arrays)
as well as active (electro-optic modulators, wavelength convertors) micro-optical elements in the
same glass substrate using appropriate laser irradiation.

Future Plans for the Current Year

The quasi-eutectic structure of Sb-S-l1 glasses facilitates decomposition of weak
molecular bonds between SbS3; and Sbls eutectic structural units, and preferential evaporation of
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Sbl; molecules from sample surface under the action of laser beam. The evaporation Sbl;
enriches the glass in Sb,S3; phase. We plan to establish an optimal chemical composition of the
starting glass, which would account for the evaporation and thereby allow the formation of
SbSI1/Sh,S; ferroelectric crystals upon laser irradiation. Alternatively, the thermal runaway
evaporation of Shl; can be reduced also by choosing the laser beam of longer wavelengths (for
example, 637 nm) with lower absorption and correspondingly deeper penetration in the glass. As
a result, we hope to identify conditions for forming SbSI crystals more reproducibly.

During current experiments, crystallization starts below the surface of the glass, which
makes the characterization of such crystals by EBSD impossible. So we need to expose the
crystal formed under the surface by careful polishing/sputtering, and then perform EBSD
analysis of the exposed crystal architecture. It will be a challenge to remove the top glass layer
without affecting the structure of underlying crystalline region. To circumvent this problem, we
plan to conduct scanning X-ray microdiffraction (microSXRD) experiments at BL 12.3.2.
beamline of Advanced Light Source (ALS), Lawrence Berkeley National Laboratory (LBNL),
which appears suitable for characterizing the crystallinity of laser written lines. In contrast to
EBSD, which we have exploited extensively so far, the ultra-brilliant X-ray beam is able to penetrate
materials to a distance greater than one hundred microns. We will be interested also in developing a
faster alternative to microdiffraction for characterizing the crystal line such as micro-Raman
spectrocopy.

Publications and Patents

1. P. Gupta, A. Stone, N. Woodward, V. Dierolf, H. Jain, “Laser fabrication of semiconducting
ferroelectric single crystal SbSI features on chalcohalide glass”, Optical Materials Express 1
(2011) 652-657. Published online: http://dx.doi.org/10.1364/OME.1.000652

2. D.Savytskii, B. Knorr, V. Dierolf, H. Jain, “Formation of Laser-induced SbSI Single Crystal
Architecture in Sb-S-1 Glasses” J. Non-Cryst. Solids 377 (2013) 245-249. Published online:
http://dx.doi.org/10.1016/j.jnoncrysol.2013.01.018

3. R. Golovchak, L. Calvez, E. Petracovschi, B. Bureau, D. Savytskii, H. Jain, “Incorporation of
Ga into the structure of Ge-Se glasses”, Materials Chemistry and Physics 138 (2013) 909-
916. Published online: http://dx.doi.org/10.1016/j.matchemphys.2012.12.084

4. D. Savytskii, B. Knorr, V. Dierolf, and H. Jain “Challenges of CW laser-induced
crystallization in a chalcogenide glass” Optical Materials Express, 3 (2013) 1026-1038.
Published online: http://dx.doi.org/10.1364/OME.3.001026

5. D. Savytskii, M. Sanders, R. Golovchak, B. Knorr, V. Dierolf, and H. Jain “Crystallization of
stoichiometric SbSI glass™, Submitted to Journal of the American Ceramic Society.

6. U.S. Provisional Patent Application: Method to Write High-Resolution Single Crystal
Architecture on Glass Using Electron Beam. Inventors: P. Gupta, J. Poplawsky, H. Jain and
V. Dierolf, Application No: 61/552,780, October 28, 2011.

