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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 PIs, 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. 

II. Basic Synthesis Science for Energy Storage:  Designing new materials with higher energy storage 

capacity and improved reliability. 

III. 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: 

 (1) 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.  

II. 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. 

III. 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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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) 
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Poster Session I 

 

Monday, November 18, 2013 

1. In situ Monitoring of Dynamic Phenomena during Solidification 

Amy J. Clarke*, S.D. Imhoff, and P.J. Gibbs, Los Alamos National Laboratory 

 

2. 

 

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  

 
3. 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 

 
4. 

 

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 
 

5. 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.I. Goldman, R.E. Napolitano and M.J. 
Kramer*, Ames Laboratory 

 

6. Atomistic Structure, Strength, and Kinetic Properties of Intergranular Films in Ceramics 

Yun Jiang, Ying Ma, Stephen H. Garofalini*, Rutgers University  
 

7. Laser Fabrication of Active Single-Crystal Architecture in Glass 

Himanshu Jain*, Volker Dierolf*, D. Savytskyy, P. Gupta, B. Knorr, Lehigh University 
 

8. Exploratory Materials Synthesis and Characterization 

Cedomir Petrovic*, Brookhaven National Laboratory 
 

9. Novel Materials Preparation and Processing Methodologies: Microstructural Refinement and Phase 

Space Determination of Mg2Si-Based Thermoelectric Alloys 

Yong Liu*, Qingfeng Xing*, and Thomas A. Lograsso*, Ames Laboratory 
 

10. 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 

 

11. Discovery and Crystal Growth of New Oxide Phases from Metal Fluxes 

Theo Siegrist*, T. Besara, D. Ramirez, Florida State University 
 

12. New Oxide Materials for an Ultra High Temperature Environment 

John H. Perepezko*, University of Wisconsin-Madison 
 

13. 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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14. A Fundamental Study of Inorganic Clathrate Open-Framework Materials 

George S. Nolas*, University of South Florida 
 

15. Study of Spark-Plasma Sintering at Different Scale Levels  

Eugene A. Olevsky*, San Diego State University 

 
16. Electric-Field Enhanced Kinetics in Oxide Ceramics: Pore Migration, Sintering and Grain Growth  

I-Wei Chen*, University of Pennsylvania 

 
17. Improved Electrochemical Performance of Strained Lattice Electrolytes via Modulated Composition 

Joshua L. Hertz*, University of Delaware 

 
18. How Bulk and Surface Thermodynamics Affects Li battery Material Properties 

Alexandra Navrotsky*, University of California, Davis 

 

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

 

20. 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 

 
21. Conduction Mechanisms and Structure of Ionomeric Single-Ion Conductors 

Ralph H. Colby*, Janna K. Maranas, Karl T. Mueller, James Runt and Karen I. Winey, The 

Pennsylvania State University 

 
22. 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 
 

23. 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 

 
24. Investigating the Metastability of Clathrate Hydrates for Energy Storage 

Carolyn A. Koh* and Amadeu K. Sum*, Colorado School of Mines 

 
25. Forces, Crystallization, and Assembly in Nanoparticle Suspensions 

Kristen A. Fichthorn* and Robert M. Rioux, The Pennsylvania State University 

 

26. Inverse Opt imiza t ion Techniques for Targeted Self-Assembly   
Salvatore Torquato* and Frank Stillinger, Princeton University 

 

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

 

28. Giant Electrocaloric Effect in Ferroelectric Polymers with Tailored Polar-Nanostructures                                                                                     
Qiming M. Zhang*, The Pennsylvania State University 
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29. Using Energetic Gas Jets to Enable New Modes of Focused Electron Beam Induced Deposition 

     Matthew Henry and Andrei G. Fedorov*, Georgia Institute of Technology  

 

30. Non-equilibrium Effects in the Processing of Materials using Plasmas 

Lorenzo Mangolini*, University of California, Riverside 

 

31. Boron-Based Nanostructures: Stability, Functionality and Synthetic Routes 

Boris I. Yakobson* and Pulickel Ajayan, Rice University  

 

32. 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 

 

33. 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 
 

34. 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 

  

35. Understanding and Controlling Nanoscale Crystal Growth using Mechanical Forces 

Mostafa Bedewy
1,2

, Assaf Ya’Akobovitz
1
, Kendall Teichert

1
, and A. John Hart*

1,2
, 

1 
University of 

Michigan, 
2
Massachusetts Institute of Technology 

 



xxvi 

 

Poster Session II 

 

Tuesday, November 19, 2013 

 

 
1. 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 

 

2. Integrated Growth and Ultra-low Temperature Transport Study of the 2
nd

 Landau Level of the Two-

Dimensional Electron Gas 

Gabor Csathy* and Michael Manfra*, Purdue University 

 

3. Development and Understanding of Multifunctional Nanostructured Magnetoelectric and Spintronic Materials 

Ram S. Katiyar*
1
, M. Gomez

1
, G. Morell

1
, L. Fonseca

1
, Y. Ishikawa

1
, R. Palai

1
, 

R. Thomas
1
, A. Kumar

1
, J.Velev

1
, V. Makrov

1
, O. Perales

2
, M.S.Tomar

2
, W. Otaño

3
, 

University of Puerto Rico, Rio Piedras
1
, Mayaguez

2
, Cayey

3 

 

4. 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 

 

5. Digital Synthesis: A Pathway to New Materials at Interfaces of Complex Oxides 

Anand Bhattacharya*, Sam Bader, Argonne National Laboratory 
 

6. 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 

 

7. 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 

 

8. Artificially Layered Superlattice of Pnictide by Design   

Chang-Beom Eom*, University of Wisconsin–Madison 
 

9. Atomic-Layer-by-Layer Molecular Beam Epitaxy Synthesis of Cuprate Superconductors 

Ivan Božović*, Anthony T. Bollinger and Jie Wu, Brookhaven National Laboratory 

 

10. Studies of Surface Reaction and Nucleation Mechanisms in Atomic Layer Deposition 

Stacey F. Bent*, Stanford University 
 

11. Atomic Layer Deposition (ALD) of Metal and Metal Oxide Films: A Surface Science Study 

Francisco Zaera*, University of California, Riverside 

 

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

Spaces 
Xudong Wang*, University of Wisconsin–Madison 
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13. Growth and Properties of New Epitaxial Metal/Semiconductor Nanocomposites 

Joshua M. O. Zide*, University of Delaware 

 

14. A Unified Understanding of Residual Stress in Thin Films: Kinetic Models, Experiments and Simulations 

Eric Chason*, Brown University 

 

15. Electrodeposition of Cobalt (Hydr)oxide Oxygen Evolution Catalysts for Photoelectrochemical Water 

Splitting 

Jay A. Switzer*, Missouri University of Science and Technology 

 

16. Science-Directed Pursue of the Smallest Metallic Nanorods using Physical Vapor Deposition  

Hanchen Huang*, Northeastern University 

 

17. 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 

 

18. 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 

 
19. In Situ Visualization and Theoretical Modeling of Early-Stage Oxidation of Metals and Alloys  

Guangwen Zhou*, State University of New York, Binghamton 

 

20. Synthesis and Processing Research in Group IV Nanomembranes  

Max G. Lagally* and Mark A Eriksson, University of Wisconsin–Madison with Feng Liu, University of 
Utah 

 

21. Strain Engineered Surface Transport in Si(001): Complete Isolation of the Surface State via Tensile Strain 

Feng Liu*, University of Utah 
 

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

Pengpeng Zhang*, Michigan State University 
 

23. 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 
 

24. Quasiepitaxial Growth of Organic Crystalline Thin-Films 

Richard R. Lunt*, Michigan State University 
 

25. Brush-Coated Nanoparticle Polymer Thin Films: Structure-Mechanical-Optical Properties 

Peter F. Green*, University of Michigan 

 

26. 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 
 

27. New Optoplasmonic Materials for Next Generation Energy Systems 

Bjoern Reinhard*, Boston University 
 

28. Coupled Plasmonic Arrays for Real Time Sensing 

George Chumanov*, Clemson University 
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29. Plasmonic Control of Radiation Processes for Enhanced Efficiency and Beam Shaping 

Roberto Paiella* and Theodore D. Moustakas, Boston University 

 

30. Evolutionary Selection Growth: Towards Template-Insensitive Preparation of Single-Crystal Layers 

Benjamin Leung and Jung Han*, Yale University 

 

31. Enhanced Materials Based on Submonolayer Type-II Quantum Dots 

Maria C. Tamargo*, Igor K. Kuskovsky, Carlos A. Meriles, City University of New York and I. Cevdet 
Noyan, Columbia University 

 

32. 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 MO6 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 

3



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 LaSrNiO4 

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 (Oap). 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-Oap 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 

the connection between band 

lineup charge transfer, we 

investigated the interface 

between two very dissimilar 

perovskites, LaMnO3 and 

LaNiO3. LaMnO3 is an 

antiferromagnetic orbital-

ordered Mott insulator and 

LaNiO3 is a paramagnetic metal. 

Using transport and x-ray 

spectroscopy (collaboration 

with Dr. John Freeland, 

Argonne), we were able to 

demonstrate that there is a 

significant charge transfer 

between these materials, with a 

electrons moving from LaMnO3 

into LaNiO3.  In superlattices of  

(LaMnO3)2/(LaNiO3)n, this 

leads to a metal-insulator 

transition as n is varied. The 

origin of this transition can be 

traced to the charge transfer 

between the two constituents (J. 

Hoffman et al., to appear in 

Phys. Rev. B).
1
 This charge 

transfer is also linked to 

 
 

Fig. 1 Evidence for electron transfer from LaMnO3 

to LaNiO3 in X-ray absorption spectra at the (a) 

Mn L-edge and the (b) Ni L-edge in 

(LaMnO3)2/(LaNiO3)n  superlattices  (n = 2, 4). The 

Mn spectra resemble that for  Mn
4+

, while
 
 spectra 

of Ni for n = 2 resembles Ni
2+

, even though Mn 

and Ni  are nominally in the 3+ state in LaMnO3 

and LaNiO3. 

a"

b"
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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 

(La2/3Sr1/3MnO3)m/(LaNiO3)n where we observed magnetic coupling between  

La2/3Sr1/3MnO3 layers separated by (LaNiO3)n, where n was as large as 9.
2
 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-Oap 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  t2g manifold, where we would tailor the Rashba interaction by breaking 

inversion symmetry via cation ordering. In the cuprates, we hope to tailor the Cu-Oapical 

bond length in a systematic way and explore changes in properties.
3 

 
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)n/(LaMnO3) 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). 
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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 

2011): 

 

P1. “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. 

P2. 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). 

P3. “Interface Magnetism in a SrMnO3/LaMnO3 superlattice”, S. Smadici, B. B. Nelson-

Cheeseman, A. Bhattacharya, P. A. Abbamonte, Phys. Rev. B 86, 174427 (2012). 

P4. “Structurally induced magnetization in a La2/3Sr4/3MnO4 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. 

P5. “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). 

P6. “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). 

P7. “Control of octahedral rotations in LaNiO3/SrMnO3 superlattices”, S. J. May, C. R. 

Smith, J. –W. Kim, E. Karapetrova, A. Bhattacharya, P. J. Ryan, Phys. Rev. B 83, 

153411 (2011). 

P8. “Cation-ordering Effects in the Single layered Manganite La2/3Sr4/3MnO4”, 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). 

P9. “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). 
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Atomic-layer-by-layer molecular beam epitaxy synthesis of cuprate superconductors 

 

Ivan Božović, 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 CuO2 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 (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) La2-xSrxCuO4 – La2CuO4 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 x = 0.0003. (d) Tc 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 (Tc) 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 Tc to depend strongly on the carrier densi-

ty in the constituent materials. We studied combinatorial libraries of La2-xSrxCuO4 –

 La2CuO4 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, Tc 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 La1.9Sr0.1CuO4 film (Tc = 26 K), collective excitations 

of CDW are observed that persist up to 100 K. This CDW is dynamic; it fluctuates with a 
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characteristic lifetime of 2 ps at T = 5 K which decreases to 0.5 ps at T = 100 K. In con-

trast, in an optimally doped La1.84Sr0.16CuO4 film (Tc = 38.5 K), no signatures of fluctuat-

ing CDW are seen at any temperature, favoring the competition scenario. 

Persistence of magnetic excitations in La2−xSrxCuO4 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 (RIXS), which is sensitive to complemen-

tary parts of reciprocal space, was used to measure the evolution of the magnetic excita-

tions in La2-xSrxCuO4 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 La2-xSrxCuO4. [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 La2-xSrxCuO4 (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 La2CuO4 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 La2CuO4, 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 La2CuO4 showed that coherent magnons persist even in a 

single layer of La2CuO4 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 
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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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I. 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, -

(TixFe1-x)2O3  and -(CrxFe1-x)2O3 on -Al2O3(0001), SrxLa1-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 IIA. 

 

II. 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-SrTiO3.
1
  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 SrTiO3, and are 

not amenable to ultra-small (nanometer scale) dimensions.  Our detailed investigation shows that 

the equivalent of 1 - 2 monolayers of Cr diffuse into the SrTiO3, 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
4+

 

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 SrTiO3 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 LaCrO3.
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  LaCrO3. 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
3+

 (3dt2g
3
) to Cr

4+
 

(3dt2g
2
) as Sr

2+
 substitutes for La

3+
.  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
4+

 (3dt2g
2
) 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- in which donor 

electrons from VO compensate holes associated with Cr
4+

 (3dt2g
2
) formation, interspersed with 

patches of conductive SrCrO3.  This material structure gives rise to hopping conductivity.  

Interestingly, when SrCrO3 on LaAlO3(001) is annealed in air at 250
o
C in a tube furnace, the O 

vacancies are largely eliminated, and the film becomes metallic as the Cr
3+

 (3dt2g
3
) is converted 

back to Cr
4+

 (3dt2g
2
).  Thus, the functional properties of SrxLa1-xCrO3 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 -(CrxFe1-x)2O3 , 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 -M2O3 leads to a lower band gap than is exhibited by either end member (2.1 

eV for -Fe2O3 and 3.3 eV for -Cr2O3) .
3
  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 from h = 2.1 eV at x = 0 to h = 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 t2g derived to unoccupied bands dominated by Fe t2g* and eg* 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-(CrxFe1-x)2O3 films is driven by several factors, including: (i) 

the similar ionic radii and identical formal charge of Cr
3+ 

and Fe
3+

, (ii) the short-range magnetic 

interactions between Cr
3+ 

and Fe
3+

 in the alloys, (iii) epitaxial strain, and (iv) point defect 

formation.  The similar ionic radii of Cr
3+

 and Fe
3+

 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 (CrxFe1-x)2O3, which exhibit strong deviations from a linear 

Vegard’s law-like dependence on composition.  Although Fe2O3 and Cr2O3 are both 

antiferromagnetic (AFM) in the bulk, the details of their AFM ordering differ.  The (CrxFe1-x)2O3 

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 (Fe1-xCrx)2O3 on a-Al2O3 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 Cr2O3, which is partially 

compressively strained to the Al2O3 substrate, is measured to be 3.07 eV, which is considerably 

lower than the bulk value.  In contrast, the measured optical gap for epitaxial Fe2O3, which is 

fully relaxed, is 2.10 eV, which matches the bulk value.  The Cr-rich (Fe1-xCrx)2O3 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)2O3 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 .
4
  In order to 

probe this mystery, we have carried out a detailed investigation of the interface structure using 

STEM/EELS, EDS and RBS.
5
  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. 

III. 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)2O3 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 LaMnNiO3have 

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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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
3
) and 

thick sections (e.g. 6 mm), typically at lower spatial resolution (~65 m features), whereas x-rays 

permit the examination of small volumes of metal (<< 1 mm
3
) and thin sections (e.g. 200 m), 

typically at higher spatial resolution (~2 m 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.  

Figure 1b highlights three example 

images collected during real-time x-

ray imaging of a 200 m 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 m/s 

results in a planar solidification 

front (red symbols, Figure 1). 

Decreasing the thermal gradient to 

65 K/cm, while maintaining the 

same cooling rate and interface 

velocity, results in a cellular 

interface (green symbols, Figure 1), 

while increasing the interface 

velocity to 50 m/s destabilizes the 

solid-liquid interface to result in 

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 

tertiary branching of specific dendrites (e.g. the branches on the right 

side of the large dendrite in Figure 2 are clearly stunted compared to 

their counterparts on the left side). These data provide direct 

evidence toward understanding the role of local transformation 

conditions and solute on solid-liquid interface stability and 

morphology evolution. 

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). 

 

 
(a) (b) 

Figure 1. a) Processing map for solidification showing 

solid-liquid interface morphology for a given thermal 

gradient (G) and solidification velocity (V) and b) x-ray 

images of directional solidification in an Al-0.6at.%Cu 

alloy showing a planar (red symbols), cellular (green 

symbols), or dendrite (blue symbols) solid-liquid interface 

for the processing conditions indicated in (a). 

 
Figure 2. X-ray image of 

Sn-rich dendrites (light) 

and Bi-rich solute (dark) 

in the melt during 

directional solidification 

of a Sn-27at.%Bi alloy. 

100 µm 
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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.   

 

  
Al-12at.%Cu, ~200 mm thick, G ~ 72 K/cm, V ~ 135 m/s 

  
Al-12at.%Cu, G ~ 72 K/cm, V ~ 100 m/s 

 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 

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 

motion of the In-rich liquid droplets within the 

majority Al-rich liquid at elevated temperatures. An 

example x-ray image of the In-rich liquid droplets in 

the melt as the solidification interface sweeps across 

the field-of-view is also shown in Figure 4.  During 

solidification, the In-rich liquid droplets initially 

display a coarsening behavior typical of second 

phase growth.  Eventually, the larger particles 

suddenly change trajectory and accumulate at the 

advancing solid-liquid interface.  These In-rich 

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, 

Figure 4. Complementary proton (left) 

and x-ray (right) images of structure 

evolution in an Al-10at.%In alloy during 

directional solidification (L, I, and S are 

liquid, interface, and solid, respectively) 

that qualitatively highlight the different 

volumes probed by these two techniques.  

Note that the proton and x-ray images are 

from two different samples. 
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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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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.
1
 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 LiNi0.5Mn1.5O4 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 

LiNi0.5Mn1.5O4 (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 µm 
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LiNi0.5Mn1.5O4 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
−6

 S cm
−1

 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 

LiNi0.5Mn1.5O4. The coulombic efficiency of bare 

LiNi0.5Mn1.5O4 of 400 nm thick is only about 90%, 

significantly lower compared to that of 2 μm 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 better for 200 nm Lipon coated 

LiNi0.5Mn1.5O4 spinel. 

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. 

 

 

 
Figure 1. (a) Coulombic efficiency 

and capacity retention of 2 µm 

LiNi0.5Mn1.5O4. (b) Discharge 

capacity and (c) coulombic 

efficiency of Lipon coated 400 nm 

LiNi0.5Mn1.5O4.  
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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 LiMn1.5Ni0.5O4 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 SEI? (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 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 

 

 Here recent work to understand the role of carbon and 

metal oxide ultrasmall nanosheet and nanoparticle building blocks 

in the growth of larger nanostructures and thin films is described. 

During CVD of SWNTs and graphene (see accompanying 

abstract), characteristic features of autocatalytic kinetics imply 

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 

 
Figure 1.  The process by 

which curved nanocones of 

carbon become encapsulated to 

form a new hybrid 

“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.
1 
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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.
1
  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 SWNHs) 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 

confirms that condensed 

phase processes can 

efficiently convert solid 

carbon into new 

nanostructures, such as 

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 

Fig. 2. TiO2 nanostructures assembled from ultrasmall nanoparticles 

(UNPs) of TiO2.  The UNPs are formed by laser ablation of TiO2 in 200 

mTorr of O2 gas en route to deposition at d=5 cm from the target at 

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 t = 10 s 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)
2
 at few-Torr ambient pressures.  

However, the processes leading to the self-organization of such 

nanostructures
3
 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 TiO2 UNPs 

synthesized by laser vaporization of TiO2 targets into 200 mTorr 

oxygen ambients and deposited as building blocks for more 

complex TiO2 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 TiO2 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, TiO2 

UNPs were deposited on TEM grids and their morphological and 

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 

Figure 3. (a) Schematic of 

stepwise incorporation of 

TiO2 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) TiO2 

nanosheets formed under 

identical conditions with 

laser irradiation.    
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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 UNPs) 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.   
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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 

change in size, temporal stability and 

chemistry with under cooling?  (5) 

How does the undercooling rate affect 

these structures?  (6) How sensitive are 

these stable cluster structures to 

changes in chemistry, including major 

and minor constituents? and (7) What 

role do these networks play in 

nucleation and phase selection during 

solidification? 

 

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 < xCu < 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              , 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 Al-Sm liquids 

represent a typical system driven far 

from equilibrium and exhibiting a 

rich behavior of short- to medium-

range ordering. For alloys of 

identical composition (Al-10%Sm), 

we have found that small differences 

in the structural order of the glassy 

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)]. 

Experimentally, Al9Sm 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 Al450Sm50 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 Al9Sm samples, including 

Figure 2. Population of Sm-centered templates at 

different temperatures in Al450Sm50 samples. 

Templates T5, T7 and T8 are identified in genetic-

algorithm searches for AlxSm1-x 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.   
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a cubic A60B11 phase and a hexagonal Al5Sm 

phase. For the A60B11 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 A60B11 

phase shares the same “3-6-6-1” motif as the 

undercooled Al9Sm 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 

A60B11 phase appears first in the devitrification 

of the amorphous melt-spun Al9Sm 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 

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: 

 

(i) 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); 

(ii) 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, solid-liquid interfaces, and solidification/transformation 

dynamics.  

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 Al-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 

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 

(a) melt spinning of the 

liquid and (b) magnetron 

sputtering. 

(a) 

(b) 
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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 

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 

include identifying the different 

metastable phases for the Al-RE alloys 

prepared by magnetron sputtering in 

order to correlate their dependence on the 

initial short- and medium-range 

structural/chemical ordering in the 

amorphous solid. Understanding this 

connection is a necessary step in 

developing predictive models for 

designing and controlling metastable 

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.  

Recent Rietveld analysis of in situ synchrotron data indicates that the newly found 

Al60Sm11 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 

Figure 2. Formation energy calculated in 

DFT as a function of the Al composition. 

Black squares denote the known phases, 

and red squares denote the two new 

phases identified with genetic algorithm.  
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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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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.
1
 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.
2
 The lithium-sulfur batteries promise high-energy density and 

enhanced safety.
3
  

 

Recent progress 

Nanostructure enhances ionic conductivity: 

Solid electrolytes which conduct lithium ions are 

promising materials for enabling high-energy 

battery chemistries and circumventing safety 

issues of conventional lithium batteries. 

Achieving the combination of high ionic 

conductivity and a broad electrochemical window 

in a solid electrolyte is a grand challenge for the 

synthesis of battery materials. In recent work, we 

show an enhancement of room-temperature 

lithium-ion conductivity of 3 orders of magnitude 

by creating a nanostructured lithium 

thiophosphate (Li3PS4). This material has a wide 

 
Figure 1. Ionic conductivity, SEM, 

and crystal structure of nanoporous β-

Li3PS4  
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(5 V) electrochemical window and superior chemical stability against lithium metal. The 

nanoporous structure of Li3PS4 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 β-Li3PS4 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 Li2S cathode for Li-S 

batteries: A core-shell structure of Li2S nanoparticles with the shell of Li3PS4 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 10
-7

 S cm
-1

 at 25 
o
C, 

which is 6 orders of magnitude higher than 

that of bulk Li2S (~10
-13

 S cm
-1

). The 

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-

energy batteries with metallic lithium anodes. 

The excellent cyclability demonstrated in 

Figure 2 will stimulate great interest for 

advanced battery materials.   

 

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 

 
Figure 2. Li2S@Li3PS4 core shell 

nanoparticles function as highly 

reversible cathode materials for Li-S 

batteries. 
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conductivity of the cathode materials. Here, 

we demonstrated that the ionic 

conductivity of sulfur-rich compounds can 

be tuned through the sophisticated design 

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 

batteries. The reaction of Li3PS4 with S8 

yields a family of compounds in which the 

sulfur is attached to the charged terminuses 

of PS4
3-

. The resulted compounds have a 

high intrinsic ionic conductivity. An exemplary LPSP of Li3PS4+5 has an ionic 

conductivity of 3.0×10
-5

 S cm
-1

 at 25 
o
C, which is 8 orders of magnitude higher than that 

of Li2S. 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 

Li3PS4+5 at 60 °C. 

 

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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Figure 3. Cycling performance  and 

reaction mechanism of Li3PS4+5 at 60 °C 
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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=O)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 

on the surface. The surface 

reaction, rather than a Na+ 

bulk intercalation reaction, 

leads to high rate 

performance and cycling 

stability due to the enhanced 

reaction kinetics and the 

absence of electrode structure 

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
-1

, 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
-1

 for 400 cycles at a high rate of 1737 mA g
-1

, 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. 

 
Figure 2. Left panel. Different kind 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 
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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 IA 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 

Synthesis of Fe-Based Superconductors 

The important role of understanding synthesis and 

processing is highlighted by our work on the Fe-based 

superconductor KxFe1.6+ySe2 [A16]. The ability to 

grow single crystals with reproducible properties is 

fundamental to the understanding of superconductivity 

in any material. For KxFe1.6+ySe2, previous work had 

produced crystals with widely varying properties for a 

given composition and in the best cases a small 

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 KxFe1.6+ySe2 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 [A16]. 

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 

 

Fig. 1 Back-scattered electron images 

show differences in the morphology of 

non-superconductive as-grown single 

crystal (left) and superconductive 

crystal quenched from 600 ºC (right).  
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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 Ba1-

xKxFe2As2, 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 ºC 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 

temperature is above the melting point of Sn at 232 ºC 

(Fig. 2). Our liquid-Sn sealing technique is a general 

approach and can be applied to flux growth of other 

materials containing volatile and reactive elements. By 

using this technique and optimizing the growth process, 

we synthesized KFe2As2 single crystals with the highest 

residual resistivity ratio ever reported.   

Analysis of the growth morphology in the experiments 

described above lead us to conclude that the crystals 

nucleate on the surface of the melt and grow by the 

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 18×10 mm
2
 

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-A17 ]. 

Microstructure control and phase-space elucidation of Mg2Si-based thermoelectric alloys  

Mg2Si-based alloys are attractive thermoelectric materials due to their earth-abundance and 

environmentally green nature [R3]. To improve their thermoelectric properties by creating more 

 

Fig. 2 (a) Crystal growth setup with 

the liquid Sn-melt technique. (b) Top 

view of a KFe2As2 ingot with shiny 

lamellar-structured crystals. (c) 

KFe2As2 single crystals from the 

ingot. 
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interfaces inside the materials for phonon scattering, we investigated the microstructure 

refinement of Mg2Si-Si eutectic alloys through solidification control. We found only rapid 

cooling through melt spinning can yield nanometer microstructure (Fig. 3), whereas Mg2Si-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 

improved thermoelectric properties [R4]. However, it is 

unknown whether the Mg2Si1-xSnx 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 Mg2Si-

Mg2Sn pseudo-binary alloys and found the Mg2Si1-xSnx 

single phase compound in the reported phase-mixture 

space (Fig. 4). In Fig. 4, the directionally solidified 

alloy shows Si-rich and Sn-rich Mg2Si1-xSnx phases 

across broad compositional ranges (blue), whereas the 

alloy annealed at 600 ºC for 2 wk shows Mg2Si1-xSnx 

within a narrower compositional range (red). Further 

investigations reveals unreported phase transitions in 

the single phase spaces of the current Mg2Si-Mg2Sn 

pseudo-binary phase diagram.   

Future Work 

We will continue our evaluation of material phase space 

to provide a scientific basis for materials synthesis, 

crystal growth, and microstructure control of novel 

materials. The field of Fe-based superconductors 

continues to develop with the commonality of 

containing volatile and toxic constituents. We will 

continue to focus our synthesis efforts on these 

materials as they emerge. One example is the newly 

discovered MgOFeSe compound with neutral PbO-type 

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 

Mg2Si-based alloys including Mg-Si-Sn and Mg-Ge-Si alloys. 

 

 

 
Fig. 3 Back-scattered electron images of 
Mg2Si-Si eutectic alloys from   directionally 

solidified (left) and wheel side of melt-spun 

alloys (right). Si phase is bright while Mg2Si 

phase is dark.  

 

Fig. 4 Published Mg2Si-Mg2Sn 

pseudo-binary phase diagram with 

Mg2Si1-xSnx phase spaces of an 

Mg44Si45Sn11 alloy in our work. See 

text for details.  
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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 
1
, new 

approaches in bulk thermodynamic modeling
2
, ab initio calculations,

3
 investigation of bulk and 

solid-liquid interface (SLI) behavior with molecular dynamics (MD) simulations 
4
 and 

investigation of microstructural dynamics through experiments.
5
 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 
6
 or stoichiometric 

compounds 
7,8

 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.
8
 Thus the present subtask includes: 

(i) Experimental study of the phase transformation in metallic alloys containing 

stoichiometric compounds;  

(ii) 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 

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 Ni50Zr50 alloy. 

These experiments utilized electrostatic levitation technique 

which eliminates a crucible thus providing deeper 

undercoolings than typical castings.
9
 In spite of the fact that 

according the phase diagram and electronic structure 

calculations that the most stable crystalline phase for this 

alloy is B33, it first solidifies as B2 which then undergoes a 

solid state transformation to B33 (Fig. 1).  

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 
10

 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, , and 

stiffness,   , we used the capillary fluctuation method (CFM) proposed in.
11

 While this study 

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

the lowest and highest stiffness interfaces in the Ni50Zr50 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 Cu50Zr50 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 Cu50Zr50 alloy is 3 

B2 lowest stiffness interface ( ]011[110 );   =115 mJ/m2 

 

B2 highest stiffness interface ( ]011[111 );   =169 mJ/m2 

 

B33 highest stiffness interface ( ]010[001 );   =276 mJ/m2 

 
B33 highest stiffness interface ( ]001[010 );   =? 

 

Figure 2. Snapshots of the models containing SLI interfaces for Ni50Zr50 B2 and B33 after 

MD equilibration during 3 ns. The atoms are colored according to the order parameter.  

 

Fig. 1. XRD scattering showing 

the liquid - B2 - B33 transition 

in a deeply undercooled 

Ni50Zr50 alloy. 
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orders of magnitudes smaller than in pure metals. However, since the pure metals crystallize at a 

cooling rate of ~10
11

 K/s 
12

 this difference in mobility cannot explain why the Cu50Zr50 alloy can 

be vitrified at a cooling rate of ~10
6
 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.
13

 For bcc systems, our 

results provide the first reliable estimate for the interfacial free energies of the hard sphere 

system. 

 

 Cu B2 Zr 
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Figure 3. SLI properties in Cu, Zr and Cu50Zr50. 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.  

(ii) Complete our MD study of the SLI properties in Ni50Zr50 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.  

(iii) Perform MD simulation study of SLI properties in Al50Ni50 alloy (which solidifies as B2). 

Having all main SLI properties for Cu50Zr50, Ni50Zr50 and Al50Ni50 we will investigate 

why the SLI mobility in the Al50Ni50 alloy is 20 times larger than that in the Cu50Zr50 

alloy.
8
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(iv) Investigate nucleation phenomenon in the above three alloys. While we know that 

Cu50Zr50 alloy never solidifies during MD simulation the authors of 
8
 reported that the 

Al50Ni50 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)  

 

   Exploratory synthesis of new materials. We have embarked 

Fig. 1: (Sr,Ca)MnBi2 crystal 

structure. Dirac states are located 

in 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 SrMnBi2 and CaMnBi2 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
2
, 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 μMR~3400 cm
2
/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 FeSb2 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  FeSb2, predicted for 

disordered insulators with random 

localized moments in the vicinity of a 

metal-insulator transition [5]. Magnetic, 

transport, and thermodynamic 

measurements of Fe(Sb1-xTex)2 single 

crystals show signatures of disorder-

induced non-Fermi liquid behavior and 

a Wilson ratio expected for strong 

electronic correlations. The electronic 

Griffiths phase states are found on the 

metallic boundary between the 

insulating state (x = 0) and a long-range 

albeit weak magnetic order (x ≥0.075). 

Similarity with Kondo or Anderson 

lattices is striking since non-Fermi liquid 

divergences appear at rather weak 

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 CeCoIn5. A single vortex 

Fig. 2: (a) Resistivity ρ(T) of Fe(Sb1-xTex)2 for 

x=0.01 plotted vs T
n
 in high fields. (b) Exponent n 

from (a) and coefficient ρ=ρ0+AT
2
 as a function of 

field.  
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lattice VL orientation is observed for H↑↑[100], while a 90º reorientation transition is found for 

H↑↑[110]. The VL form factor shows strong Pauli paramagnetic effects similar to H↑↑[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 YbRh2Si2.  Spin fluctuations are reported near the magnetic field –driven quantum critical 

point (QCP). On cooling, ferromagnetic fluctuations evolve into incommensurate correlations 

located at q0=±(δ,δ) where δ=(0.14±0.04) reciprocal lattice units. There is a sharp intradoublet 

resonant excitation at an energy E0=gμBμ0H 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 CeCoIn5. CeCoIn5 is the highest known Tc 

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 Δ(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 BaFe2As2 with spin density wave (parent compound of 

Fe-based high-Tc 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 CeCoIn5. 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 Tc 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 Tc 

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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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
1
, and also on Ni films, which has high carbon solubility where both surface and bulk 

carbon are involved in the growth
2
. 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 H2 

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.  The effect of CD is to effectively increase the reaction barrier for nucleation by 

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
3
, 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 diagnostics
2
 (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 

Figure 1. Large graphene grains 

on two different Cu foils f300 and 

f400. Note that the graphene 

grains change shape from 

hexagonal on f300 to rectangular 

on f400. The Cu foils are 

designated by “fT” where f stands 

for foil and the subscript T 

represents the oxidation 

temperature. 

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. 
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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 

C2H2 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 SWNTs.  

 

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).  

 

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 

Figure 3. (a) UV excitation 

(
ex

 =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.  
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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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the context of a dissolution/precipitation model 

(lower right) where subsurface carbon supplies 

surface graphene nuclei. 
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Subtask: Guest Induced Structural Transformation and Nanostructural Materials 

Synthesis 

Praveen K. Thallapally, Jian Tian, Jian Liu and Jun Liu  

Jun.liu@pnl.gov 

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 and growth approaches for synthesizing 

nanostructured materials with controlled three-dimensional architectures and desired 

stable crystalline hybrid organic – inorganic nanostructured materials for energy 

applications.
1-4

 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  

 

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 

heterobimetallic 

systems via single-

crystal-to-single-

crystal processes 

invoked by cation 

insertion. These 

transformations are 

directed by 

cooperative bond 

breakage and 

formation, resulting 

in expansion or 

contraction of the 3D 

framework by up to 

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
+2

 and Ni
2+

) over alkali-metal cations 

(Li
+
 and Na

+
).   

 

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 CO2 brings a solid-

state transformation to the low density phase with concomitant CO2 uptake up to 12 wt% , 

resulting in significant expansion of the the crystal volume by 23% (Figure 2).  Weak 

 

 
Figure 1. A) Structure of the semi-rigid carboxylate linker 

Tetrakis[4-(carboxyphenyl)oxamethyl]methane acid (H4L). Its 

flexibility arises from twisting of the benzoate moieties 

around the central quaternary carbon atom (defined as Ccore) 

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

before and after TM
2+

 capture; C) Scheme showing the 

incorporation of TM
2+

 cations into the anionic networks to 

afford neutral and heterobimetallic systems via ligand-

directing SC-SC structural rearrangement. 

68



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 

measurements.  The 

primary building block of 

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 CB[6] 

with ethanol (Figure 3). The 

form that exists in nanoplate 

particles shows permanent 

porosity upon desolvation and 

the highest CO2 uptake (15 wt%) 

at 298 K and 1 bar among any 

known solid-state forms of 

CB[6]. The high selectivity in 

adsorbing CO2 over N2 by 

CB[6] form II 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 CO2 that would be absent 

for N2. In addition, the electron 

 
Figure 2. Gas-induced conversion of a nonporous high 

density phase (left) to hexagonal porous phase (right) with 

moderate pressures of CO2. 

 

Figure 3 Scanning electron microscopic (SEM) 

images of three crystalline forms of CB[6] formed by 

mixing its HCl solution with ethanol in different ways: 

(a) crystallized bar-shaped form I crystals;  (b) and (c) 

fast-precipitated form II 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 III crystals existing as thin 

hexagonal plates. 
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lone pairs of nitrogen atoms of CB[6] molecules may have strong interaction with 

CO2 molecules that accounts for high uptake. The adsorbed CO2 in form II solid can 

be mostly regenerated by the pressure swing process and the remained trace CO2 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 CO2 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  
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and P. K. Thallapally, “Selective Metal Cation Capture by Soft Anionic Metal–Organic 
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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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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 . 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 

confirmed with DFT calculations that determine the 

type of bond and charge transfer between the metal 

and graphene atoms.  

    Besides these general results about metal 

growth some metals show special results.  Surprisingly 

Figure 1: (a) Island density n vs  for Fe grown on 

graphene at room temperature showing a monotonic 

dependence on .  (b-f) Corresponding images at 

different ; (b) 0.003ML, (c) 0.16ML, (d) 0.65ML, 

(e) 0.87ML, and (f) 2.3 ML.  All images are 200 x 

200 nm
2
 except (c) which is 150 x 150 nm

2
. 
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Figure 2: STM image showing 

preferential nucleation along  

steps (left). With further 

deposition the island density is 

higher, than what expected from 

the low diffusion barrier, which 

suggest repulsive adatom 

interactions. 
 

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
1/2

. 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(√3x√3)R30
o
 phase was studied to 

understand the √3x√3 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 √3x√3 was 

studied by measuring the nucleated island densities over a wide temperature 

range[8]. Two different regimes were found. At 50-125 K, islands were 

small and their density decreased only slightly with increasing temperature. 

Above 180 K, the islands were larger, and island density decreased strongly 

with increasing temperature. These temperature dependencies indicate that 

there is a change of critical size cluster from ic=1 to ic=4 around 180 K, and 

the diffusion barrier of a single Ag atom is 0.22 eV, in excellent agreement 

with the value calculated by another group[8]. The long diffusion lengths are 

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 H2 adsorption.  
 A more challenging system (compared to O2 on Mg) is adsorption of H2 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 H2 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 H2 adsorption on Mg. We will explore first H2 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 H2 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 H2 

adsorption (as found for O2) might be possible.  
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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 

 

Synthesis and Characterization of Ultrasmall TiO2 nanoparticles 

 TiO2 nanoparticles were synthesized in the gas 

phase by pulsed KrF-laser ablation of a ceramic TiO2 

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 

were produced for a background pressure of 200 mTorr 

at a distance of 5cm from the target. 

 

 
 

Figure 1. (a) Atomic configurations of 2nm 

anatase and rutile nanoparticles at 500K and 

1000K. (b) TEM images of TiO2 nanoparticles.  
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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 TiO2. The 

accuracy of our approach has been confirmed against previously published results on the (TiO2)n (n<10) 

systems
1,2

, and represents the first step in a screening process that ultimately seeks to produce the global 

minima for 1 and 2-nm TiO2 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
7
 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 TiO2 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 

orientation of nanoparticles. The changes in 

crystalline orientation are attributed to the crystal 

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 

nanoparticle shape and the nanofiber growth rate 

change with the chemical potential of diluted carbon. 

The model reveals the mechanism by which the shape 

and crystallographic orientation of the catalyst 

nanoparticle are linked to the nanofiber growth rate.  

 

Figure 2 illustrates the physical process responsible 

for the shape changes and the reorientation of catalyst 

nanoparticle crystalline axes that have been observed experimentally with changing carbon nanofiber 

 
 

Figure 2. Diagram illustrating the physical 

process responsible for the shape changes and 

the reorientation of catalyst nanoparticle 

crystalline axes that have been observed 

experimentally. 
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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
4
.  