164


http://dx.doi.org/10.1016/j.jnoncrysol.2013.01.018
http://dx.doi.org/10.1016/j.matchemphys.2012.12.084
http://dx.doi.org/10.1364/OME.3.001026

Development and Understanding of Multifunctional Nanostructured
Magnetoelectric and Spintronic Materials
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R. Thomas®, A. Kumar?, J.Velev', V. Makrov', O. Perales?, M.S.Tomar?, W. Otafio®.
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Program Scope

Magnetoelectric (ME) multiferroics and spintronics combine standard microelectronics with spin-
dependent effects that arise from interactions between electrons and magnetic field. The spin dependent
phenomena become challenging at the nanoscale where new physical effects emerge affecting the spin
injection, transport, and switching times. The goals of this project are to develop CMOS compatible
multifunctional materials to meet the near future demand of miniaturization of Si based technology and
for the next generation technology beyond Si. For this advancement, however, a fundamental
understanding of science is needed to develop materials, e.g. high-k gate oxides (for 22 nm node
technology and beyond), ME multiferroics, and dilute magnetic semiconductors (DMS) materials at room
temperature. Such materials have the potential to form the basis of a new generation of energy efficient
nanoscale electronic devices that are fast responding, have low power consumption, and high integration
density.

The aim of this research is the synthesis and characterization of various functional oxides and silicides to
accomplish the above goal. We have studied different systems, namely, i) spintronic nanostructures we
have sinthesized thin film of: Co,V-doped ZnO, rare earth (Er and Yb) doped GaN, Fe,Co,Si nanowires
(NWs) by CVD and ion implantation; ii) resistive switching phenomenon in Oxides for Memory Devices
(high-k gate oxide: LaGdOs3, and Bi;xSmyFeOs); iii) Magnetoelectric Multiferroics: Pb based Perovskite
single phase magnetoelectric multiferroic (ME-MF) solid solutions: We have reported extensive studies
on Pb(Fe,M)x(Zr,Ti)1xO3 [M=Ta, Nb] and pure & doped BiFeOs; iv) Composites and Heterostructures:
PFN-NZFO composites, Tunnel Electroresistance effect in Pt/PZT/LSMO junctions, PZT/LSMO
superlattices, v) Novel High-k gate oxide for Logic Devices: LaGdO3; (LGD); vi) Theoretical Studies:
Elect- Bias dependence of tunneling magnetoresistance (TMR) in Co/Al,O; granular multilayers,
formation and properties of the two-dimensional electron gas (2DEG) at ZnO/Zn(Mg)O (0001) interfaces.

Recent Progress

Resistive switching (RS) in High-k gate oxide, LaGdO3; (LGD): The unipolar RS properties of the

1 siiceor—  amorphous LGO thin films deposited by pulsed laser deposition

1 g —— (PLD) have been investigated. The Pt/LGO/Pt MIM stack
1°;;1 ' s = geometry required a forming voltage of ~7V to initiate the
_ 1 4: Reset] Set Forming|  Switching process. After forming process reliable and repeatable
< 1es nonvolatile switching of the resistance of these devices was
§ 1E6 obtained between two well defined states of low/high resistance
3 1E7; ~«4"6 (LR/HR) with nearly constant resistance ratio of ~ 10° and non-
el overlapping switching voltages in the range of ~ 0.6-0.75 V and
15_1(,: x 2.5-4 V respectively. The current conduction mechanism of the
1E-11 ; . . . . device in LR/HR states were found to be dominated by the

2 6 8

VO,ta;e(v) Ohmic behavior and Poole-Frenkel emission respectively.

Fig. 1: Resistive Switching behavior of | R/HR states of the film showed no obvious degradation for up to ~
LGD films. 12 hours indicating good retention. The switching between LR/HR
states was attributed to formation and rupture of conductive filaments.
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Pb  based Perovskite single phase

magnetoelectric multiferroic (ME-MF) solid S— &)
solutions: Studies on Pb(Fe,M)x(Zr,Ti)1.x03 § = _ /n
[M=Ta,Nb] family of perovskite oxides that are 8% oy o
ferroelectric (FE) as well as ferromagnetic il v .
(FM) and show magnetoelectric properties at 0 sl 5
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Pb(FEO_5Tao_5)y(Zro_53Tio_47)(1.y)03 (PFTy-PZT(l_
y) (0.1< x, y <0.4), were synthesized in both —
ceramic and thin films by conventional solid | o 006 \“’” Poles
state reaction route and PLD technique . ® /\ - g /

respectively. PFT-PZT ceramic samples -

exhibited ME-MF properties: saturated FE

mu/gr)
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] © \
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Lol

3

loop with P,~10-20 uC/cm?, well defined FM ¥+ =~ Lo @ = on] —
loop with saturation magnetization of about — wi—— — L. S be
0.02-0.06 emu/gr, and the ME effect with o = i T Somaion (x'ory) '

HoAM/AE=1.3x10"" S/m. Single phase highly Fig. 2. (@) SEM image for ~1 um grain of PFN,-PZT 1 (X =
oriented thin films of PFT4-PZT 1.5y were grown on 0.2) with the respective elemental concentration maps. (b)

Lag67Sro.33Co03 coated oriented MgO substrates. Remanent polarization/magnetization and the respective
The films showed MF properties with well electric/magnetic coercive field (upper/lower) for PFN,-PZT 1.y

d FE h is having P.~43-48 uC/cm? and PFT,-PZT ., as a function of the concentration (x or y).
saturate ysteresis having P HC/CM™ ME coefficient as a function of the bias magnetic field in

and magnetlzatlon saturation value as Ms~6-17 |ongitudinal (oiess) and transverse (oies;) modes for PFT-PZT
emu/cm®. (y=0.2) at 1 kHz at RT.

Tunnel Electroresistance effect in Ferroelectric Tunnel Junction in structures with ultrathin
ferroelectric PbZrys,Tip4s03 (PZT) barrier: We have studied thickness effect of FE PZT films with
thickness from 7 to 3 nm on Lag g7Sr0.33MnO3(LSMO)/(LaAlO3)03(SrAlTa0g)o7(LSAT) (001) substrates
deposited by pulsed laser deposition technique. The x-ray diffraction analysis revealed that the PZT and
LSMO films were well oriented (00I) perovskite structures. Piezo force microscopy (PFM) shows phase
and amplitude loop and a clear and reversible out-of-plane phase contrast, above + 2.5 V that indicates the
FE character of PZT/LSMO films (Fig. 3(a) and its inset). Tunneling conductance mechanism was
observed in parabolic behavior of conductance vs. voltage curve obtained from Current-Voltage measures
(Fig 3(b)). Switching from low resistance state (LRS) to high resistance state (HRS) and vice versa by
sweeping the voltage from negative to positive and back, at zero bias show HRS/LRS was ~100. These
junctions demonstrate highly reproducible resistance switching which happens above +2.5V, not
switching was observed below this voltage. These results indicate resistence switching observed in IV can
be due to ferroelectric nature of the barrier (Fig 3(c)).
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Fig. 3. PZT-5nm/LSMO-30nm: (a) PFM shows a clear and reversible out-of-plane phase contrast at 3 V that indicates
the FE character of PZT/LSMO films (b) The G(V) = dl/dV curve show parabola-like behavior, as expected for
transport dominating direct tunneling. (b) This junction demonstrates highly reproducible resistance switching which
happens at about +2.5V. 166



Advanced high-k gate dielectric amorphous LaGdO;
gated metal-oxide-semiconductor devices: Careful
selection of PLD conditions was executed to achieve
sub-nanometer EOT (equivalent oxide thickness) in
amorphous LGD based high-k/metal gate stacks. The
lowest EOTs attained were ~5.4 A and 8.4 A with and
without quantum mechanical correction, respectively.
The electrical measurements yielded a high permittivity
of 20.56£2.4, a thin bottom interfacial layer of thickness
4561 A, and interface (cm? eV?) and fixed (cm?)
charge densities of ~10'2. Analysis of temperature
dependent leakage currents revealed that gate injection
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current was dominated by Schottky
emission below 1.2 MV/cm and quantum
mechanical tunneling above this field. The
physical origin of substrate injection was
found to be a combination of Schottky
emission and trap assisted tunneling

Fig 4. C-V characteristics of Pt/LGO/p-Si n-MOS deices measured at
100 kHz including its Hauser fit with and without quantum mechanical
correction (a) SAED image of a-LGO. (b) Cross-sectional TEM
images of LGO thin film fabricated at 300 °C. (¢) Ex-situ Ols XPS
peak from ~8 nm thick LGO layer on Si after Ar+ sputtering etches.