 

Understanding the nitrogen doping of TiO2 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 TiO2 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 to 

a flat film. We have considered many different types of 

atomic step-edges of different steps widths and surface 

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, as 

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 a 

nanotube (or nanoparticle) less than 5nm in diameter, it 

may be chemically very active only because of the 

atomistic arrangement of its surface. 

 

This theoretical study helps to explain the nature of nitrogen doping in the coaxial TiO2 nanotubes 

shown in Figure 3c, where a significantly higher doping concentration was found on the inner surface 

than the outer. Coaxial TiO2 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 µm. 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. 

 

Figure 3. Theoretical modeling of TiO2 

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 TiO2 nanotubes 

along the radial direction (c).  
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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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 Graphene has received tremendous attention because of its exceptional properties 

such as its ultrafast charge transport characteristics
1, 2

; excellent mechanical strength, 

flexibility, and resilience
3
; outstanding thermal conductivity

4
; 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
5-7

, 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.
5, 8, 9

 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.
DOE1

 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 

(silicon oxide or aluminum oxide) 

designed to (a) locally limit the 

generation of intermediate 

hydrocarbons, and (b) confine their 

migration. We have demonstrated the 

bottom-up growth of nanoribbon arrays 

and nanostructures with 25 nm features 

on polycrystalline Cu foil substrates 

using aluminum oxide barriers (Fig. 1). 

The resulting nanostructures are highly 

crystalline without appreciable 

heterogeneous nucleation due to the 

barriers (as characterized by electron 

diffraction) and have refined edges 

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.
DOE2

 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 

 
Fig. 1. (a) Schematic of BG-CVD: (i) CH4 
decomposes on Cu into hydrocarbons,  
which (ii) diffuse and nucleate graphene, 
(iii) growing to cover the unmasked Cu 
surface until (iv) the entire surface is 
covered. (b) Example of graphene 
nanoribbons grown from the bottom-up via 
BG-CVD. 
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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 

and low H2:CH4 ratio, circular 

graphene islands initially form. 

After exceeding ~1.0 μm, 

instabilities develop and evolve 

into dendrites extending 

hundreds of micrometers in the 

100, 111, and 110 directions on 

Cu(100), Cu(110), and Cu(111), 

respectively, indicating mass 

transport limited growth. At 

sufficiently higher inter-

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 

H2:CH4 (Fig. 2) results in compact islands that reflect the Cu symmetry (e.g. squares, 

rectangles, hexagons). In contrast, at atmospheric pressure, increasing H2:CH4 results in 

more hexagonal islands on all surfaces, but with multiple preferred orientations on 

Cu(100) and Cu(110). At high H2:CH4 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 H2 and CH4 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.
DOE3

 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 [H2] and 

 
Fig. 2.  CVD of graphene on Cu 100 as low 
pressure (LP) and atmospheric pressure (AP) with 
increasing H2:CH4 precursor ratio. 
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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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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, 

ZnO, and ZnxSnyOz, 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.   

 

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 (NWs) 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 

planes, which are chemically inert, leading to the formation of 

laterally aligned Pt NWs. By TEM measurements, we show that 

each Pt NW is comprised of a line of single crystalline grains. A 

 
Figure 1.  Plan-view SEM 

image of Pt ALD on HOPG, 

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 NWs 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. 

We looked at a second model metal ALD system, Ru, 

and studied the competition between Ru and Ru oxide 

thin film growth by both in situ and ex situ synchrotron 

radiation XRD. We had previously shown that Ru can be 

grown using a new ALD precursor 

bis(dimethylpentadienyl) ruthenium (Ru(DMPD)2) and 

oxygen at an unusually low operating temperature for 

metal ALD (185
o
C).  Recently, we measured the crystal 

structure and growth behavior of Ru and RuO2 on 

amorphous SiO2 during ALD by Ru(DMPD)2. Our in situ 

XRD studies (Figure 2) suggest that RuO2 films grown 

by Ru(DMPD)2 and oxygen at low temperature do not 

initially nucleate as RuO2. Despite large oxygen 

exposures during the ALD process, the initial nuclei form 

as hcp Ru. Then, after higher numbers of ALD cycles, 

crystalline rutile RuO2 begins to appear. The results 

suggest that a critical Ru nucleus size is required to 

initiate the growth of RuO2. We speculate that a rate 

limiting step in the oxidation of Ru, possibly the 

formation of subsurface oxygen, is dependent upon the 

size of the Ru nuclei. Although the hcp Ru films are 

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

the rutile RuO2 films have no preferential orientation once they nucleate [2]. 

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 SnOx ALD from tetrakis(dimethylamino)tin (TDMASn) and H2O on OH-

terminated silicon were investigated (Figure 3). The reaction pathways that we determine 

provide the basis for a mechanistic understanding of SnOx ALD on this substrate and facilitate 

analysis of previous experimental observations. In particular, our previous experiments showed 

an increase in the growth rate of SnOx at temperatures below 100 °C, for which the role of 

physisorbed H2O 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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Figure 2. In situ in-plane diffraction 

spectra during the growth of RuO2 

ALD by Ru(DMPD)2 and oxygen(10 

s at 1000 mTorr). The spectra were 

collected in situ under ALD 

conditions using a fixed grazing 

incident angle of 0.40°. 
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that with H2O molecules. Our results therefore show that 

the low temperature effect is not due to an especially facile 

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 

TDMASn behavior on surfaces that contain both 

chemisorbed and physisorbed OH groups. The surface 

chemistry understanding for SnOx is expected to be of 

relevance for the ALD of other technologically promising 

materials such as zinc tin oxide. 

 

 

 

 

 

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 SnOx, 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. H2, CO2, N2, CH4) 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.  

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 H2, CO2, 

and H2O in MOF-74-Mg.
1
 Binding-energy calculations indicate that 

water binds much more strongly than H2 and CO2 and thus is 

thermodynamically much more likely to occupy metal sites.
2,3

 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 

Figure 1: Fundamental 

diffusion mechanisms 

of small molecules in 

MOF-74-Mg. 
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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 (C2H2-C2H4 

and C2H4-C2H6), in a highly flexible framework, Zn2(bpdc)2(bpee) or RPM3-Zn
4
 (bpdc = 4,4’-

biphenyldicarboxylate; bpee = 1,2-bipyridylethene), based on gas-framework interactions at the 

molecular level.
5
 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=O 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 π electrons. The stronger interaction of longer-chain hydrocarbons and the non-

coordinated C=O 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 π-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 ν(C=O) mode that disappears at 1650 cm
-1

 and reappears 

at 1616 cm
-1 

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 kinetics of site exchange, as for instance, H2O and CO2 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 

experimental and modeling tools will be extended to alloy 

systems. 

 

Recent Progress 

The current work is centered around a model we 

have developed that predicts the stress evolution 

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

describes the dynamic balances between stress-generating 

processes occurring at the grain boundary as the film 

grows (shown schematically in figure 1).  As layers in 

adjacent grains grow towards each other, they form a new 

segment of grain boundary that lowers the bond energy, 

Figure 1. Schematic of 

film structure around 

triple junction for model 

of stress evolution. 
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even at the expense of inducing tensile stress (σT) 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: 

 

 

    (1) 

 

 

where a is the height of an atomic layer and σC is the saturation compressive stress.  The 

characteristic time in this equation is related to the rate at which the grain boundary 

height is changing (dhgb/dt =a/Δti).  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 (Δti=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 

different electrolytes but similar growth 

rates/grain sizes (submitted to a special issue of 

J. Electrochemical Society on Electrochemical 

Deposition for Interconnects).   The results from 

the studies for the stress vs deposition rate 

(multiplied by the grain size) is shown in figure 

2.  The solid line in the figure is a fit to the 

model described above, showing that it can 

account for the measured dependence of the 

stress on growth rate.  

   

 

Stress vs thickness in patterned films:  Our model describes the stress in terms of the rate 

at which the grain boundary height increases (eq. 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 

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 (C = -488 MPa, T = 60.8 MPa,  and D/aL = 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 

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. 

 

 

 

 

a) b) 
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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 
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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% 

Y2O3-stabilized ZrO2 (8YSZ) under flash sintering conductions, temperature surges up to 

1500
o
C, corresponding to a 1,000× 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 Iono 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% Y2O3-stabilized ZrO2 (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
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
3+

).  

 

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
3+

 replacing tetravalent Zr
4+

, 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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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 

2D arrays leading to a sharp cooperative resonance with 

FWHM of 10-15 nm (Fig.1).  In this case, light interacts not 

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. 

The coherent plasmon coupling was discovered in this 

laboratory and is extensively investigated to understand its 

fundamental properties and potential practical applications.  

The strongest coupling, as evident from the sharpest 
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Fig. 1 Coherent plasmon 

coupling (blue) and the 

same Ag NPs in the water 

(black).  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, 

in which the exit slit was replaced with 

two small apertures permitting two 

wavelengths spaced 10 nm apart.  The 

stirring optics crosses the two beams at 

the coupled 2D array followed by their 

separation into the two detectors with 

corresponding electronics.  Typical data 

is presented in Fig. 2, in which the signal 

change is shown with the injection of a 

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. 

 

  

Refractive Index Change Signal Noise S/N 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

~5k Data Points Collected Per Change in Refractive Index

  

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. 
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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 

have improved the detection limit by at least two orders of magnitude.  Another 

advantage of the differential measurements is that they can be performed in real time. 

 

 

Publications in the Last Two Years with DOE Acknowledgement  

  

S. Pyshkin, J. Ballato, G. Chumanov, D. Van Derveer, R. Zhitaru, “Long-term and light 

stimulated evolution of semiconductor properties” Ceramic Transactions 235, 113-124, 

(2012). 

Z. Koontz and G. Chumanov “Depolarized Light Scattering From Clusters of Silver 

Nanoparticles” Chem.Phys.Chem,  2013, submitted. 

K. D. Dukes, K. A. Christensen, and G. Chumanov “Core-Shell Silver Nanoparticles for 

Optical Labeling of Cells”, Analytical Biochemistry, 2013, in press. 

 

 

 

 

 

 

 

300 400 500 600 700 800
0

0.5

1

1.5

2

2.5

3

Wavelength (nm)

E
x

ti
n

c
ti

o
n 400 402 404 406 408

2.74

2.82

2.9

2.98

3.06

3.14 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.   

109



Conduction Mechanisms and Structure of Ionomeric Single-Ion Conductors 
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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-Tg 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-Tg 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-Tg 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 

carbonate side groups (in blue) and weak-binding 

tetraphenyl borate or perfluorinated tetraphenyl 

borate side chains (shown at right in red) and 

lithium counterions [pub #6], using 

hydrosilylation.  Blending with M = 600 g/mol 

poly(ethylene glycol) (PEG) improves ion 

conduction by improved solvation, lower Tg and 

homogenization [paper in preparation].  The 

inherent problem with the neat copolymer 

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 Tg 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 Tg ≈  -75 
o
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 Ionomers 

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, Mw/Mn < 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 

adding a 100x excess of a 

lithium salt (for example) during 

dialysis.   Tg stays quite low at 

low ion content (Tg < -40 
o
C for 

less than 40 mol% sulfonated 

styrene) while Tg increases more rapidly at higher 

ion contents, eventually exhibiting two Tgs in DSC 

at 70 mol% sulfonated styrene (blue symbols in the 

plot at left, with 25 
o
C conductivity in red).   

 

RAFT Block Copolymer Ionomers 

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-Tg and high conductivity of cationic counterions 

such as Li
+
 or Na

+
.  The second block needs to be high-Tg 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 Tg = 120 
o
C.  The enormous advantage of 

this high-Tg 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. 
The chemical structure of these block 

copolymers is shown at right.  As with 

all of our team’s work, we plan to use 

the vast 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 
7
Li 

PGSE NMR to study diffusion of Li
+
.  
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Title: Integrated Growth and Ultra-low Temperature Transport Study of the 2
nd

 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 PIs: 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≤≤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 =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
nd

 

Landau level such as the 2+2/5 and 2+6/13 states are quite distinct from their well understood 

lowest Landau level (<2) counterparts.   
 

The study of the 5/2 state has been reenergized with the prediction that its excitations obey exotic 

non-Abelian statistics.  The =5/2 and other novel states in the 2
nd

 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
nd

 Landau level.  We carry out an integrated 

growth and experimental study of the two-dimensional electron gas in GaAs in the 2
nd

 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
nd

 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 PIs 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 =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]. 

b.  samples in which the 2DEG density can be 

tuned with an in-situ backgate from 2x10
10

cm
-2

 

to 2.7x10
11

cm
-2

 with a peak mobility of 

17x10
6
cm

2
/Vs at T=0.3K. 

c.   a series 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 Rxx 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]. 

 

 
 

Fig.1. Manfra’s custom-designed 

MBE installed at Purdue.   This 

new machine is producing samples 

of record quality used not only in 

this current project but also 

distributed among colleagues, 

several of which are DOE 

supported. 

 

 
 

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]. 
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Fig.4 The prominent changes in 

both Rxy and Rxx signal the onset of 

the electronic bubble phases, see 

reference [1]. 

 

 

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 =5/2 [2]. The =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 =5/2 are shown in Fig.3.  In particular, 

we find a completely well-formed =2+2/5 state.  This 

feature has only been reported in 2 samples during the past 

6 years, yet it appears quite strong in many of our samples.  

In addition, we see rich physics in the upper spin branch, 

near the quantum number =7/2, and in the third Landau 

level, near =9/2 and 11/2. The exquisite quality of the 

data enabled us, for the first time, to investigate the 

reentrant integer quantum Hall states (RIQHS). In a 

recently published Phys. Rev. Lett. [1] we report an 

unexpected sharp peak in the Rxx versus temperature curve 

of the reentrant integer states, also called the bubble 

phases. We associated these peaks with the melting of the 

collective ground state. This allowed us, for the first time, 

to compare energy scales of various reentrant states [2]. 

We found that the onset temperatures scale with the 

Coulomb interaction energy. This comparison allowed us 

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. 
 

 

 

 
 

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. 
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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
10

/cm
2
. 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 =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 Vapor-Deposited Organic Glasses 

 

S.S. Dalal, D.M. Walters, A. Gujral, and M.D. Ediger 

Department of Chemistry 

University of Wisconsin-Madison, Madison, WI 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.
1
 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. 

 

 

Recent Progress 

 

     We have developed a high-throughput protocol to 

characterize vapor-deposited organic glasses. Our previous 

work has shown that substrate temperature can have a 

significant effect on the physical properties of an organic 

glass made by vapor deposition.
2
  There has been no 

efficient way to study the effect of substrate temperature in a 

rapid fashion, significantly hindering progress in 

understanding structure-property relationships in these 

materials.  In the past year, we have demonstrated a 

technique which allows the high-throughput characterization 

of many properties of organic glass-forming materials.
3
  In a 

single experiment, we are able to measure the density, 

molecular orientation and kinetic stability of a large range of 

glasses using spectroscopic ellipsometry. 

 

Figure 1 schematically illustrates the experiment.  A silicon 

wafer is suspended between two copper fingers which are at 

Figure 1. Top: A diagram of the 

temperature gradient sample 

holder. Bottom: Parallel 

dilatometry measurements for 

many different glasses of 

indomethacin. Different colors 

indicate different substrate 

temperatures from the same 

sample. 
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Figure 2. The density of vapor-

deposited indomethacin glasses 

relative to the ordinary glass, 

determined for many different 

substrate temperatures. 

Figure 3. A comparison of three 

observables reveals the competition between 

kinetics and thermodynamics during 

physical vapor deposition. 

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 is up to 18 K greater than the conventional glass 

transition temperature Tg, 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 Tg 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 

sample before and after transformation into 

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,
4
 the longitudinal 

sound velocity (which is related to the 

modulus)
5
 and the density.

3
  The red region 

indicates where true equilibrium supercooled 

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 

interesting and unexpected properties in this 

domain. 

 

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.  
 

(1)   
 

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 

describe the same type of molecule orientation. 

 

Figure 4 shows how the order parameter depends on the 

substrate temperature during deposition for several 

molecules relevant for organic electronics.  The general 

trend is the following: Ordinary glasses, prepared at 

substrate temperatures above Tg, are nearly isotropic and 

have an order parameter of about zero.  As the substrate 

temperature decreases, molecules have a tendency to 

stand-up and align vertically, as indicated by a positive 

order parameter. Lower substrate temperatures result in a 

negative order parameter, indicating horizontal alignment. 

While it has previously been reported that high aspect ratio 

molecules tend to show horizontal alignment,
6
 vertical 

alignment and the strong substrate temperature dependence 

are unexpected and not yet understood.   

 

High-throughput WAXS.  Previously we have reported that 

wide angle X-ray scattering (WAXS) can detect short 

range molecular ordering that depends on substrate 

temperature in indomethacin glasses.
4
  This packing is 

different from that measured using spectroscopic 

ellipsometry.
3
  This makes WAXS a complementary 

technique for studying the anisotropic packing of molecules 

relevant for organic electronics. 

 

We have measured two-dimensional WAXS patterns for a 

variety of TPD glasses prepared with our high-throughput 

protocol.  Figure 5 shows the integration of a 2D WAXS 

pattern for TPD glasses from the same sample across a 12 K 

range in substrate temperature.  The signal intensity 

increases with decreasing substrate temperature 2θ = 10°.  

This is indicative of a second length scale important for the 

packing of TPD molecules. 
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Figure 5.  Integration of 2D WAXS 

patterns for TPD. Different colors 

indicate different substrate 

temperatures from the same sample. 
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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 -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 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 Tc, 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 BaFe2As2 (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 (Λ) of the superlattices were determined by four-circle x-ray 

diffraction (XRD). Figure 1a shows the -2 scan of the (STO1.2 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 Λ = 14 nm ± 2 nm the same as the nominal Λ.  We have 

also grown oxygen-rich undoped BaFe2As2 (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 Λ 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 Λ=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.  

 
Figure 1. XRD patterns obtained on STO inserted Co-doped BaFe2As2 superlattices (a), Out-of-plane θ-2θ XRD 

pattern of (STO1.2 nm/Co-doped Ba-12213 nm)×24. (b), Magnified at near 002 reflection of (STO1.2 nm/Co-doped Ba-

12213 nm)×24. (c) HAADF image of the <100> projection of  (STO1.2 nm/Co-doped Ba-12213 nm)×24. c, Cross-

sectional TEM image of the <100> projection of (O-Ba-1223 nm/Co-doped Ba-12213 nm)×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 Jc and Hirr 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 Tc. It is immediately clear that the two samples with c-axis nanorod 
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pinning defects have much higher Jc(H) and Hirr(T). The influence of the ab-plane defects is revealed in 

Fig. 2(b) where the Jc 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 Tc differences, both samples have the same HIrr~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 Hirr anisotropy seen for the single layer film with 

only c-axis defects (Hirr 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 Hirr for H//ab (Hirr,ab) of O-Ba-122 SL is approximately doubled from 9 

to ~19 T, restoring the expected anisotropy of Hirr and Jc(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 Jc 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/Tc ~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 Jc 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 Jc() 

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).   

 

  

Figure 2. Jc as a function of magnetic field.  a, Magnetization Jc as a function of  magnetic field at 4.2K with the 

field applied perpendicular to the plane of all three films. b, Transport Jc as a function of magnetic field at 16K with 

the field applied perpendicular and parallel to the plane of (O-Ba-1223 nm/Co-doped Ba-12213 nm)×24 and Co-doped 

Ba-122 single layer thin films. c, Angular dependence of transport Jc at 4T for all three films at a reduced 

temperature of T/Tc = ~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)2As2 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(Fe0.92Co0.08)2As2 

(x=0.08), with maximum Tc (see Fig. 3, the phase diagram for Ba-122 with Co doping). In the first Nu 
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(undoped normal metal) /S (superconductor) interface, the normal metal (Nu) will be undoped BaFe2As2 

in which the AFM-SDW correlations dominate. In the second No (overdoped normal metal) /S 

(superconductor) interface, the normal metal (No) will be heavily doped Ba122 (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 Tc) 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.   

 
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 Jc 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 Jc? 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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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: 

 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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 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? 

 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 Ion 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   and   , where Edif and Edes are the activation 

energies for diffusion and desorption, respectively; D0 is a reference diffusion coefficient; ν is the 

desorption rate constant; and kB 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 75μm inner diameter 

capillary with a mass flow rate of 1.26×10
-7

kg/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/m
2
s 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. 

 

 

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. 
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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. 
 

 
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 (SDAs) 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 

developed
6
 and validated

7
 ReaxFF reactive 

force field for TiO2/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 Å 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 

network of hydrogen bonds between the 

surface hydroxyls on one nanocrystal and the 

surface oxygens on the other, as shown in Fig. 

1, top. The particles shift relative to one 

another, constantly reconfiguring their 

hydrogen-bonding network, until they achieve 

alignment. Subsequently, surface hydroxyls 

combine with protons to form water, which 

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 

quantitative 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 

 

 

Figure 1: Snapshots of the OA of 

nanocrystalline anatase.  Shown on top are 

two nanocrystals aligned along a {112} 

twin plane via hydrogen bonds (shown as 

yellow, dashed lines). The bottom figure 

shows the same nanocrystals from a 

different perspective (along the [001] 

direction) after they form a twinned 

aggregate. 
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thiol adsorption to the surface of Au nanoparticles of varying size, and as a function of 

temperature.
8
 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, H 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 Hads and Sads since Gads 

was constant amongst the various 

thiol.
8
 A recent manuscript 

demonstrating a more robust solution 

to complex adsorption models has 

been developed.
9
 

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.
10,11

  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. 

(ii) 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 

Figure 2.  Real-time ITC thermograms at pH 6.1 for 

(A) C3-MPA and (B) C6-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.
8
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agents and solvents.
12

 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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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
1,2

. Understanding the atomistic 

basis for how these IGFs affect material properties has been elusive, although advances in 

computer simulations
3-5

 and recent electron microscopy
6,7

 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 Si3N4, 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 für 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 La1 and La2 as seen 

experimentally, and Lu at site Lu2, but could not obtain Lu at site Lu1
5
, observing Lu at the 

incorrect site Lu1’ (see figure 1b). Our MD simulations similarly reproduced the HAADF-STEM 

data for La at sites La1 and La2 (as well as the experimentally observed La3 and La4) 
8,9

 (figure 
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1c), as well as Lu at Lu2; however, initial attempts at reproducing the Lu sites Lu1 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 

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 

SiO2 IGF on the prism -Si3N4 

surface
10

 and could be expected in 

RE-doped IGFs.  Figure 1a 

provides the nomenclature for the 

different surface N sites that are 

replaced by O on the prism surface 

in our MD simulations and VASP 

calculations in our lab. Placing O 

at either single sites, Sx, or double 

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 

with regard to the important role of 

O at specific surface N-lattice sites 

on Lu and La adsorption. 

We also changed the 

strength of the La-O vs La-N and 

Lu-O and Lu-N interactions in 

our potentials to expand the 

work beyond just these 

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 Å and 18 Å). 

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 Lu1 and Lu2 from the top 

view. However, previous HAADF-STEM data 
6
 showed that sites Lu1 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 

Figure 1 (a) Top view and (b, c) side view of the Si3N4 

prism surface (N in blue spheres, Si in larger yellow 

spheres). Nitrogen sites are respectively labeled as S3, 

S4, S5, S1, S2, S3 along the x axis. The red dots in (a) 

indicate possible Lu1 and Lu2 sites. In (b) are shown 

Lu adsorption sites Lu1, Lu2, Lu1′ and Lu2′ (the 

primed sites are not observed in HAADF-STEM) (c) 

La adsorption sites La1, La2, La3 and La4 on the 

Si3N4 prism surface. 
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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 Lu2 

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 Lu1 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 Lu1 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-

location adsorption site is broader in 

x because it encompasses both Lu2 

and Lu1, but our data shows Lu2 is a 

deeper well than Lu1, although the 

color scheme does not show this 

difference sufficiently well. The 

actual energetics observed in our 

simulations show that the Lu binding 

energy is stronger on the oxidized 

surface than on the N-terminated 

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 Lu1 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. 

 

Figure 2. Energy map for Lu on the (a) pure N prism 

surface and (b) O at the S1 sites. Grey hemisphere at 

(5.5, 3) is one Lu at site Lu2 that is kept frozen, while 

a second Lu samples the rest of the adjacent surface 

sites. Site Lu1 is at (3.5, 0) and a second Lu2 site at 

(5.5, -3). Color bar gives Lu energy in eV. See text 

for further details. 
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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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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.
1
  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.
2
  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-

A/polymer-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. 
2 

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.
3
  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).   

   
 

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.
4
   

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.  
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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.  

 

 

  
 

We investigated how nanoparticles influenced the 

coarsening of the domains (islands).   The main effect, 

apart from decreasing the dynamics, changed the  

mechanism from purely coalescence, in the absence of 

nanoparticles, to a combination of coalescence and Ostwald ripening.
5
  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.
6
  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.  

 

 Finally, other accomplishments included the design of a new class of 

electrorheological fluids
8
 and the study of chain dynamics under various conditions of 

geometrical confinement.
9 
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Program Scope 

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 

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.  

 

The previous approaches of artificial epitaxy, or 

graphoepitaxy,
1
 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.
2, 3

 

With all the advances in growth and lithography 

techniques since then however, graphoepitaxy has not 

produced the level of control required by modern device 

applications. Within the scope of this project, we explore 

the possibility of single-crystal growth on amorphous 

oxide by exploiting a phenomenon in material deposition: 

evolutionary selection growth.
4
 With the successive 

applications of evolutionary selection (ES) along two 

perpendicular axes, we work on removing the degrees of 

freedom in grain orientations, resulting in the 

preparation of single-crystalline GaN on a 

SiO2/Si(100) template. The conceptual model of ES is 

confirmed by the modeling of growth dynamics to 

provide a universal procedure in forming crystalline 

layers on amorphous substrates. 

Figure 1 a) Schematic of confined 

evolutionary selection growth of GaN in 

vertically and laterally confined SiO2 

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 

from end. 
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Figure 2 Micro x-ray diffraction 

characterization of GaN at Diamond Light 

Source (synchrotron source, UK) a) AlN 

(0002) spatial mapping, b) RSM, and c) 

linewidths showing microstructural quality 

of GaN comparable to bulk GaN 
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Recent Progress 

We have recently demonstrated single crystal 

GaN growth by employing the general phenomenon 

in film deposition of evolutionary selection.
5
 In the 

concept that has been proposed and demonstrated, 

evolutionary selection (ES) was employed in first a 

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 

AlN layer on a SiO2/Si(100) substrate. A SiO2 

confined mask structure is then formed, and 

subsequent lateral selective area growth of GaN 

by MOCVD using AlN as a seed, produced site-

selected placement of GaN and eliminated the in-

plane misalignment. 

 

In this work, the evolutionary 

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. 

Essentially, the concept is enabled 

by combining evolutionary 

selection with a selective area 

growth process. Here, as opposed 

to typical ELO processes, the 

surface is predominately covered 

with dielectric in the regime of 

very low fill factors, in which the 

local growth environment is 

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 SiO2 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 SiO2 growth 

surface. While these polycrystals can be removed with subsequent etching of the SiO2 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 AlN 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 

Figure 1 a) Simulation of competitive growth 

process of randomly oriented nuclei forming 

textured film, b) number of grains, c) 

orientational distribution, and d) grain size 

distribution dependence on film thickness 

Figure 3 a) Gas phase concentration profile of precursor 

modeled by finite element modeling above a single tunnel, b) 

growth rate dependence on initial depth 
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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. 

 

While growth on planar 2D selective area growth masks 

have been analyzed in detail, the use of three 

dimensional masks, i.e. confinement of growth in both 

in-plane and out-of-plane directions are have been 

subject to fewer studies . In this case, for analyzing and 

predicting the mass transport in this growth method, the 

structures here are modeled as inert rectangular channels 

of varying dimensions. Typically, a combination of 

surface and lateral gas phase diffusion takes place, each 

acting dominantly over different characteristic length 

scales. Given the large length scales of the SiO2 mask, the 

situation is analytically modeled, dominated by gas phase 

diffusion, as a simple compartment model, described by 

the reaction-diffusion equation. The solution of such 

a system has been given, by Deal and Grove
6
, to be 

  

  
 

 

     
 

 

where x is the length distance from the tunnel opening to the growth front, and the constants A 

and B are defined by A = 2Deff/k, B = 2DeffC*/N, where Deff 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, Deff = 22 cm
2
/s, k = 15850 cm/s,

7
 and C*=1x10

-9
 mol/L,

8
 

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 m/hr) is still possible with tunnel 

depths of 100 m 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. 

 

Figure 4 Analytic compartment model 

(dashed line) describing growth rate 

dependence on reactor pressure, with 

experimental data points shown. 
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1. Program Scope 

Growth of one-dimensional nanostructures such as carbon nanotubes (CNTs) 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 kinetics 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 CVD 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 CNTs 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 

on the catalyst.  Now, Fig. 1B places 

this information into the collective 

picture of CNT population growth.  

Hence, we conclude that growth rate 

mismatch leads to significant 

mechanical stresses on individual 

CNTs that are coupled due to van der 

Waals forces at contact points.   Based 

on these results, we hypothesize that 

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 

influence of mechanical forces on the 

kinetics and quality of growing CNTs 

suggests that strategies to improved 

manufacturing of organized CNTs should 

consider both chemical and mechanical 

effects. 

Moreover, we propose that during CVD 

growth of CNTs, 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 

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 
collective growth self-termination. 

 

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, I, 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 CNTs 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 CNTs 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 

a non-monotonic relationship between 

applied (compressive) force and CNT forest 

growth rate, suggesting different thresholds 

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 (SWNTs), namely to stretch the CNTs 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 C2H4, in order to cause CNT growth. Finally, the device actuation 

 

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) 

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 
between the probe and CNT forest. 
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voltage is reduced in order to stretch the grown SWCNTs while keeping the growing conditions, 

i.e. high temperature of the heater and C2H4 gas flow, so that the simultaneous presence of 

carbon feedstock and applied tension can allow mechanically manipulated carbon precipitation. 

Stretched SWCNTs will be characterized mainly using Raman spectroscopy in order to detect 

changes in their tension, defects and chirality comparing to a reference un-stretched SWCNTs.  

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 

SWNTs 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) Al2O3 

substrates and exhibited growth along (111)[110] YSZ // 

(0001)[10 10] Al2O3 (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 

ºC. Concomitant with the improved conductivity of the 

thinner films was an increase in the out-of-plane lattice 

parameter, matching theoretical expectations regarding 

tensile strain, and the introduction of edge dislocations, 

which may additionally assist in-plane ionic conduction. 

Further evidence for lattice interactions on YSZ ionic 

conductivity was found in studying films deposited in 

parallel on MgO and Al2O3 substrates that had polished, 

ion cleaned, or milled surfaces. Increased substrate surface 

roughness led to decreases in both the crystallinity and 

ionic conductivity of the films. 

Similar deposition of GDC films on (0001) Al2O3 

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 CeO2 thin films where the Y dopants 

were distributed homogeneously or were condensed into increasingly concentrated layers, to the 

limit of alternating layers of 

pure Y2O3 and pure CeO2 

(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. 1. (Top) HRTEM cross-

section of a 6 nm thick YSZ thin 

film. The red marks indicate edge 

dislocations. (Bottom) Solid 

sphere model of the YSZ/Al2O3 

interface. Green, blue, and red 

spheres represent Zr/Y, Al, and 

O, respectively. 

Fig. 2. (a) Bright field and (b) high resolution TEM cross-

sections of a heterogeneously doped sample with multilayered 

19 nm CeO2 / 1 nm Y2O3. 
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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 Y2O3 and CeO2, 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. 

Multilayers composed of 

Ce0.90Y0.10O2-δ (YDC) and Ce1-xZrxO2-δ 

(CZO) (Fig. 3) were studied in order to 

directly quantify the effect of interfacial 

compressive strains on oxygen ion 

conduction. CZO solid solutions that adopt 

a cubic structure (x ≤ 0.5) were used. Our 

unique fabrication method allowed 

different compressive strains to be induced 

in the YDC layers by controlling the Ce/Zr 

atomic ratio—and thereby the lattice 

parameter—in the alternating CZO layers. 

A key benefit of using CZO other than rare 

earth oxides is that the lattice parameter of 

CZO can be continuously varied. First 

results using Ce0.5Zr0.5O2 seemed to 

indicate a sharp reduction in conductivity 

with compressive lattice strain (Fig. 3). 

Similar results to those shown in Fig. 3 are 

found in literature as putative proof of a 

lattice strain effect. Bulk and interfacial 

conductivities were distinguished from the 

dependence of the conductivity on 

interlayer-spacing. Comparing these values 

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 (l), 

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  ≫
 

 
 can be used to 

robustly determine k so long as 5 ∙ 10  ≤
  ∙ 

 
≤ 20. Experimental validation of the utility of 

isotope exchange with thin film samples was performed on films of LaCoO3 and SrCoOx. 

 

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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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 (F)
1/6

; here, the adatom diffusion rate  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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Figure 1: Separation of nanorods LS as a 

function of diffusion rate on substrate  

and deposition rate F. 

 
Figure 2: Smallest diameter of nanorods Lmin as a 

function of diffusion rate over multiple-layer 

surface steps 3D 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 3D, which is 

slow, dominates. As shown in Figure 2, the smallest diameter scales with ( F)
1/6

. 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.  

   

 
Figure 3: Smallest well-separated nanorods of (a) Cu and (b) Au. 
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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 3D (or larger diffusion 

barrier); and to increase the separation, for example, by using substrates that are more non-

wetting (or larger ). 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.  

 

    
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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Figure 1. SEM images of laser-fabricated spots at: (a) high 

and (b) low beam intensity [4]. 
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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. Sb-S-I glass system is selected as a model of ChG, as it comprises crystals like SbSI 

and Sb2S3 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-I bulk glasses and 

established stages of their 

modification by CW laser: 

decomposition/ ablation (Fig. 1a), 

                                                 
†
 BK, who helped with the laser irradiation facility, is supported by NSF. 

161



 

(a) (c) (b) 
 

 

Figure 2. Electron back scattered diffraction  confirms 

single crystallinity: (a) SEM image, (b) image quality 

(IQ ), and (c) inverse pole figure (IPF) maps   of a 

SbSI single crystal line [2]. 

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-I glasses facilitates decomposition of weak molecular bonds between SbS3 and SbI3 

eutectic elements and further evaporation of SbI3 molecules from sample surface under the 

action of laser beam. The evaporation of this iodine rich phase enriches the remaining 

supercooled liquid Sb2S3, which together with volume changes (contraction due to the SbI3 

evaporation) complicates surface crystallization of SbSI phase [1-4]. 

Notwithstanding the multiple 

challenges, active ferroelectric SbSI 

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 

initial “polycrystalline” line, which 

led to the growth of a single crystal 

from one of the seed crystals formed 

earlier. The reason for using seed 

lines instead of spots is that after a 

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-I 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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Figure 3. DSC data for different size particles 

of the SbSI glass with heating rate 20°/min. 

traced to the strong anisotropy of the SbSI crystal structure due to the weak Van der Waals 

interaction between covalent-ionic chains (Sb2S2I2)n [5]. 

Laser writing by 520 nm diode laser beam 

of circular cross-section was used also on 

off-stoichiometric 82SbSI–18Sb2S3 

chalcogenide glass to produce crystalline 

architecture on the sample surface. It was 

found that Sb2S3 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 Sb2S3 

grew in the same <001> orientation with 

respect to the laser scanning direction. An 

explosive change in line morphology was 

observed within such lines during the 

writing process. Its cause was identified to 

be the oxidation of Sb2S3 crystalline phase, 

which releases huge amounts of reaction 

energy (similar to commercial fireworks based on Sb2S3). The oxidation of the laser-induced 

Sb2S3 crystals can be eliminated by flow of nitrogen gas over the laser-illuminated zone. 

2 m

TD

RD
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Figure 4. (a) SEM image, (b) image quality (IQ), and (c) confidence index (CI),maps of Sb2S3 

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 Sb2S3 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-I glasses facilitates decomposition of weak 

molecular bonds between SbS3 and SbI3 eutectic structural units, and preferential evaporation of 
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SbI3 molecules from sample surface under the action of laser beam. The evaporation SbI3 

enriches the glass in Sb2S3 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 

SbSI/Sb2S3 ferroelectric crystals upon laser irradiation. Alternatively, the thermal runaway 

evaporation of SbI3 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. 
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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-I 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 
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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 
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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, FexCoySi nanowires 

(NWs) by CVD and ion implantation; ii) resistive switching phenomenon in Oxides for Memory Devices 

(high-k gate oxide: LaGdO3, and Bi1-xSmxFeO3); 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)1-xO3 [M=Ta, Nb] and pure & doped BiFeO3; 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/Al2O3 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 

amorphous LGO thin films deposited by pulsed laser deposition 

(PLD) have been investigated. The Pt/LGO/Pt MIM stack 

geometry required a forming voltage of ~7V to initiate the 

switching process. After forming process reliable and repeatable 

nonvolatile switching of the resistance of these devices was 

obtained between two well defined states of low/high resistance 

(LR/HR) with nearly constant resistance ratio of ~ 10
6
 and non-

overlapping switching voltages in the range of ~ 0.6-0.75 V and 

2.5-4 V respectively. The current conduction mechanism of the 

device in LR/HR states were found to be dominated by the 

Ohmic behavior and Poole-Frenkel emission respectively. 

LR/HR states of the film showed no obvious degradation for up to ~ 

12 hours indicating good retention. The switching between LR/HR 

states was attributed to formation and rupture of conductive filaments.  

 a) 
 b) 

Fig. 1: Resistive Switching behavior of 

LGD films. 
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Fig. 2. (a) SEM image for ~1 m grain of PFNx-PZT(1-x) (x = 
0.2) with the respective elemental concentration maps. (b) 

Remanent polarization/magnetization and the respective 
electric/magnetic coercive field (upper/lower) for PFNx-PZT(1-x) 

and PFTy-PZT(1-y) as a function of the concentration (x or y). 

ME coefficient as a function of the bias magnetic field in 

longitudinal (E,33) and transverse (E,31) modes for PFT-PZT 

(y=0.2) at 1 kHz at RT.  

Pb based Perovskite single phase 

magnetoelectric multiferroic (ME-MF) solid 

solutions: Studies on Pb(Fe,M)x(Zr,Ti)1-xO3 

[M=Ta,Nb] family of perovskite oxides that are 

ferroelectric (FE) as well as ferromagnetic 

(FM) and show magnetoelectric properties at 

ambient temperatures. Pb(Fe0.5Nb0.5)x 

(Zr0.53Ti0.47)(1-x)O3 (PFNx-PZT(1-x)) and 

Pb(Fe0.5Ta0.5)y(Zr0.53Ti0.47)(1-y)O3 (PFTy-PZT(1-

y))  (0.1 x, y  0.4), were synthesized in both 

ceramic and thin films by conventional solid 

state reaction route and PLD technique 

respectively. PFT-PZT ceramic samples 

exhibited ME–MF properties: saturated FE 

loop with Pr~10-20 C/cm
2
, well defined FM 

loop with saturation magnetization of about 

0.02–0.06 emu/gr, and the ME effect with  = 

0M/E=1.3x10
-11 

S/m. Single phase highly 

oriented thin films of PFTx-PZT(1-x) were grown on 

La0.67Sr0.33CoO3  coated oriented MgO substrates.  

The films showed MF properties with well 

saturated FE hysteresis having Pr~43–48 C/cm
2
 

and magnetization saturation value as Ms~6–17 

emu/cm
3
. 

 

Tunnel Electroresistance effect in Ferroelectric Tunnel Junction in structures with ultrathin 

ferroelectric PbZr0.52Ti0.48O3 (PZT) barrier: We have studied thickness effect of FE PZT films with 

thickness from 7 to 3 nm on La0.67Sr0.33MnO3(LSMO)/(LaAlO3)0.3(Sr2AlTaO6)0.7(LSAT)  (001) substrates 

deposited by pulsed laser deposition technique. The x-ray diffraction analysis revealed that the PZT and 

LSMO films were well oriented (00l) 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)). 

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) = dI/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.   
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Advanced high-k gate dielectric amorphous LaGdO3 

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 Å and 8.4 Å 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 

4.561 Å, and interface (cm
-2

 eV
-1

) and fixed (cm
-2

) 

charge densities of ~10
12

. Analysis of temperature 

dependent leakage currents revealed that gate injection 

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 

 

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)O3 (PZTFT)/La2/3Sr1/3MnO3 (LSMO), with PZTFT thickness ~2–7 nm on (001) 

LSAT: (LaAlO3)0.3 (Sr2AlTaO6)0.7 . 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 III-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: 
1. Impedance spectroscopy analysis of Ba0.7Sr0.3TiO3/La0.7Sr0.3MnO3 heterostructure, R. Martínez, Ashok Kumar, 

R. Palai, J. F. Scott, and R. S. Katiyar, J. App. Phys.D, 44,105302 (2011). 

2. Effect of the periodicity and the composition in artificially BaTiO3/(Ba,Sr)TiO3 superlattices, N. Ortega, Ashok 

Kumar, O. A. Maslova, Yu. I. Yuzyuk, J. F. Scott, and R. S. Katiyar, Phys. Rev. B, 83 144108 (2011)  
4. Magnetic control of ferroelectric interfaces, S. Dussan, Ashok Kumar, R. S. Katiyar, Shashank Priya, and J. F. 

Scott, J. Phys.: Condens. Matter, 23 202203 (2011) 

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. (c) Ex-situ O1s XPS 
peak from ~8 nm thick LGO layer on Si after Ar+ sputtering etches. 
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14. Photovoltaic effect in a wide-area semiconductor-ferroelectric device, R.K. Katiyar, Ashok Kumar, G. Morell, 

J.F. Scott, and R.S. Katiyar, App. Phys. Lett., 99, 092906 (2011) 
15. Electric control of magnon, phonon and magnetic moment in BiFeO3: direct evidence of magneto-electric 

coupling, Ashok Kumar, J.F. Scott, and R.S. Katiyar, App. Phys. Lett., 99, 062504 (2011) 

16. Biferroic relaxors, Ashok Kumar, J.F. Scott, and R.S. Katiyar, App. Phys. Lett., 99, 042907 (2011) 

17. Symmetries and multiferroic properties of new room-temperature magnetoelectrics: lead iron tantalate-lead 
zirconate titanate (PFT/PZT), Dilsom A. Sánchez, N. Ortega, Ashok Kumar, R. Roque-Malherbe, R. Polanco, 

J. F. Scott, and R. S. Katiyar, AIP Advances, 1, 042169 (2011). 

19. Studies of photovoltaic properties of nanocrystalline thin films of CdS-CdTe, Rajesh K. Katiyar, Satyaprakash 
Sahoo, A.P.S. Gaur, Arun Kumar Singh, G. Morell and R.S. Katiyar, J. of Alloys and Compounds, 509 [41], 

10003 (2011) 

22. Optical properties of amorphous high-k LaGdO3 films and its band aligment with Si, S. P. Pavunny, R. 
Thomas, A. Kumar, E. Fachini, and R. S. Katiyar, Journal of Applied Physics  111, 044106 (2012). 

25. Dielectric Properties and Electrical conduction of high-k LaGdO3 Ceramics, S. P. Pavunny, R. Thomas, A. 

Kumar, N. M. Murari, and R. S. Katiyar, Journal of Applied Physics, 111, 102811 (2012)  

36. Observation of strong magnetoelectric effects in Ba0.7Sr0.3TiO3/La0.7Sr0.3MnO3 thin film heterostructures,  R. 
Martınez, A. Kumar, R. Palai, G. Srinivasan, and R. S. Katiyar, J. Appl. Phys. 111, 104104 (2012). 

38. Structural and magnetic properties of N doped ZnO thin films. Kajal Jindal, Monika Tomar, R. S. Katiyar, and 

Vinay Gupta.  J. App. Phys 111, 102805 (2012). 
42. Optical Dielectric Function Modeling and Electronic Band Lineup Estimation of Amorphous High-k LaGdO3 

Films, S. P. Pavunny, R. Thomas, A. Kumar, J. F. Scott, and R. S. Katiyar, ECS Journal of Solid State Science 

and Technology , 1(4), N53-N57 (2012). 
47. Room-Temperature Single Phase Multiferroic Magnetoelectrics: Pb(Fe, M)x(Zr,Ti)(1-x)O3 [M = Ta,  Nb]. 

Dilsom A. Sanchez, Nora Ortega, Ashok Kumar, G. Sreenivasulu,
 
Ram S. Katiyar, J. F. Scott,  Donald M. 

Evans, Miryam Arredondo-Arechavala, A. Schilling
5
, and J. M. Gregg. J. Appl. Phys.  113, 074105 (2013). 

52. Advanced high-k gate dielectric LaGdO3 based MOS devices with sub-nanometer equivalent oxide thickness. 
S. P. Pavunny, P. Misra, R. Thomas, A. Kumar, J. F. Scott and R. S. Katiyar. Appl. Phys. Lett. 102, 192904 

(2013). 

53. Effect of oxygen on Jahn-Teller distortion and magnetization dynamics in Pr0.9Ca0.1MnO3 thin films.  S. 
Majumdar, H. Huhtinen, P. Paturi, and R. Palai.  J. Phys.: Condens. Matter, 25, 066005 (2013). 

55. Ferromagnetism in Nanocrystalline Powders and Thin Films of Cobalt-Vanadium co-doped Zinc Oxide. Marco 

Gálvez-Saldaña, Gina Montes-Albino and Oscar Perales-Perez MRS Proceedings, 1449   mrss12-1449-bb06-15 

(2012). doi:10.1557/opl.2012.794. 
57. Study on the Structural, Electrical and Magnetic Properties of Pure and (Pr

3+
, Co

2+
)-Doped BiFeO3 Powders 

and Thin Films. Gina Montes Albino, Marco Gálvez-Saldaña and Oscar Perales-Pérez. Jap. J. Appl. Phys, 51, 

11PG06-1-4 (2012). 
58. Electric-field-induced magnetization changes in Co/Al2O3 granular multilayers. Sahadevan, A. Kalitsov, G. 

Kalon, C. Bhatia, J. Velev, and H. Yang, , Phys. Rev. B 87, 014425 (2013). 

59. On the Resistive Switching and Current Conduction Mechanisms of Amorphous LaGdO3 Films Grown by 
Pulsed Laser Deposition, P. Misra, S. P. Pavunny and R. S. Katiyar, ECS Transactions, 53 (3) 229-235 (2013). 

62. Spin-polarized state quantum filter used to measure spin-polarized state relaxation time and g-factor. Vladimir 

I. Makarov1 and Igor Khmelinskii.  J.  Appl. Phys. 113, 084304 (2013). 

65. Temperature-Dependent Raman Studies and Thermal Conductivity of Few-Layer MoS2, Satyaprakash 
Sahoo, Anand P. S. Gaur , Majid Ahmadi , Maxime J.-F. Guinel , and Ram S. Katiyar, J. Phys. Chem. C 117,  

9042 (2013). 

68. Free standing graphene-diamond hybrid films and their electron emission properties. Varshney, Deepak; Rao, 
Chitturi Venkateswara; Guinel, Maxime J.-F.; Weiner; Brad R.; Morell, Gerardo; J. Appl. Phys. 110, 044324 

(2011), 

69. Conformal coating of ferroelectric oxides on carbon nanotubes; F. Mendoza, A. Kumar, R. Martínez, J.F. Scott, 
B. Weiner, R.S. Katiyar, G. Morell; European Physics Letters 97, 27001, 2012. 

70. Multiferroic properties of Bi4-xNdxTi3O12/CoFe2O4 composite Film. D. Barrionuevo, S.P. Singh, and M.S. 

Tomar, Integrated ferroelectrics 124, 48-52 (2011). 
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Investigating the Metastability of Clathrate Hydrates for Energy Storage 

PIs: 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  

(I) Discovery of Key Clathrate Hydrate Building Blocks 

Direct molecular dynamics simulations probing the formation pathways of structure I (sI) CH4 

hydrate [1] have identified metastable (amorphous) clusters and seven common cages [2] during 

clathrate hydrate nucleation (Fig. 1). In thermodynamically stable sI 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 nucleating trajecto-

ries [2]. These new findings open up the possibility that many 

of these incipient cages could be also present in sII or other 

clathrate hydrate nucleation trajectories. 

Figure 1. Seven dominant 

cages (left) and amorphous 

cluster (top) formed during sI 

clathrate hydrate nucleation
2 
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(II) Discovery of New Metastable Phase Present During Hydrate Structural Transitions  

Experiments examining clathrate hydrate structural transition pathways were performed on the 

structure VI to structure II (sII) transition [3].  It was observed that as sVI clathrate frameworks 

begin to transition to sII, due to a composition induced change in the equilibrium structure after 

the addition of H2 (g), an new intermediate phase [4] was formed prior to the transformation to 

sII (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
-1

, covering ~62 cm
-1 

(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 H2 Raman 

shifts of all of the stable cages in structures I, II, and VI.  Based upon the 62 cm
-1

 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 H2 environ-

ment is not consistent with any known thermodynamically stable cage type and thus propose we 

are observing H2 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 sII after addi-

tion of H2 guest molecule [4]. 

 

Figure 3: Raman spectral data of H2 in known envi-

ronments of sI, sII, sH, ice Ih, gas phase compared to 

H2 in the metastable intermediate environment, 

highlighting differences in peak position and width. 

Raman spectra were measured at 0.1 MPa and 118 to 
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(III) Structure-Synthesis Relations of CH4 + H2 Binary Hydrates   

To reduce the extreme thermodynamic requirements for stabilizing pure H2 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 H2+tetrahydrofuran 

(THF) mixed hydrate, where the binary hydrogen hydrate can be stabilized at more moderate 

conditions compared to pure H2 hydrate. Specifically, pure H2 hydrates form at around 150 MPa 

and 270 K, while H2+THF binary hydrates form at around 10 MPa and 280 K. However, the 

trade off is typically that only a limited amount of H2 can be enclathrated in the mixed clathrate 

hydrate, because THF molecules tend to occupy all 5
12

6
4 
(large) cages and H2 molecules can then 

only occupy the 5
12

 (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, CH4 may also serve as a thermodynamic promoter, but unlike THF, 

CH4 is small enough that H2 may compete effectively for occupancy in the larger cages, resulting 

in an overall increase in H2 enclathration. Furthermore, H2+CH4 binary hydrates are expected to 

have a higher overall energy density than H2+THF hydrates because CH4 serves as an additional 

source of energy, unlike THF. When compared to the H2+THF binary hydrate, clathrate hydrates 

incorporating H2 and CH4 are comparatively underexplored, with some authors suggesting 

enclathration of H2+CH4 as impossible [6] We report that the formation of binary H2+CH4 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+H2 binary hydrates, the storage potential is higher in the 

case of CH4+H2 and should be explored further, possibly in combination with the self-

preservation effect. These new findings can 

open up the potential to further investigate other 

binary co-fuel systems in different clathrate hy-

drates. 

 

 

Figure 4: Experimentally observed clathrate 

hydrate structures over a range of pressures (p) 

and initial gas compositions (yCH4) in the 

H2+CH4+water system at t = 72 h and 263 K. 

Squares: H2+CH4 sI hydrate, diamonds: H2+CH4 

sII hydrate, triangles: simple CH4 sI hydrate, 

circles: hydrate free. 
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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 VI to structure II clathrate transition using tert-butylamine and H2 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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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: 

 Investigations of 

 electronic transport in surfaces of crystalline sheets, including new orientations of semi-

conductor NMs and graphene bonded to such NMs  

 strain engineering of new structures, including local and global lattice strain, externally 

applied strain, and thermal mismatch strain 

 surface modification to affect the kinetic barrier for defect formation during stress appli-

cation 

 novel interfaces, including structure and  thermal/electrical transport through NM stacks, 

twist boundaries in stacked graphene, and periodically bent NMs 

 Fabrication of our own unique NMs, make novel materials via NM strain engineering  

 Application of theory to quantify the outcomes of our synthesis and processing efforts 

 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 

 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) 

 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 

 Mechanical strain of Ge for band engineering  

 Charge transport in graphene on semiconductors 

 Strain engineering of patterned NMs of high-modulus materials on “soft” substrates to 

create periodic local 3D structures.   

 Thermal transport through stacked-NM interfaces 

 

Work on surface charge transport has recently been published.
1
   For this research we de-

veloped a back-gated van der Pauw method that is compatible with ultrahigh vacuum.  In a thin 

semiconductor sheet, the simple existence of surfaces can have significant impact on the “bulk” 

conductance of the sheet by providing states, via a mechanism called “surface transfer doping”.  

But the surface may itself conduct, independent of the bulk, through extended electronic states at 

the surface, an important function in many current nanostructure investigations that is quite diffi-

cult to measure.   We use an electrode at the back of the wafer to fully deplete the “bulk” of the 

thin Si layer, revealing the non-zero conductivity in the surface bands, caused by the 2x1 recon-

struction of the clean surface. A change in NM thickness modifies the coupling strength between 

the front free surface and the back gate.  Any changes in the front surface then act as an addition-

al gate to counter or enhance the effect of the back gate.  The NM “bulk” conductance is contin-

uously tunable by the back gate voltage and hence can be made negligible relative to the surface 

contribution. 

 

We made conductance measurements in UHV on thin SiNMs ranging in thickness from 

40nm to 200nm.  From the shape of conductance plots as a function of back gate voltage, we 

conclude that electron transport must occur through the surface bands themselves.  Simulations 

are able to reproduce the experimental results with high precision, and they allow an extraction 

of the surface band mobility, which for all samples is on the order of 50 cm
2
/Vs.  The shape of 

the curves for the (2x1) surface termination indicates the presence of Fermi level pinning, which 

we attribute to type-C defects at the surface. For H-terminated Si, the surface bands are de-

stroyed and the minimum conductance becomes much lower, because there is no surface con-

ductance. Temperature dependence measurements on the latter suggest surface states that pin the 

Fermi level 0.2 eV below the conduction band edge, consistent with F contamination introduced 

in HF removal of the oxide, which leaves the Si(001) surface H terminated. These studies form 

the basis for continuing work, see below under Future Work. 

 

The basis for the study described by the second bullet
 
was research published just outside 

the two-year window of the publication list.
2
  Using nanomembrane strain engineering methods, 

we demonstrate the fabrication of fully elastically relaxed Si1-xGex nanomembranes (NMs) for 
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use as growth substrates for new materials. To do so, we grow defect-free, uniformly and elas-

tically strained SiGe layers on Si substrates and release the SiGe layers to allow them to relax 

this strain completely as free-standing NMs. These SiGe NMs are transferred to new hosts and 

bonded there. We confirm the high structural quality of these new materials and demonstrate 

their use as substrates for technologically relevant epitaxial films by growing strained Si layers 

and thick, lattice-matched SiGe alloy layers on them. Current work is focused on producing bet-

ter-quality SiGe NMs.  Past ones, grown in CVD, contain pinholes, which we expect to be able 

to avoid using MBE.  Pinholes are a significant problem for multilayer stacks in which vertical 

charge transport is required.  A manuscript that compares the structural behavior of SiGe thick 

films grown on SiGe NMs and strain graded SiGe is under review.
3
 It shows that significant im-

provements are obtained using NMs as substrates. 

 

 In an entirely different vein, we are looking for surface modification methods, through 

functionalization, surface coating, immersion, or encapsulation that increase the barrier for the 

nucleation or motion of cracks and dislocations in very thin crystalline sheets.  The motivation is 

that significant band structure modification occurs in semiconductors with strain.  We want to 

extend the range of tensile strain we can apply to Ge, because it can be made direct-band-gap, 

and thus emit light.
4
 By increasing the strain we could tune the light emission wavelength and al-

so increase efficiency of light emission. 

 

Future Plans 

 

For the surface transport measurements we will be looking at SOI(111).  There is contin-

uing discussion on the nature of surface conduction in this surface, but only our approach can 

address what may actually be the case and under what circumstances. Beyond that, theoretical 

studies will suggest if it is feasible to make a surface-based topological insulator. 

For both the surface transport and the SiGe NM substrate and growth studies, we will at-

tempt to fabricate step-free mesas.  Many years ago we and others have shown with LEEM that it 

is possible to make mesas at least 20 microns wide on Si(001).  We need to extend this to SiGe 

and to wider mesas.  For surface transport this is important because we can eliminate steps and 

thus dimer row orientation as causes for limited surface mobility.  For the growth studies it is 

important because steps influence the behavior of a strained-Si 2DEG. 

Work on functionalization of Ge to inhibit crack formation will continue.  We will also 

initiate other procedures to attempt to extend the range of strain to be more like the theoretical 

breaking strain.   

We have begun to investigate the combination of graphene and semiconductor substrates.  

There are significant scientific and technical reasons why one may wish to do so.   

We will continue the very difficult work on thermal transport through stacked-NM inter-

faces.  The goal is to find out how such interfaces act as thermal impedance and potentially how 

a limited phonon spectrum can relate to the nanoscale thickness of both the crystalline sheets and 

the interfaces between them. 
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Program Scope 

 

Mesoscale control of light-matter interactions as a route to enhance performance in a range of 

technologies is a central aim in colloidal materials science and engineering.  Increasing focus on 

atypical colloidal structures is uncovering novel partial order mesophases, quasicrystals, and 

superlattices with dramatic effects on photon dispersion relations.  This work explores 

processing-microstructure relationships for the self-organization of nonspherical colloids under 

confinement and exposed to shearing conditions.  How nonspherical particle mesophases adapt 

in the presence of surfaces and how shear forces drive development of structure and rheological 

behavior in these systems is investigated.  Wedge cell and parallel plate confinement techniques 

and shear-assisted assembly provide a platform to understand the role of thermodynamic and 

non-equilibrium effects including dynamic flow behavior on the formation of complex colloidal 

structures.  Inorganic precipitation and seeded emulsion polymerization are employed to 

synthesize tailored collapsed particle morphologies from hemispheres to bulbous mushroom caps 

as well as faceted polyhedra and peanut shapes.  Real space quantitative analysis of structural 

evolution as a function of shape parameters, volume fraction and confinement height is 

conducted using ultra-fast confocal microscopy to track particle motions.  A custom confocal 

rheometer setup is utilized to map structural and rheological behavior as a function of 

confinement gap size and shear rate at a variety of volume fractions.  Computational studies on 

phase behavior of anisotropic particles, kinetics and mechanisms of ordering transitions and 

rheology of ordered phases is conducted to complement experiments.  For this purpose, 

advanced molecular simulation methods are used including, forward flux sampling (to probe the 

kinetics of phase transitions) and non-equilibrium iso-stress molecular dynamics (to detect yield 

stress behavior).   

 

Recent Progress 

 

Colloidal self-assembly has been demonstrated as a prime method for the fabrication of 

multidimensional photonic materials.[1]  Particle ‘shape programming’ can be combined with 

physical confinement of colloid suspensions to access and stabilize a rich diversity of quasi-2D 

transition structures as material templates for optical band gap and anomalous refraction 
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properties.[2-3]  Here, wedge-cell confinement was employed to study colloidal phase behavior 

of hollow fluorescent silica dimers (peanut-shaped) as a function of confinement height.  

Suspensions of hollow silica peanut-shaped particles were investigated in confinement cells 

using confocal microscopy, particle tracking, and video-image analysis.  Five distinct transitions 

were discovered in the range from one to two layers of in-plane oriented dimers.  Specifically, 

each configuration found is a degenerate crystal tiling of the corresponding sphere-based 

structure along the descriptive order sequence 11B 22 where,  and  indicate 

layers with triangular and square symmetry, respectively.  In this scheme the ‘buckled’ phase is 

indicted by 1B.  Two distinct 2 phases were determined for the dimer case, depending on the 

degree of out-of-plane tilted tiling.  Mostly out-of-plane colloidal units in 2I re-assemble to 

form two layers of 

predominantly in-plane lying 

dimers for 2II.  These 

arrangements can be 

predicted simply from 

closest packing arguments 

for incommensurate layer 

heights and are in agreement 

with findings from Monte 

Carlo simulations.  Order 

parameters and distribution 

functions for positional and 

bond orientational order, 

voronoi constructions for 

detecting intrinsic defects 

and number of nearest 

neighbors, and fast Fourier 

transforms (FFT) quantitatively 

characterize each phase from 

confocal image analysis.  The 

experimental microscopy and 

theoretical phase diagram will be 

presented.  Figure 1 (top) illustrates 

the phases and (bottom) ideal 

characteristics for monodisperse 

dimer colloidal building blocks.  

 

We further explored mixed particle 

systems of spheres and peanut-

shaped dimers (Figure 2).  Hollow 

Figure 1.  Top:  Confocal images of phase sequence with cell height.  Bottom:  Equation of 

state and characteristics of simulated phases 11B 22 where,  and  indicate 

layers with triangular and square symmetry, respectively.  The buckled phase is indicted by 

1B.  Two distinct 2 phases were determined for the dimer case, depending on the degree 

of out-of-plane tilted tiling.  Mostly out-of-plane colloidal units in 2I re-assemble to form 

two layers of predominantly in-plane lying dimers for 2II. 
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silica spheres 

were prepared 

by a two stage 

burn out of 

polystyrene 

from core-

shell colloids.  

Hollow 

peanut-shaped 

particles were 

templated on 

hematite iron 

oxide 

dissolved 

through the 

sol gel 

synthesized 

silica coating 

using hydro-

chloric acid. Hollow shells were coated with layers of rhodamine isothiocyante (RITC) labeled 

silica for fluorescence.[4]  The phase behavior of binary systems based in size or charge 

characteristics has been reported in studies toward the aim of structural diversity in colloids.[5]  

Shape diversity has rarely been studied using only entropic, excluded volume effects.  For 

roughly equal dimer lobe diameters relative to the sphere diameter, we obtained an isomorphous 

structure analog where both spheres and dimers tiled the same phase sequence as a function of 

height in wedge cell confinement.  Spheres mixed into the dimer crystals and are substitutional 

defects in the dimer tiling.  Several conditions support the adoption of isomorphous phases at the 

atomic level.  The Hume-Rothery rules suggest that components which have the same crystal 

structure, size difference less than 15% in radius, and chemical similarity (valence and 

electronegativity) lead to structures with unlimited solid solubility.[6]  Spheres and dimers in this 

colloidal analog experiment exhibited hard interactions and lobe-based size similarity.   

 

Future Plans 

 

Future plans include studying the effect of relative size difference, relative concentration, and 

material type on variations in the phase behavior of sphere-dimer mixtures under confinement.  

We also plan to investigate the phase behavior of mushroom cap-shaped particles (cut-spheres) 

and sphere mixtures using quantitative analysis of confocal microscopy imaging.  The potential 

for positional control of topological defects has been a goal in the photonic crystal field due to 

the ability to confine or guide light through defect engineering.  Spheres and dimers, for 

example, can be prepared from different materials and ‘defect’ placement (i.e., minority particle 

population) would be restricted to the allowed positions in phases 1, 1B, 2, 2.  We will 

continue simulations to elucidate the kinetics and mechanism of the order-disorder transition for 

dimer and mixed particles in confinement.  The synthesis of polymethylmethacrylate (PMMA) 

nonspherical particles that are easily index matched is being developed for thick suspension 

studies.  In addition, studies on the non-linear structural response of liquid state colloidal 

Figure 2.  Confocal 

images of phase 

sequence with cell 

height in mixed 

spheres-dimers.  

Phases 11B2  

2I 2II 
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suspensions of spherical particles under oscillatory shear will be refined.  Experimental results 

suggest that hydrodynamic effects may be important at high shear rates to explain certain non-

linear responses not observed in the simplified Brownian dynamic simulations.  Hence solvent 

explicit simulations will be implemented in order to more realistically account for hydrodynamic 

interactions and the rheology in such particle suspensions.  Other recent work, demonstrating 

enhancement of rotational diffusion under shear, focused on diffusion of anisotropic particles in 

the limit of single particles and dilute suspensions.  This work will be expanded to investigate 

rotational and translational diffusion in semi-dilute and dense suspensions of anisotropic 

particles.  Denser suspensions may provide additional control over particle interactions, 

diffusion, and assembly.  Sheared suspensions of spherical particles doped with anisotropic 

particles will also be studied.  Additionally, the rheology of semi-dilute and dense suspensions of 

anisotropic particles will be correlated to the suspension structure.  Previous work has focused on 

the rheology of dilute suspensions of anisotropic particles under continuous shear.  However, the 

interplay between suspension structure and applied shear is poorly understood in dense rod-like 

suspensions.  Preliminary results have shown that even for spherical particles, different structures 

can be created in oscillatory shear depending on the shear amplitude.   
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Fig. 2. (a) Atomic structures for Si(001) surface 

with p(21) and (b) with p(22) reconstruction. 

(c) and (d) show the band structures of a ten-

layer Si(001) surface of (a) and (b), respectively, 

without strain. (e) and (f) show the band 

structures for the two cases under a tensile strain 

of 2%. The Fermi level is set to zero.  
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 This theoretical project is carried out in close interaction with an experimental 

project led by Prof. Lagally at UW-Madison, entitled “Group IV Nanomembranes, 

Nanoribbons, and Quantum Dots: Processing, Characterization, and Novel Devices”. We 

address a broad range of topics from atomic structure, stability, and mechanical 

properties, to electronic, optoelectronic, and charge transport properties of various 

nanoarchitectures in the context of Si and other solid nanomembranes. These are done by 

using combinations of different theoretical and computational approaches, ranging from 

first-principles calculations and molecular dynamics simulations to finite-element 

analyses. The project focuses on four research areas: (1) Calculations of electronic 

structure and transport properties of Si nanomembranes, (2) Electronic and topological 

properties of Si(111) surfaces with adsorbed high-Z and magnetic elements, (3) 

Electronic and optoelectronic properties of Si and Ge “strain” superlattices and “strain” 

quantum dots, and (4) Calculations of growth and mechanical properties of 

nanomembranes. 

 

Recent Progress 

Silicon in the (001) 

orientation provides the 

foundation for modern 

semiconductor devices. The 

atomic and electronic structures of 

the Si(001) surface have been 

thoroughly investigated and are 

well understood [1]. Engineering 

surface transport in Si(001) has 

attracted much recent interest for 

quantum information processing 

and surface-state based devices. 

Local surface conduction has been 

achieved by atom manipulation 

using scanning tunneling 

microscopy [2]. In the widely used 

(001)-oriented silicon-on-insulator 

(SOI) system, experiments [3] 

have shown that global ‘electron’ 

transport is possible in a very thin 

clean Si sheet via surface 

conduction, even in the absence of 
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Fig. 2. Relative energies of the top 

of the Si(001) p(21) surface π 

state in reference to the energies of 

the top of the Si bulk VB at Γ-

point under different tensile strain. 

The energy of the top of the strain-

free Si bulk VB (at the Γ-point) is 

set to zero. The energy crossover 

occurs at a critical strain of 1.52%. 

 

 
Fig. 3. (a) The I-V curve for a six-layer Si(001) 

p(21) surface with NO2 adsorption without 

strain and with a 2% tensile strain. (b) The 

device sensitivity towards NO2 as a function of 

applied bias voltage, within the energy window 

of bulk Si band gap. 

bulk doping. This is enabled by the thermal excitation of electrons from the bulk valence 

band (VB) to the surface π* state. However, to achieve surface conduction via ‘holes’ in 

addition to electrons (i.e., p-type surface), it is desirable to isolate the surface π band in 

energy from the bulk VB, so that electron excitation and transport could occur principally 

between the surface π and π* states.  

Strain engineering of the Si bulk band 

structure is well understood [4] and 

practically employed in practice to improve 

the performance of Si electronics. Recently, 

we demonstrate a hybrid approach of 

combining surface engineering with strain 

engineering to manipulate Si(001) surface 

states, relative to the bulk bands, to an 

unprecedented level. We extend strain 

engineering of Si from bulk to surface by 

systematically studying the effects of strain on 

the electronic band structures and transport 

properties of the Si(001) surface with p(21) 

and p(22) reconstructions, using first-

principles band calculations and quantum 

transport simulations. We show that sufficient 

tensile strain can effectively remove the 

overlap between the surface valence state and 

the bulk valence band (see Fig. 1), because of 

the drastically different deformation potentials 

(see Fig. 2). Isolation of the surface valence 

state is possible with a tensile strain of ~1.5%, a value that is accessible experimentally. 

Furthermore, quantum 

transport simulations of a 

chemical sensing device based on 

strained Si(001) surface confirm 

the isolation of dominating 

surface conductance, giving rise 

to an enhanced molecular 

sensitivity within the energy 

window of Si bulk band gap. We 

tested NO2 as an example to show 

the sensing mechanism of a 

device based on the strained 

Si(001) surface. Quantum 

transport calculations are 

performed for a six-layer Si(001) 

p(2×1) surface without and with a 

2% tensile strain upon NO2 adsorption. Various adsorption geometries are considered, 

and the I-V curves of the most stable configurations are shown in Figs. 3(a), under the 

bias within the energy window of Si bulk band gap (from -0.6 to 0.6 eV) within which 
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the isolated surface bands reside. One clearly sees the current increase upon NO2 

adsorption is larger in the strained surface. This translates into a substantial strain-

increased device sensitivity by ~200%, as shown in Fig. 3(b). Here, we define the 

sensitivity  = (Iad  I0)/I0*100%, with Iad (I0) being the current with (without) molecular 

adsorption at a given bias voltage. Our results show the promise for combining surface 

engineering with strain engineering to further our ability to manipulate surface states for 

quantum information processing and surface-state based devices. 

 

Future Plans 

We will continue to expand our current studies as described above, the planned 

research topics include: 

(1) Effect of strain on Si(001) surface band structure. 

(2) Effect of defect and surface adsorption on strained-Si(001) surface band structure. 

(3) Band structures of graphene on Si(001), Ge(001), and Si(111). 

(4) Electronic and topological properties of Si(111) surfaces with adsorbed high-Z 

and magnetic elements. 

(5) Kinetic growth modeling of self-assembly of Ge QDs on freestanding SiNMs. 

(6) Finite-element analysis of underside growth of SiN on SiNM windows.  
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The presence of excitons in organic semiconductors at room temperature distinguish them from 

traditional semiconductors, providing exceptional opportunities for manipulating energy in a 

range of structures from light emitting diodes, lasers, transparent photovoltaics, and optical 

switches. Indeed, organic semiconductors have already shown superior performance in the light 

emitting diode (LED) field.  However, control over crystalline order, orientation, and defect 

formation are crucial to the fabrication and optimization of these excitonic organic electronics. 

For organic growth, lattice matching is not strictly required as with inorganic epitaxy, and the 

modes of epitaxy are therefore uniquely distinct.  For example, unmistakable azimuthal 

relationships have been observed for many organic molecules grown on inorganic crystals that 

are consistent with theoretical energetic minima, despite a lack of true commensurate “epitaxial” 

relationship (hence the term “quasi-epitaxy”).  While there is a growing body of literature on 

organic quasiepitaxy (QE) on inorganic substrates, very little is known about organic-organic QE 

needed to push excitonic electronics to their full 

potential.  Indeed, very little is even known about homo-

epitaxial vapor-phase growth.  This is due, in large part, 

to 1) a lack of high quality starting (single) crystalline 

organic layers, 2) limited implementation of real-time 

probing methods and 3) a lack of understanding 

governing organic-organic QE selection rules.  

Moreover, there have been few examples of preserved-

ordering during multilayer crystalline organic growth 

despite the keen interest in the novel physics afforded by 

crystalline organic semiconductors.   Accordingly, there 

is a wealth of opportunities for this unexplored regime of 

organic crystalline growth phenomena.  The overarching 

goal of this project is to understand and explore bottom-up vapor-deposition routes to the growth 

of large-area organic single crystalline films with controlled thickness, doping, and defect 

concentration. 

 

 

Future Plans   
 

Our specific aims are to:  1) Determine and map available growth modes from the vapor phase 

for archetypal homo-epitaxial (see Figure 1) and  hetero-quasiepitaxial systems (see Figure 2), 

monitored with both real-time and in situ diffraction techniques;  2) Elucidate predictive 

energetic design rules for multilayer sustained quasi-epitaxial ordering; and 3) Model 

energetically driven QE relationships, and simulate molecular diffusion to gain insight into the 

intrinsic growth mode energy scaling for homo-epitaxial and hetero-QE systems.    We anticipate 

 
Figure 1. (a) Illustration of homo-
epitaxy of vapor deposition of 
anthracene molecules   

187



that organic homoepitaxial systems will exhibit analogous 2D and 1D inorganic homoepitaxial 

growth modes under favorable kinetic and thermodynamic conditions
1
 and  by matching organic 

crystal surface energies (as opposed to lattice matching with inorganic crystals) it will be 

possible to grow organic crystalline multilayer hetero-QE architectures from the bottom up.
2
  

Homo-epitaxy and hetero-QE vapor growth will be explored by utilizing single crystalline 

organic films grown from both the vapor and the melt for subsequent templating and growth of 

layers directly from the vapor. Studies will be performed to understand the role of vapor-phase 

growth in achieving sustained QE utilizing real-time in situ diffraction techniques and ex situ 

morphology characterization to provide surface sensitive information on the structural evolution, 

growth mode, and surface diffusivity of thin-film crystalline formation directly on crystalline 

organic substrates.
3, 4

   Experiments will focus on canonical systems such as short-chain linear 

acenes, diamanes, and perylene derivatives to gain insight into the energy scaling for the kinetic 

growth processes and growth modes.  We choose these class of materials as they have already 

found relevance in polariton lasers,
5
 solar cells,

6
 high mobility transistors, singlet fission 

applications,
7
 and light emitting diodes.

8, 9
  Specifically we will utilize materials we have shown 

in preliminary data to form large-area single crystals from the melt including anthracene, 

diphenyl anthracene (DPA), N,N′-Di-[(1-naphthyl)-N,N′-diphenyl]-1,1′-biphenyl)-4,4′-diamine 

(NPD), and rubrene.  To understand these growth modes we will model the key equilibrium 

(energetic) and kinetic factors to gain insight into the factors governing the intrinsic growth 

modes.  We will model surface diffusion as a function of surface energy matching (molecular 

pairings) using forcefield-based classical molecular dynamics (MD).  These simulations will be 

extended to both the homo-epitaxial and hetero-QE systems.  

The ability to grow quasiepitaxial organic films systems from the vapor-phase will afford 

crystalline, doped-crystalline, and multilayer single-crystalline structures to be grown from the 

bottom up. This understanding will enable a new class of organic electronics with unique 

excitonic tunability and will be used as a platform to study organic crystalline quantum wells, 

explore exciton confinement effects in the absence of high-defect densities, and determine upper 

limits for energy transport.   

 

 

 
Figure 2. (a) Demonstration of sustained quasi-epitaxial multilayer growth monitored in-situ 
and in real-time via reflection high energy electron diffraction (HP-RHEED); Patterns of the 
first, second, and third pair growth of NTCDA(5nm)/DB-TCNQ(5nm), left column NTCDA 
pattern, right column is DB-TCNQ.  (b) Schematic structural model of the multilayer NTCDA 
(red)/DB-TCNQ (blue,yellow) crystalline quantum well.  (c) Calculated surface energies of 
various archetypal organic crystals used to identify surface-matched QE pairing.  Lowest 
energy surfaces (LES) are marked accordingly.    
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The ability of deposit, synthesize or treat materials under strong non-equilibrium 

conditions is a well-known properties of non-thermal plasmas. The interaction between non-

equilibrium discharges and materials has already been investigated for several systems (most 

notably, for amorphous silicon thin films). In the last few years, it has become obvious that non-

thermal plasmas are also an excellent route for the synthesis and processing of free-standing 

silicon nanoparticles. Silicon nanoparticles have many interesting properties and relevant 

applications [1], and have been successfully integrated in nanoelectronics [2], light emitting 

devices [3, 4] and photovoltaic devices [5]. They are excellent candidates for bio-related 

applications [6, 7]. Nanostructures based on silicon are potentially compatible with large-scale 

applications, since silicon is the second most abundant element on Earth. Silicon nanoparticles 

have successfully been produced using non-thermal plasma reactors deliberately optimized for 

the production of nanoparticles [8-11]. Non-thermal plasma continuous flow reactors convert 

silane into silicon nanocrystals sufficiently small to show quantum confinement effects [12]. The 

particle structure can be tuned from amorphous to crystalline depending on the power input into 

the plasma (see figure 5 in [13]). This has important consequences on the particle optical 

properties [14], which are critically important for many applications. Despite the fact that 

plasma-based techniques are promising candidates for the large volume synthesis of silicon 

nanocrystals, a detailed understanding of the correlation between plasma properties and 

nanoparticle structure is missing. The question remains of how the continuous flow reactor 

introduced in [9] fully converts the silane precursor into particles with a crystalline structure 

within few milliseconds. The goal of this program is to address this open issue and to investigate 

the interaction between non-thermal plasmas and silicon nanoparticles dispersed within it, with 

the goal of understanding the influence of plasma parameters of nanoparticle properties such as 

surface passivation and structure. 

 

Recent Progress 

We have started this project by focusing on the conditions that lead to the formation of 

crystalline silicon particle. The PI in [15] found that the interaction between reactive species 

generated by the discharge (ions and radicals) with the particle surface leads to substantial 
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Figure 1. Schematic of experimental system 

 

 

Figure 2. Evolution of Raman (a) and 

XRD (b) spectra as a function of in-flight 

annealing temperature for <10 nm silicon 

particles. 

heating of the nanoparticles. This suggests that plasma-induced heating may lead to the 

formation of high-quality nanocrystals in the plasma because of a thermal annealing effect. 

We have decided to 

verify the hypothesis that 

crystallization is due to a thermal 

effect by performing in-flight 

annealing experiments on silicon 

nanoparticles which are 

deliberately created with an 

amorphous structure. The 

experimental apparatus, shown 

in figure 1, consists of two in-

line reactors, a first reactor for 

the synthesis of the amorphous powder and a 

second reactor for its in-flight annealing.  The first 

reactor consists of a non-thermal plasma 

continuous flow system based on the design 

described in [9]. An orifice is placed between the 

first stage of the apparatus (powder production) 

and the second stage (powder annealing).   The 

second reactor consists of a 60 cm Pyrex tube with 

a diameter of 2.54 cm, also connected with Ultra-

Torr vacuum fitting.  The second reactor is placed 

in a Lindberg tube furnace, which has a 40 cm 

heated length, and is capable of reaching 

temperatures of 1000 
0
C.  Extensive 

characterization of the plasma-produced and in-

flight annealed nanoparticles by TEM, XRD, 

Raman will be presented and discussed. An 

example of the Raman and XRD spectra obtained 

from this material as the temperature in the 

annealing stage is increase is shown in figure 2. 

Using the data shown in figure 2 we can 

quantify the kinetic with which structural evolution 

takes place during the in-flight annealing step. A 

necessary step to achieve this is to measure the 

fraction of crystalline volume in                                                                           

the material as a function of annealing temperature. 

Both Raman and XRD data have been used for this 
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Figure 3. (a) Arrenhius plot of crystalline 

fraction as a function of annealing 

temperature for different process parameters. 

(b) Same as (a) but normalized over 

residence time in the annealing stage. 

purpose. In particular we have used several different models that account for phonon-

confinement effects to correctly fit the measured Raman spectra. We have found that the use of 

either Raman or XRD leads to obtaining the same value of activation energy for crystallization 

(Ea). This result alone is quite interesting, since it is well-know that Raman cannot provide a 

reliable measurement of crystalline fraction for the case of silicon, because of the effects of strain 

which modulates the Raman response of the material. In our case we perform Raman 

characterization on small free-standing particles which are strain-free.  