Future Plans

We will continue working on the synthesis and characterization of single phase materials and
heterostructures suitable for spintronics and multiferroic applications. A few proposed studies in this area
are: (1) synthesis of multiferroic tunnel junction (MF-TJ) using PLD deposition technique, i.e.
Pb(ZrTi)O-Pb(Fe, Ta)O; (PZTFT)/LazsSrisMnO; (LSMO), with PZTFT thickness ~2—7 nm on (001)
LSAT: (LaAlO3)o3 (Sr2AlTa0g)o7 . We plan the characterization of the electron transport properties of
F/MF-TJ, such as current-voltage characteristic, temperature dependencies of conductance, and tunnel
electroresistance, magnetoresistance properties, in collaboration of Nebraska University. (2) We will be
focused on growth and characterization of Yb and Er doped InGaN thin films and fabrication and testing
of MTJ using RE-doped Il1I-Nitrides. We also use X-ray magnetic circular dichroism (XMCD), X-ray
absorption fine structure (EXAFS), and X-ray near edge spectroscopy (XANES) in collaboration with
Brookhaven Nation Laboratory (BNL) for the better understanding of origin of magnetic properties and
atom specific magnetic properties. (3) Related to theoretical work, we will further pursue the work on
dilute magnetic semiconductors, including investigating the effect of rare-earth doping on the electronic
structure of ZnO and GaN. The work in 2DEGs continues in several directions including an investigation
of the formation of polarization-discontinuity 2DEG at GaN/Ga(Al)N interfaces and the formation of
spin-polarized 2DEG as GaTiO3/SrTiO3 interfaces. The work on the MTJs with asymmetric interfaces
continues in the direction of investigating the effect of asymmetric barrier modifications on the spin
transfer torque (STT).

DoE Sponsored Publications in the Last Two Years

The number of reviewed scientific publications from our DOE sponsored project (Award #DE-FG02—08ER46526)

is 70 in the last two years but in what follows due to space limitation we are reporting only a few most significant

ones:
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Investigating the Metastability of Clathrate Hydrates for Energy Storage

Pls: Carolyn A. Koh and Amadeu K. Sum
Center for Hydrate Research, Chemical & Biological Engineering Department
Colorado School of Mines, Golden, CO 80401

Program Scope

Fundamental investigations are being performed on clathrate hydrate materials and the key pro-
cesses controlling the synthesis, and structure-property relations of clathrate hydrates containing
hydrogen, methane, and other guest molecules for energy storage. Molecular level interactions
between guest and host molecules in clathrate hydrates are being probed to advance our under-
standing of clathrate hydrate metastability related to synthesis, structure, and composition of
clathrate hydrates. Addressing questions on metastability is pivotal in all energy applications of
clathrate hydrates, including energy storage, energy transportation, and energy recovery. Mo-
lecular tools, including Raman spectroscopy, powder X-ray diffraction, and molecular dynamics
simulations are being applied to investigate clathrate hydrate energy storage materials with re-
spect to: structure/phase metastability, including coexistence/transitions of metastable phases;
metastable cage composition/occupancy, including variable cage occupancy and dynamics. The
results from these studies are advancing the knowledge of clathrate hydrate formation and de-
composition processes in energy storage and other energy applications.