The activation energy for 

crystallization has been obtained by plotting 

the values of crystalline fraction in an 

Arrhenius plot, such as the one shown in 

figure 3. Values of crystalline fraction for 

different annealing temperatures and pressure 

in the second stage of the reactor are shown in 

figure 3a. The values of crystalline fraction, 

normalized over the pressure-dependent 

residence time in the annealing stage, are 

plotted in figure 3b. For sub-10 nm particles 

we measure an activation energy for 

crystallization of 1 eV.  

This value is substantially lower than 2 

eV, which is considered the theoretical 

minimum value for the activation energy for 

crystallization for the case of bulk amorphous 

silicon [16]. An extensive discussion of the 

various parameters that can affect the 

crystallization rate, such as the presence of hydrogen on the particle surface and their 

coalescence rate during the annealing stage, will be presented. The major finding of this study is 

that the crystallization kinetics is not just a function of temperature and time but is also 

dependent on geometry and size. The group of Giulia Galli [17, 18] recently predicted using 

molecular dynamic simulations that the crystallization rate is expected to be enhanced for the 

case of nanostructures, because of the ability of high surface-to-volume ratio systems of 

accommodating the stress induced by phase transformation. 

If we use the nanoparticle temperature history in a plasma predicted by the PI in [15], and 

calculate the change in crystalline fraction using the empirical values obtained by the Arrhenius 

plot shown in figure 3, we find that a negligible fraction of the particles is crystallized. This 

indicates that the formation of crystalline particles in non-thermal plasmas is not due to simple 

thermal effects. 
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Future Plans 

We are currently performing in-situ FTIR measurement on the silane-containing non-

thermal plasma to obtain a quantitative measurement of the rate with which the precursor, silane, 

is consumed in the plasma. Preliminary data will be presented suggesting that there is a 

correlation between the particle nucleation rate and their structure, with higher nucleation and 

growth rates leading to the formation of nanocrystals. Additional studies will also be performed 

using in-situ FTIR to characterize the correlation between the plasma parameters and the 

nanoparticle surface. We will in particular monitor the evolution of surface hydride species as a 

function of plasma input power. Parameters such as plasma density and hydrogen radical density 

will be measured using a combination of electrostatic probes and optical emission spectroscopy. 

By using well-established kinetic rates for reaction of silicon surfaces with various reactive 

species, we will be able to provide a reliable measurement of the temperature of very small (<10 

nm) nanoparticles suspended in a non-thermal plasma. 
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Lopez, T. and Mangolini, L., “Crystallization Kinetics of Plasma-Produced Amorphous Silicon 

Nanoparticles”, Proceedings of the 2013 MRS Spring Meeting. 

Lopez, T. and Mangolini, L., “Low activation energy for the crystallization of amorphous silicon 

nanoparticles”, under review. 
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How bulk and surface thermodynamics affects Li battery material properties 

 

Alexandra Navrotsky 

Peter A. Rock Thermochemistry Laboratory and Nanomaterials in the Environment, 

Agriculture and Technology Research Unit 

University of California, Davis, CA 95616 

 

Program Description 

 This project, “Thermochemistry of Oxides with Electrochemical and Energy 

Applications”, Alexandra Navrotsky, PI, represents a renewal, continuation, and redirection of 

a program emphasizing the thermodynamics of materials relevant to energy. The major 

objectives are: (a) to advance and use unique calorimetric capabilities to determine the energetics 

of oxide materials relevant to energy applications, with an emphasis on new materials for 

batteries and fuel cells, (b) to understand, in terms of both macroscopic energetics and 

microscopic structure and bonding, the interplay of defect chemistry, oxidation-reduction, and 

size effects at the nanoscale in determining the properties of oxides. In addition to completing 

work on ionic conductors and continuing to pioneer calorimetric studies of refractory materials 

above 1500 oC, this project will emphasize mixed ionic - electronic conducting materils 

containing transition metals of variable valence, especially perovskites (AxRE1-xMyM’1-yO3 

(A = alkaline earth, RE = rare earth, M and M’ = Mn, Fe, Co) and lithium containing rocksalt, 

spinel, olivine, and fluorosulfate phases with M = Mn, Fe, Co, Ni. In addition, thermochemical 

studies of purely ionic conductors (Bi2O3 - based fluorite structured electrolytes, co-doped rare 

earth ceria, apatites) will be continued. The major and unique technique employed is high 

temperature oxide melt solution calorimetry, with careful attention to materials synthesis and 

characterization. Direct in situ studies of refractory oxides above 1500 oC by levitation melting 

and crystallization, synchrotron – based diffraction, and improved differential scanning 

calorimetry will probe structure and phase transitions in refractory oxides. 

 The materials under study find important applications in solid oxide fuel cells, gas 

separation membranes, catalysts, batteries, as well as nuclear energy and aerospace applications. 

Thus they are directly relevant to one of the Department of Energy’s basic missions, namely the 

development of more efficient energy sources and energy utilization. Fundamental and 

systematic thermodynamic data are essential for predicting possible new materials, for 

determining materials compatibility and longevity in use, for developing efficient synthesis and 

processing, and for assessing environmental impacts. From the point of view of basic science, 

this work addresses a number of DOE grand challenges as well as use-inspired fundamental 

questions. Understanding the relations of thermodynamics, structure and bonding addresses the 

grand challenge of “how do we design and perfect atom- and energy-efficient synthesis of 

revolutionary new forms of matter with tailored properties?” In addition, the project trains 

students and postdocs in careful measurements and rigorous data analysis and in working in a 

large multi-disciplinary group to prepare them for careers in the materials science of energy. 

 

Recent Progress 

New cathode materials containing mixed anions (oxide, fluoride, sulfate, hydroxide) offer 

possible advantages in voltage and transport. Isothermal acid solution calorimetry was employed 

to investigate the relative thermochemical stabilities of two polymorphs of the LiFe1-xMnxSO4F 

(0 < x < 1) solid solution series having triplite and tavorite structures. These compounds have 
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shown promise as lithium-ion battery cathodes, and a fuller understanding of their 

thermodynamics will aid in synthesis and their practical application. The linear energetic trends 

indicate greater stabilization of each of these 

structures from the binary components with 

increase in manganese content and suggest a 

negligible heat of mixing of Fe and Mn ions. 

The tavorite phase, formed for x < 0. 2, appears 

energetically more stable than the triplite. The 

formation of the disordered triplite structure 

appears to be entropy driven, and the factors 

that increase the disorder of the system (e.g. 

rapid phase formation) favor the triplite 

structure. Further, the free energy change 

associated with the tavorite to triplite 

transformation obtained by calculating 

configurational entropies using measured 

enthalpies was almost zero at ambient 

temperature but becomes exothermic at 500 ºC. 

This suggests that both tavorite and triplite 

(with random cation distribution) are equally 

stable at ambient temperature but the tavorite 

to triplite transformation is thermodynamically 

favored at high temperatures because of 

entropy. The triplite phase is a better cathode 

material than the tavorite and this work 

confirms its stability under processing and 

operating conditions.  

In the drive to obtain high charge/discharge rates in rechargeable lithium ion batteries 

(LIB), researchers have reduced 

electrode materials to the 

nanoscale.  However, deleterious “nano 

effects” occur which may be due to 

altered surface structure (atomic 

arrangement, transition metal oxidation 

state, and electronic structure), which in 

turn may be strongly reflected in surface 

energetics which can affect lithium 

insertion. This work reports calorimetric 

measurements of surface energy and 

adsorption energy of H2O on nanophase 

stoichiometric LiCoO2. The 

experimental surface energies 

corroborate recent DFT calculations, 

supporting the concept of a change in 

cobalt coordination and spin state near 

the surface. The measured surface 
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energy of LiCoO2 is much lower than values for other rocksalt oxides (CoO, NiO) and correlates 

with its lower affinity for water, as evidenced by its much lower enthalpy of water adsorption. 

The labile surface water may aid in transfer of lithium ions across the electrolyte - electrode 

interface.  These observations suggest that strategies for further developing LIB electrodes 

should focus on the search for materials with low surface energies. 

 

Future Plans 

 We are continuing work on surface and hydration energies of nanophase battery related 

oxides to test the above hypothesis relating functionality and surface and hydration energetics. 

We are studying a series of hydroxysulfate battery materials provided by Tarascon in France. 

Mahboob Hosseini has completed her dissertation on apatite structured materials and we are 

preparing the remaining papers for publication. She has left for a job at Chevron. Salih 

Buyokkilic is completing his thesis on codoped ceria and we are writing papers. He will leave for 

a job at Intel by the end of 2013. Post doc Tien Tran has left for a teaching position at University 

of the Pacific and we are completing publications on bismuth oxide based materials.  
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A Fundamental Study of Inorganic Clathrate Open-Framework Materials 

 

George S. Nolas (gnolas@usf.edu) 

Department of Physics, University of South Florida, Tampa, 33620 

 

Program Scope 

For many materials the preparation of high-quality single crystals by traditional techniques is 

especially challenging. Examples include cases where the elemental constituents have greatly 

differing melting points and/or vapor pressures, when the desired compound is 

thermodynamically metastable, or where growth with participation of the melt is generally not 

possible. A variety of synthetic techniques have been successfully employed in the preparation of 

intermetallic compounds [1, 2] however these approaches are typically not possible for the 

majority of new or metastable phases. As such, conventional crystal growth techniques are here 

generally inapplicable. New crystal growth techniques and apparatus are therefore essential in 

investigating the intrinsic and fundamental properties of new and novel materials. In this project 

we successfully initiated new approaches for the crystal-growth of intermetalic materials, 

including inorganic materials with clathrate-hydrate crystal structures and other “open-

framework” materials, that allowed for a fundamental investigation of their intrinsic properties, 

in many cases for the first time. Compounds with the clathrate-II structure type, in particular, 

have not been previously investigated in detail due to the formidable task of synthesizing high-

purity specimens. This material system is therefore ideal for testing new crystal growth 

techniques and/or apparatus. In addition, the rich variety of compositional variations found in 

these materials allow for a fundamental investigation into the properties of group 14 elements in 

novel crystal structures and bonding schemes. The intellectual merit of investigating this material 

system is very closely tied with its novel structure and the corresponding physical properties it 

exhibits, and aims to develop important fundamental research towards potential applications in 

power-conversion and energy storage technologies. 

 

Recent Progress 

Synthetic techniques employed in the preparation of intermetallic compounds [1, 2] are typically 

inapplicable for the preparation of the majority of new and metastable phases, especially those 

with elements and/or properties that are not compatible with standard, well-known crystal-

growth techniques, as described above. New crystal growth techniques and apparatus are 

therefore essential. Here we describe three crystal growth techniques developed under this DOE 

project, and optimized within the last two years. Together with our modified degassing approach 

we described previously,[3] these four synthetic techniques allow for the synthesis of new 

inorganic clathrate compounds as well as an investigation of the intrinsic properties of many of 

these materials for the first time.[4-9] The fundamental investigation and optimization of these 

techniques, namely spark plasma sintering (SPS), vapour-phase intercalation and ionic-liquid 

synthesis, represent a key aspect of our most recent efforts, and are outlined below. 

 

Spark Plasma Sintering for Synthesis and Crystal Growth 

Although initially developed for high temperature densification of refractory materials, [10] 

within the past two years we have employed SPS for the synthesis and crystal-growth, and 

subsequent measurement of the intrinsic physical properties, of several different clathrate and 

other compositions since first demonstrating the utility of this approach by growing single 
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Figure 1 Illustration of the SPS 

crystal growth technique. (a) Crystal 

structures of the Na4Si4 precursor and 

Na24Si136 crystals, with Si20 and Si28 

polyndra which form the clathrate-II 

structure type and the Si4 tetrahedrons 

that form the precursor highlighted 

and (b) the SPS setup illustrating the 

growth of Na24Si136 crystals along the 

current direction. Reversing the 

polarity of the current reverses the 

crystal growth, thus demonstrating 

that current induces the redux reaction 

to form the clathrate phase. 

crystals of Na24Si136.[11] Figure 1 outlines the technique. Published most recently [12] is a 

fundamental investigation of SPS crystal growth as a function of applied pressure, temperature 

and time. In this study,[12] the selective synthesis of clathrate-I Na8Si46 and clathrate-II Na24Si136 

was achieved at different temperatures (450 and 600 
o
C, respectively). Moreover, the size of the 

crystals increased with increasing pressure, while microcrystalline powders were obtained at 

relatively low pressures. This study also revealed that an increase in reaction time resulted in an 

increase in yield. This investigation initiated, for the first time, a study of the affect of the SPS 

parameters on crystal growth and phase formation. SPS was also successfully employed for the 

synthesis of a clathrate-I Si-Ge alloy clathrates. SPS processing of a Na4(Si,Ge)4 precursor at 450 
o
C resulted in the synthesis of Na8Ge2.8Si403.2. An investigation into the synthesis of Si-Ge 

clathrates and the subsequent investigation of the physical properties of these interesting 

compositions continues within this project.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vapour Phase Intercalation Technique 

In this approach, Na vapour, released from the Na4Si4 precursor, reacts with the spatially 

separated graphite forming intercalation compounds NaxC (see Figure 2). Powder X-ray 

diffraction of the graphite flakes recovered after the reaction confirms the presence of a mixture 

of stages of Na intercalated graphite. Presumably, the vapour pressure of Na over the intercalated 

graphite is less than that over Na4Si4 such that the intercalation of the graphite results in further 

release of Na from the precursor in order to locally maintain the Na vapour pressure over the 

precursor. Continued reaction to form NaxC continuously drives the composition in the precursor 

Si rich. Nucleation of the respective clathrate phase ensues as the Na content of the sintered body 

is reduced, and the continuously applied uniaxial pressure facilitates mass transport between 

precursor and growing crystal. The rate of these dynamic processes is expected to be limited by 

mass exchange through the vapour phase, as well as diffusion of Na out of the precursor and the 

reaction kinetics of NaxC formation. We have applied our approach to different precursors, using 
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Figure 2 Schematic illustrating crystal growth by our vapour 

phase intercalation technique. The precursor, under uniaxial 

pressure in the custom-designed punch and die assembly, is 

heated thereby resulting in a local composition change and 

nucleation of the clathrate phase. The formation of intercalated 

graphite demonstrates that the carbon, outside of the NaCl 

“sandwich”, helps to stabilize the Na vapor pressure thus 

promoting crystal growth. 

 

Figure 3. Powder XRD spectra of the Na4Si4 

precursor, Na8Si46, and Na24Si136. The Si 

peaks are marked with ().When the 

precursor Na4Si4 was reacted for a period of 

24 hours at temperatures of 210 to 240 
o
C, the 

result was the clathrate-II phase Na24Si136. 

Reactions at similar temperatures for 8 hours 

result in clathrate-I Na8Si46 formation. 

Reactions for longer than 24 hours resulted in 

α-Si formation and possibly amorphous 

phases. The highest yield of Na24Si136, 20% 

by weight, was achieved by reacting at 210
 

o
C for 24 hours. Phase pure clathrate-I 

Na8Si46 was obtained with a similar yield at 

240
 o
C and a reaction time of 8 hours. 

 

similar conditions to those described, to selectively grow single-crystals of clathrate-I and 

clathrate-II compounds. This approach was recently patented.[13]  

 

 

Selective synthesis of clathrates by oxidation of precursors from ionic liquid decomposition 

The selective synthesis of Na8Si46 and Na24Si136 without clathrate impurity phases and in 

relatively high yield was achieved by oxidation of Na4Si4 from the byproduct of the 

decomposition of the ionic liquid (IL) n-dodecyltrimethylammonium chloride (DTAC) combined 

with AlCl3.[14] Maintaining separation of the IL from the precursor together with careful control 

of the synthetic parameters, temperature and time in particular, allowed for the synthesis of both 

clathrate structure types without need for further annealing.  

 

The technique is straight forward. DTEC was combined with AlCl3 in a 1:1 molar ratio in a dry 

nitrogen glove box. The quartz vial that contained the Na4Si4 precursor was placed inside the 

quartz tube, before sealing this tube, with the IL mixture at the bottom in order to ensure that the 

precursor is spatially separated from the IL. Unlike previous studies [15] we separate the IL from 

the precursor. This was essential in order to avoid secondary clathrate or amorphous phases. 

Moreover, in order to form the desired clathrate phases, the reaction temperature must be high 

enough for mass transport to occur in order to allow for structural rearrangements, but also low 

enough that the oxidation rate is not too high so as to prevent substantial removal of the sodium 

from the precursor. The low partial pressure of ILs achieves this oxidation rate balance. As the 

temperature increases so does the partial pressure thereby allowing for relative control of the 

oxidation rate and thus reducing the sodium content of the precursor.  Structure refinement 

analyses from the X-ray diffraction data indicate full Na and Si occupancy for the Na8Si46 and 

Na24Si136 clathrates (see Figure 3).[14] 
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Future Plans 

The development of new and novel synthetic methods will allow for the investigation of new 

materials, and was a key focus under our DOE project. This effort also directly addresses the 

Synthesis and Processing Science focus area under DOE’s Materials Science and Engineering 

Division, as well as allows for an investigation into the intrinsic structural and transport 

properties of these unique materials. We will continue and expanded on the investigation on Si-

Ge clathrates, materials that are of interest for photovoltaic and thermoelectrics applications, and 

the subsequent measurements of their physical properties. In addition, theoretical input and 

guidance will be sought in providing input to identify other specific compositions that are of 

interest, based on their expected properties. Along with experimental analyses and feedback, an 

in-depth investigation of new materials with unique properties will be pursued. 
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Fig. 1 Spark-Plasma 

Sintering schematics 

Study of Spark-Plasma Sintering at Different 

Scale Levels  
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Program Scope 

 
Spark-plasma sintering (SPS) gains particular prominence in connection with its unique 
capabilities of processing very hard-to-deform materials, which would typically require 
lengthy consolidation times at significantly elevated temperatures under conditions of 
conventional powder pressing or sintering. SPS consists 
essentially of conjoint application of fast heating rates, high 
axial pressure and field (electric current - based) assisted 
sintering. The electric current passing through a powder 
specimen (Fig.1) or, in case of a non-conductive specimen, 
through a conductive die-punch tooling, generates Joule heat, 
which provides the conditions of hot compaction; the electric 
current also enhances densification and improves the final 
grain structure in quite a remarkable way. This approach 
significantly advances the processing time- and quality-wise. 
In particular, it carries the potential of maintaining the nano 
and sub-micron structure in nano-powder-based materials after consolidation. Practical 
implementations of the spark-plasma sintering’s bright potential, however, are limited by 
the lack of theoretical concepts enabling the process to be predicted and optimized. 

 
The main fundamental issues addressed in the program are: what is the influence of rapid 

heating? Can the “flash” sintering effect be explained by the thermal runaway? Is there a 

so-called “non-thermal field effect” involved during SPS? How is the microstructure 

developed during SPS? How do the various processing parameters influence the 

microstructure and consequently the physical properties? 

The main applied aspects of the present proposal are concerned with exploring the 

previously non-investigated utilization of the SPS and FPSPS techniques to the fabrication 

of porous materials, which are of great interest for nuclear fuel and other energy-related 

applications. This part of the project will involve interactions between PI’s research group 

at San Diego State University and General Atomics. 

 
Recent Progress 

 
We have analyzed the influence of SPS processing on the inter-particle contact 

area growth [1] and on densification [2]. 

We investigated the inter-particle neck growth kinetics of vanadium carbide powder 
during initial stages of conventional and spark-plasma sintering. Vanadium carbide (V8C7) 
micron-size powder has been subjected to both Free Pressureless Spark Plasma Sintering 
(FPSPS – Fig. 2)) and conventional sintering dilatometry [1]. While the latter resulted not 
to be effective in the consolidation process, FPSPS procedure proved to be successful in 
terms of the initial stages of densification and inter-particle neck evolution, even without 
applying an external load. FPSPS was conducted with and without holding time, in order 
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Fig.3 Neck growth in 

vanadium carbide 

powder during FPSPS 

 
Fig. 2 Free Pressureless Spark 

Plasma Sintering (FPSPS) 

schematics 

 

 
Fig. 4 Inter-particle contact area 

growth and evolution of pore 

morphology due to surface 

diffusion 

 

to obtain experimental data on the inter-particle contact growth for different temperature 
regimes. The neck sizes derived from scanning 
electron microscopy observations (Fig. 3) were 
utilized in the inverse regression of the surface 
diffusion equation and led to the calculation of the 
value of the surface diffusion activation energy for 
the vanadium carbide powder, which resulted to be 
210 kJ/mol. The proximity of the latter value to the 
previously known magnitude of the surface diffusion 
activation energy in Vanadium carbide systems 

indicates that the 
conventional surface 
diffusion models may be 
applicable to the 
description of the inter-particle neck growth kinetics at the 
initial stages of FPSPS-based consolidation. 

Sintering techniques applied to vanadium carbide should still be 
studied and refined, in order to individuate an optimal 
densification route for this material. 

Our analysis [2] indicates a significant role of the inter-particle 
contact areas in the overall kinetics of densification under SPS 
and hot pressing conditions. This role, however, is related to 
different phenomena at different stages of the consolidation 

process. While at the initial stage particle re-arrangement appears to be the major 
densification rate-controlling factor, at the final stage the dominant creep mechanism, such 
as grain-boundary sliding may be responsible for the consolidation kinetics. The high 
heating rate and the field factors of SPS may promote the grain size retention, which is 
favorable for both particle re-arrangement and grain-boundary sliding. In particular, the 
interplay between surface diffusion and external pressure-imposed creep, if properly 
controlled, enables the optimal pore morphology and thus provides for the better 
efficiency of the SPS process (Fig.4). It is also possible that SPS-specific factors cause the 
decrease of the transitional porosity value, thereby accelerating the densification by 
prolonging the more consolidation-efficient initial stage of processing. On the other hand, 
the application of the external pressure may cause the excessive inter-particle contact 
growth at the “less desirable” process stages, leading to the decrease of the local stresses at 
the contact areas and, in turn, causing the process deceleration.  The interplay of these 
factors may be the reason of the ambiguous SPS vs. 
hot pressing experimental comparative analyses’ 
outcomes. 

The interaction of various consolidation-controlling 

factors may be different for different material 

classes. For ceramic materials with limited ductility, 

the application of the external pressure at the initial 

low-temperature stages of process, while not 

causing any substantial densification, may, however, 

lead to the formation of the inter-particle bonds, 

hindering particle rearrangement. For metal powder 

with high plasticity reserve at ambient temperatures, the early application of the external 

pressure, while causing substantial densification, may cause a topologically favorable 

shape evolution of the pores, when the contact areas size does not substantially increase. 
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Thus, while for ceramic powders, a gradual increase of the applied external pressure 

towards the final stage of the process may be recommended, for metal powders, the 

application of high pressure from the process start appears to be the optimal spark-plasma 

sintering strategy. 

The above-mentioned discussion indicates also that the traditional model framework for 

the description of hot pressing processes needs to be updated to describe the true SPS 

kinetics: models involving the contact area-related parameters, besides the usually 

employed porosity, should be utilized for this purpose. 

The constitutive phenomena at the level of particle contacts impact the 

macroscopic behavior of powder materials subjected to SPS. 

We have developed a three-dimensional coupled electrical, thermal, 

mechanical finite element macro-scale modeling framework of Spark 

Plasma Sintering (SPS) and applied it to the analysis of an actual 

problem of SPS tooling overheating, encountered during SPS 

experimentation [3]. The overheating phenomenon was analyzed by 

varying the geometry of the tooling that exhibits the problem, namely by 

modeling various tooling configurations involving sequences of disk-

shape spacers with step-wise increasing radii (Fig. 5). The analysis was 

conducted by means of finite element simulations, intended to obtain 

temperature spatial distributions in the graphite press-forms, including 

punches, dies and spacers; to identify the temperature peaks and their 

respective timing, and to propose a more suitable SPS tooling 

configuration with the avoidance of the overheating as a final aim. 

Electric currents-based Joule heating, heat transfer, mechanical conditions and 

densification were imbedded in the model, utilizing the finite-element software 

COMSOL
TM

, which possesses a distinguishing ability of coupling multiple physics. 

Thereby the implementation of a finite element method applicable to a broad range of SPS 

procedures was carried out, together with the more specific optimization of the SPS 

tooling design when dealing with excessive heating phenomena. 

 

Future Plans 

 
We plan on exploring the flash SPS concept considering thermal runaway phenomena to 

be its physical basis. We will study both the micro- and macroscopic aspects of flash SPS 

employing both theoretical analyses and model experiments.  

We will further consider the challenge of SPS tooling optimization with the purpose of 

uniformization of temperature spatial distribution important for process stability.  

The elaborated FPSPS will be employed along with regular SPS approaches for the 

consolidation of porous monocarbide powder specimens targeting energy applications.  
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1. Program Scope 

This research program is focused on the development of novel plasmonic nanostructures 

designed to engineer the radiation and absorption properties of nearby semiconductor photonic 

materials for enhanced efficiency and functionality.  By virtue of their strongly confined 

plasmonic resonances, metallic nanoparticles (NPs) can concentrate incident radiation into sub-

wavelength “hot spots” of highly enhanced field intensity [1], thereby increasing optical 

absorption by suitably positioned nanoscale absorbers.  By reciprocity, the same NPs can also 

dramatically increase the spontaneous emission rate of radiating dipoles located within these hot 

spots.  In this case, the far-field properties of the emitted light (including polarization and 

directionality) are then determined by the nature of the NP plasmonic excitations involved in the 

radiation process, rather than of the original dipole sources.  The NPs can therefore be used to 

enhance the light-emission efficiency of the underlying active material and at the same time 

control the output radiation far-field profile.   

The study of these phenomena can address a number of basic questions related to the optical 

properties of metallic nanostructures, including their ability to exchange energy with nearby 

absorbing or radiating species through resonant near-field interactions, the nature of plasmonic 

dissipation (i.e., scattering versus absorption), and the far-field radiation properties of plasmonic 

excitations.  The same phenomena may also pave the way to new device concepts and 

applications in a wide range of disciplines, including optoelectronics, sensing, spectroscopy, 

photovoltaics, and quantum information science.   

The specific semiconductor active materials employed in this project involve quantum-well 

(QW) and quantum-dot (QD) samples based on the InGaN materials system.  Nitride 

semiconductors in general provide an ideal solid-state platform for the proposed studies, because 

of their widely tunable bandgap energies across the visible spectrum (where the plasmonic 

resonances of typical metallic nanostructures occur) and favorable near-surface optical 

properties.  Furthermore, these materials are technologically important for a wide range of 

optoelectronic device applications, including LEDs for solid-state lighting, which could benefit 

strongly from the proposed plasmonic interactions.  The use of highly localized QDs will also 

allow us to directly probe the giant optical-field enhancements produced by metallic NPs in their 

hot spots.   

2. Recent Progress 

Earlier work in this project has focused on the use of square periodic arrays of Ag nanocylinders 

to increase the radiative efficiency of InGaN/GaN QWs emitting at blue/green visible 

wavelengths [2, 3].  The arrays were designed using finite difference time domain (FDTD) 

simulations, and fabricated on the top surface of the QW active material using electron-beam 

lithography.  The resulting samples were investigated via cw and time-resolved 
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photoluminescence (PL) measurements, showing a substantial decrease in the QW 

recombination lifetime and a strong increase in the overall PL intensity brought about by the 

plasmonic nanostructures.  These observations reveal a picture of plasmon-enhanced light 

emission, where strongly increased exciton recombination takes place in the QW regions 

immediately below the NPs via the near-field excitation of the NP plasmonic resonances.   

Particularly large (up to nearly 5) PL intensity enhancements were obtained with diffractive NP 

arrays, based on the coupling between the QW excitons and lattice surface modes of mixed 

plasmonic and photonic character [3].    

More recent activities have focused on the development of plasmonic nanoantenna arrays 

designed to control the far-field radiation pattern of similar QW light emitting samples [4].  The 

underlying physical mechanism involves the near-field excitation by the QW electron-hole pairs 

of propagating surface plasmon polaritons (SPPs) on an ultrathin metal film, which are then 

diffractively scattered by an array of metallic NPs periodically arranged on the film.  In the 

experimental samples, all metallic nanostructures were based on Ag and were fabricated on the 

top surface of the QW active material with a combination of electron-beam evaporation and 

electron-beam lithography.  The Ag film is sufficiently thin (40 nm) to enable strong coupling 

and hybridization between the SPPs supported by its bottom and top surfaces and the localized 

plasmonic resonances of the overlaying NPs [5].   

Fig. 1.  Plasmonic nanostructures designed to provide beaming of luminescence (a) along 

the sample surface normal, (b) along two equal and opposite directions, and (c) along a 

single oblique direction.  (d), (e), (f) Red traces: experimental p-polarized far-field 

radiation patterns measured with representative samples based on the geometries of (a), 

(b), and (c), respectively.  The blue trace in (a) is the p-polarized far-field radiation pattern 

of the bare QW sample.   

Within this general context, a particularly simple geometry consists of a one-dimensional 

array of rectangular Ag ridges on the Ag film, as illustrated in Figs. 1(a) and 1(b).  In this case, if 

the grating period  is chosen so that 2/ is equal to the wavenumber kSPP of the excited SPPs, 
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first-order diffraction of these surface waves results in (one-dimensional) beam collimation along 

the sample surface normal [Fig. 1(a)].  Vice versa, if the grating period is detuned from the SPP 

wavelength 2/kSPP, diffraction of forward and backward propagating SPPs leads to the emission 

of two output beams along equal and opposite angles with respect to the surface normal [Fig. 

1(b)].   

The experimental demonstration of these ideas is shown in the polar plots of Figs 1(d) and 

1(e), where the red traces correspond to the p-polarized far-field intensity patterns measured with 

two samples of grating period  = 400 nm and 600 nm, respectively.  These traces were obtained 

via angle-resolved PL measurements, with the sample region underneath the array pumped at 

normal incidence through the backside.  The resulting PL signal was then measured from the 

metal-coated top surface, with the collection optics rotated about the excitation spot.   

The expected behavior is clearly observed in these plots.  For  = 400 nm [Fig. 1(d)], strong 

collimation along the sample surface normal is obtained, indicating that the corresponding 

grating wavenumber 2/ closely matches kSPP.  A divergence angle as small as 12º (full width 

at half maximum) is obtained in this case; by comparison, a value of about 120º is measured with 

the same QW samples without any metallic nanostructure, as shown by the blue trace in Fig. 

1(d).  At larger grating periods, the far-field pattern consists of two output beams propagating 

along equal and opposite angles [as illustrated in Fig. 1(e)], whose absolute value increases with 

increasing .  In all these grating samples, the s-polarized emission was also found to be 

substantially weaker than the p component, and as a result it only adds a small pedestal to the 

overall intensity profile.  The reason is that s-polarized light in this geometry originates from the 

in-plane components of the excitonic dipoles, whose coupling to the Ag-film SPPs is much 

weaker than that of the out-of-plane component [1].   

 Within the same context, we have then demonstrated the ability to generate a well collimated 

optical beam that emerges from the sample surface along a single geometrically tunable direction 

(off-axis unidirectional beaming), based on the use of more complex array geometries.  

Specifically, we have shown that, if grating lines with an asymmetric shape in the direction of 

the periodicity are employed [such as the lines of triangular NPs in Fig. 1(c)], forward diffractive 

scattering can be suppressed in favor of backward diffraction (or vice versa), leading to 

predominant emission in a single direction.  A top-view SEM image of a representative sample is 

presented in Fig. 2, where the various geometrical parameters that can be used to control the NP 

scattering cross section are also indicated.   



w
a s

x

y
Fig. 2.  Top-view SEM image of an 

array of triangular Ag NPs fabricated 

on an ultrathin Ag film on a QW light-

emitting sample to demonstrate 

plasmonic off-axis unidirectional 

beaming of luminescence.  The scale 

bar is 500 nm.   
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 In Fig. 1(f) we show the p-polarized far-field radiation pattern measured with one of these 

samples, with w = 410 nm, s = 50 nm, a = 68º, and  = 550 nm.  A strongly asymmetric profile 

is clearly obtained, with most of the output light emitted in a single beam at a nonzero angle 

(about 32º) with respect to the sample surface normal.  By varying the relevant geometrical 

parameters (particularly  and a), this angle can be tuned over a wide range, as also shown in 

our recent work [4].  These experimental results are well reproduced by FDTD simulations based 

on the principle of reciprocity, which were used to develop a detailed picture of the underlying 

beaming mechanism.   

It should be noted that this demonstrated ability to obtain unidirectional beaming at 

geometrically tunable oblique angles provides a new functionality in the context of planar light-

emitting samples of arbitrary spatial extent.  Our approach is also fundamentally different from 

recent reports of plasmonic beam shaping from nanoscale sources, which rely instead on an 

optimized positioning of the emitter relative to a single antenna or metallic grating [6].  In 

contrast, the present approach can be applied to a continuous distribution of randomly oriented 

dipoles over a wide surface area (as is commonly encountered in typical optoelectronic devices), 

thanks to the extended nature of the SPPs involved in the beamed emission.  As a result, this 

approach may be used to control the output light directionality of a wide range of luminescent 

devices, with a spatial resolution that simply would not be possible with bulk optics.   

3. Future Plans 

Future activities will focus on three related thrusts.  First, we will continue to investigate the use 

of phased arrays of asymmetric nanoantennas coupled to ultrathin metal films to engineer the far-

field radiation properties of extended-area light emitters.  Specific opportunities in this context 

include the demonstration of two-dimensional beaming (i.e., with respect to both the y-z and the 

x-z planes of Fig. 1), beaming accompanied by plasmon-enhanced light emission, and (by 

reciprocity) direction-sensitive photodetection.  Second, we will develop InGaN QD-based 

samples that can be used to fully investigate and exploit the giant optical field enhancements 

produced by metallic NPs in their hot spots, by virtue of the QDs highly localized nature.  These 

samples will be grown via self-assembly techniques based on molecular beam epitaxy, followed 

by the fabrication of metallic NPs accurately aligned to individual QDs, and by the investigation 

of the resulting highly enhanced exciton-plasmon coupling.  Finally, NP arrays on high-density 

QD samples will be developed to investigate plasmon-enhanced absorption and photocurrent 

generation based on intraband transitions between the QD bound states and the conduction-band 

continuum of the barrier material.  These processes are important for the demonstration of high-

efficiency photovoltaic energy conversion based on the intermediate-band device concept – a 

potentially transformative application for which the band-structure properties of InGaN QDs are 

ideally suited.    
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Program Scope 

 

The development of ceramics that provide a robust performance in an aggressive high 

temperature environment is a continuing challenge. Materials for high temperature environments 

must satisfy several stringent requirements that dictate a high melting temperature and stability 

in an oxidizing environment that often contains water vapor as well as other compatibility issues. 

The available ceramics such as zironates, sialons, diborides or carbides satisfy some of the 

requirements such as high melting temperature, but they also exhibit limitations such as a high 

oxidation rate or surface decomposition especially in the presence of water vapor 

What is needed for enhanced high temperature capability are new oxide materials. From 

the existing experience we are pursuing a new strategy that involves internal modification 

control of the outer surface of diborides to promote enhanced oxidation resistance. The internal 

modification focuses upon the development of a new oxide type based upon HfTaO and ZrTaO 

superstructures which lowers the oxidation rate. The oxide superstructures are metastable in the 

binary Hf-O and Zr-O systems, but preliminary experiments confirm that they can be stabilized 

by Ta additions. 

The research focus is on a systematic fundamental study of the phase stability, defect 

structure and reaction kinetics of the oxide superstructures. The program also includes an 

investigation of the oxide superstructures constitution, the development of a microstructure based 

kinetics model for the oxidation behavior of multicomponent boride composites and an 

evaluation of the thermal barrier characteristics. 

 

Background 

 

The heightened interest in energy generation and efficiency has highlighted the long standing 

importance of high temperature ceramic materials that exhibit reliable performance in aggressive 

environments. At the same time, it is also well established that the properties and performance of 

oxides as oxidation resistant coatings that act to impede oxygen diffusion is closely linked to 

their structure. Similarly, in another important application of oxides to function as thermal 

barrier coatings, their performance is determined by structural characteristics as well as their 

thermodynamic and mechanical compatibility with an underlying substrate [1].  

As the drive for higher temperature use continues, the number of available materials shrinks 

drastically. While a few candidates have been identified such as zirconates, sialons  and 

diborides, most of the recent attention has been focused on diborides (ZrB2 and HfB2) for high 
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temperatures due to a number of attributes such as favorable mechanical and thermal properties 

[2]. However, the diborides such as ZrO2 do not exhibit acceptable oxidation behavior as 

monolithic material since the oxidation reaction at high temperature yields a volatile B2O3 and a 

porous skeleton of ZrO2. This has been addressed, in part, by composite designs where SiC is 

incorporated with the diboride to provide an outer SiO2 layer during oxidation. However, there 

are limitations to this approach. For example, SiO2 decomposes to SiO(g) above about 1800°C 

and the reaction is enhanced at lower temperature in a combustion environment with water 

vapor[3].  In order to achieve an enhancement of the oxidation resistance a number of different 

additives have been examined with the aim of altering the defect structure of ZrO2 [4]. While 

there have been some improvements with this approach, the oxidation attack is still significant.  

 In another important application of oxides to function as thermal barrier coatings (TBC) 

their performance is determined again by structural characteristics as well as their 

thermodynamic and mechanical compatibility with an underlying substrate. Many oxides have a 

low thermal conductivity including yttria stabilized zirconia (YSZ). However, the drive for a 

further increase in operating temperature has motivated an effort to identify oxides with even 

lower thermal conductivity than YSZ. As a result of this effort rare earth oxides (REO) have 

emerged as one of the leading candidates to supplant YSZ. However, there are some technical 

issues concerning the performance of REOs as well as the issue of sufficient availability. 

 What is needed for enhanced high temperature capability are new materials either in the 

form of new oxides or new surface coatings. There are a large number of ternary and higher 

order oxides involving two or more metal components. The multicomponent oxide structures 

develop at much higher additive levels than those typically involved in doping, but the structural 

modifications can also have a significant impact on oxygen transport. For example, in the case of 

transition metals, the characteristic multiple valence states are associated with different oxide 

structures. This characteristic behavior suggests a possible route to identify new high 

temperature oxides that can also inhibit oxygen transport. 

 From the existing experience, we have started to examine a new strategy that involves 

internal modification and control of the outer surface to promote enhanced oxidation resistance. 

The internal modification focus is based upon the development of a new oxide type based upon 

HfTaO and ZrTaO superstructures which can lower the oxidation rate. Our approach to 

identifying and understanding the science-based design principles is focused upon a systematic 

experimental program to identify the kinetic and thermodynamic pathways governing oxide 

synthesis and performance. The incorporation of the governing thermodynamic and kinetic 

relationships provides the basis for an integrated coating structure.  

 In preliminary work we have confirmed the development of oxide superstructures on Hf-

Ta alloys as shown in figure 1 following an exposure to 1650° C for 10 min.  There is a clear 

trend of decreasing oxide thickness with increasing Ta level up to 27wt %Ta.  During oxidation a 

well bonded oxide develops that shows thermal shock resistance and freedom from breakaway 

failure modes. Moreover, the micrographs of oxidized sample cross sections in figure 2 reveal 

the development of an intermediate reaction zone between the outer surface oxide and the alloy 
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substrate. X-ray diffraction analysis was employed to identify the structure in the reaction zone 

product as the Hf7Ta2O19 oxide superstructure with reduced mobility for oxygen transport. This 

is a new result that suggests that the improvement in the oxidation resistance is also accompanied 

the conversion of the monoclinic HfO2 into one type of the homologous Hf½(n-5)Ta2On  (n=15,17 

and 19) oxide superstructures. However,   the mechanism by which tantalum can be added into 

Hf-based known oxides (which include monoclinic, tetragonal as well as cubic structural  

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

variants) to synthesize the oxide superstructures is not clear and there is very limited available 

data on the pseudo-binary of HfO2 – Ta2O5.  

 

Future Plans 

 

The initial period of the program will aim at synthesizing multicomponent boride 

systems, evaluating the phase stability of the homologous series oxide superstructures and 

measuring selected thermodynamic properties (i.e. Cp and α).  For the sample synthesis we will 

develop (Hf,Ta)B2 solid solutions through a sintering process or by a reaction synthesis. The 

reported phase diagrams of  Hf-Ta-B and Zr-Ta-B systems show that there is a continuous solid 

solution of HfB2 /ZrB2 and TaB2. For the development of the (Hf,Zr)TaO oxide superstructures 

we will expose the diboride solid solutions to oxidation at different oxygen partial pressures. For 

the phase stability evaluation an available high temperature furnace can be used to detect 

whether there is an onset to melting up to the furnace limit of 2500°C. Similarly, the high 

temperature XRD facility can be used to determine if there is a solid state structural transition up 

to 2200°C and provide measurements of the expansion coefficient. The heat capacity can also be 

determined up to 1500°C in a high temperature DSC. For the phase equilibria between the 

Figure1. Oxide scale thickness 

(µm) for 1650
o
C exposure for 10 

min showing the effect of tantalum 

substitution for Hf in Hf-Ta alloys.  

 

Figure 2. 1650°C exposure-sample 

cross section (O-oxide scale, R-

reaction zone, S-alloy substrate). 
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homologous oxide superstructures another approach will be used based upon the examination of 

diffusion couples. By varying the base alloy composition in the diffusion couples, different oxide 

structures will develop through different diffusion pathways. The composition profile across the 

diffusion couple and oxygen diffusivity can be determined by electron probe and ion beam 

microanalysis.  
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Program Scope 

This project focuses on the development of innovative synthetic strategies for the 

fabrication of bulk nanocomposites, which consist of a semiconducting half-Heusler (HH) matrix 

containing metallic full-Heusler (FH) sub-ten nanometer inclusions coherently embedded within 

the matrix. The embedded FH nanoinclusions are expected to act as “energy filters” to low 

energy carriers leading to spectacular enhancements of the thermoelectric figure of merit of the 

HH/FH nanocomposite materials. The synthesized nanocomposites will be structurally 

characterized using electron microscopy and X-ray diffraction and their thermal and electronic 

properties at various temperatures will be investigated. The goals are to study the mechanism of 

phase formation and transformations leading to the stability of FH inclusions within the HH 

matrix and to elucidate the mechanism by which the embedded inclusions govern electronic 

transport within the HH matrix and induce large enhancements of the thermoelectric properties.  

 

Recent Progress 

During the first year of this project, we focused our attention on the synthesis, structural 

characterization, and evaluation of the thermal and electronic transport in n-type (Ti,Zr)Ni1+xSn   

and p-type Ti0.5Hf0.5Co1+xSb0.9Sn0.1 nanocomposites. In addition, we have studied the effect of 

synthesis and processing methods on the microstructure and electronic transport of bulk half-

Heusler phases. 

 

1) The n-type (Ti,Zr)Ni1+xSn  and p-type Ti0.5Hf0.5Co1+xSb0.9Sn0.1  half-Heusler (HH) / full-

Heusler (FH) composite systems  
Several (Ti,Zr)Ni1+xSn (varying x values) compositions were synthesized using high 

temperature solid-state reactions and their crystal structure and microstructures were investigated 

using X-ray diffraction and TEM. Electronic and thermal transports of the synthesized 

composites were evaluated and correlations between the observed transport behavior and the 

microstructures were established [1]. X-ray powder diffraction (XRD) data (Figure 1) of the as-

synthesized Ti0.1Zr0.9Ni1+xSn (x = 0.02, 0.04 and 0.1) materials suggested the formation of HH 

product as all diffraction peaks were indexed in the cubic MgAgAs structure type (space group: 

F-43m). However, transmission electron microscopy (TEM) study performed on selected 

specimens revealed the presence of spherical FH precipitates with the size ranging from 10 to 60 

nm forming coherent interfaces with the HH matrix.   

Electronic transport data on the synthesized nanocomposites indicated a large decrease in 

the carrier density when compared to that of the pristine of Ti0.1Zr0.9NiSn (HH) matrix, leading to 

simultaneous large enhancements of the thermopower (up to 200%). Interestingly, a significant 

increase in the carrier mobility was also observed which minimized the drop in the electrical 

conductivity.  This unusual behavior of the electronic transport was rationalized by introducing 
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the concept of carrier 

culling at the HH/FH phase 

boundaries. We proposed 

that the embedded FH-QD 

forms a potential barrier at 

the interface with the 

matrix due to the offset of 

their conduction band 

minima (CBM) (Figure 2). 

This potential barrier 

discriminates existing 

charge carriers from the 

conduction band of the 

matrix with respect to their 

relative energy leading to 

simultaneous large 

enhancements of the 

thermopower (up to 200%) 

and carrier mobility (up to 

43%) of the resulting 

Ti0.1Zr0.9Ni1+xSn 

nanocomposites. The 

improvement in S with 

increasing mole fraction of 

the FH-QDs arises from a 

drastic reduction (up to 

250%) in the effective 

carrier density coupled 

with an increase in the 

carrier’s effective mass 

(m*), whereas the 

surprising enhancement in the mobility () is attributed to an increase in the carrier’s relaxation 

time (). This strategy to manipulate the transport behavior of existing ensembles of charge 

carriers within a bulk semiconductor using QDs is very promising and could pave the way to a 

new generation of thermoelectric materials with high figure of merit. 

 This atomic scale engineering of the electronic transport within a HH matrix using 

nanometer scale second phases with FH structure was also successfully applied to the p-type 

Ti0.5Hf0.5Co1+xSb0.9Sn0.1 HH/FH nanocomposite systems [2]. We found that the coherently 

embedded nanometer scale FH inclusions greatly altered the electronic transport behavior of the 

existing ensemble of free charge carriers within the p-type HH matrix (Ti0.5Hf0.5Co1+xSb0.9Sn0.1) 

[2].  

 

2) Correlation between Processing Conditions, Microstructure and Charge Transport in Half-

Heusler Alloys  

To fully understand the effect of synthesis and processing methods on the microstructure 

and electronic transport of half-Heusler phases, we have performed a systematic investigation of 

 

Figure 1: Structural characteristics of Ti0.1Zr0.9Ni1+xSn nanocomposites. 

(A) XRD patterns of the as-synthesized Ti0.1Zr0.9Ni1+xSn materials showing 

only diffraction peaks of the pure half-Heusler (HH) phase. (B) Low-

magnification image of the nanocomposite with x = 0.04 showing FH 

nanoparticles with broad size distribution (10 nm to 60 nm) coherently 

embedded inside the HH (Ti0.1Zr0.9NiSn) matrix. (C) High magnification 

image of a typical spherical FH nanoparticle (quantum dot) from the 

nanocomposite with x = 0.1, showing detailed lattice structure. (D) High 

magnification image of the HH matrix showing its excellent crystallinity 

and selected-area electron diffraction pattern (inset of D) indicating the 

FCC structure of the HH matrix.   
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correlation between 

processing conditions, 

microstructure and 

charge transport in Half-

Heusler Alloys [3]. Five 

bulk samples of n-type 

Zr0.25Hf0.75NiSn0.975Sb0.02

5 HH alloy were 

fabricated by reacting 

elemental powders via 

(1) high temperature 

solid state (SS) reaction 

and (2) mechanical 

alloying (MA), followed 

by densification using 

spark plasma sintering 

(SPS) and/or hot 

pressing (HP). A portion 

of the sample obtained 

by SS reaction was 

mechanically alloyed before consolidation by hot pressing (SS-MA-HP). X-ray powder 

diffraction and transmission electron microscopy revealed that all SS specimens (SS-SPS, SS-

HP, SS-MA-HP) are single-phase HH alloys, whereas the MA sample (MA-SPS) contains 

metallic nanoprecipitates. Electronic and thermal transport measurements showed that the 

embedded nanoprecipitates induce a drastic increase in the carrier concentration (n), a large 

decrease in the Seebeck coefficient (S), and a marginal decrease in the lattice thermal 

conductivity (l) of the 

MA-SPS sample 

leading to lower ZT 

values when compared 

to the SS-HP samples. 

Constant values of S 

are observed for the 

SS series regardless of 

the processing method. 

However, a strong 

dependence of the 

carrier mobility (), 

electrical conductivity 

(), and l on the 

processing and 

consolidation method 

is observed (Figure 3). 

For instance, mechanical alloying introduces additional structural defects which enhance electron 

and phonon scattering leading to moderately low values of   and large reduction in l.  This 

results in a net 20% enhancement in the figure of merit (ZT= 0.6 at 775K). HH specimens of the 

 

Figure 3: Temperature dependence of the carrier mobility of various HH samples 

along with low magnification TEM images of the HH synthesized by solid state 

and compacted using spark plasma sintering.  

 

Figure 2: Temperature dependence of the Thermopower in quantum dots 

engineered Ti0.1Zr0.9Ni1+xSn nanocomposites along with. Proposed mechanism 

of the filtering of low energy electrons (from CB of HH) at the potential barrier, 

E, (reducing effective carrier density) and spatial separation of high energy 

electrons (within CB of FH) from ionized-impurities at nanometer scale HH/FH 

heterojunctions. Cyan and orange colors represent distributions of low and high 

energy electrons at temperatures T1 and T2 (T2 > T1) within the CB of the HH 

matrix.  
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same nominal composition with higher ZT is anticipated from a combination of SS reaction, 

MA, and SPS (SS-MA-SPS). 

 

Future Plans 

 

1) Determination of the time-temperature-transformation diagrams for the (Ti,Zr)Ni1+xSn and 

(Zr,Hf)Co1+xSb Half-Heusler/ Full-Heusler systems.  

(i) Fabrication of various non-crystalline compositions (varying Ni or Co content) using 

induction melting, Arc melting, etc. 

(ii) Annealing of several specimens from each composition at various temperatures and 

times to promote growth of FH nanostructures of different sizes  

(iii) Study the microstructure of each specimen using electron diffraction to extract 

relationships between, composition - annealing (time and temperature) - size and 

distribution of FH nanostructures 

2) Measurements of Hall effect, electrical conductivity, and thermopower of various HH/FH 

nanocomposites 

3) Investigate the theoretical and experimental phase diagrams of (Ti,Zr)Ni1+xSn and 

(Zr,Hf)Co1+xSb Half-Heusler/ Full-Heusler systems.  

4) Study and predict the kinetic of HH/FH phase formation and segregation  

5) First-principles statistical mechanical study of phase stability and order-disorder of Ni and 

vacancies in Half-Heusler compounds as a function of Ni concentration. 
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New Optoplasmonic Materials for Next Generation Energy Systems 
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Program Scope 

Non-radiative energy transfer 

between nanoobjects is 

limited to distances of only a 

few nanometers, making 

photons the most attractive 

long-distance signal carriers. 

However, once the photon is 

emitted by a donor quantum 

emitter, the probability of its 

absorption through one 

specific absorber becomes 

negligibly small.[1] 

Therefore, realizing efficient 

and controllable on-chip 

interactions between single 

photons and single quantum 

absorbers and emitters, which 

are crucial for future quantum 

information technologies, 

remains challenging. This 

problem is mitigated by 

photonic atoms (PhAs) - 

such as optical microcavities - 

which can significantly boost 

the probability of a photon re-

absorption through acceptor 

molecules[2] via efficient trapping and re-circulating of photons.[3] PhAs also strongly 

modify radiative rates of emitters at select frequencies corresponding to cavity modes, 

which can provide local density of optical states (LDOS) exceeding that of the free space 

by orders of magnitude.[4-6] In turn, plasmonic atoms (PlAs) can enhance the emission 

of free-space photons by excited molecules (effectively acting as nano-analogs of radio 

antennas)[7, 8-13] or facilitate relaxation by coupling to surface plasmons (SPs)[14-15]. 

Consequently, both PlAs and PhAs can enhance the electric field intensity and modify the 

LDOS.[16, 17] The PhA approach suffers, however, from limited opportunities for light 

focusing into nanoscale volumes and for engineering efficient spatial overlap between 

PhA-enhanced electromagnetic fields (and LDOS) and quantum emitters. PlAs, on the 

other hand, efficiently localize light into nanoscale volumes, but suffer from high 

dissipative losses in the metal. 

The primary scope of this program is to overcome the respective material limitations of 

PhAs and PlAs for optical signal / energy transfer and routing by the development of 

 
Figure 1: Resonant amplifying superlens. a) A schematic of the 

optoplasmonic superlens composed of a polystyrene microsphere and 

two gold NP dimers (R=2.8μm, nd=1.59, r=75nm, w=25nm, 

h=80nm). The structure is excited by an electric dipole positioned at 

the center of the gap of one of the dimers (shown as blue arrow). b) 

Radiative rate enhancement of the dipole (over the free-space value) 

as a function of wavelength. c) Electric field intensity enhancement 

in the gap of the second dimer (over the value generated by a free-

space dipole at the same position). d,e) Electric field intensity 

distribution in the y-z (d) and x-z (e) planes (log scale) at one of the 

resonant peaks in (b,c) (λ=905.4nm). f,g) Electric field intensity 

distribution at the same wavelength in the y-z (f) and x-z (g) planes 

(log scale) in the absence of the microsphere. Boriskina and 

Reinhard, PNAS 108, 3147 (2011). 
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optoplasmonic materials that 

combine plasmonic and dielectric 

building blocks into hybrid 

structures in which both 

components synergistically interact 

(Figure 1).[1]  

 

Recent Progress 

We have introduced a new class of 

optoplasmonic materials and have 

implemented a fabrication strategy 

that allows the positioning of 

discrete plasmonic antennas in the 

equatorial plane of a 2 μm 

diameter polystyrene or SiO2 

sphere (Figure 2).[18] The 

optoplasmonic molecules were 

generated through a  guided self-

assembly strategy in which the 

optical microspheres (OMs) were 

immobilized in binding  sites 

generated by quartz or silicon posts 

that contained plasmonic 

nanoantennas on their tips. Control 

of the post height facilitated an 

accurate positioning of the 

plasmonic antennas into the 

evanescent field of the whispering 

gallery modes  located in the 

equatorial plane of the OM. The spectroscopic characterization of the novel materials 

indicates that photonic and plasmonic modes couple to generate hybrid modes that are 

sharp but still show substantial localization at the plasmonic nanoantannas.  

In a second study, Cy3 dyes were tethered to the plasmonic antennas through 

oligonucleotide spacers to act as on-chip light sources. We experimentally validated that 

these optoplasmonic structures achieve an efficient directed photon transfer from the dye 

functionalized antennas into the microsphere (Figure 3).[19] The fluorescent dyes 

preferentially emitted into the OM, which efficiently trapped and recirculated the 

photons. We experimentally determined a relative photon transfer efficiency of 44% in 

non-optimized self-assembled optoplasmonic molecules. 

 

Future Plans 

After the development of template guided self-assembly strategies for optoplasmonic 

molecules and successful demonstration of directed photon transfer from plasmonically 

enhanced emitters into the microcavity resonator, our next step is to experimentally 

 

Figure 2. SEM images of optoplasmonic structures that 

contain one (a, b), two (c, d), or three (e, f) 2.048 μm 

diameter PS microspheres. The edge-to-edge distance 

between the pillars of two neighboring bindinig cavities is 

dp = 330 nm, and the height of the pillars is h = 870 nm. 

The tilted SEM images (g, h) show that spherical Au NPs 

with a diameter of d = 148 nm are located in the equatorial 

plane of the PS microspheres trapped in the pillar cavities 

(scale bars = 1 μm). W. Ahn et al, ACS Nano 6, 951 

(2012). Copyright American Chemical Society. 
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demonstrate and quantify long-range 

energy transfer. One experimental 

structure that we will explore for that 

purpose is that of a 5.6 μm silica sphere 

integrated in a set of post supported gold 

NP dimers. Given the large distance 

between the two gold NP dimers on 

opposing sides of the microsphere, we 

can selectively excite the QD 

functionalized NP dimer on one side of 

the optoplasmonic structure using a 

focused laser beam. The concept of the 

resonant amplifying superlens [1] 

predicts that the light emitted by the QD 

is transferred to the “detector” NP dimer 

at the opposing side of the PhA, where it 

can efficiently outcouple into free space 

photons. Our simulations show clearly 

(compare Figures 1d&e with 1f&g) that 

only in the case of an efficient energy 

transfer through the microcavity 

resonator, a measurable signal emanates 

from the detector at the opposing side of 

the microsphere. The detection of signal 

intensity at the receiver dimer using 

conventional confocal fluorescence 

microscopy would therefore validate the 

concept of the resonant amplifying 

superlens. While fluorescence imaging is 

sufficient to verify the energy transfer 

across the PhA, we will apply a spectral 

analysis of the light emitted at the 

detector to quantify the predicted 

fluctuations in the dipole radiative rates. 

We will use PbS QDs in these experiments that have emission spectra with a width of 

approximately ~150 nm. Based on the discrete resonances in the radiative rate 

enhancement spectrum in Figure 1b, we expect strong intensity modulations in the QD 

emitter spectrum received and then subsequently re-radiated at the “detector” NP dimer. 

We will experimentally verify the emission spectra simulated for different superlens 

configurations by measuring the frequencies and widths of the resonance peaks obtained 

in self-assembled resonant amplifying optoplasmonic superlenses, which have been 

structurally characterized by SEM.  

After a successful characterization of the long-range photon transfer in optoplasmonic 

molecules and an elucidation of the engineering principles to control it through the 

morphology of the structure, we will start to implement active optoplasmonic structures, 

 

Figure 3. Comparison of fluorescence intensity of 

Cy3- functionalized gold NP dimer antennas in the 

presence (a) and absence (b) of an OM. A dotted 

white circle in (a) indicates the OM inserted into the 

binding site, and solid yellow circles in (a) and (b) 

enclose gold posts. Cumulative intensity plots of 

gold posts (c) and OMs (d) in the presence (red) and 

absence (blue) of OMs (c) and gold posts (d), 

respectively. All optoplasmonic structures contain 

gold NP- functionalized posts with a height of h = 1 

μm. The inset in (d) illustrates the geometry of the 

investigated structure. W. Ahn et al, ACS Nano 7,  

4470 (2013). Copyright American Chemical 

Society. 
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such as multiplexers, demultiplexers etc. that allow for a frequency-dependent guiding of 

light. 
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SISGR—Using Interfaces to Create Strongly-Coupled Magnetic-Ferroelectrics 
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I.  PROGRAM SCOPE 

Our SISGR objective is to create a ferromagnetic ferroelectric that can be deterministically 

switched between symmetry equivalent states using an electric field.  The electric-field switching 

of a magnetization between 180° symmetry equivalent states has not been demonstrated in any 

material.  The required coupling between ferroelectric and ferromagnetic domains allowing such 

switching is a missing feature in most multiferroics and is key to advancing the field both 

scientifically and technologically.  Starting at the level of electrons and atoms our goal is to 

rationally design complex oxide heterostructures and interface-materials with this targeted 

emergent behavior.  This is not a matter of simply optimizing material parameters, but rather 

begins with understanding a mechanism to control the interplay between the diverse microscopic 

degrees of freedom prevalent in complex oxides in order to achieve this desired behavior, and 

ends with the design of new material realizations.  These realizations are in turn created with 

atomic-layer precision, structurally assessed to see that they are the intended realization, and 

finally their relevant properties are measured.  In this program we will develop the scientific ideas 

necessary to apply this design paradigm to the creation of multiferroics with unprecedented 

coupling between ferroelectric and magnetic order parameters, i.e., strongly-coupled magnetic-

ferroelectrics. 

II.  RECENT PROGRESS 

Our SISGR recently developed a way to grow single-phase epitaxial films of LuFe2O4 by 

MBE in an adsorption-controlled regime.
i
  When it comes to high temperature multiferroics, 

LuFe2O4 stands out because it has been reported to be simultaneously ferrimagnetic and 

ferroelectric at the highest temperature of any known material.
ii
  It magnetically orders at 250 K,

ii
 

has a saturation magnetization of about 1.4 µB/Fe at T=0 K,
iii

 and is ferroelectric below 330 K.
ii
  

The ferroelectricity arises from a rather unusual mechanism—charge ordering of Fe
2+

 and Fe
3+

 

ions.
iv

  If true, this would make LuFe2O4 an improper ferroelectric
v
 that develops a polarization 

through charge-ordering and as such does not restrict the coexistence of magnetism.  This is the 

first time that single-phase LuFe2O4 films have been achieved by any technique; the only prior 

report of epitaxial LuFe2O4 films contained significant inclusions of Fe2O3 and Fe3O4.
vi

  We used 

thermodynamics to identify an adsorption-controlled regime in which excess iron could be 

supplied during growth and all but that needed to form the LuFe2O4 film would desorb.  Such 

growth conditions are analogous to the way in which III-V and II-VI compound semiconductors 

are routinely grown by MBE.
vii-xiv

  We have identified and utilized adsorption controlled growth 

conditions extensively for the growth of single-phase films of numerous complex oxides 

containing volatile constituents by MBE including PbTiO3,
xv

 Bi4Ti3O12,
xvi

 BiFeO3,
xvii

 

BiMnO3,
xviii

 and EuO.
xix

  In the case of LuFe2O4, single-phase epitaxial (0001) oriented films 

were obtained by our SISGR team on (111) MgAl2O4, (111) MgO, and (0001) SiC substrates.   

Having achieved single-phase thin epitaxial films of LuFe2O4, we used electron energy loss 

spectroscopy on an aberration-corrected scanning transmission electron microscope to map the 
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elemental composition and bonding environment with atomic resolution.
xx

  A two-dimensional 

analysis of the fine structure of the O-K edge yielded distinct signals for the two inequivalent 

oxygen sites in the crystal.  Comparison to an ab initio simulation showed that these two 

components can be interpreted in terms of the differing hybridization of the O p orbitals to the Lu 

and Fe d orbitals, thus producing an atomic-resolution map of the local oxygen bonding 

environment. 

Recently our SISGR demonstrated reversible control of magnetic interactions by electric 

field in strained EuTiO3 films.
xxi

  Such magnetoelectric coupling has the potential to control the 

magnetic state of a material with an electric field, an enticing prospect for device engineering.  In 

our work we demonstrated a large magnetoelectric cross-field control in a tetravalent titanate 

film.  In bulk form, EuTiO3 is antiferromagnetic.  Both anti- and ferro-magnetic interactions 

coexist, however, between different nearest europium neighbors.  In thin epitaxial films, strain 

was used to alter the relative strength of the magnetic exchange constants.  We not only showed 

that moderate biaxial compression precipitates local magnetic competition, but also demonstrated 

that the application of an electric field at this strain condition switches the magnetic ground state.  

Using first-principles density functional theory, we resolved the underlying microscopic 

mechanism resulting in G-type magnetic order and illustrated how it is responsible for the 

observed large magnetoelectric effect. 

Our team also showed how polar octahedral rotations could serve as a path to new 

multifunctional materials.
xxii

  ABO3 oxides with the perovskite structure display an amazing 

variety of phenomena that can be altered by subtle changes in the chemistry and internal structure, 

making them a favorite class of materials to explore the rational design of novel properties.  We 

have reported that rotations of the BO6 octahedra give rise to a novel form of ferroelectricity—

hybrid improper ferroelectricity.  Octahedral rotations also strongly influence other structural, 

magnetic, orbital, and electronic degrees of freedom in perovskites and related materials.  

Octahedral rotation-driven ferroelectricity consequently has the potential to robustly control 

emergent phenomena with an applied electric field.   

We formulated a complete theory for a novel form of ferroelectricity, whereby a 

spontaneous and switchable polarization emerges from the destruction of an antiferroelectric state 

due to octahedral rotations and ordered cation sublattices.  A materials design framework was 

further constructed based on crystal-chemistry descriptors rooted in group theory,
xxiii

 which 

enables the facile design of artificial oxides with large electric polarizations, P, simultaneous with 

small energetic switching barriers between +P and −P.  The theory is validated with first 

principles density functional calculations on more than 16 perovskite-structured oxides, 

illustrating it could be operative in any materials classes exhibiting two- or three-dimensional 

corner-connected octahedral frameworks.  The principles governing materials selection of the 

“layered” systems are shown to originate in the lattice dynamics of the A cation displacements 

stabilized by the pervasive BO6 rotations of single phase ABO3 materials, whereby the latter 

distortions govern the optical band gaps, magnetic order and critical transition temperatures.  This 

approach provides the elusive route to the practical control of octahedral rotations, and hence a 

wide range of functional properties, with an applied electric field. 

Finally, using a combination of symmetry arguments and first-principles calculations to 

explore the connection between structural distortions and ferroelectricity in the perovskite family 

of materials, we have answered the question of why there are so few perovskite ferroelectrics.
xxiv

  

We explain the role of octahedral rotations in suppressing ferroelectricity in these materials and 

show that, as the tolerance factor decreases, rotations alone cannot fully suppress ferroelectricity.  

Our results show that it is cation displacements (“hidden” in Glazer notation) that accompany the 
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rotations, rather than the rotations themselves, that play the decisive role in suppressing 

ferroelectricity in these cases.  We use the knowledge gained in our analysis of this problem to 

explain the origin of ferroelectricity in R3c materials such as FeTiO3 and ZnSnO3 and to suggest 

strategies for the design and synthesis of new perovskite ferroelectrics.  Our results have 

implications not only for the fundamental crystal chemistry of the perovskites but also for the 

discovery of new functional materials. 

III.  FUTURE PLANS 

We plan to study the temperature dependence of antiferroic distortions by electron 

diffraction and direct imaging using a new, high-resolution double-tilt heating holder, and 

correlate with the ferroelectric phase.  The first system we intend to target is Ca3Mn2O7 whose 

octahedral tilts are critical to rotationally-driven ferroelectric state.  We also plan to establish the 

intrinsic magnetic properties of hexagonal LuFeO3.  This will be performed by SQUID 

measurements on phase-pure samples grown by MBE and assessed structurally by XRD and 

STEM.  The magnetic order will be established by neutron diffraction.  Finally, we are growing 

  

(ABO3)1 /( ¢ A BO3)1 
superlattices with B=Fe and A and A’ being different rare-earth ions.  The 

parent constituents are perovskites with space group Pnma.  Our calculations indicate that this 

ordered superlattice is a hybrid improper multiferroic (both ferroelectric and weakly 

ferromagnetic) at room temperature.  We will synthesize these superlattices and measure their 

properties including whether they can be switched, whether switching them with an electric field 

leads to deterministic switching of their magnetization, and their linear magnetoelectric 

performance.  
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Program Scope 

Discovery and growth of crystalline materials is one of the key areas in materials research. New 

materials, and engineering of their properties, have produced tremendous progress; and the 

search for new materials with novel properties remains an ongoing activity. Of the many oxide 

single crystal growth methods, flux growth has proven to be an excellent method for exploratory 

synthesis work that also will yield crystals large enough for structural and physical 

characterization. Using metal fluxes to grow oxide phases produces a unique crystal growth 

environment, where oxygen is now a minority constituent. The low melting point of certain 

metal fluxes in use allows low temperature synthesis, and gives access to potentially metastable 

and hard to crystallize phases. We are investigating single crystal oxide growth from alkaline 

earth metal fluxes, where the sizable oxygen solubility as well as good solubility of lanthanides 

is used to discover new phases. The reactivity of the flux can be tailored to provide reducing 

conditions for oxide growth by using alkaline earth mixtures, or the flux material can also be 

incorporated into the oxide. In particular, the low temperature eutectic mixtures of magnesium 

with calcium, strontium and barium provide control not only over crystal growth temperatures, 

but also the reactivity of the flux and its power to reduce lanthanide oxides. Furthermore, 

alkaline earth metal fluxes have simultaneous solubility for oxides, halides, hydrides, and 

chalcogenides, therefore new phases are expected to form under unusual conditions. 

 

 

Recent Progress 

Our research activities resulted in the discovery of two new phases, Ba2OTe and Ba3Yb2O5Te, 

both mixed oxides that have not been reported previously. In addition, we managed to obtain a 

series of phases of CaV2O4-type, BaLn2O4 (Ln=lanthanide), in single crystal form. These phases 

were synthesized previously in powder form. In addition, we also obtained BaCe2O4, a 

compound that is not accessible using traditional solid state reactions. The ferromagnetic 

semiconductor EuO has been successfully grown from a barium/magnesium flux. 
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Fig. 2: inverse susceptibility of 

BaCe2O4. The data is fit with a 

3-level model. 

BaLn2O4 (Ln = lanthanide) 

The CaV2O4-type phases of BaLn2O4, with Ln = La to Yb 

were successfully grown as single crystals from molten barium 

fluxes. In BaLn2O4, the lanthanide ions are arranged on 

ladders with a trigonal arrangement.  In Figure1, the ladders 

are running along the c-

axis, and are oriented out 

of the plane, with 

lanthanide ions 

octahedrally coordinated 

by oxygen.  It is therefore 

expected that magnetic 

frustration can occur in 

these phases if the 

magnetic interaction is 

based on a superexchange mechanism. It was possible to 

synthesize BaCe2O4 crystals for the first time and obtain a 

magnetic susceptibility measurement. Since the material is 

transparent, the cerium ion is expected to be Ce
3+

, with a 

magnetic moment of μ = 2.54μB. The magnetic coupling is antiferromagnetic as derived from 

high temperature data, but no phase transition to an ordered state is observed above 

2K.Furthermore, the low temperature susceptibility can be fit with a Curie-Weiss law with a 

small Weiss temperature of -4.95K and a moment of 1.215 μB. This 

points towards a potentially frustrated magnetic system with crystal 

field splitting. As  the phases in this series are all charge 

compensated, they are insulators/semiconductors with a large band 

gap. The magnetic properties of a majority of the phases follow 

Curie-Weiss behavior, with antiferromagnetic order below 10K. 

 

 

Ba3Yb2O5Te 

We synthesized the new oxy-telluride Ba3Yb2O5Te, a system that 

combines two structural moieties: double pyramidal perovskite-type 

Ba2Yb2O5 layers and BaTe CsCl-type layers (structure is shown in 

Fig. 3). This phase is grown as a single crystal from an alkaline earth 

metal flux, where simultaneously oxygen, tellurium as well as 

ytterbium are soluble, showing the versatility of the flux. This system 

is closely related to the well-known Ruddlesden-Popper phases, 

where perovskite-type layers are combined with rock salt (NaCl) 

layers. Structurally, the perovskite layers are highly strained, since 

Figure 1: Crystal structure of 

BaCe2O4. Barium atoms are 

green, oxygen red, lanthanides 

blue with coordination 

octahedra. 

 

 

 

 

 

Fig.1 

Figure 3: Crystal structure 

of Ba3Yb2O5Te.  
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Fig.5 Nb3Pd0.7Se7 

perovskite-type systems with a lanthanide atom on the B site expand the lattice formed by 

oxygen. Therefore, ABO3 perovskite related phases with a lanthanide atom on the B-site are not 

common. We found that Ba3Yb2O5Te is antiferromagnetic, with a transition in the vicinity of 4K. 

However, the Weiss constant is larger than expected. Low temperature specific heat 

measurements showed that at the antiferromagnetic transition, the entropy release is Rln2, 

indicating that the ytterbium ion f-electrons require inclusion of the crystal electric field. The f-

levels are split into three levels, with a Γ6 crystal field split ground state.  

Ba3Yb2O5Te is the first demonstration that alkaline earth metal fluxes show sizable simultaneous 

solubility for two different anions, in this case oxygen and tellurium. This allows further 

exploration of lattices with two different kinds of anions. Based on DFT calculations, the valence 

band is formed by oxygen and tellurium orbitals, with mostly tellurium character at the valence 

band edge. 

 

 

EuO 

The ferromagnetic semiconductor EuO can be grown as a single crystal 

using a barium/magnesium flux. A flux composed of barium only is not 

able to reduce the starting material Eu2O3 to EuO, but the addition of 

magnesium allows formation of EuO. Flux inclusion is, unfortunately, not 

negligible, but the ferromagnetic transition of single crystals grown in this 

fashion is of the order of 62K. The MH-loop measured at 20K shows 

saturation at 1.2T. Cube shaped crystals with edge length of the order of 

2mm have been obtained so far. Further growth optimization is in progress. 

 

 

Nb3Pd0.7Se7   

 Superconductivity in Nb3Pd0.7Se7 was observed at low 

temperatures at 1.44K. Nb3Pd0.7Se7 is low-dimensional system with 

quasi-one-dimensional ribbons running along the monoclinic b-axis. 

Despite this low transition temperature, the material has a large upper 

critical field Hc2 of the order of 14T. Such a high Hc2 is not expected, 

since the energy scale should be set by the superconducting transition 

temperature. Additionally, the upper critical field shows a large 

anisotropy of the order of 6. Band structure calculations show the Fermi 

surface in this system to be composed of quasi-one dimensional and 

quasi-two dimensional sheets with hole character, as well as three-

dimensional sheets of both hole- and electron character. The 

superconductivity in this system is likely due to a strongly correlated 

electron gas, with an unconventional origin of the superconducting 

Fig.4: EuO 

crystals 
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Fig. 6: C60 and 

Co6Se8(PEt3)6 cluster 

Fig. 7:  [Co6Se8(PEt3)6][C60]2  

and CdI2 

coupling that is reflected in the large ratio between Hc2 and Tc. (Collaboration with L. Balicas, 

DOE-BES grant DE-SC0002613) 

 

 

Molecular Quantum Dots 

 The structural and physical characterization of novel supramolecular assemblies 

comprising molecular quantum dots is studied in collaboration with the “Center for Re-Defining 

Photovoltaics: Efficiency through Molecular-Scale Control” (EFRC, 

DE-SC0001085). Novel solid state materials that form the binary 

assemblies [Co6Se8(PEt3)6][C60]2 and [Cr6Te8(PEt3)6][C60]2 related to 

the CdI2 structure type have been synthesized. These systems can be 

considered as atomically precise solid-state compounds and form 

mono-disperse nano-particles of the order of 0.8nm. Co-

crystallization assembles these building blocks into structures with 

substantial charge transfer, forming a supramolecular “ionic crystal” 

comprised of these clusters in a 1:2 ratio. The overall arrangement 

of the clusters is related to the CdI2-type structure, where the 

iodine anion forms a hexagonal close packed lattice and the 

cadmium cation occupies half of the octahedral interstitial sites. In 

the supramolecular assembly, the role of the cation is played by the 

Co6Se8(PEt3)6 cluster, while C60 plays the role of the anion, since 

C60 is an electron acceptor molecule. The same arrangement is 

observed for the supramolecular assembly of [Cr6Te8(PEt3)6][C60]2, 

where a also a charge transfer is observed.   This charge transfer 

from the Co6Se8(PEt3)6 cluster to the C60 clusters is responsible for 

the enhanced electronic conductivity that results in a small band 

gap of the material.   

The cluster assembly, [Ni9Te6(PEt3)8][C60] crystallizes in the rock-

salt type structure, and also shows electron transfer from the 

Ni9Te6(PEt3)8 cluster to the C60 cluster. In this case, the charge 

transfer results in low temperature ferromagnetic order (Tc ≈ 4K).  

 

 

Future Plans 

The capability of the flux to dissolve transition elements will be explored. For this, the flux 

composition will be varied to include aluminum and copper as a starting point. Experiments 

indicate that transition elements have some small solubility in the alkaline earth metals, but 

crystal growth has not been optimized. Combining lanthanides and transition elements in this 

flux environment is expected to yield novel structures with potentially interesting magnetic 

properties.  
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 The kinetic bottleneck of electrochemical and photoelectrochemical water splitting is the 

four-electron oxygen evolution reaction (OER)
1,2

 OER catalysts include transition metal oxides 

such as RuO2, IrO2, PtO2, MnO2, and Co3O4.
3
 Although the most active of these catalysts are the 

expensive noble metal oxides RuO2, IrO2, and PtO2, there is interest in developing OER catalysts 

based on earth-abundant metals such as Co and Ni. Co3O4 is slightly less active than the noble 

metal oxides for water oxidation in alkaline solution.
3
 Kanan and Nocera have also shown that an 

amorphous cobalt-phosphate (CoPi) OER catalyst can be electrodeposited, which works in 

neutral solution.
4
 Our focus is on the electrodeposition of crystalline thin films of cobalt-based 

OER catalysts such as Co3O4, Co(OH)2, and CoOOH.
5,6

 We argue that by studying crystalline 

materials with known crystal structures we then have a better chance of understanding the 

mechanism of the catalysis of the oxygen evolution reaction. 

 

 Electrodeposition is a bottom-up processing method in which solid films are assembled 

on an electrode surface from molecular and ionic precursors in solution. The rate of the reaction 

is precisely controlled through the applied potential, and microstructure and orientation of the 

film can often be controlled through solution additives. In our lab, we have studied the epitaxial 

electrodeposition of metal oxide thin films onto single-crystal substrates for several years. We 

hope that by depositing films with controlled crystallographic orientations it will be possible in 

future work to compare the catalytic activity of various well-defined surfaces.  

  

Recent Progress 

 

 We are interested in electrodepositing oxides and hydroxides of cobalt that are active 

catalysts for the oxygen evolution reaction (OER). We are particularly interested in depositing 

crystalline materials with well-characterized structures. Here, we present results on the 

electrodeposition of Co3O4 and Co(OH)2.
5,6

  Because Co(OH)2 can be electrochemically 

converted to CoOOH, and thermally converted to CoO and Co3O4, this gateway material gives us 

the opportunity to directly compare the catalytic activity of the oxides, hydroxides, and 

oxyhydroxides of cobalt. We are also able to deposit epitaxial films of these materials, so it may 

be possible to compare the catalytic activities of various surfaces of the materials. We show that 

epitaxial films of Co(OH)2 on Au can be converted to epitaxial films of CoOOH and Co3O4. The 

catalytic activity of Co3O4, Co(OH)2, and CoOOH will be compared in this talk. Preliminary 

results will be presented on the electrodeposition of CoOOH onto n-Si for the 

photoelectrochemical splitting of water. 
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 We have recently reported on the electrodeposition and OER 

activity of Co3O4.
5
 The films were deposited by electrochemically 

oxidizing a tartrate complex of Co(II) in alkaline solution at reflux 

temperatures. The crystalline films deposit with the normal spinel 

structure with a lattice parameter of 0.8097 nm and a crystallite size of 

26 nm.  

 In order to electrodeposit Co(OH)2 films,
6
 we exploit the well-

known coordination chemistry that Co(III) favors nitrogen ligands 

over oxygen ligands, whereas Co(II) favors oxygen ligands over 

nitrogen ligands.  [Co(en)3]
3+

 is nearly 35 orders of magnitude more 

stable than [Co(en)3]
2+

(en = ethylenediamine). The formation 

constants for [Co(en)3]
3+

 and [Co(en)3]
2+

 are 10
48.69

 and 10
13.94

, 

respectively.  Co(III) complexes are also substitutionally inert, 

whereas Co(II) complexes are substitutionally labile in aqueous 

solution. Hence, [Co(en)3]
3+

 is stable in an alkaline solution, but 

[Co(en)3]
2+

reacts with excess OH
-
 to produce Co(OH)2. The formation 

constant of Co(OH)2 is 10
14.96

. The Co(OH)2 films were deposited 

according to equations 1 and 2. Films were deposited at room 

temperature at a potential of -1 V vs. Ag/AgCl in a solution of 45 

mM [Co(en)3]
3+

 in 2 M NaOH.
6 

The Co(OH)2 deposits with a dense 

microcone morphology (Fig. 1). It has with the brucite layered 

structure with measured lattice parameters of  a = b = 0.3179 nm and 

c = 0.4658 nm.  