Recent Progress

(1) Discovery of Key Clathrate Hydrate Building Blocks
Direct molecular dynamics simulations probing the formation pathways of structure 1 (sl) CH,4
hydrate [1] have identified metastable (amorphous) clusters and seven common cages [2] during
clathrate hydrate nucleation (Fig. 1). In thermodynamically stable sl structures, only two types of
cages are observed. Therefore, the appearance of seven cages suggests metastable cage environ-
ments may be present during early stages of clathrate hydrate formation. It was discovered that
these seven elementary cage types comprise 95% of all cages present in the nucleatlng trajecto-
ries [2]. These new findings open up the possibility that many TR R ; :
of these incipient cages could be also present in sll or other
clathrate hydrate nucleation trajectories.
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(11) Discovery of New Metastable Phase Present During Hydrate Structural Transitions
Experiments examining clathrate hydrate structural transition pathways were performed on the
structure V1 to structure 11 (sll) transition [3]. It was observed that as sVI clathrate frameworks
begin to transition to sll, due to a composition induced change in the equilibrium structure after
the addition of H; (g), an new intermediate phase [4] was formed prior to the transformation to
sl (Fig. 2). The intermediate environment was studied using in-situ and ex-situ Raman spec-
troscopy and powder X-ray diffraction, and it was found that the spectral width of the intermedi-
ate environment ranged from ~4120 to 4182 cm™, covering ~62 cm™ (Fig. 3A). The lack of dis-
tinct spectral features and relatively large width of the intermediate band compared to the other
known structures (Fig. 3B-D) suggests that the metastable intermediate states are likely com-
prised of many unique environments enclathrating molecular hydrogen. To provide a more de-
tailed characterization of these unique environments quantum mechanical calculations with den-
sity functional theory (DFT/B3LYP/6-31++G**) were performed to compute the H, Raman
shifts of all of the stable cages in structures I, II, and VI. Based upon the 62 cm™ Raman peak
width of this intermediate environment, in-situ Raman and X-ray analysis, DFT calculations, and
comparisons to other known clathrate environments, we show that this intermediate H, environ-
ment is not consistent with any known thermodynamically stable cage type and thus propose we
are observing H; enclathration into a metastable clathrate-like intermediate phase.

This recent experimental confirmation of metastable intermediate structures could lead to the po-
tential discovery of an entirely new class of clathrate hydrate structures that, if stabilized, may
have potential for energy storage and/or other energy applications. Furthermore, on a fundamen-
tal level, the isolation of these metastable transition cages exposes new insight into the clathrate
hydrate formation pathways and mechanisms. These new experimental findings are closely
aligned with our molecular simulation discoveries of metastable cage dynamics occurring during
clathrate hydrate nucleation and growth [2].

Figure 2: Suggested pathway for struc-
tural transition from sVI to sll after addi-
tion of H, guest molecule [4].
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Figure 3: Raman spectral data of H, in known envi-
ronments of sl, sll, sH, ice Ih, gas phase compared to
H, in the metastable intermediate environment,
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(111) Structure-Synthesis Relations of CH4 + H, Binary Hydrates

To reduce the extreme thermodynamic requirements for stabilizing pure H; clathrate hydrate sys-
tems, small amounts of a second larger guest are typically added to better stabilize the clathrate
hydrate structure [5]. A common binary hydrogen hydrate system is the H,+tetrahydrofuran
(THF) mixed hydrate, where the binary hydrogen hydrate can be stabilized at more moderate
conditions compared to pure H hydrate. Specifically, pure H, hydrates form at around 150 MPa
and 270 K, while H,+THF binary hydrates form at around 10 MPa and 280 K. However, the
trade off is typically that only a limited amount of H, can be enclathrated in the mixed clathrate
hydrate, because THF molecules tend to occupy all 526 (large) cages and H, molecules can then
only occupy the 52 (small) cages. For clathrate hydrates to be considered for practical energy
applications, including as a storage medium, it is important to achieve a high energy density at
relatively mild conditions.

We show that, like THF, CH; may also serve as a thermodynamic promoter, but unlike THF,
CHy, is small enough that H, may compete effectively for occupancy in the larger cages, resulting
in an overall increase in H, enclathration. Furthermore, H,+CHj, binary hydrates are expected to
have a higher overall energy density than H,+THF hydrates because CH, serves as an additional
source of energy, unlike THF. When compared to the H,+THF binary hydrate, clathrate hydrates
incorporating H, and CH,; are comparatively underexplored, with some authors suggesting
enclathration of H,+CH, as impossible [6] We report that the formation of binary H,+CH,4 hy-
drates can be achieved, where the final structure of the system is dependent on at least three
thermodynamic variables: the initial mole fraction of mixed gas, pressure, and synthesis for-
mation period (Fig. 4). Hydrate crystal structures and cage occupancies of guest species were
obtained from powder X-ray diffractometry (PXRD) and Raman spectroscopy, respectively. The
results revealed that compared to THF+H, binary hydrates, the storage potential is higher in the
case of CHy+H, and should be explored further, possibly in combination with the self-