 

 

[Co(en)3]
3+

 + e
-
  [Co(en)3]

2+
   (1) 

[Co(en)3]
2+

 + 2OH
-
 → Co(OH)2↓ + 3en  (2) 

   

 Electrodeposited Co(OH)2 is a potent catalyst for the OER.
6
 

Linear sweep voltammograms (LSVs) at a scan rate of 1 mV/s on a 

Ti electrode (blue) and a Co(OH)2-coated Ti electrode (red) in 

unstirred 1 M KOH at room temperature are shown in Fig. 2. The 

LSV measured on electrodeposited, crystalline Co3O4 film, which is 

an active OER catalyst, is also shown (black) because the surface 

chemistry of both materials during OER is similar. The onset of 

OER on Co(OH)2 is 0.51 VAg/AgCl which is about 50 mV 

higher than that measured on Co3O4. However, current 

densities, based on the geometric area of the electrodes, are 

much higher on the Co(OH)2 film at more positive potentials. 

X-ray and Raman studies show that the surface of the 

Co(OH)2 is converted to CoOOH at the potentials of the 

OER. We have also found that electrodeposited films of Co 

metal can be electrochemically converted to CoOOH. The 

catalytic activity of all of these species for the OER is 

compared in Tafel plots in Fig. 3. Note that Co3O4 is the most 

active OER catalyst in this group. All of the catalysts in this 

Fig. 1 - Morphology of 

electrodeposited Co(OH)2. (a) 

and (b) SEM images. (c) AFM 

image of a flat disk surface 

Fig. 2- Comparison of the 

catalytic activity for OER of 

Co3O4 and Co(OH)2 in 1 M 

KOH 

Fig. 3 - Tafel plots for various OER 

catalysts 
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study are considerably more active than the 

previously reported, amorphous CoPi catalyst.
4
 

 We have exploited the fact that Co can be 

converted to an active OER catalyst to produce a 

photoelectrochemical cell for photo-assisted water 

splitting. A very thin layer of Co metal was 

electrochemically deposited onto n-Si(100) and then 

electrochemically converted to CoOOH. A chopped 

light voltammogram of the n-Si/Co/CoOOH 

heterojunction in 1.0 M NaOH is shown in Fig. 4. The 

cell shows a 0.4-0.5 V up-conversion compared with 

the best of the catalysts in this study, and has 

impressive photocurrents for the oxygen evolution 

reaction in the 20 mA/cm
2
 range. Our initial studies 

show that the photoanode is stable for at least several 

hours under illumination. The band diagram for the n-

Si/Co interface is shown in Fig. 5. The photoanode 

acts like a metal/semiconductor Schottky barrier with 

a barrier height of 0.7 eV in series with the CoOOH 

OER catalyst. 

  

Future Plans 

 

We would like to develop a method to measure the 

active area of the OER calalysts so that the catalytic 

activity can be compared more quantitatively. The 

areas are too low to measure by standard BET 

measurements. We are attempting to do differential 

capacitance measurements to compare the double 

layer capacitance of the various materials. We also 

plan to try quantitatively adsorbing and desorbing 

dyes with a known adsorption footprint area onto the surface. 

 

We plan to do cross-sectional TEM studies of the n-Si/Co/CoOOH heterojunction before and 

after extended water-splitting experiments. Is there an interfacial layer of CoSi2? Does an 

insulating layer of SiO2 form after the photo experiments? Can the stability be improved by 

purposely producing a cobalt silicide layer between the Si and Co by introducing a thermal 

anneal step? 

 

The catalytic activity of Ni and NiCo, NiFe, and CoFe alloys will be explored. The most active 

of these alloys will then be electrodeposited onto n-Si to produce a photoanode. 

 

Other, more stable, n-type semiconductors such as TiO2 and Fe2O3 will be modified with our 

most active OER catalysts for photoelectrochemical water splitting. 
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Program Scope 

 

During the past few years we have investigated a nanostructured material that we refer to as sub-

monolayer type-II QDs made from wide bandgap II-VI semiconductors. Our goal is to 

understand and exploit their tunable optical and electrical properties, by taking advantage of the 

type-II band alignment and quantum confinement effects.
1
 Type-II ZnTe quantum dots (QDs) in 

a ZnSe host are particularly interesting because of their relatively large valence band and 

conduction band offsets.
2
 Exploring the potential for designing new materials with enhanced 

properties was the primary motivation of our most previous award. During that time we 

advanced our understanding of these novel nanostructures and our ability to control and 

manipulate their structural properties and we obtained materials with new and enhanced 

properties. We also developed an experimental approach to characterize the structures with high 

precision and insight.  In this program we aim to develop enhanced materials based on the sub-

monolayer type-II QDs, with emphasis on materials that may be advantageous for photovoltaic 

and spintronics applications. We also expand the structural characterization of these materials by 

refining our X-ray diffraction methodologies. 

 

Intermediate band solar cells (IBSCs) are substantially more efficient than conventional 

solar cells.
3,4

  IBSCs rely on multi-photon absorption with an assistance of an intermediate band 

in the mid-gap region of the semiconductor material used for the solar cell fabrication. The 

formation of the intermediate band by means of quantum dots (QDs) is thought to be one of the 

best approaches to fabricate IBSCs.  

 

       We have shown that the material system with 

multi-layers Zn(Cd)Te/ZnCdSe submonolayer QDs has 

the ideal material parameters for this particular 

application.
5,6

 The band gap of host ZnCdSe lattice 

matched to InP is ~ 2.1 eV and the intermediate band 

can be engineered at ~ 0.7 eV using hole confinement 

levels in the Zn(Cd)Te QDs. These parameters are the 

best match to the optimal IBSC parameters proposed by 

Luque and Marti. Additionally, the submonolayer QDs 

grown via migration enhanced epitaxy (MEE) grow 

without the formation of wetting layers, which is 

known to be detrimental for device fabrication due to 

the introduction of strain. Moreover, the type-II band 

alignment is expected to improve carrier extraction 

process due to reduced radiative recombination within QDs.   

 
Figure 1: Photoluminescence (PL) at 
10K for samples A, B and C. Inset 
shows PL data at lower excitation 
intensity.  
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Recent Progress 

 

Initial attempts to grow theZnTe/ZnCdSe 

structures showed a typical type-II behavior, as 

shown in Figures 1 and 2. Below band gap 

absorption was observed in the samples which 

can further be enhanced by increasing the QD 

size and density, which can be controlled by 

adjusting Te flux used during the growth. 

However, detailed analysis of the HRXRD 

showed a relatively high lattice mismatch 

between the zeroth order SL peak and the 

substrate peak. This lattice mismatch was found 

to be due to the formation of an unintentional 

strained ZnSe-rich layer at the QD-barrier interface as confirmed by the HRXRD simulations. To 

avoid potential degradation isues, optimization of growth parameters of these multilayer 

structures was performed. Optimization was 

achieved first by modifying the shutter 

sequences used during MEE to grow QDs in 

group-II-rich conditions and secondly by strain 

balancing technique through the growth of 

intentional Cd-rich spacers. Improved HRXRD 

data is shown in Figure 3. The type-II nature and 

therefore long radiative recombination lifetimes 

remained unchanged after structural 

improvements. 

In order to investigate the possiblility of vertical 

coupling of the QDs, and thus miniband 

formation, as needed for the IBSC application, 

two structures grown by the improved shutter 

sequence with different QD sizes were 

investigated. HRXRD based reciprocal space 

map (RSM) analysis was 

performed in order to extract 

structural information about 

the submonolayer QDs.
7
 RSM 

along (002) as well as (004) 

orientations showed a clear 

elongation in qx direction for 

sample with higher Te 

fraction and thus with larger 

and denser QDs, as shown in 

Figure 4. This indicated 

enhanced vertical alignment 

of larger submonolayer QDs 

case of sample E. 

 
 

Figure 2: Excitation intensity 
dependence of the PL peak energy. 
 

 
Figure 3: HRXRD plot of the sample 
obtained by the improved shutter 
sequence. 
 

Figure 4: Reciprocal space map of two samples showing 
enhanced vertical correlation for the sample with the larger 
QDs. 
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Systematic analysis of RSMs by fitting the experimental data to a theoretical model shows that   

~90% QDs in the sample with larger QDs are vertically correlated, which is important to ensure 

sufficient overlap of the QD confined hole wave functions to facilitate the miniband formation. 

Formation of miniband is an important prerequisite for successful operation of an IBSC to 

increase below band gap absorption and to reduce non-radiative recombination. 

Figure 5 shows that narrower photoluminescence with a better yield was obtained for the sample 

with improved vertical correlation, indicating smaller QD size distribution along with partial 

suppression of non-radiative recombination paths. Observed reduction in radiative lifetimes and 

supportive calculations demonstrate enhanced hole-hole wavefunction overlap pointing towards 

possibility of miniband formation, an advantageous feature for an intermediate band solar cell. 

 

Future Plans 

 

We plan to continue to investigate the potential for type- II ZnTe/ZnCdSe materials in IBSCs. 

Toward this end, we will grow Nitrogen doped structures of ZnTe/ZnCdSe materials, which will 

be investigated to enhance below bandgap absorption. We will also grow samples with larger 

QDs in order to enhance miniband formation.  Incorporation of these QD structures within a p-n 

junction will be investigated. 

We will also begin to explore refinements in the structural characterization of our samples using 

HRXRF and TEM techniques. We will explore methodologies to obtain data on the shape, 

chemical composition and elastic strain distributions within the dots. Initially we will conduct 

XRR and HRXRD and reciprocal lattice mapping measurements on NSLS X20-A and analyze 

these data to achieve such refinements. 
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Program Scope 

 

Conventional applications of the principles of statistical mechanics (the “forward” problems), 

start with particle interaction potentials, and proceed to deduce local structure and macroscopic 

properties [1]. Other applications that may be classified as “inverse” problems, begin with targeted 

configurational information, such as low-order correlation  functions  that characterize  local 

particle  order,  and  attempt to back out full-system  configurations  and/or  interaction  potentials 

[2]. The latter inverse approach is the thrust of our research and applications are directed toward 

self-assembling colloidal systems, spin systems, and the reconstruction of material microstructures. 

Once inverse solutions for targeted configurations are obtained, forward methods are still employed 

to study the properties of the systems. 

 

Inverse approaches could revolutionize the manner in which materials are designed and fabricated. 

There are a number of very tangible applications of targeted self-assembly. Examples include 

photonic band-gap applications, materials with negative or vanishing thermal expansion 

coefficients, materials with negative Poisson ratios, materials with optimal transport and 

mechanical properties, mesoporous solids for applications in catalysis, separations, sensors and 

electronics. In the case of spin systems, one could imagine designing materials to have desired 

magnetic properties. Perhaps the greatest applications are as yet un- foreseen – as the interest in 

and usefulness of nanosystems grow, as will the need for them to themselves form structures with 

desired behaviors. 

 

In the case of many-particle systems, output from these optimization techniques could then be 

applied to create de novo colloidal particles or polymer systems with interactions that yield these 

structures at the nanoscopic and microscopic length scales.  Colloidal particles suspended in 

solution provide an ideal experimental testbed to realize the optimized potentials, since both 

repulsive and attractive interactions can be tuned (e.g., via particle surface modification or the 

addition of electrolytes) and therefore offer a panoply of possible potentials that far extends the 

range offered by molecular systems. 

 

Recent Progress 

 

The research program has been aimed at first devising completely new inverse statistical-

mechanical methods and then applying them for novel material design. We have also used lessons 

learned from the inverse approach to characterize of a variety of disordered systems. The following 

is a list of the highlights of our accomplishments during last two years: 
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• Development of inverse methods for unusual ground states [3, 4]; 

• Optimized isotropic pair interactions for novel crystal ground states [3, 4]; 

• Collective-coordinate inverse methods for unusual ground states [5]; 

• Designer spin systems via inverse statistical mechanics [6]; 

• Inverse techniques for material microstructure reconstructions [7, 8]; 

• Characterization of hyperuniform materials, including amorphous silicon [9, 10]; 

• Identification of nonequilibrium static growing length scales in supercooled liquids on approaching 

the glass transition [11]; 

• Understanding hydration and percolation at the setting point of cement [12]; 

• Identification of families of tessellations of space by elementary polyhedra [13]. 

 
 

 
 

Figure 1. Monotonic radial pair potentials whose ground states for a range of pressures include the 

targeted diamond crystal (red) as well as other generally low-coordinated crystals for other 

pressures [3]. 

 

To illustrate our application of inverse statistical-mechanical methods, we describe three different 

recent research projects. Figure 1 summarizes results of our investigation to find a simple family 

of optimized isotropic,  monotonic pair potentials (that may be experimentally realizable) whose 

classical ground state is the diamond crystal for the widest possible pressure range, subject to 

certain constraints (e.g., desirable phonon spectra) [3]. We also ascertained the ground-state phase 

diagram for a specific optimized potential to show that other crystal structures arise for pressures 

outside the diamond stability range. Cooling disordered configurations interacting with our 

optimized potential to absolute zero frequently led to the desired diamond crystal ground state, 

revealing that the capture basin for the global energy minimum is large and broad relative to the 

local energy minima basins. 

 

In a subsequent investigation, we further tested the fundamental limitations of radial pair 

potentials by targeting crystal structures with appreciably less symmetry, including those in which 

the particles have different local structural environments [4].  Using a modified optimization 
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technique, we designed short- ranged radial pair potentials that stabilize the two-dimensional 

kagomé crystal, the rectangular kagomé crystal, and rectangular lattices, as well as the three-

dimensional structure of CaF2 crystal inhabited by a single particle species. We presented general 

principles that offer guidance in determining whether certain target structures can be achieved as 

ground states by radial pair potentials. 

 

The final example considers the first application of inverse statistical mechanics to designing 

radial two- state Ising interactions of finite range to produce targeted spin configurations as ground 

states [6]. We considered a general family of striped phase spin configurations comprised of 

alternating parallel bands of up and down spins of varying thicknesses and a general family of 

rectangular block checkerboard spin configurations with variable block size, which is a 

generalization of the classic anti-ferromagnetic Ising model. Our findings demonstrate that the 

structurally anisotropic striped phases, in which the thicknesses of up and down spin bands are 

equal, are unique ground states for isotropic short-ranged interactions. By contrast, many of the 

block checkerboard targets are degenerate ground states.  It will be interesting to explore whether 

such inverse statistical-mechanical techniques could be employed to design materials with desired 

spin properties. 
 
Future Plans 

 

Future work will focus on finding the interaction potential, not necessarily pairwise additive or 

spherically symmetric, that optimally stabilizes a targeted many-body system, which may be a 

crystal, disordered or quasicrystal structure, by incorporating structural information that is not 

limited to the pair correlation function and generally accounts for complete configurational 

information.  Our primary interest is in the possible many-body structures that may be generated, 

some of which may include interesting but known structures, while others may represent entirely 

new structural motifs.  We plan on extending our inverse methods to multicomponent systems.  

Moreover, the inverse methods described here can be employed to find targeted structures for 

metastable states as well as nonequilibrium configurations.  Finally, an important component of 

future research will be the development of robust potentials (even if not optimal) for targeted 

structures and bulk properties that can be synthesized experimentally with colloids or other soft 

matter systems as well as solid state systems. 

 

References 

 

1. J. P. Hansen and I. R. McDonald. Theory of Simple Liquids. Academic Press, New York, 1986. 

2. S. Torquato. Inverse optimization techniques for targeted self-assembly. Soft Matter, 5:1157-

1173, 2009. 
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 Dendrites are tree-like structures that frequently form during solidification of 

castings. Dendrites possess secondary and, sometimes, even tertiary side branches. While 

the tip radius and tip velocity of the dendrite are set by the growth conditions, the side 

branches behind the tip undergo a coarsening process under nearly isothermal conditions. 

The resulting two-phase mixtures are morphologically complex. These dendritic two-

phase mixtures are one example from a large class of morphologically complicated 

structures found in nature that undergo coarsening. Included in this class are the 

bicontinuous two-phase mixtures produced following phase separation. Understanding 

the coarsening process in these systems requires theory, simulation, and experiments that 

capture their three-dimensional (3D) morphology.   

 

At the core of the investigation is a four-dimensional (4D) characterization and analysis 

approach, which follows the morphological evolution process in three dimensions and in 

time (an additional dimension).  A combined theoretical and experimental program is 

employed to examine the nature of the coarsening 

process in these highly complex, dendritic 

microstructures. The experiments examine the 

time-dependent evolution of the dendritic 

mixtures in three dimensions in situ through X-ray 

microtomography. The results of these 

experiments are used both to provide insights into 

the coarsening process and to guide the 

development of theory. Simulations of coarsening 

in bicontinuous mixtures are used to develop a 

theory of coarsening in these systems that can 

elucidate the role of the complicated morphology 

found in dendritic systems on the coarsening 

process.  

 

Recent Progress 

 

X-ray computed tomography allows for 4D measurements of the locations of solid-liquid 

interfaces within  a solid-liquid mixture that is being held at a constant temperature. The 

3D reconstruction of this solid-liquid mixture is shown in Fig. 1. This allows us to 

 
Fig. 1.  A solid-liquid mixture 

used to determine interfacial 

velocities; the volume fraction of 

solid is 35%. 
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capture both the curvature of the interface, which sets its chemical potential, and the 

resulting evolution of the sample.  

 

Using the 3D reconstructions at two 

different times, we determine the 

interfacial velocities and show that, on 

average, the normal velocity of an 

interface is approximately proportional 

to its mean curvature, see the dotted 

line on Fig. 2 that shows the average V 

for a given H.  The mean curvature of 

a patch sets the value of the chemical 

potential in the liquid, but the velocity 

at a point on the interface also depends 

on the surrounding diffusion field.  

Thus, the qualitative dependence on 

the average velocity with H implies 

that the chemical potential plays a 

surprisingly important role in setting 

the velocity at a point on the interface. 

This result indicates that diffusion is 

affecting all the mean curvatures more 

or less uniformly.  

 

However, diffusional interactions are still important. From Fig. 2, it is evident that for a 

particular mean curvature value, there is a significant dispersion of velocities; for 

example, at H = 1.0 in Fig. 2, V can have a value between -1.5 and +1.0. If we examine 

the distribution of velocities for given pair of mean (H) and Gaussian (K) curvatures, the 

geometry of the patch is fixed, and thus if there is a dispersion in velocity it is due to 

diffusional interactions between interfacial patches. Fig. 3 shows that there is, in fact, a 

distribution of velocities for that pair of curvatures and that this distribution is very nearly 

a Gaussian distribution, implying that the interactions are random despite the non-random 

microstructure. Most interestingly, this is a very general result: the distribution is 

Gaussian for all values of H and K, regardless 

of volume fraction, stage of coarsening, or 

whether those patches are shrinking or 

growing on average.  

 

To assess the generality of these results, we 

are investigating how the normal velocity is 

affected by the local curvature and the 

curvature of the surrounding interfaces during 

coarsening in a completely different structure: 

the bicontinuous structure produced following 

spinodal decomposition. Fig. 4 shows (a) the 

interfacial shape distribution (ISD) of the 

 
Fig. 2. Interfacial velocities, V, scaled on the 

characteristic coarsening rate, dSv
-1

/dt, as a 

function of the scaled mean curvature H. P is 

the probability of finding a patch of interface 

with a given pair of H and V, and Sv is the 

surface are per volume. 

 
Fig. 3. The distribution of velocities 

for given H and K.  The dashed line is 

the best fit to a Gaussian distribution. 
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simulated structure.  The ISD shows that nearly all the interfaces have negative K, or are 

saddle-shaped, which is very different from the experimental microstructures.  

 

Figure 4(b) shows that the interfacial velocity is strongly coupled to H as the average 

velocity rapidly changes in the direction perpendicular to the H = 0 line (where k1 = -k 2
 

and  and  are the principal interfacial curvatures), but not along a line of constant H. 

The strong dependence of interfacial velocity on the mean curvature is natural, since the 

chemical potential at the interface is related to the mean curvature of the interface. 

However, we also find that the magnitude of the average velocity increases, albeit less 

rapidly, along a constant H-line as the net curvature, d = k1

2 +k 2

2 , increases. This 

increase in the magnitude of average velocity could be due to interfaces with same mean 

curvature having varying net curvature, which represents from overall bend of the surface 

as d increases. Thus, one could hypothesize that the velocity of the interfaces with 

complex geometry cannot be described by the mean curvature alone, but requires 

additional parameters such as net curvature and the morphologies of the surrounding 

interfaces.  

 

Despite the very different morphologies, we also find for the simulated microstructure 

that the interfacial velocity distribution is well described by a Gaussian distribution for a 

fixed pair of H and K (or  and ), in agreement with the experimental results shown in 

Fig. 3.  To determine how this Gaussian distribution varies as a function of  and , we 

plot the standard deviation of the distribution on the curvature space in Fig. 4c.  The 

standard deviation increases with increasing magnitude of the mean curvature. Similar to 

the average velocity values, the standard deviation of the velocity distribution also 

increases with increasing net curvature at constant H. Possible explanations for the 

increase in the standard deviation of velocity with increasing mean curvature and net 

curvature are: (a) highly curved interfaces may experience longer-range interaction with 

surrounding interfaces than flatter interfaces, and/or b) highly curved interfaces may have 

higher probability of being surrounded by wider range of morphological environments. 

 

Fig. 4. (a) The interfacial shape distribution of the simulated bicontinuous 

structure, where  and  are the principal curvatures of a patch of interface (b) 

the scaled interfacial velocity averaged over all interfaces with a given  and  

and (c) standard deviation of Gaussian fit of the velocities with a given  and . 
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Future Plans 

 

Using the experimental data and simulations, we shall explore the reasons underlying the 

observed Gaussian distribution of interfacial velocities. For example, it is not clear why 

interfaces interact randomly, even though the structures themselves are far from random.  

Using the simulations, we shall determine if this same random distribution of velocities is 

present when the system is coarsening by nonconserved dynamics, where there are no 

diffusional interactions.  In addition, we will use the combination of local and statistical 

analyses to fully understand the combined effect of mean curvature and the net curvature 

of interfaces on the interfacial velocity in structures resulting from evolution via 

conserved dynamics and more complex microstructures obtained from experiments.   

 

DoE Sponsored Publications in the Last Two Years 
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Program Scope 

The overall goal of our DOE project DE-FG02-07ER46448 is to understand, predict, and 

ultimately control the self-assembled nanostructures of rod-coil (RC) block copolymers in bulk, 

under thin-film confinement and with applied magnetic field. Photovoltaic (PV) energy obtained 

using -conjugated (semiconducting) polymers is very attractive due to its cheap materials, low 

processing cost, and ease of large-scale manufacture. Control of the polymer morphology and 

structure at the nanoscale is critically important for optimizing the efficiency of polymer 

optoelectronic devices. The underlying hypothesis of this research is that such control can be 

achieved with magnetic-field directed assembly in thin films of RC block copolymers containing 

conjugated rod blocks. Using judiciously designed models and carefully selected methods, 

including 3D real-space parallel self-consistent field (SCF) calculations with high accuracy and 

newly proposed fast off-lattice Monte Carlo (FOMC) simulations with soft potentials that allow 

particle overlapping
1
, we examine in detail the effects of key factors (rod block length and 

volume fraction, RC incompatibility, orientational interaction between rod blocks, bending 

rigidity of rod blocks, and system fluctuations/correlations) on the self-assembled morphology of 

RC diblock copolymers (DBC) in bulk, as well as the effects external conditions (surface 

preference, film thickness, substrate topology, and applied magnetic field strength) for obtaining 

the optimal structures of bulk heterojunction in RC DBC thin films optimal for PV cells. This 

research will allow knowledge-based rational design of these nanomaterials, instead of trial-and-

error experiments in a large parameter space, which will advance their integration into a range of 

technologically important applications, including the fabrication of polymer-based PV cells, 

light-emitting diodes, field-effect transistors, and chemical and biological sensors. 

Recent Progress 

Since our project began on August 15th, 2011, we have made significant progress mainly 

in two directions: model development and quantification of fluctuation/correlation effects. To 

address the issue of lack of exact treatment of orientational interactions between rod blocks, we 

proposed a novel soft spherocylinder model that takes into account the degree of overlap 

between two spherocylinders (Model B), instead of a simpler model that depends only on the 

shortest distance dmin between two spherocylinders (Model A). In particular, for two 

spherocylinders 1 and 2 both of diameter  and length L (L0 corresponds to spheres), the pair 

potential in Model A is given by uA(dmin)  ≥0 if the shortest distance between two line 

segments representing the spherocylinders dmin(r1r2,u1,u2,L) and 0 otherwise, while that in 

Model B is given by 
1 2 1 2

B 1 2 1 2 1 2 0 1 1 1 2 2 2
1 2 1 2

( , , , ) d d ( ; )u L t t u t L t L   
 

     r r u u r u r u ; here 

1kT with k denoting the Boltzmann constant and T the thermodynamic temperature, ri (i1,2) 

is the spatial position of the center of spherocylinder i, ui is a unit vector denoting the orientation 
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of spherocylinder i, and the integrations over t1 and t2 include the repulsion between all pairs of 

points (one on each line segment representing a spherocylinder) via a normalized isotropic pair 

potential u0 depending on the distance r between the two points given by u0(r;)343
 if 

r and 0 otherwise. Note that uB can be evaluated analytically and thus efficiently, and that in 

the limit of →∞ both Model A and B recover the standard model of hard spherocylinders for 

liquid crystals. Fig. 1(a) clearly shows that Model B captures the degree of overlap between two 

spherocylinders while Model A does not. Note that in general the overlapping volume V0 

between two spherocylinders is unknown, and that dmin in the case shown in Fig. 1(a); any soft 

spherocylinder model depending only on dmin therefore gives the same result as our Model A.  

We further extended the above Model B for RC DBC, where RR
, CR

, and CC
 are 

introduced to control the repulsion strength between rod-rod, coil-rod, and coil-coil segments, 

respectively, and R
, (R

C
)2, and C

 are used for the corresponding repulsion range of u0. In 

addition, each coil segment is modeled as a sphere, and the connectivity of coil segments and the 

two blocks on a chain is taken into account by the discrete Gaussian chain model. Since this 

generic, coarse-grained model for RC DBC is based on an isotropic pair potential u0, it is 

computationally very efficient and can be used in SCF and virial expansion (VE) calculations as 

well as FOMC simulations, thus enabling unambiguously quantification of 

fluctuation/correlation effects by direction comparisons among the results obtained using these 

methods without any parameter-fitting.  

Using FOMC simulations in an isothermal-isobaric ensemble with replica exchange at 

different pressures
2
 and multiple histogram reweighting

3
, we studied the isotropic-nematic 

transition of both Model A and B and mapped out their phase diagrams; the results for Model A 

is shown in Fig. 1(b). This helps us in selecting appropriate parameter values in our subsequent 

study of RC DBC. In addition, Fig. 1(b) compares our FOMC results with the predictions from 

SCF theory (a mean-field theory neglecting the system fluctuations and correlations) and VE 

(a)   (b)  

Fig. 1. Comparisons of (a) uA and uB with the actual overlapping volume V0 between two 

spherocylinders having their axes on the same line and their centers separated at distance h (as 

shown in the inset), where each quantity is normalized by its (maximum) value at h0, and (b) 

the ensemble-averaged number density (per volume of 3
) of spherocylinders in the co-existing 

isotropic and nematic phases, I and N, respectively, obtained from FOMC simulations, VE and 

SCF calculations, where Model A is used. L7 in both (a) and (b).  
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analogous to Onsager’s original work
4
 (which takes into account the leading order, two-body 

correlations), and clearly indicates the importance of properly treating the fluctuation/correlation 

effects on the orientation-dependent excluded-volume interactions between spherocylinders, 

which play a crucial role in the self- and directed assembly of RC DBC. 

The only way to unambiguously quantify the system fluctuations/correlations is by 

comparing simulation results with mean-field theories based on exactly the same model system, 

as shown in Fig. 1(b). Unfortunately, this has rarely been done even in the case of flexible, linear 

and symmetric DBC melts in bulk. We therefore took a model DBC system of discrete Gaussian 

chains interacting with soft, finite-range repulsions as commonly used in dissipative-particle 

dynamics simulations
5
. Using FOMC simulations and mean-field calculations both based on this 

model system, we unambiguously quantified the effects of fluctuations/correlations on the shift 

of the order-disorder transition (ODT) *
 of symmetric DBC from the mean-field value *

MF, 

which is a classic yet unsolved problem in polymer physics. In particular, Fig. 2(a) shows that, 

while *
*

MF1 k
 is found with denoting the invariant degree of polymerization 

controlling the system fluctuations, k decreases around the-value corresponding to the face-

centered cubic close packing of polymer segments as hard spheres, indicating the short-range 

correlation effects. This is the first systematic study on the ODT shift of symmetric DBC with 

experimentally accessible fluctuations, and provides solid data for testing/developing advanced 

fluctuation theories for inhomogeneous polymers. 

Theories are needed in order to further understand the fluctuation/correlation effects 

revealed in our FOMC simulations. Based on the above model system, we quantitatively 

compared the commonly used Gaussian-fluctuation (GF) theory, which includes fluctuations 

only at the Gaussian level, and the Reference Interaction Site Model (RISM) theory
7
 with our 

FOMC simulations for the disordered phase of symmetric DBC, to unambiguously reveal the 

consequences of the theoretical approximations employed for treating the system 

fluctuations/correlations. In particular, we find that, while GF theory does not give good 

(a)   (b)  

Fig. 2. ODT shift of symmetric DBC vs. obtained from (a) our FOMC simulations, where N is 

the number of segments on each chain, a is the effective bond length in our chain model, and  is 

the Helfand compressibility
6
; and (b) our FOMC simulations and VE calculations, where N10, 

a0.3 and N0 are used. In both plots, the k-value is given next to each line. 

255



predictions in most cases, RISM theory with the commonly used atomic Percus-Yevick closure
8
 

(which includes non-Gaussian fluctuations in an approximate way) can qualitatively explain the 

trends of ODT shift found in our FOMC simulations at≥10
3
 (accessible in most experiments 

on DBC). This theory, however, is only applicable to the homogeneous (disordered) phase and 

thus cannot describe the change of the negative slope k shown in Fig. 2(a). Therefore, we have 

further developed a VE theory for polymer melts that can be applied to both homogeneous and 

inhomogeneous systems. Our preliminary results shown in Fig. 2(b) indicate that this theory is 

very promising for properly (although not quantitatively) treating the fluctuations/correlations in 

inhomogeneous polymers. Another advantage of our VE theory is that it can be readily 

implemented in the well developed and widely used SCF calculations
9
 [which gives *

*
MF in 

Fig. 2(b)]; the only modification is to replace the segment pair potential u(r) by 1exp[u(r)]. 

We therefore expect the wide application of our VE theory to many polymeric systems. 

Future Plans 

With our computationally very efficient models and methods developed, in the next year 

we will focus on the 3D parallel SCF and VE calculations to examine the effects of various key 

factors on the self- and directed assembly of RC DBC. Guided by these theoretical results, we 

will also perform FOMC simulations for selected cases to unambiguously quantify the 

fluctuation/correlation effects by direct comparisons among SCF, VE and FOMC results based 

on the same model system of RC DBC. 
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Program Scope 
 

In this project we investigate quantum dot sensitized solar cells (QDSSCs) based on 

ternary metal oxide nanowires. Published work on nanostructure-based photovoltaic devices 

has mainly focused on binary metal oxides [1,2]. Compared with simple binary materials, 

ternary metal oxides offer certain advantages. For example, optimizing their band alignment 

with respect to the electrochemical potentials of the redox couples can reduce back electron 

transfer and create an improved photovoltage that is one of the major factors affecting the 

efficiencies of QDSSCs [3,4]. We also inspect non-solution based synthesis and deposition of 

quantum dots (QDs) on nanowires. Conventional solution-based QD synthesis methods 

involve linker molecules that present transport barriers for photo-generated electrons, and the 

ligand exchange processing is also challenging for certain types of QDs. In this project we 

utilize physical methods such as pulsed laser deposition (PLD) to assemble QDs on 

nanowires, which can avoid the use of ligand molecules and could possibly lead to solar cells 

with improved performance. In addition, it is well known that liquid electrolytes in QDSSCs 

have issues such as being volatile and corrosive, which causes QD corrosion and decreases 

the long-term stability of the cells. Therefore, another effort of this project is to investigate 

the synthesis of solid-state electrolytes, especially novel polymer electrolytes, for the creation 

of all-solid-state QDSSCs.  

 

Recent Progress 

 

We have synthesized several types of ternary metal oxide nanowires such as Zn2SnO4 

and Zn2GeO4 nanowires. The synthesis of Zn2GeO4 nanowires was carried out in a 1-inch 

quartz tube that was mounted on a single-zone furnace. The molar ratio of the source 

materials was ZnO:GeO2:C = 

2:1:3,  which were placed at the 

center of the quartz tube. The 

FTO substrate for nanowire 

growth was first cleaned and 

coated with 3-nm Au, and then 

was placed at the edge of the 

furnace tube where the local 

temperature during the growth 

was 550 
o
C. The furnace was kept 

at 1000 
o
C and under a pressure 

of 2 Torr, and the carrying gas 

mixture was N2 (100 sccm) and 

O2 (2 sccm). Figure 1 shows the 

field-emission scanning electron 

258



 

 

 

microscopy (FESEM), transmission electron microscopy (TEM), and x-ray diffraction 

(XRD) examination results of the synthesized Zn2GeO4 nanowires. It can be seen from the 

FESEM examination that the Zn2GeO4 nanowires were uniform and had a relatively long 

length, with diameters in the range of tens of nanometers. All of the peaks in the XRD 

pattern, except those labeled by the star symbols, were indexed to be Zn2GeO4 rhombohedral 

structure, with lattice constants of a = b = 1.423 nm, c = 0.953 nm, α = β = 90°, and γ = 120° 

from JCPDS card 11-0687. The peaks labeled by the stars were from the FTO substrate. In 

this work impurity peaks such as those from ZnO or GeO2 were not observed, indicating a 

good yield of the Zn2GeO4 phase in the final product.  

We have investigated PLD deposition of magnetically doped quantum dots such as 

Mn-doped ZnS QDs. The primary reason to study doped QDs is that doping may alter the 

energy levels of the QDs and introduce spin-polarized states that may suppress unwanted hot 

carrier relaxation. We have been pursuing both PLD in vacuum and laser ablation in liquid 

for this purpose, and such 

laser-facilitated, non-

equilibrium growth will allow 

higher doping level to be 

achieved in the QDs than 

what is typically limited by 

the small size of the 

nanoparticles. ZnS QDs is 

benign with minimal 

environmental impact and at 

the same time the target is 

easy to make using 

conventional chemical methods. To prepare Mn-doped ZnS target, Zn(CH3COO)2·2H2O and 

Mn(CH3COO)2·2H2O were dissolved in deionized water under stirring at room temperature. 

After drying, the powders were pressed into a pellet and annealed at 900 
o
C for 8 hr. TEM 

and XRD results showed QDs of average particle size of ~3 nm of zincblende cubic structure 

for the 5% Mn-doped ZnS. Figure 2(a) shows the photoluminescence (PL) emission 

spectrum of 5% Mn-doped ZnS QDs prepared by laser ablation in water. The smaller broad 

peak at 445 nm was from the excitonic emission of ZnS, while the main emission peak at 597 

nm was due to the internal Mn d−d transition (
4
T1−

6
A1) [Figure 2(b)]. The Mn-doped ZnS 

exhibited Curie-Weiss behavior and showed an antiferromagnetic transition at about 2.7 K. 

The details of their magnetic properties are currently being investigated along with their 

optical properties and QDSSC applications.  

We have also synthesized a novel polymer electrolyte based on S and [(CH3)4N]2SO4. 

The polymer frame is poly(ethylene oxide) (PEO) blended by poly(vinylidene fluoride) 

(PVDF). PEO is an important polymer for applications in lithium ion batteries and has a high 

molecular weight of ~10
6
 g/mol. By blending it with PVDF the obtained composite polymer 

frame exhibited improved mechanical and electrical properties. To dope this PEO-PVDF 

polymer frame we used S and [(CH3)4N]2SO4, which introduced the redox couple. After 

doping, the polymer electrolyte became a hydrogel and could be applied to the QD/nanowire 

structures. The structures could then be dried in an oven at a temperature of ~80 ºC to 

remove the solvent and create QDSSCs containing the solid-state electrolyte. Figure 3(a) 

shows our preliminary result of this polymer electrolyte’s ionic conductivity as a function of 
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S:[(CH3)4N]2SO4 ratio, and Figure 3(b) shows the corresponding incident photon-to-current 

conversion 

efficiency (IPCE) 

of the all-solid-

state QDSSCs 

fabricated using 

this electrolyte. 

These results 

revealed that a 

S:[(CH3)4N]2SO4 

ratio of 2:1 

yielded the best 

electrolyte 

performance. 

 

Future Plans 

 

Photovoltaic cells based on ternary metal oxide nanowires and semiconductor QDs 

are promising energy harvesting structures, and we will continue our investigation of this 

important subject. For nanowire synthesis, we will continue the synthesis of metal oxide 

nanowires for applications in QDSSCs, including other types of ternary metal oxide 

nanowires and magnetically doped nanowires. For QD synthesis, we will continue 

investigating the utilization of PLD method to create magnetically doped QDs such as Mn-

doped CdSe or PbS QDs. As discussed previously, such doping can alter the energy levels of 

the QDs and introduce spin-polarized states, which may benefit the performance of QDSSCs. 

For polymer electrolyte synthesis, we will investigate several methods to improve their ionic 

conductivity, such as doping with magnetic nanoparticles and introducing magnetic field 

treatment. We will also investigate carrier transport mechanisms in the fabricated prototype 

PV cells using a variety of experimental methods such as Intensity-Modulated 

Photocurrent/Photovoltage Spectroscopy. 
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Program Scope 

 

Three-dimensional (3D) nanowire (NW) networks are promising architectures that can 

effectively project the extraordinary properties of one-dimensional objects into a 3D space.  This 

structure requires NWs to be grown densely and uniformly as well as bridged among themselves.  

However, growing such a structure is very challenging due to the coupling between crystal 

growth rate and precursor concentration, which is intrinsic to almost all NW synthesis techniques.  

Recently, we have overcome this challenge by the surface-reaction-limited pulsed chemical 

vapor deposition (SPCVD) technique, which mimics the self-limited growth mechanism of 

atomic layer epitaxy (ALE).  Through this technique, single-crystalline anatase TiO2 NWs were 

uniformly grown, covering the entire inner surfaces of anodic aluminum oxide (AAO) 

nanochannels and dense Si NW arrays.  The formation of NW morphology is believed to be due 

to a combined effect of surface recombination and restructuring.  The SPCVD is another 

example of adapting conventional thin film growth techniques to NW synthesis that inherits the 

merits from its parent technologies (conformal coating in this case). 

This research project is to obtain in-depth understanding of the nanoscale crystal growth 

behavior in a SPCVD process, and thereby achieve well-controlled syntheses of 3D NW arrays 

inside highly-confined spaces.  Scanning transmission electron microscopy, atomic force 

microscopy and in-situ X-ray absorption will be applied to study the atomic recombination and 

restructuring on TiO2 crystal surfaces, and thereby understand the nucleation and anisotropic 

crystal growth mechanisms of TiO2 and reveal how a continuous polycrystalline ALE film is 

evolved into discrete NW arrays.  This understanding will then be applied to controlling the 

composition and dimensionality of TiO2 NWs and eventually to the growth of other functional 

materials.  This project will set a knowledge ground of the SPCVD that can uniformly grow NW 

arrays of controlled composition and morphology inside 3D-confined and submicron-sized 

spaces, thus enabling the creation of a variety of new functional nanomaterial architectures. 

 

Recent Progress 

 

The SPCVD technique presents a unique growth behavior that does not follow the 

conventional growth models of polycrystalline or epitaxial oxides via ALE or atomic layer 

deposition (ALD).[1] It thus provides a valuable platform for studying and comparing phase 

evolution during ALD process. We did a comprehensive atomistic study of crystal nucleation 

and growth behaviors of TiO2 nanostructures grown by SPCVD/ALD.[2] By applying 

aberration-corrected scanning transmission electron microscopy (STEM) and TEM 

characterization, we revealed the transformation process and sequence of atom arrangement 

during high-temperature TiO2 ALD growth, where the Ostwald-Lussac Law was found to be the 

governing rule of phase evolution. At high temperature, the amorphous-crystalline ALD mixture 
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can enable a unique anisotropic crystal growth behavior forming TiO2 nanorods via the principle 

of vapor-phase oriented attachment. 

Crystal evolution was first investigated from TiO2 nanostructures deposited at 600 ºC on 

single-crystalline ZnO and Si NW surfaces. Figure 1 shows a series of high resolution high-angle 

annular dark-field STEM (HR HAADF STEM) images taken at the interfaces between TiO2 and 

supporting Si NWs, where different growth stages are indexed by the growth cycles. At the 

beginning of growth (1~5 cycles), there are no noticeable TiO2 morphologies such as films or 

islands (Figs. 1a and 1b); whilst electron energy loss spectroscopy (EELS) analysis reveals the 

existence of Ti elements from the Si NW edge. At 10 cycles, three typical morphologies emerged 

as shown in Fig. 1c: cloudy and loosen amorphous flakes with diameters ranging from 1 to 2 nm; 

ultrathin amorphous film covering the surface of Si NW with a thickness of several angstroms 

(inset of Fig. 1c); and sparsely distributed fuzzy amorphous particles with a diameter of ~ 1 nm. 

When growth proceeds to 20 cycles, amorphous particles and ultrathin films became the 

dominating morphologies (Fig. 1d). The density of amorphous particles at the 20-cycle stage 

largely increased compared to the 10-cycle samples, while similar diameters remained. In 

addition, no cloudy flakes were observed at this stage suggesting that the flakes are unstable 

transient morphology. After 35 cycles of growth, the NW surfaces were covered with larger 

nanoparticles (5-10 nm), which were agglomeration of small crystallites shelled by thin 

amorphous layers (Fig. 1e). As the growth proceeded to 50 cycles, the integrated nanoparticle 

assemblage became larger and its elongated shape appeared like embryos of NRs (~10 nm wide 

and ~20 nm long, Fig. 1f). Both HR HAADF STEM image and its Fast Fourier Transform (FFT) 

(right inset of Fig. 1f) show that most small crystallites in the nanoparticle assemblage had the 

same orientation. A thin amorphous layer was also observed in the outmost region of the bulk 

embryos. At 75 cycles, high-density miniature NR-like single crystals of ~ 20 nm wide and ~ 40 

nm long started to form (Fig. 1g). Eventually, typical high-aspect ratio TiO2 NRs (width: ~ 40 

nm; length: ~ 200 nm) were received after longer growth cycles (Fig. 1h). The entire NR 

evolution process is schematically shown in Fig. 1i. 

HR HAADF STEM observation suggests that the formation of TiO2 NRs at 600 ºC 

consists of two processes: evolution 

of crystallites from amorphous 

nanoparticles via phase 

transformation; and self-

organization of the crystallites into 

polycrystalline nanoparticles 

assemblage. It suggests that the 

entire TiO2 crystal evolution 

pathway at high-temperature (high-

T) can be summarized as:  

amorphous film/flakes → 

amorphous particles → anatase → 

rutile. The formation of transient 

metastable TiO2 phases during the 

nucleation pathway follows the 

empirical Ostwald-Lussac Law.[3] 

This law states that an unstable 

system does not necessarily 

 
Figure 1. Evolution of TiO2 NRs at different SPCVD 

cycles at 600 
o
C revealed by HR HAADF STEM from 

2 to 300 cycles (a-h). i. Schematic illustration the entire 

evolution process of TiO2 NRs. Scale bars are 5 nm 

unless otherwise noted. 
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transform directly into the most stable phase, but 

likely into one that most closely resembles itself. In 

terms of energy, the phase transformation is always 

accompanied by the minimum energy loss. Such a 

non-equilibrium process therefore involves more 

kinetic concepts.  

For a kinetically-limited chemical process, the 

nucleation rate can therefore be presented as 

)
)(ln

exp(
2

3

S
BAJn


 , where γ is the surface free 

energy of nucleus and lnS is supersaturation. Figure 2 

shows the nucleation rates of amorphous film/flakes, 

amorphous particles, anatase, and rutile phases of TiO2 

versus activity product of the precursors divided by the 

equilibrium product of amorphous particles. The color 

dash lines are applied to qualitatively illustrate the 

normalized equilibrium products of amorphous 

nanoparticles, anatase and rutile structures and the 

precursor activity. According to Fig. 2, though the 

supersaturation of anatase TiO2 is higher than 

amorphous nanoparticles at any randomly-chosen 

considerable activity product (lnSanatase > lnSamorphous particle), its nucleation rate is much lower than 

the amorphous nanoparticles. This perfectly agrees with our discovery from the 600 ºC 

SPCVD/ALD results. The key factor yielding such a nucleation pathway is the drastic difference 

of surface free energies among different phases of TiO2, which has more influence (3rd power) 

on the nucleation rates. Literature reports revealed that the surface free energies of the three 

phases in Fig. 2 follow the relation: γamorphous particles < γanatase < γrutile. Therefore, although Gibbs 

free energy change of anatase is larger than that of amorphous flakes/films, the much lower γ of 

amorphous flakes/films makes their nucleation energy barrier lower than that of direct formation 

of anatase phase, rendering a preferable nucleation route towards unstable amorphous phase at 

the beginning. This numerical analysis, together with the experimental observation, evidences 

that the TiO2 SPCVD or ALD growth at 600 ºC follows the Ostwald-Lussac Law. 

To further understand the anisotropic growth phenomenon that is responsible for NR 

formation, samples obtained from longer growth cycles were investigated. After 75 cycles of 

growth, HR HAADF STEM images revealed that the entire surface of single crystalline NR is 

covered with a ~2 nm thick percolated film (a mixture of polycrystalline TiO2 with amorphous 

intercalation, Fig. 3a). This is considered as the secondary nucleation on the surface of evolved 

TiO2 crystals, which still follows the Ostwald-Lussac Law. From the 200-cycle sample, the base 

portion of the NR exhibited a clean and smooth surface – no percolated film or other defects 

were observed (Fig. 3b-i). The percolated film started to appear at the middle region of the NR. It 

was a transient morphology with its thickness varying from a few angstroms (the bottom side) to 

~ 1 nm (the top side) (Fig. 3b-ii). Fully evolved percolated film was only found at the top portion 

of NR (Fig. 3b-iii). EELS line scan demonstrated that the outmost tip of NR contained much less 

Ti and O, indicating this was the region under development, or actively growing (Fig. 3b-iv). 

After 400 cycles (Fig. 3c), the NR’s body (i), side surface (ii), and front (iii, iv) all exhibited high 

 
Figure 2. Nucleation rate of 

different phases of TiO2 versus the 

precursor’s activity product. Keq is 

the equilibrium products, lnS are 

defined as the supersaturations under 

the fixed activity A1 (lnS = A1/ Keq). 

Subscripts am, an and r stand for 

amorphous, anatase and rutile phases 

of TiO2, respectively. 
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quality crystallinity and no 

percolated film could be 

observed (the amorphous layer 

observed in Fig. 3c-iv is due to 

carbon deposition in STEM 

chamber). TEM images show 

that the NR builds its body by 

sacrificing the surface percolated 

layers. When the mobility of 

surface crystallites becomes high 

enough (e.g. under high 

temperature, 600 ºC and 

hydroxyl group-rich 

environment), they could travel 

on the crystal surface and 

organize themselves to attach to 

appropriate NR surfaces 

following oriented attachment 

mechanism, as schematically 

shown in Fig. 3d.  

 

Future Plans 

 

We plan on continuous studying the nucleation and growth behavior of SPCVD/ALD at high 

temperature for different materials and compositions. For example, doping capability of SPCVD 

in the growth of N-doped TiO2 NWs and the SPCVD growth mechanism of other oxide materials, 

including ZnO, SnO2, and V2O5 will be studied. Meanwhile, we will also setup a portable ALD 

system that allows in-situ X-ray absorption near-edge structure (XANES) spectroscopy 

characterization on TiO2 crystal evolution in SPCVD process, which will be performed at 

Argonne national laboratory.  
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Figure 3. Vapor phase oriented attachment growth of TiO2 

NR by 600 ºC ALD. a-c, Atomic structure of NR grown at 

75, 200, and 400 cycles, respectively. d, Schematics 

showing the oriented attachment process for the 

anisotropic growth of a TiO2 NR. Scale bars are 2 nm 

unless otherwise noted. 
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Program Scope 
 

The charisma of the B80 Buckyball not only motivated our own work within the initial stage of 

this program but has fueled substantial research efforts worldwide. It has exploded into hundreds 

of detailed studies of the family of large clusters, especially hollow cages, with theoretical 

analysis still emerging almost weekly. Moreover, over the years of this project, the “unfolding of 

the fullerene” [1] in the case of boron proceeded in a way very similar to actual chronological 

developments in carbon research: first the C60 Buckyball, then carbon nanotubes, and then  

graphene. As if copy-cat of these decades long development, boron research interests also 

evolved—pretty quickly—from fullerenes to planar monoatomic sheets and their folded form, 

boron nanotubes, and recently to probing the synthetic routes by employing first principles 

calculations. This latter aspect—exploration of possible synthetic approaches—is perhaps most 

relevant to this Program and also aligns well with resent general interests of materials genome 

initiative, MGI. 

 

Despite the impressively fast (albeit not always easy) progress in the theoretical lane, the 

experiment was lagging behind with fewer groups attempting and yet less succeeding in 

producing novel nanostructures of pure boron. Boron chemistry is rather different, in some 

respects more complex, and its practicality is often much more challenging. Suffice it to mention 

that no pure boron forms are available in nature, while there is plenty of carbon, or that boron 

precursors used to experiment with nanostructure synthesis, those precursors are often toxic. 

Handling this in experimental lab, especially in academic setting, requires safety permits, 

certification etc. Still, what is accomplished in our team and worldwide is quite significant. 

While larger part of theoretical studies focus on predicting possible stable (metastable) structures 

and their physical properties, we have added at later stage first example of probing the feasibility 

of synthesis, with the hope to assist experimental efforts. The approach allowed us to determine 

most efficient catalyst-substrates where pure boron is more likely to assemble into 2D-

monolayer, and yet to remain separable from such a substrate. This success leads us to expand 

this theoretical-computational analysis and to apply it to other boron-based nanostructures, in 

particular 2D-materials, presently of intense interest in the general quest for novel 2D materials 

“beyond graphene”. 

 

Recent Progress 
 

Propositions of various B-layer models come from density-functional theory (DFT) calculations. 

These models are derived from a parent B lattice by selective removal of B atoms–a procedure 

that results in hexagonal voids, or “vacancies” (V), and ultimately leads to a colossal 

configurational space. Exploring the later poses a daunting combinatorial problem, and was 

considered eventually “infeasible”, hampering the use of first-principles methods. 
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Recently, we have demonstrated 

[2] that the structural stability and 

diversity of elemental B-layers 

can be evaluated by treating them 

as B1-xVx pseudo-alloy. This 

approach allows for an elegant use 

of the cluster expansion method in 

combination with DFT 

calculations, leading to a thorough 

exploration of the configurational 

space. To render various V 

patterns we have used carefully 

chosen rhombic and rectangular 

supercells. In the preceding 

funding period, we have used a 

minimal supercell sizes as a proof 

of concept and for basic 

hypothesis testing. The 

subsequent large-scale effort 

undertaken in our very recent works [1,2] has uncovered a finite range of compositions x (Fig. 1, 

left) where the ground-state energy is essentially independent of x, identifying a variety of stable 

B-layer phases (all apparently metallic) and suggesting polymorphism, in stark contrast to 

graphene or hexagonal BN (h-BN, also being explored in this project). 

 

This discovery of polymorphism has brought us to the next challenging issue: how the stability 

of different forms is affected by the presence of substrates, and—even more interesting from 

practical point of you—how and which substrate may be able to facilitate the assembly of 2D-

layers of boron. In the broader context of “beyond graphene” era, the synthesis of novel 2D 

materials has attracted increasing interest because of their anticipated unique properties. While 

the production of 2D boron (
2D

B) sheets remains a challenge, it is even more important to 

investigate theoretically the possible fabrication methods. Recently, we explored the formation 

of B sheets on metal (Cu, Ag, Au) and metal boride (MgB2, TiB2) substrates using first-

principles calculations. Our results suggest that B sheets can be grown on the Ag(111) or 

Au(111) surfaces by deposition. B atoms decomposed from a precursor, and driven by the 

gradient of the chemical potential, will assemble into 2D clusters and further grow into a larger 

sheet, while formation of three-dimensional boron (
3D

B) structures could be impeded owing to a 

high nucleation barrier. In addition, saturation of a boron-terminated MgB2 surface in a boron-

rich environment can also lead to the formation of B sheets. These sheets are weakly bound to 

the substrates (Fig. 2), suggesting a feasible post synthetic separation into the free-standing 

forms. Our work proposes feasible approaches to synthesize 
2D

B, and could possibly pave the 

way towards its application in nano-electronics. This investigation is possibly a turning point for 

our future work within this project and even generally for synthesis of 2D materials of various 

compositions. 

 

The experimental part of the project has dealt with different approaches to grow pure boron 

nanostructures as well as boron containing nanostructures, guided by the insights gained from the 

 
Fig. 1  Left: Computed formation energies (brown 

symbols) of ~2100 different B-sheets show flat 

minimum [1]. The red “+”’s represent an extended 

sampling of the configurational space. Right: The larger 

images correspond to the lowest-energy configurations 

at x = 3/16 (top) and x = 1/4 (bottom). 
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theoretical investigations. Our efforts so far have led to the synthesis of amorphous boron 

nanowires by vapor transfer method. 

Gold coated single crystal Si(100) 

wafers with a thermal oxide layer 

were used as growth substrate. The 

boron source material was a mixture 

of pure boron powder, boron oxide 

and Mg powder. The mixture and 

substrates were heated in sealed quartz 

tube to 1150°C (source) and 900°C 

(substrate) for 60-120 minutes. Dark 

brown layer (Fig. 3A, inset) is formed 

on the surface of the substrate, which 

is characterized to contain high yield 

of amorphous boron nanowires. 

Electrical and optical measurements 

on these boron nanowires as well as 

photoconductivity measurements will 

be reported in an upcoming paper [8]. 

 

Although the preparation of pure 

boron nanostructures was challenging, 

we have had great success in synthesizing atomic layers containing hybridized domains of 

graphene and hexagonal boron nitride (h-BNC) that constitute a new kind of disordered 2D 

electronic system [9]. Magnetoelectric transport measurements performed at low temperature in 

vapor phase synthesized h-BNC atomic layers show a clear and anomalous transition from an 

insulating to a metallic behavior upon cooling. The observed insulator to metal transition [9] can 

be modulated by electron and hole doping and by the application of an external magnetic field. 

 

Future Plans 

 

Our past and ongoing work resulted now, besides the research discoveries, in a capable facility 

for accelerated research of boron-based nanostructures. Our initially pure-boron research evolved 

 
Fig. 2  Successfully aggregated 

2D
B can also have 

weak adhesion (cf. Au and Ag), permitting its 

liftoff. Color inset: computed charge transfer at the 

interface, explaining various bonding strengths [5]. 

 
Fig. 3. (A) SEM shows the morphology of amorphous boron nanowires. The inset shows 

as-grown boron nanowire on Si wafer. (B) HRTEM of a boron nanowire. Diffraction 

pattern (inset) indicates amorphous/nanocrystalline nature. (C) EELS spectrum shows K-

shell ionization edge at 188 eV, confirming boron composition. (D) Photoconductivity of 

the nanowires: I-V curve measured on a boron nanowire, solid black line is dark current 

and solid blue line is photocurrent. From [8]. 

269



 

while being influenced by concurrent broader developments in the research community. Within 

the emerging area of 2D materials our project focus has been mainly on two important examples, 

representing in certain way two extreme cases: pure elemental B as most subtle and not yet 

synthesized in the laboratories, and h-BN—hexagonal boron nitride, also known as “white 

graphene”—very stable compound, with the array of useful properties available for experiments. 

This compels us to extend search to a broad spectrum of 2D boron-rich compounds whose 

synthesis can be rationalized, and properties explored in detail. We will generalize our recently 

found approach, the first-principles computations of a layer-substrate system to offer a rational 

design of synthetic route for variety of 2D-compounds. Based on this approach we aim to 

achieve, through theoretical modeling and experiments, both synthesis and property 

characterization of several boron-based nanostructures, primarily monolayers: pure B layers 

(including two-dimensional crystals of B12) remain important lines of work; well-established 

stable h-BN; and novel layers of BC3, BSi, B2O3, and BxSy composition. We will mainly focus on 

2D-materials, while also continue exploration of nanowires of pure B as well as coaxial B/BOx, 

already obtained in our labs, but calling for deeper characterization and understanding. 

Moreover, while pursuing our well planned quest, we will also keep an eye open for potential 

detection of the hotly-debated boron Buckyball isomers, where serendipity must be a factor. 
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i) Program Scope 
 

The general objective of our project is to develop a molecular-level understanding of the thermal 

reactions that organometallic compounds used for atomic layer deposition (ALD) follow on 

surfaces.  ALD is poised to become one of the dominant technologies for the growth of 

nanometer-sized conformal films in many industrial applications.  In microelectronics in 

particular, the growth of diffusion, adhesion, and protection barriers and of metal interconnects is 

central to the buildup of diodes, transistors, and other elements within integrated circuits.  All 

these processes require the deposition of isotropic films on complex topographies under mild 

conditions and with monolayer control.  ALD is particularly suited to satisfy all those conditions, 

but many questions concerning the underlying surface chemistry need to be answer before it can 

find widespread use. 
 
Our mechanistic studies of the ALD-related reactions is being pursued with the aid of a number 

of surface-sensitive techniques, including X-ray photoelectron (XPS), Auger electron (AES), 

low-energy ion scattering (LEIS), temperature programmed desorption (TPD), and infrared (IR) 

spectroscopies.  Our present focus is on the study of processes for the deposition of copper metal 

interconnects, a central need in the microelectronics industry.  Specific questions are being 

addressed in terms of the kinetics and mechanisms of the reactions involved, and also in 

connection with the composition and morphology of the resulting films.  This knowledge will be 

directed to the design of ALD processes that operate under the mildest conditions possible and 

deposit stoichiometric and pure films with good density, low resistance, and smooth surfaces. 

 

 

ii) Recent Progress 

 

In the initial stages of this project, 

we have characterized the thermal 

chemistry of copper(I)-N,N'-di-

sec-butylacetamidinate on 

Ni(110) single-crystal and cobalt 

polycrystalline surfaces under 

ultrahigh vacuum (UHV) 

conditions by XPS and TPD [1; 

2].  This chemistry was later 

tested on a Cu(110) surface in 

order to probe the chemistry 

associated with the build up of 

the metal film once the first 

copper layer has been grown [3].  

 
 

Figure 1. Schematic depiction of the proposed thermal chemistry 

of the copper acetamidinate ALD precursor on Cu(110) surfaces. 
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Like on the other surfaces, a series of thermal stepwise conversions were identified on this 

substrate, starting with the partial dissociative adsorption of the copper acetamidinate dimers into 

a mixture of monomers and dimers on the surface.  An early dissociation of a C–N bond leads to 

the production of N-sec-butylacetamidine, which is detected in TPD experiments in three 

temperature regimes, the last one centered around 480 K.  Butene, and a small amount of butane, 

is also detected above approximately 500 K, and hydrogen production, an indication of 

dehydrogenation of surface fragments, is observed at 460, 550 and 670 K.  In total, only about 

10% of the initial copper(I)-N,N'-di-sec-butylacetamidinate adsorbed monolayer decomposes, 

and only about ~3% of carbon is left behind on the surface after heating to high temperatures.  It 

is interesting to note that deposition of copper films with this precursor is dirtier on Cu(110) than 

on Ni(110).  The overall mechanism derived from our studies for the chemistry on copper 

surfaces is shown schematically in Figure 1. 

 

To expand on our knowledge on the 

ALD of copper, and to test the behavior 

of Cu(II) precursors, in particular their 

potential for disproportionation 

reactions, the thermal chemistry of 

copper(II)acetylacetonate, Cu(acac)2, 

was also studied on both Ni(110) and 

Cu(110) single-crystal surfaces (Figure 

2) [4].  Like with the acetamidinate, 

stepwise chemical transformations 

were identified covering a temperature 

range from 150 to 630 K.  The 

desorption of Hacac and a 3-oxobutanal 

(CH3COCH2CHO) byproduct was 

observed first, at 150 and 180 K on 

Ni(110) and at 160 and 185 K on 

Cu(110), respectively.  Partial loss of 

the acetylacetonate (acac) ligands and a 

likely change in adsorption geometry were seen next, with the possible production of HCu(acac), 

which desorbs at 200 and 235 K from the nickel and copper surfaces, respectively.  Molecular 

Cu(acac)2 desorption is observed on both surfaces at approximately 300 K, probably from 

recombination of Cu(acac) and acac surface species. The remaining copper atoms on the surface 

lose their remaining acac ligands to the substrate and become reduced directly to metallic copper.  

At the same time, the organic ligands follow a series of subsequent surface reactions, probably 

involving several C–C bond-scissions, to produce other fragments, additional Hacac and 

HCu(acac) in the gas phase in the case of the copper surface, and acetone on nickel.  A 

significant amount of acac must nevertheless survive on the surface to high temperatures, 

because Hacac peaks are seen in the TPD at about 515 and 590 K and the C 1s XPS split 

associated with acac is seen up to close to 500 K.  In terms of ALD processes, this suggests that 

cycles could be design to run at such temperatures as long as an effective hydrogenation agent is 

used as the second reactant to remove the surface acac as Hacac.  Only a small fraction of carbon 

is left behind on Ni after heating to 800 K, whereas more carbon and additional oxygen remains 

on the surface in the case of Cu. 

 
 

Figure 2. Schematic depiction of the proposed thermal 

chemistry of cu(acac)2 on Ni(110) and Cu(110) surfaces.  

272



In a separate direction of research, we have been exploring non-thermal ways of activating ALD 

precursors as a way to trigger cleaner surface chemistry at lower temperatures.  In the past, we 

investigated the possibility of using electron bombardment excitation in the gas phase to activate 

stable cyclopentadienyl precursors.  Here we looked into the possibility of using photon-based 

excitations of adsorbed or condensed species.  In many applications, the deposition of solid films 

requires control over thickness, conformality, and possibly spatial resolution [5].  Polymeric 

films are often grown on surfaces with the aid of X-rays or other excitation sources, one example 

being the deposition of photoresist masks.  Polymerization is also possible via the use of 

catalysts, typically metalorganic compounds based on early transition metals.  Here we report on 

a way to grow solid films by combining X-ray excitation with early-transition-metal promotion, 

for the particular case of the polymerization of pentakis(dimethylamido)tantalum (PDMAT) on 

tantalum foils initiated by radiation with soft X-rays (Al K radiation, h = 1486.6 eV).  Detailed 

mechanistic studies led to the conclusion 

that the initial excitation is triggered by 

the secondary electrons generated from, 

the underlying surface, and propagated 

to form polymeric films, via the 

catalytic action of the tantalum atom in 

the metalorganic precursor.  This dual-

functionality polymerization process 

may offer an alternative for film 

deposition at low temperatures and with 

great control on film thickness and 

spatial resolution.  The synergistic effect 

derived from our studies is explained in 

the diagram in Figure 3. 

 

Finally, we were also invited to offer a perspective on our studies on the surface chemistry of 

ALD processes for The Journal of Physical Chemistry Letters [6].  In our view, atomic layer 

deposition (ALD) is one of the most promising methodologies available for the growth of solid 

thin films conformally on complex topographies and with atomic-level control on thickness.  

However, as a chemical process, ALD can lead to the incorporation of impurities and to the 

growth of poor-quality films.  In that article, we discussed some possible complications 

associated with the chemistry of ALD, including its ill-defined stoichiometry, the stepwise and 

extensive surface conversion possible with the ligands of most ALD metalorganic precursors, the 

need for the reduction or oxidation of the deposited elements, the poor understanding of the role 

of the co-reactants, the dominant activity of specific minority surface sites in starting ALD 

processes, and the development of complex layered or 3-D structures within the deposited films.  

We believe that the resolution of these issues, a general focus in our laboratory, should help with 

the development of a more systematic approach for the selection of ALD precursors and for the 

design of ALD processes. 

 

iii) Future Plans 
 

In the next year, we plan to continue along the research directions already ongoing in this 

project.  Specifically, we intend to extend our initial studies on copper deposition to: 

 
 

Figure 3. Schematic representation of the X-ray-induced 

surface chemistry observed for PDMAT. 
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 Extension of the studies on the surface chemistry of the original copper 

acetamidinates to contrast with other new related precursors, obtained from the 

laboratory of Prof. Seán Barry at Carleton University.  He is a synthetic chemist, and 

our collaborator in this project. 

 

 Extension of the studies on the surface chemistry of these copper acetamidinates to 

other metal surfaces, in particular copper surfaces in order to understand the film 

growth once the first layer has been deposited, and silicon to better mimic the 

conditions encounter in the early stages of deposition. 

 

In addition, we propose to develop our GC/MS approach to the study of the thermal chemistry of 

copper ALD precursors. 

 

 

iv) References 

 

[1] Q. Ma, H. Guo, R. G. Gordon, F. Zaera, Chem. Mater. 22 (2010) 352-359. 

[2] Q. Ma, H. Guo, R. G. Gordon, F. Zaera, Chem. Mater. 23 (2011) 3325-3334. 

[3] Q. Ma, F. Zaera, R. G. Gordon, J. Vac. Sci. Technol. A 30 (2012) 01A114/1-101A114/10. 

[4] Q. Ma, F. Zaera, J. Vac. Sci. Technol., A 31 (2013) 01A112/1-01A112/10. 

[5] T. Kim, F. Zaera, J. Phys. Chem. C 116 (2012) 8594-8600. 

[6] F. Zaera, J. Phys. Chem. Lett. 3 (2012) 1301-1309. 

 

 

v) Publications Sponsored by This DOE Grant, 2012-2013 
 

1. Qiang Ma, Roy G. Gordon, and Francisco Zaera, Thermal Chemistry of Copper(I)-N,N'-di-

sec-butylacetamidinate on Cu(110) Single-Crystal Surfaces, J. Vac. Sci. Technol. A, 30(1), 

01A114/1-01A114/10 (2012). SPECIAL ISSUE: ALD 

2. Xiangdong Qin, Huaxing Sun, and Francisco Zaera, Thermal Chemistry of Mn2(CO)10 during 

Deposition of Thin Manganese Films on Silicon Oxide and on Copper Surfaces, J. Vac. Sci. 

Technol. A, 30(1), 01A112/1-01A112/10 (2012). SPECIAL ISSUE: ALD 

3. Taeseung Kim and Francisco Zaera, X-Ray-Initiated Metal-Promoted Thin Film Growth, J. 

Phys. Chem. C, 116(15), 8594-8600 (2012). 

4. Francisco Zaera, The Surface Chemistry of Atomic Layer Depositions of Solid Thin Films, J. 

Phys. Chem. Lett., 3, 1301-1309 (2012). INVITED 

5. Huaxing Sun, Xiangdong Qin, and Francisco Zaera, Activation of Metalorganic Precursors 

by Electron Bombardment in the Gas Phase for Enhanced Deposition of Solid Films, J. Phys. 

Chem. Lett., 3, 2523–2527 (2012). 

6. Qiang Ma and Francisco Zaera, The Chemistry of Cu(acac)2 on Ni(110) and Cu(110) 

Surfaces: Implications for Atomic Layer Deposition (ALD) Processes,  J. Vac. Sci. Technol. 

A, 31(1), A01A112/1-A01A112/10 (2013). 

7. Huaxing Sun and Francisco Zaera, Chemical Deposition of Manganese Metallic Films on 

Silicon Oxide Substrates, J. Phys. Chem. C., 116 (44), 23585–23595 (2012). 

274



 
 

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

Pengpeng Zhang 

Zhang@pa.msu.edu 

Department of Physics and Astronomy 

Michigan State University, East Lansing, MI 48824 

 

Program Scope 

The program is focused on understanding and control of hetero-interfaces between 

organic and inorganic materials. Integrating organic molecules of desired orientation and long-

range ordering with inorganics is essential to the development of organic electronics, molecular 

electronics, molecular/biological sensors and energy harvesting devices. We choose Si 

nanomembranes as the prototype inorganic system to explore the interfacial phenomena as the 

membrane’s transport properties are sensitive to the surface and interface condition, thus offering 

a great opportunity to unravel the nature of electronic interactions at the hetero-interface. 

Specifically, we aim to 1) explore the nucleation and growth mechanisms of organic molecular 

thin films on Si surfaces; 2) create long-range ordered molecular structures with desired 

orientation on the substrate; and 3) control the electronic properties of Si nanomembranes at the 

molecular scale via regulation of surfaces and interfaces.  

Recent Progress 

 This report will focus primarily on our most recent efforts in achieving highly ordered 

molecular thin films on deactivated Si surfaces. Control of highly ordered organic molecular thin 

films with extended π systems is currently of intense interest for integration into modern 

electronics due to the tunable nature of organic molecules.
1
 Selection of molecules and substrates 

can lead to desired transport properties such as charge transfer, charge injection, exciton 

diffusion, etc., at the hybrid heterointerface, which is central to the development of organic and 

molecular electronics.
2
 However, achieving large-scale molecular ordering remains a significant 

challenge. Strong molecule-substrate interaction can hinder molecular diffusion and organization 

on the surface, while strong molecule-molecule interaction results in island growth and the 

formation of polycrystalline or polymorphic films.
3
 Therefore, it is desirable to tip the balance 

between molecule-molecule and molecule-substrate interactions, and to grow organic thin films 

that are ordered in both the perpendicular and in-plane directions.
4,5

  

We have recently discovered an anisotropic crystalline organic step-flow growth on 

deactivated Si surfaces that exhibits no true commensurism despite a single dominate long-range 

ordered relationship between the organic crystalline film and the substrate, uniquely distinct from 
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inorganic epitaxial growth (see Fig. 1). Our results indicate that the interaction between 

molecules and the substrate is sufficiently weak to allow the molecules to diffuse across μm-wide 

terraces at room temperature, but sufficiently strong to induce in-plane azimuthal ordering and 

long-range ordered growth, as shown in Fig. 2. Access to this growth mode offers the potential 

for improved performance for organic electronic and energy harvesting devices since the 

formation of twin boundaries of the adjacent stripe structures is preferred over randomly 

orientated grain boundaries (often observed during the island growth) for achieving superior 

electrical and excitonic transport.
6
  This achievement is also crucial for our long-term goal in the 

DOE funded research, i.e., to achieve precise control of carrier concentration and charge 

transport in nanoscale Si membranes via modulation of surfaces and interfaces.
7
  

 

We attribute the step-flow growth mode to the large diffusivity of organic molecules and 

the low defect density of the deactivated Si surface which allow molecules to fully explore the 

surface at room temperature to find preferential nucleation sites at the steps. The high molecular 

diffusivity is achieved largely due to two contributing factors: (i) the Si (111)-B surface is 

deactivated without any density of states present at the Fermi level, leading to a relatively weak 

molecule-substrate interaction and the noncommensurate molecular registration to the substrate; 

Figure 1. (a) Normalized STS spectra. The peak in the ZnPc spectra near +2.5 V was used for the simultaneous 

imaging of topology and differential conductance map in (b). (b) Partial imaging showing both the ZnPc 

overlayer and the Si surface, where Ө defines the azimuthal relation between the two. Black lines represent 

individual molecules. Inset: atomic model of a ZnPc dimer in observed tilted orientation and LUMO of free 

ZnPc molecules calculated using density functional theory. Grey scale bars are 3nm.  

 

Figure 2:  (a) STM image of the initial anisotropic step-

flow growth of ZnPc on the deactivated Si surface.  

Two parallel stripes are observed extending from the 

same Si step edge.  The gray scale bar is 8 nm.  (b) 

Tapping mode AFM image of multiple layers of ZnPc.  

The anisotropic step-flow growth mode is maintained 

up to 3 layers with a single dominant stripe growth 

direction.  The gray scale bar is 500 nm. 
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(ii) the geometric parameters of the molecule, including its size and symmetry, do not match 

with the substrate. As a consequence, the effective surface potential corrugation is smeared out 

over the size of the molecule which effectively reduces the activation barrier for diffusion.  

In addition to the step-flow growth at room temperature, we have mapped the 

temperature dependence of this novel growth regime for different organic molecules, which 

shows a reversal trend from that observed in inorganic growth (see Fig. 3). Intuitively, one would 

expect a longer molecular diffusion length and thus continued step-flow growth as the substrate 

temperature is increased.
8
 However, we find that the growth begins to shift away from 

anisotropic step-flow growth to two-dimensional islands nucleation on the terrace and eventually 

to random rough growth as a result of the competition between diffusion and nucleation 

processes.  

 

Beyond the initial sub-monolayer growth, a highly ordered multilayered thin film has 

been achieved in both in-plane and out-of-plane directions on Si substrates studied by STM and 

LEED. Moreover, as known in the inorganic growth, energetics and kinetics both play important 

roles in controlling the thin film morphology. To provide a more generalized understanding of 

the organic growth mechanism on the deactivated Si(111)-B surface, we have investigated how 

the grain boundary crossing and Ehrlich-Schwӧebel barriers influence the growth evolution with 

temperature.  

Future Plans 

We will continue to explore the microscopic mechanisms of molecular diffusion and 

nucleation on the Si(111)-B surface and intentionally tune the molecule-molecule and molecule-

substrate interactions to tailor the growth behaviors. We will investigate the interfacial electronic 

structure and charge transfer behaviors between molecular overlayer and Si substrates, including 

both the bulk and Si nanomembranes, by Kelvin probe force microscopy (KPFM) and/or 

 

Figure 3: (a)-(d) STM images of ZnPc 

deposited on Si with varying substrate 

temperature during deposition. From the 

observations there are transitions in the growth 

mode from step-flow growth to 2D island 

growth to random rough growth. (e)-(g) STM 

images of CuPc on Si. CuPc growth displays 

the same temperature dependent growth trend as 

in ZnPc, but there is a relative shift in the 

temperatures at which growth mode transitions 

are observed which can be attributed to the 

different molecule-molecule and molecule-

substrate interactions that impact the nucleation 

and growth behaviors. The gray scale bars in 

(a)-(g) are 300 nm (13nm for the inset). 
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ultraviolet photoelectron spectroscopy (UPS). We will further conduct in-situ transport 

measurements to evaluate the effects of surface chemical functionalization and interfacial charge 

transfer on electronic properties of Si nanomembranes. Our goal is to utilize the molecular scale 

precision of surface structures to control the transport properties of Si nanomembranes to an 

unprecedented extent.  
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     When an electric field is applied to an insulation material, it will induce a change of polar 

states and consequently, a change in the entropy or temperature of the material. Such an electric 

field induced temperature and entropy change in a dielectric material is known as the 

electrocaloric effect (ECE). The electrocaloric effect is attractive because refrigeration based on 

ECE approach is more environmentally friendly and has the promise of achieving higher 

efficiency if the ECE is large. Although ECE in ferroelectric materials have been studied for 

many decades, the relatively small ECE, up to 2.5 K in the adiabatic temperature change T, 

demonstrated in bulk ceramics at high temperature (>250 
o
C) during the second half of the 20

th
 

century was unimpressive for practical applications.  In the DoE BES program, we demonstrated 

that near ferroelectric-paraelectric transition, a large ECE, i.e. T> 12 
o
C, can be induced near 

the ferroelectric-paraelectric transition. Moreover, by defects modification which converts the 

normal ferroelectric P(VDF-TrFE) into a relaxor, a large ECE, i.e., T > 16 
o
C can be obtained 

over a broad temperature near room temperature. The results indicate the potential of dielectric 

materials, with tailored nanostructures, in achieving giant ECE. 

 

It is the objective of this DoE BES program to develop understanding of what are the “optimal” 

molecular and nano-structures of polar-dielectrics in order to achieve a giant ECE as well as a 

giant EC coefficient, i.e., a large ECE induced under a low electric field. A combined 

thermodynamic analysis and experimental study are employed in this program to investigate 

ECE in dielectric polymer compositions with built-in inhomogeneity, polar-dielectrics with weak 

inter-molecular interactions such as dielectric liquids and organic ferroelectrics. In addition to 

ECE, dielectric and structure characterizations are carried out to provide insights of molecular 

and nano-structure mechanisms of ECE in these strong dipolar coupled systems. Thermodynamic 

analyses and theoretical modeling are developed to elucidate the experimental results and to 

provide guidance to the experimental study. 

 

Recent Progress 

 

     One critical issue in developing ferroelectric materials to achieve high electrocaloric 

(EC) response is to understand what are the key material requirements and how to design and 

tailor the nano-structure of the materials since the EC is closely related to the “randomness” of 

the dipoles in the molecular and nano-scales. In this program, a theoretical model was developed 

which shows that the isothermal entropy change S of an EC material is related to the 

polarization P as 

               S= 2

03

ln
P






 
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where  is the number of available polar-states and  is the Curie-constant, which is directly 

related to the dipole correlation length.
1
  Indeed, a large ECE has been demonstrated by 

operating a ferroelectric material near its ferroelectric-paraelectric transition.
2-3

 By defects 

modification to reduce the polar-correlation length and to convert the normal ferroelectric into  

relaxor ferroelectric, we have demonstrated a large EC 

response in the relaxor ferroelectric polymer over a broad 

temperature range (see Fig. 1).
3-4

  

     Moreover, basic materials consideration and a theoretical 

analysis indicate that a promosing approach to significantly 

increase  is to operate the material near a multi-phase 

coexisting phase diagram region, especially near the critical 

point at which the energy barriers for the phase switching 

become comparable to the 

thermal energy, leading to 

large EC response under 

low applied field.
5
 Based on 

these considerations, we 

investigated ECE in the 

modified P(VDF-TrFE) at 

65/35 mol%, which is a 

composition between the 

ferroelectric phase and a 

low temperature phase 

(besides the paraelectric 

phase). As shown in Fig. 2, 

an exceptionally large ECE 

(T=28 
o
C) can be induced 

in the high energy electron 

irradiated P(VDF-TrFE) 

65/35 mol% copolymer.
6
  

     For the dielectrics with large ECE reported, the ECE such as the isothermal entropy change 

S and adiabatic temperature change T is proportional to the square of applied field. Hence at 

low fields, ECE is low and a high field is required to induce a large ECE (see Fig. 1 and 2).  One 

interesting question is can one engineer an EC material so that a large EC response can be 

induced at low field. In this program, we are investigating approaches to establish internal DC 

bias fields using the blend. We demonstrated that the blend approach,  in which a small amount 

of normal ferroelectric polymer is blended with a relaxor terpolymer, is effective in establishing 

internal DC bias field which can significantly improve the ECE, especially at low field. In this 

program, we first investigate the blends of P(VDF-TrFE-CFE) with small amount of P(VDF-

TrFE) copolymer, which also provide a model system to study how the random defects in the 

terpolymer influence the polarization response in the copolymer and consequently ECE in the 

blends. Since P(VDF-TrFE) copolymer is a normal ferroelectric, in which large remanent 

polarization will exist after poling, the copolymer may provide an internal electric field in the 

blends, thus generating higher polarization and enhancing ECE at low fields. The experiment 

results of the blends show, indeed, a large enhancement in the polarization response after the 

poling of the blend of P(VDF-TrFE-CFE/P(VDF-TrFE) (65/35mol%) (see Fig. 3), indicating that 

 

 
Fig. 1. The ECE (adiabatic 

temperature change) vs. 

applied field at 30 C (a) 

and vs. temperature under 

different fields for a 

P(VDF-TrFE-CFE) relaxor 

polymer 

 
Fig. 2. The ECE (adiabatic 

temperature change) vs. 

applied field at 50 C for an 

electron irradiated P(VDF-

TrFE) 65/35 mol% copolymer 
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the internal DC bias field has increased the polarization response. The experimental results also 

reveal that the 

internal DC bias field 

effect and the 

enhancement of the 

polarization depend 

critically on the 

P(VDF-TrFE) 

copolymer 

composition (Fig. 3), 

indicating 

complicated interplay 

between the 

terpolymer and 

copolymer. Further 

studies, including 

mciro-structure 

characterizations, will 

be conducted to understand the observed behavior. Nevertheless, the results demonstrate the 

effectiveness of this internal DC bias field approach in improving the ECE.  