80 preservation effect. These new findings can
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Future Plans

Our recent experimental and molecular simulation studies have revealed that during periods of
clathrate hydrate structural change (e.g. nucleation or growth), metastable environments not pre-
sent in thermodynamically stable hydrates may persist for hours or days. Using in-situ Raman
spectroscopy, neutron diffraction, and molecular simulations, we will further characterize the
nature of these new metastable environments. These new discoveries may potentially reveal an
entirely new class of structures. Furthermore, this new environment has been only investigated
for the structure V1 to structure 11 clathrate transition using tert-butylamine and H;, as guest mol-
ecules. In future work, we plan to investigate the presence of potentially unique intermediate
states in other structures/systems. Fundamental molecular studies of binary co-fuel systems will
be also investigated using in-situ Raman spectroscopy, neutron and X-ray diffraction, and mo-
lecular simulations.
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Synthesis and Processing Research in Group IV Nanomembranes

Max G. Lagally and Mark A Eriksson
University of Wisconsin-Madison, Madison, W1 53706
(with Feng Liu, Utah)

Program Scope

Single-crystal semiconductor sheets present a platform for entirely new science and tech-
nology. They may form the basis for devices relevant in energy harvesting, transformation, and
conservation. The novelty of thin crystalline sheets lies in the following. 1) They are thin; a fac-
tor that brings many new phenomena. The very high interface-to-volume ratio makes surfaces or
interfaces, and their chemical and structural properties, very important contributors to unique
membrane electrical, thermal, and mechanical behavior. 2) Thin sheets can be strained to a high
degree, effectively allowing lattice constant choice. Many of the most fundamental materials
properties are influenced by the lattice and distortions of the lattice. 3) They are easily stackable
and bondable, introducing the potential for an entirely new set of composite materials that change
their properties vertically on the scale of 10s to 100nm. Because of this property, interface effects
can be significant, but readily investigated. Additionally sheets are compatible with all top-down
processing that is conventional in the semiconductor device industry.

Our work has been in Group IV-based nanomembranes, but the platform is extendable to
other materials and a range of structures and functions, using the materials processing approaches
we have developed. The platform of single-crystal semiconductor sheets offers the choice of nano-
size in one, two, or three dimensions, as well as the formation of structures with mixed dimen-
sions, but the true advantage is working at the nanoscale in one dimension, while the other two di-
mensions are at the mesoscale or macroscale. Our work provides excellent prospects for modify-
ing and enhancing materials properties, and new areas of NM processing that can act as technology
drivers.

The program scope includes:
e Investigations of
e electronic transport in surfaces of crystalline sheets, including new orientations of semi-
conductor NMs and graphene bonded to such NMs
e strain engineering of new structures, including local and global lattice strain, externally
applied strain, and thermal mismatch strain
e surface modification to affect the kinetic barrier for defect formation during stress appli-
cation
e novel interfaces, including structure and thermal/electrical transport through NM stacks,
twist boundaries in stacked graphene, and periodically bent NMs
e Fabrication of our own unique NMs, make novel materials via NM strain engineering
e Application of theory to quantify the outcomes of our synthesis and processing efforts
e Focus on structure and defects, electronic band structure, electronic and thermal transport,
and mechanical behavior.
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Recent Progress

We are actively investigating a number of research topics at the forefront of NM science.
Our core competencies are making NMs via thinning, release, etching and transfer; MBE and
CVD growth at very high purities; charge transport measurements; structural and strain meas-
urements; and surface characterization. We have focused in the last two years on

e Surface charge transport in clean and H covered Si(001). Corresponding theoretical work

is performed by Feng Liu on surface charge transport in tensilely strained Si(001)

e Use of strain engineering to make defect free Si-Ge crystals and their use for multiple-

quantum well growth of Si/SiGe heterostructures and strained-Si 2DEGs

e Mechanical strain of Ge for band engineering

e Charge transport in graphene on semiconductors

e Strain engineering of patterned NMs of high-modulus materials on “soft” sub