     In developing EC materials, another interesting question is besides the polymers and ceramics, 

whether large ECE can also be obtained in dielectric liquids and organic ferroelectrics.  There are 

several materials considerations suggest the potential of these materials in achieving large ECE 

under low electric fields.  In this DoE BES program, we have started investigating ECE in a class 

of dielectric liquids: liquid crystals. Preliminary experimental results already showed a large 

ECE (Fig. 4, where a T =5.2 C has been obtained) in the liquid crystal 5CB (Fig. 5).
7
   

 

 

Future plans  

 

     Investigate ECE in the terpolymer/P(VDF-TrFE) copolymer blends (as well as 

nanocomposites with normal ferroelectric ceramics) to develop optimal material compositions 

and nano-morphologies for establishing internal DC bias field and generating large ECE under 

 
Figure 5. Schematic of various 

mesophases for rodlike LC 

molecules which are of interest for 

generating large ECE: (a) an 

isotropic, (b) nematic, and (c) 

smectic A phases, (d) Molecular 

structure of 5CB. 
 

 
Figure 4.  The electrocaloric effect for (a) isothermal 

entropy change ΔS of 5CB LCs in NA-Cells, and (b) 

ΔS of 5CB LCs in homogeneously aligned LC cells 

(HA-Cells) as functions of temperature. 
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Fig. 3. (left) The enhanced polarization level in a terpolymer/(65/35 

mol% copolymer) blend vs. applied field and (right) the enhanced 

polarization (measured at 100 MV/m)  in the blend (after the poling) 

vs. the copolymer composition (the polarization of the neat 

terpolymer is also shown). 
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low electric fields and conduct fundamental studies on various couplings (between dipoles, at 

interphases and interfaces) on the ferroelectric and EC responses.  

     Expand the studies on liquid crystals, including studies on liquid crystals possessing a large 

dielectric constant (dielectric constant >100) and dielectric anisotropy, possible defects 

modification to liquid crystals as we have done in the past in the ferroelectric polymers.  
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Program Scope 

Oxidation, with effects both beneficial and deleterious, plays an enormous role in 

technology, from causing serious corrosion problems, to providing protection against corrosion 

attack. Acquiring the ability to manipulate the microscopic processes governing the surface 

oxidation via either controlling the reaction environment or modifying the materials has huge 

technological implications. This project encompasses an atomic-scale study of the oxidation of 

metals and alloys ranging from the initial stage of oxygen surface chemisorption to the 

subsequent stages of nucleation and growth of bulk oxide. These studies exploit the unique in 

situ capabilities of scanning tunneling microscopy (STM), transmission electron microscopy 

(TEM) and x-ray photoelectron spectroscopy (XPS) to dynamically measure the surface structure 

and chemistry under a wide range of oxidation conditions. Particularly, we address oxygen 

chemisorption induced surface phase transitions, the crossover from on-surface oxygen 

chemisorption to subsurface oxygen incorporation, and surface/interface effect on growth 

morphologies of oxide nanoislands from the comparative study of the oxidation of Cu, Cu-Au, 

and Cu-Ni. Each of the experiments is coordinated closely by a number of theoretical modeling 

techniques ranging from the first-principles calculations to continuum elastic theory for 

developing direct insight into the reaction mechanism, including adsorption sites, diffusion path, 

reaction barrier, and surface/interface effects. Due to the decisive role of the environment in 

determining the reaction behavior, incorporation of the temperature and pressure effect into the 

first-principle thermodynamics calculations allows for identifying how the interplay between 

thermodynamics and kinetics determines the final structure, composition, and oxidation 

mechanism. 

  

Recent Progress 

We have undertaken a combined in-situ microscopy experimental and theoretical 

program aimed at elucidating the atomistic processes governing oxide island formation during 

the oxidation of metals. We find that oxidation of Cu occurs via Cu2O islanding on a 2D oxide 

wetting layer at a critical thickness of two atomic layers. Our results provide the first 

experimental observation of the structure transition, on the atomic scale, of the nucleation and 

growth of 3D oxide islands and reveals both heterogeneous and homogenous processes are 

involved leading to oxide islanding, where the heterogeneous process controls the nucleation of 

the oxide wetting layer at defect sites (e.g., surface steps) of the metal surface while the 

homogeneous process controls the nucleation of 3D oxide islands on the oxide wetting layer 

driven energetically by the metal-oxide interfacial strain. 

Generally, the oxidation of metals involves hierarchical multiple length scales proceeding 

from oxygen surface chemisorption to oxide nucleation and growth and then to the formation of 

continuous oxide film. One of the most poorly understood and disputable phenomena in metal 

oxidation is its transient early stages, i.e., how oxide films nucleate and start to grow, which are 

inaccessible by both the traditional surface science (which is typically limited to ultrahigh 
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Fig. 1: (a-c) In situ TEM observations of the 

nucleation and growth of a Cu2O island on the 

oxide wetting layer during oxidation of 

Cu(100) at 350
o
C and pO2 = 510

-3
 Torr (see 

in situ TEM movie S1 in the Supplementary 

Material). Inset in (a) shows the formation of a 

disconnection at the buried Cu-Cu2O interface 

due to the presence of an atomic Cu surface 

step. (d) TEM image revealing that the oxide 

wetting layers initiate at Cu surface steps.  

 
Fig. 2: (a) In situ TEM images 

showing the evolution of an 

initially three-atomic-layer-thick 

oxide wetting layer to a 3D Cu2O 

island during the oxidation at 

350
o
C and pO2 = 510

-3 
Torr. 

vacuum and monolayer oxygen adsorption) and "bulk" 

materials science techniques. Previous studies have 

shown that  the early stages of metal oxidation 

typically involve oxide islanding, however, significant 

controversies exist regarding homogeneous or 

heterogeneous nucleation of oxide films. It was 

suggested that oxide nuclei should form at surface 

defect sites where threading dislocations or stacking 

faults intersect the surface (i.e., a process controlled by 

heterogeneous island nucleation), but in most cases the 

evidence has been purely inferential 
1-4

. Although 

oxide nuclei were observed to form at some 

dislocations, most nuclei do not show one-on-one 

correlation with dislocations and many dislocations 

have no oxide nuclei associated with them (i.e., a 

process controlled by homogenous island nucleation) 
5-7

. A key challenge in resolving these controversies is 

the absence of direct observation of the structural 

transition in real space during oxidation due, in large 

part, to the inability of traditional experimental 

approaches to monitor the surface structure evolution 

and oxide formation with the desired spatial and 

temporal resolution. 

 Using dynamic real-time TEM observations of 

the nucleation and growth of Cu2O islands during the 

oxidation of Cu, here we demonstrate that oxide 

islanding occurs homogeneously on an oxide wetting 

layer at a critical thickness of two atomic layers, which resembles the Stranski-Krastanov 

mechanism in heterogeneous thin film epitaxy 
8
. Fig. 1 

depicts in situ HRTEM images of a Cu(100) surface, seen 

edge-on under the oxidation condition of pO2 = 510
-3

 

Torr and T = 350C. As seen in Fig. 1(a), some oxide has 

already developed on the surface from the oxidation 

before the in situ TEM movie was captured, where the 

lattice spacing matches well with the Cu2O structure and 

can be used as a "fingerprint" for identifying the new 

oxide formed at later stages on the slightly lower left-hand 

side, where a  two-atomic-layer-thick oxide wetting layer 

is visible. The top-left inset is a zoom-in TEM image from 

the location where a Cu step is present at the Cu2O-Cu 

interface in the region indicated by the dashed box. Due to 

their different lattice spacings, the Cu2O(200) plane 

(dashed red line) is slightly higher than the Cu surface 

(solid red line), thereby forming a disconnection at the Cu 

step and giving rise to slight lattice distortion across the 

stepped region. This is illustrated in the corresponding 
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Fig. 3: Minimum-energy 

structure for a four-atomic-

layer-thick Cu2O wetting layer 

on Cu(001) with a (65) CSL 

at the Cu2O-Cu interface. Our 

DFT calculations show that the 

Cu2O-Cu interface becomes 

increasingly unstable when the 

wetting layer thickens. 

structure model (top-right inset). It can be seen that two complete Cu2O wetting layers have 

developed on the lower Cu terrace (i.e., the left hand side) while the third oxide layer still shows 

some discrete fuzzy feature. The time sequence of TEM images in Fig. 1(b-c) shows the 

nucleation and growth of a 3D Cu2O island on the Cu2O wetting layer in the course of the 

oxidation. It is interesting to note that the 3D island nucleates on a flat surface region rather than 

atop the distorted Cu2O layer above the buried Cu step, suggesting a homogenous process of 

oxide island nucleation on the wetting layer. However, it is noted that the nucleation of the oxide 

wetting layer is via a heterogeneous process at surface defects, as seen in Fig. 1(d), which shows 

that all the wetting layers can be traced back to Cu surface steps at the corner. The in situ TEM 

images also reveal that the thickness of the Cu2O wetting layer is two atomic thick for the 

transition to the 3D Cu2O island growth. Fig. 1(c) shows that a second Cu2O island (part of it is 

out of the TEM view) forms adjacent to the existing island and their coalescence would result in 

a bigger island similar as the one seen on the right-hand terrace.  

 Fig. 2 presents a time sequence of in situ TEM images showing the oxide wetting layer 

thickness evolution leading to the nucleation of a 3D Cu2O island during the oxidation at pO2 = 

510
-3

 Torr and T = 350C. In Fig. 2(a), a large Cu2O island along with a Cu2O wetting layer has 

already formed across the terrace before the in situ TEM movie was captured. The presence of 

atomic steps on the original Cu surface results in a slightly uneven surface morphology of the 

Cu2O wetting layer. We focus on the wetting layer in the region having the flat surface as 

indicated by the black arrow in the figures. While the lattice 

fringe contrast of the wetting layer in this region appears 

slightly fuzzy, its thickness can be seen to be equivalent to 

three atomic layers by comparing with the well-resolved 

lattice fringe contrast in the adjacent large Cu2O island. As 

seen in Figs. 3(a-c), the oxide wetting layer undergoes some 

fluctuation in height and eventually evolves into a stable 3D 

oxide island over time. Meanwhile, it can be noted that the 

oxide wetting layer between the large existing island and the 

newly formed Cu2O island changes gradually from the 

originally three-atomic-layer thick to two-atomic-layer 

thick, where the atoms from the wetting layer are dislodged 

to the adjacent regions for oxide islanding. Such thickness 

reduction suggests that a continuous, three-atomic-layer-

thick wetting layer is energetically unstable and transforms 

spontaneously to a more stable configuration by oxide 

islanding. 

 The natural lattice misfit between Cu and Cu2O is 15.4% and this large misfit makes the 

formation of coherent metal-oxide interface energetically unfavorable. We have previously 

shown that the epitaxial growth of Cu2O thin films on Cu substrates results in a (5 6) 

coincidence site lattice (CSL) at the Cu2O-Cu interface, in which 5 Cu spacings in Cu2O 

overlayer match 6 Cu spacings in Cu substrate 
9
. While the interfacial stain is significantly 

reduced to  1.48% by adopting this CSL interface configuration, the associated strain energy 

still increases rapidly as the oxide wetting layer thickens. To relieve the strain, oxide island 

formation occurs on the oxide wetting layer, by which the reduction in strain energy is greater 

than the concomitant cost of increased surface energy associated with creating the oxide island. 

The critical thickness of the wetting layer at which oxide islanding initiates is two atomic layers, 
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as seen in Figs. 1 and 2. To give further insight, we used density functional theory (DFT) to 

investigate the stability of the Cu2O wetting layer for different thicknesses up to 4 Cu2O layers. 

As shown in Fig. 3, in the optimized structure for the Cu/Cu2O system with 4 Cu2O layers, the 

interplanar spacings, from bottom to top, are 2.26 Å (the spacing between the Cu substrate and 

the bottom Cu2O layer), 1.96 Å, 2.04 Å and 1.49 Å, respectively. Note that the bulk Cu2O (100) 

interplanar distance is 2.15 Å from our DFT calculation. The distance between the top and 

second Cu2O layers is small compared to the bulk value, which can be attributed to the surface 

effect. Energetically, starting from a Cu slab with one Cu2O layer on top, we find that it costs 

2.7, 1.5 and 1.1 eV per Cu2O to add 1, 2 and 3 additional layers. These DFT energies show that 

the interfacial energies are relatively large and the Cu-Cu2O interface becomes increasingly 

unstable with increasing the thickness of the wetting layer, and likely to transform into an island 

as shown in the experiments. Further investigations to elucidate this transformation are still on-

going. 

 

Future plans 

We will continue to address a number of critical issues for controlling the oxide 

formation at the atomic level. The extensive interest in the initial-stage oxidation is motivated by 

seeking a fundamental understanding of the crossover between oxygen surface chemisorption 

and oxide formation. Such knowledge has great importance for understanding the initial 

oxidation kinetics (i.e., the ease or resistance to oxide formation). Unfortunately, this 

understanding is still very shallow for everything that goes beyond on-surface chemisorption of 

oxygen at low coverage. An intriguing phenomenon revealed recently from the oxidation of 

several metals is that surface oxidation does not proceed beyond the oxygen chemisorbed phase, 

despite the favorable thermodynamic conditions for bulk oxide formation 
10-13

. By employing in-

situ microscopy and spectroscopy (particularly ambient-pressure XPS), we will determine the 

critical oxygen pressure and temperature required for initiating oxygen subsurface incorporation 

and how the critical oxygen pressure and temperature are related to the surface orientations and 

alloy composition. Systematic experiments in conjunction with DFT calculations using the 

nudged energy band method will allow for identifying the origin of the kinetic hindrance limiting 

the crossover from on-surface oxygen chemisorption to subsurface oxygen adsorption for 

initiating bulk oxide nucleation. 
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Program Scope 

Nanocomposites consisting of semi-metallic nanoparticles (such as ErAs) within III-V 

semiconductors represent a useful alternative to conventional materials for a variety of 

applications. The incorporation of nanoparticles into semiconductors can pin the Fermi 

level, drastically altering the electronic properties in ways that are fundamentally [1], 

[2]different from conventional doping. This can reduce carrier lifetimes and also increase 

(or decrease) electrical conductivity (depending on the semiconductor matrix and the 

specific composition of the nanoparticle). Additionally, nanoparticles can scatter 

phonons, reducing thermal conductivity. These materials have been studied using 

molecular beam epitaxy (MBE)-grown materials and have been shown to be promising 

for applications such as photoconductive switches for terahertz sources and detectors,[3], 

[4], [5] thermoelectrics,[6], [7] tunnel junctions for multijunction solar cells, and several 

others.[8] The 

epitaxial relationship 

between the rocksalt 

crystal structure of the 

nanoparticles and the 

zincblende structure 

of the matrix (Figure 

1) allows high quality 

interfaces,[9], [10] 

allowing the study of 

the fundamental 

charge transfer 

mechanisms in 

nanostructured 

electronic composites. 

 

Although the prior 

work by MBE has 

enabled significant 

advances in the 

understanding of a 

subset of this class of composite materials, the hallmarks of MBE-grown material are a 

lack of flexibility in composition, a slow growth rate, and very high cost. To these ends, 

this project is focused on creating epitaxial nanocomposites via a hybrid approach in 

which nanoparticles are produced using inert gas condensation (IGC) and 

incorporated epitaxially into semiconductor films using liquid phase epitaxy (LPE). 
This hybrid approach has several advantages. First, there is considerable flexibility in 

what materials are grown; unlike the MBE approach, in which both particle and film are 

 
Figure 1: (110) projection view of rocksalt rare-earth-
group V nanoparticles within a III-V matrix. 
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produced together, the hybrid IGC/LPE approach allows separate production of the 

nanoparticles. This means different group V elements are possible (e.g. ErAs in GaP), 

and the IGC approach (as described below) allows more rare-earth elements (e.g. Tb, Yb, 

Nd, Gd, etc.) to be explored. From a technological point of view, the hybrid approach 

should allow growth rates of micrometers per minute rather than micrometers per hour, 

thus allowing thicker films and scaling of materials. Finally, there is nothing limiting this 

approach to this particular class of materials; we hope to establish a new paradigm in 

nanocomposites for electronic materials. 

 

Recent Progress 

To date, our efforts have focused on design and fabrication of the IGC system. We have 

completed all laboratory infrastructure changes (including the creation of safety protocols 

for IGC production of arsenic containing materials) and assembled the system. Currently, 

we are in the commissioning stage; we have a functional system, but are working out the 

final few technical challenges before producing nanoparticles. Briefly, we are using a 

valved cracker effusion cell (Veeco) for an arsenic source and a pulsed Nd-YAG laser 

system producing 850mJ per pulse (10Hz repetition rate) to ablate rare earth species such 

as erbium. This is a department from our initial design, but allows improved flexibility in 

rare-earth source selection; the low vapor pressures of many rare-earth species would be 

a limitation of resistive heating. A schematic diagram of the IGC system is shown in 

Figure 2(a), while a photograph of the system is shown in Figure 2(b). We have finalized 

the details and fabricated the system to collect particles in a petri dish containing epoxy 

(for characterization of particles) or molten gallium (for LPE). We expect to produce 

nanoparticles within the next few months. This work has been conducted primarily by 

graduate student Matthew Lewis (who has developed expertise in equipment design as 

well as research methods) in collaboration with undergraduate researcher Chelsea 

Shockey, who is funded by the University of Delaware through the Undergraduate 

Research Program.  

  
Figure 2 (a) Schematic view of inert gas condensation (IGC) system for production of 
RE-V nanoparticles. (b) photograph of IGC system in the Zide lab at the University of 
Delaware. 
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In parallel, we have begun commissioning of the liquid phase epitaxy (LPE) system for 

the growth of project materials. We are using an existing system and have begun the 

design stage for modifications required for project materials. Photographs of that system 

are given in Figures 3(a) and (b), while a schematic is included in Figure 3(c). The 

progress to date puts us within the timeline established on the GANTT chart within the 

original research proposal. 

 

Future Plans 

Our short-term future plans are to produce nanoparticles via IGC and begin growth of 

matrix materials (GaAs initially) using LPE. On the IGC side, our primary goal is to 

determine growth conditions to allow relatively mono-dispersed particles for tunable 

sizes, which will depend on the relative fluxes of the rare-earth and arsenic and also the 

pressure of the inert gas (helium). These particles will be capture in epoxy and 

characterized using x-ray diffraction (XRD) and electron microscopy to determine 

structure and morphology. Additionally, once basic growth conditons for high-quality 

LPE (as determined by rocking curves and high-resolution XRD) are determined, we will 

begin the fabrication of nanocomposites. Longer term, we hope to generalize this 

 

 
Figure 3 (a) photograph of liquid phase epitaxy (LPE) system for the growth of 
nanocomposites and semiconductors. (b) close-up of graphite boat, (c) schematic 
view of system. 
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approach first to other combinations of RE-V nanoparticles and III-V semiconductor and, 

eventually, to other material systems. 
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Morphology, carrier transport and device performance of thiophene based 

solar cells 

 

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:  

Theoretical and experimental research in the Energy Frontier Research Center (EFRC) at 

the University of Michigan, Center for Solar and Thermal Energy Conversion (CSTEC), 

is devoted to the design and synthesis of materials for high efficiency photovoltaic (PV) 

and thermoelectric (TE) devices. Insights into the design and synthesis rely on 

fundamental insights from equilibrium and non-equilibrium processes that occur in 

materials over various spatial and temporal scales.  To this end, CSTEC is organized 

around three thrusts. (1) thrust area 1: structure absorption and carrier transport in low 

dimensional inorganic systems; (2) thrust area 2: fundamental mechanisms governing 

carrier transport processes and energy conversion efficiency in low-dimensional (single-

molecular junctions, quantum-dot structures, and thin films) and a specific class of bulk 

thermoelectric materials; (3) thrust Area 3: the molecular design, and synthesis, 

nanoscale characterization of structure and dynamics, and device efficiency.  Specific 

efforts include materials synthesis (caged systems, self-aligning polythiophene derivative 

based organic polymers, small molecule organic/C60 systems) with the goal of 

understanding and improving charge transport at different length scales.  This 

presentation will be devoted to carrier transport and device performance of conjugated 

polymer-based systems with controlled nano- and macro-scale morphology.  It will be 

divided into three main areas: (1) Out-of-plane carrier transport in conjugated thin films; 

(2) use of a super critical solvent to control the morphology and hence bulk 

heterojunction (BHJ) device performance; (3) the use of a random copolymer to control 

the structure and hence device performance in BHJ devices. 

 

Recent Progress 

The performance and reliability of polymer-based organic electronic devices is 
strongly dependent on the morphology of the active material. One of our first 
studies was an investigation of the out-of-plane carrier (hole) transport in the 
conjugated polymer poly(3- hexylthiophene) (P3HT).1  Prior experiments were 
performed by others to determine the in-plane carrier transport.  The out-of-plane 
hole carrier transport was measured in films, many microns in thickness, using 
time-of-flight spectroscopy. These publications reveal the existence of a small 
thickness dependence of the in-plane hole carrier mobility; there was virtually no 
experimental evidence of a film thickness dependence of out-of-plane hole mobility.  
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We used the charge extraction for linearly increasing voltage (CELIV) technique to 
show for the first time the existence of a significant film thickness dependence of the 
out-of-plane mobility; over the thickness range of 100 nm to 800 nm the mobility 
increased an order of magnitude (Figure 1).  

 

Through a combination of X-ray scattering, optical anisotropy studies and 
simulations, we showed that the carrier transport was extremely sensitive to the 
local morphology.  In the thinnest films the structure was highly oriented (an edge-
on dominant morphology, see Fig. 2), due to the influence of the substrate, and for 
distances further from the substrate, where the substrate-induced order was less 
effective, the average structure became more anisotropic.   

 

 

We also developed a method of analysis to extract the carrier mobilities in poly(3-

hexylthiophene) (P3HT) using Impedance Spectroscopy (IS).
2
 The carrier mobilities 

measured using this technique are in excellent agreement with the results from the 

techniques: time-of-flight (ToF) and of charge extraction in a linearly increasing voltage 

(CELIV) (see Fig. 1).  In addition to the mobilities we also extracted the conductivity and 

charge carrier densities, which are very difficult to extract, together, in organics.  In 

addition we used IS, combined with conductive atomic force microscopy (CAFM), to 

show how carrier transport in P3HT is sensitive to changes of the morphological structure 

of films thinner than 100 nm. 

Considering that the carrier transport is sensitive to structure we examined ways 
to manipulate the morphology and to control the efficiency of the archetypal bulk 
heterojunction solar cell P3HT/phenyl-C61-butyric acid methyl ester (PC61BM) 
system.  With the use of supercritical carbon dioxide (scCO2) we achieved comparable, 

in some cases, better device performance than that achieved using the conventional high 

temperature procedures.  The solvent quality of ScCO2 was varied through changes in 

Figure 2: Schematic of the edge-on 

orientation in P3HT thin films close to the 

substrate (silicon Oxide).  Sketches left to 

right show the increase in anisotropy of the 

structure, away from the substrate, as the film 

increases in thickness 

Figure 1:  The film thickness 

dependence of the hole carrier 

mobility in P3HT is shown here.  A 

comparison of the hole carrier 

mobilities measured in P3HT films 

using different techniques is also 

shown. 
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pressure, P, and temperature, T.
3
   To this end, changes in the pressure, 6.2 MPa – 13.8 

MPa, and temperature, 35
o
C – 70

o
C, afforded us the ability to achieve various 

morphological structures.  These structures were characterized using energy filtered 

transmission electron microscopy (EF-TEM), UV-vis spectroscopy and conductive and 

photoconductive atomic force microscopy.  We determined that an optimum condition of 

T=50
o
C, P=10.34 MPa processed for 45 min, could be achieved for the P3HT/PC61BM 

system. These conditions yielded comparable or better performance than the conventional 

procedure involving heat at 150 degrees centigrade (Fig. 3).  Photoconductive AFM 

studies showed that the active area of the devices prepared using Sc-CO2 is larger than 

that of the conventionally prepared device.
3
  

 

 

In another series of experiments we blended a random copolymer of poly(3-
hexylthiophene) (P3HT) and poly(3-((hexyloxyl)methyl)thiophene) (P3HOMT) with 
the P3HT homopolymer and indene-C60 bisadduct (ICBA). The morphologies of the 
mixtures were characterized using energy-filtered transmission electron 
microscopy (EFTEM), UV-visible spectroscopy (UV-vis) and conductive atomic force 
microscopy (C-AFM). The power conversion efficiency (PCE) increased by 20% with 
the addition of 10 wt.% of the random copolymer; beyond this composition it 
decreased (Fig. 4).   

 

 

Non-trivial increases in the open circuit voltage and short-circuit current were also 
reported. These data are consistent with reductions in the carrier recombination 
measured using the photo-CELIV measurements. 

 

 

Figure 3. Current density-voltage 

curves of P3HT/PC61BM devices 

under different processing conditions. 

The scCO2 annealed device shows a 

higher short circuit current (current 

density at 0 V), consistent with 

possessing larger fractions of 

photoactive regions. 

 

Figure 4: The PCE is plotted as a 

function of the weight fraction of 

the random copolymer added to 

the P3HT/ICBA BHJ 
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Joint Center for Energy Storage Research (JCESR): 

Understanding Fundamental Structural Transformation and Electrochemical 

Reactions Using In-Situ TEM and NMR  

 

Jun Liu, Chongmin Wang, Nigel Browning, Meng Gu, Karl Mueller,  

Yuyan Xiao, Jie Xiao, Jianzhi Hu, Tianbiao Liu, Guosheng Li, Jiguang Zhang,  

Wei Wang, Larry Pederson, John Lemmon, Xilin Chen, Wu Xu 

Pacific Northwest National Laboratory 

Richland, WA 99352 

 

Program Scope  

 

 The Joint Center for Energy Storage Research (JCESR) aims to go beyond today’s best 

Li-ion systems to provide five times the energy storage at one-fifth the cost within five years. 

The team will develop new energy storage chemistries through an atomic-level 

understanding of energy storage phenomena and the development of universal design rules 

for battery performance. JCESR will speed innovation by applying fundamental scientific 

advances of the last decade to battery R&D and uniting discovery science, materials design, 

battery system design, and advanced prototyping in a single highly interactive process. 

PNNL will contribute to JCESR using advanced synthesis and modeling capabilities and the 

state-of-the art facilities in the Environmental and Molecular Sciences Laboratory (EMSL). 

PNNL will also contribute to the three fundamental storage chemistries: multivalent 

intercalation focuses on working ions, such as magnesium or yttrium, that carry twice or 

triple the charge of lithium and have the potential to store two or three times as much energy, 

chemical transformation based on using the chemical reaction of the working ion to store 

many times the energy of today’s lithium-ion batteries, and non-aqueous redox flow is based 

on reversibly changing the charge state of ions held in solution. One emphasis of PNNL 

research is developing state-of-the-art TEM and NMR characterization tools to gain 

understanding of the structural transformation and reaction mechanisms in order to overcome 

of the fundamental barrier of the materials and devices.  

 

Recent Progress  
 

1. In-situ TEM study of Ion Insertion for Beyond Li-Chemistry 

 

In-situ transmission electron microscopy (TEM) has been used to characterize the 

structural changes of the anode materials used in Li-ion batteries. Storage mechanism 

using other cations, such as Na and Mg, are much more complex and requires significant 

breakthroughs in the fundamental understanding of the insertion chemistry and failure 

mechanisms. Various SnO2 nanostructures, including SnO2 nanorod and nanowires, have 

been studied for Na ion insertion. How each phase structurally and chemically evolves 

during subsequent electrochemical cycling is not very clear. Especially, the sodiation 

characteristic and the failure mechanism of SnO2-based anode are largely unknown. We 

employed a state-of-the-art in-situ TEM electrochemical testing technique to directly 

observe the structural and chemical evolution of SnO2 nanowire upon 

sodiation/desodiation.  Using in-situ TEM, in combination with DFT calculation, we 
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probed the lattice structural and chemical evolutions of SnO2 nanowire anode in Na-ion 

batteries and compared quantitatively with the case of Li-ion. Upon Na insertion into 

SnO2, a displacement reaction occurs, leading to the formation of amorphous NaxSn 

nanoparticles covered by 

crystalline Na2O shell. With further 

Na insertion, the NaxSn core 

crystallized into Na15Sn4 (x=3.75).  

Upon extraction of Na 

(desodiation), the NaxSn core 

transforms to Sn nanoparticles; 

associated with the volume 

shrinkage, nanopores appear and 

metallic Sn particles are confined 

in hollow shells of Na2O. The 

pores greatly increase electrical 

impedance, therefor accounting for 

the poor cyclability of SnO2.  In 

contrast to the lithiation of SnO2, 

no dislocation plasticity was seen 

ahead of the sodiation front.  DFT 

calculations indicate that Na
+
 

diffuses 30 times slower than Li
+
 in 

SnO2, in agreement with in-situ TEM measurement; it is also ~40% larger in volume, and 

chemo-mechanically softened the reaction product to greater extent than in lithiation. 

Comparing the results of Na and Li, the observation highlights the critical role of ionic 

size and electronic structure of the ionic carrying ion on charge/discharge rate and failure 

mechanism of battery. 

 

Figure 1. TEM images showing the sodiation (a) and desodiation (b) processes at 

different times; (c) schematic drawing showing the setup of the in-situ experiment and 

the structural changes after cycling. The diffraction pattern in the end of panel (a) shows 

the formation of Na15Sn4 core and Na2O shell; and the red arrows label the location of 

the reaction fronts. (Nano Letters, 2013) 

 

 

2. First Demonstration in-situ TEM Study of True Liquid Cells  

 

One of the fundamental challenges for the battery research is the direct observation of 

the structural and chemical evolution of the components of the battery and how this 

directly correlates   with the battery properties.  Over the last few years, tremendous 

progress has been made towards developing methodologies for in-situ direct observation 

of structural and chemical evolution of electrodes used for lithium ion batteries. Most 

notably, the development of an in-situ TEM cell that is based on an open-cell 

configuration using a single nanowire and either an ionic liquid or Li2O as the electrolyte.  

Previous  work carried out based on the open-cell has provided insightful information on 

structural and chemical evolution of electrodes upon lithiation/delithiation.  However, 
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three typical deficiencies are associated with the open-cell configuration.  Firstly, for the 

open-cell, the electrolyte is only in point contact with the electrode, which may 

inadvertently modify the diffusion pattern of Li ion in the electrode, and therefore, what 

has been obtained is not necessarily representative of the case where the electrode is fully 

immersed in the liquid electrolyte in a real battery.   Secondly, for the case of using Li2O 

as the electrolyte, a large overpotential is normally applied in order to drive the Li ions 

into the electrode, which may change the kinetics and phase behaviors of solid-state 

electrode lithiation. Thirdly, the use of the ionic liquid or Li2O electrolyte excludes some 

of the fundamental processes which only occur in real electrolytes and the battery 

operating conditions, such as the interaction between electrolyte and electrode and the 

SEI layer formation.  To address the short-comings of the open cell, we developed a 

liquid-cell based approach for in-situ or more precisely operando TEM studies of lithium 

ion batteries using a battery relevant liquid electrolyte and a lithium metal counter 

electrode.  We used this new approach to observe the structural evolution of a single Si 

nanowire upon lithiation/delithiation with controlled battery operating conditions. This 

approach opens the door for in-situ TEM studies of both dynamic structural and chemical 

evolution of the electrodes and  the SEI layer formation in batteries using real battery 

relevant electrolytes. Some of lithiation/delithation behaviors of Si obtained using the 

liquid-cell are consistent with the results from the open-cell studies.  However, we also 

discovered new insights different from the open cell configuration - the dynamics of the 

electrolyte and, potentially, a future quantitative characterization of the SEI layer 

formation and structural and chemical evolution.   

 
 

Figure 2. Left panel: schematic drawing showing the setup of the liquid cell battery  In-

situ liquid-cell TEM observation of the lithiation of the Cu-coated Si nanowire. Right 

panel: (a) TEM image showing the pristine state of the Si-Cu NW at 0s; (b) core-shell 

formation of the Si-Cu NW during lithiation at 1658s; (c) TEM image of the Si-Cu NW 

at 2462s; (d) plotted width changes of the NW as a function of time; Note in all image 

from (a-c), the Pt contact region is labeled by the black lines in the left of the image. The 

inset in panel (c) illustrating the cross sectional image after anisotropic swelling of the Si 

nanowire upon lithium insertion with maximum volume expansion along the <110> 

direction (manuscript submitted). 

 

3. NMR Study of the MG Electrolyte Chemistry 
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Magnesium batteries could potentially provide high volumetric capacity due to the 

divalent nature of Mg2+ (3832 mAh/cm3Mg vs. 2062 mAh/cm3Li and 1136 

mAh/cm3Na), improved safety (dendrite-free Mg deposition), and low cost by using 

earth abundant Mg element. Electrolytes play a pivotal role in all battery systems, 

particularly for Mg batteries. 

Conventional electrolytes by mixing 

Mg salts (e.g., Mg(ClO4)2) and 

nonaqueous solvents (e.g., propylene 

carbonate), a typical approach to 

preparing electrolytes for lithium 

batteries, do not produce reversible 

plating/stripping of Mg. There are only 

a limited number of electrolytes that 

show reversible Mg plating/stripping. 

Fundamental understanding of the 

structure-property relationship in Mg 

electrolytes is critical for the design and 

development of new electrolytes with improved performance.  

 

Figure 3. (a) Coordination structures of Mg(BH4)2 in DGM (diglyme), DME and THF 

derived from NMR. (b) Cycling stability of Mg(BH4)2-LiBH4-DGM for reversible Mg 

plating/stripping; c) Discharge/charge profiles of an Mg-Mo6S8 cell using the Mg(BH4)2-

LiBH4-DGM electrolyte (inset: cycling stability).  

 

As a result, a new electrolyte based on Mg(BH4)2 and diglyme (DGM)  is studied. 

LiBH4 is also employed as an additive. This electrolyte with 0.1M Mg(BH4)2 and 1.5M 

LiBH4 in DGM demonstrates close to 100% coulombic efficiency (CE) for reversible Mg 

plating/stripping under the preliminary electrochemical test condition. A well-known 

cathode material Mo6S8 Chevrel phase is used to evaluate the electrolyte for Mg 

insertion/de-insertion which shows high reversibility and stability. We focused on the 

fundamental understanding of the structure-property relationship for the Mg electrolyte 

through the study of the coordination chemistry of Mg
2+

 with ligands (solvent and BH
4-

) 

in DGM and comparison with that in DME and THF. The performance of electrolytes 

was found to be strongly correlated with 

the coordination structures and binding of 

the surrounding molecules of the 

electrochemically active Mg
2+ 

species in 

the solutions. 

 

We are also developing new in-situ 

NMR characterization techniques to study 

the chemical species formed during the 

electrochemical reaction. In Li-S systems, 

we are able to quantify the reactions 

products that cannot be observed in ex-situ experiments. 
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Figure 4. New in-situ NMR study in Li-S revealed reaction species that cannot be observed 

in ex-situ experiments. 

 

 

Publications: 

 

1. “Probing the Failure Mechanism of SnO2 Nanowires for Sodium-ion Batteries,” 

Meng Gu, Akihiro Kushima, Yuyan Shao, Ji-Guang Zhang, Jun Liu, Nigel D. 

Browning, Ju Li, Chongmin, Nano Letters, accepted, 2013. 

2. “Coordination Chemistry in magnesium battery electrolytes: how ligands affect 

their performance,” Yuyan Shao, Tianbiao Liu, Gusheng Li, Jun Liu, submitted 

and in revision, 2013. 

3. “Demonstration of an Electrochemical Liquid Cell for Operando Transmission 

Electron Microscopy Observation of the Lithiation/Delithiation Behavior of Si 

Nanowire Battery Anodes,” Meng Gu, Lucas R. Parent, Layla Mehdi, Raymond 

R. Unocic, Matthew T. McDowell, Robert L. Sacci, Wu Xu, Justin Grant Connell, 

Pinghong Xu, Patricia Abellan, Xilin Chen, Yaohui Zhang, Daniel E. Perea, 

Lincoln J. Lauhon, Ilke Arslan, Ji-Guang Zhang, Jun Liu, Yi Cui, Nigel D. 

Browning, and Chong-Min Wang, submitted, 2013. 

303



Critical Materials Institute – A Energy Innovation Hub 

The Role of  Synthesis &Processing in reducing criticality 

 

Thomas A. Lograsso  

Ames Laboratory, Ames IA 50011 

 

 

To meet the expanding, urgent challenge, and to avoid delayed development and deployment of 

clean energy technologies that depend on the supply of and access to critical elements, their 

alloys and oxides, the Critical Materials Institute (CMI) has created an Energy Innovation Hub 

for critical materials – a team of multi-disciplinary, world-class researchers, together with 

industry, dedicated to finding innovative solutions and carving creative, transformational paths to 

eliminate criticality through the diversification of supplies, development of substitutes, and 

improvement of usage efficiency, reuse and recycling. CMI has organized sustained, coordinated, 

cross-disciplinary efforts to identify urgent problems and develop short-, intermediate- and long-

term solutions across the entire life cycle of critical materials driving our energy future.   CMI’s 

mission is to eliminate materials criticality as an impediment to the commercialization of clean 

energy technologies for today and tomorrow. 

 

Recently, DOE conducted detailed studies of many ‘critical materials’ essential for America’s 

transition to clean energy technologies and identified five rare earths – neodymium, europium, 

terbium, dysprosium, and yttrium – as ‘high risk.’ While Nd and Dy are indispensable at present 

for advanced permanent magnets, Eu, Tb, and Y are vital in phosphors for energy efficient 

lighting. Economic projections indicate that these elements could experience worldwide supply 

deficits of up to 30% by 2016, stalling domestic manufacturing and preventing the adoption of 

emerging clean energy products. DOE also identified other elements such as lithium and 

tellurium as near-critical. Lithium plays a crucial role in emerging energy storage and battery 

technologies, particularly important for use in hybrid and electric vehicles; tellurium is essential 

in certain photovoltaic thin-films, but its geochemical scarcity and production supply risks 

threaten future U.S. leadership in photovoltaic manufacturing. 

 

CMI is a partnership of 18 institutions consisting of national laboratories, universities, not-for- 

profit Association and industry.  Through its four overlapping and mutually supporting Focus 

Areas (FA1 Diversifying Supply, FA2 Developing Substitutes, FA3 Improving Reuse and 

Recycling and FA4, Crosscutting Research), CMI’s research and development (R&D), and 

demonstration and deployment (D&D) will attack short-, intermediate- and long-term goals. 

Crosscutting Research will develop validated scientific tools and materials databases, assess and 

develop techniques to reduce environmental impacts, and to carry out supply chain and economic 

analysis, supporting the other focus areas.   

 

This presentation will provide an overview of goals of the CMI, specific technical challenges 

being undertaken by each the focus areas and details of some the approaches CMI research teams 

that rely on synthesis and processing methods in meeting the objectives of the CMI to reduce the 

reliance of clean energy technologies on critical materials.   
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