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Dynamics

STRATEGIC PARTNERSHIPS
INVESTMENT AREA
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Network Design Optimization of Fuel Cell
Systems and Distributed Energy Devices

Aligned Mesoporous Architectures and Devices
Rheological Properties of Nanocomposites

A New Chamber Design for Aerosol Evolution
Studies in the Ambient Environment

Applying a Sediment Mass Balance Approach to
River Meander Migration Modeling: Predicting
the Future Planform of the Middle Rio Grande

Using Reconfigurable Functional Units in
Conventional Microprocessors

Heat Conduction and Particle Motion in
Stationary Nanofluids

Nanotransport and Control of Molecules
Through Molecular Gates

Solar Hydrogen Generation with Porous
Semiconductor Electrodes

Physiological Models and Inference Based on
Optical Imaging

Passive High-Flux Thermal Management
of Electrochemical Systems with In Situ
Microchannel Phase Change
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628 Cosmic-ray Hydrometrology for Land Surface 664 Development of a System for Identification
Studies of Data
630 Multiscale Schemes for the Predictive 665 Responsive Nanocomposites
Description and Virtual Engineering of Materials 658 Thermokinetic/Mass-transfer Analysis of Carbon
632 Fundamental Studies of Electrokinetic Capture for Reuse/Sequestration
Phenomena in Polymer Microsystems 669 Improved High-Temperature Solar Absorbers
634 Solid-Oxide Electrochemical Reactor Science for use in Concentrating Solar Power Central
636 Computational Models of Intergroup Receiver Applications
Competition and Warfare 670 Three Pathways to Enhanced Energy Storage
638 Data-Driven Optimization of Dynamic 672 Innovative Electric Power Grid Architecture for
Reconfigurable Systems of Systems High-Penetration Distributed Renewable Energy
640 Development and Characterization of 3D, Nano- Generation
Confined Multicellular Constructs for Advanced 673 Nature Versus Nurture in Cellular Behavior
Biohybrid Devices and Disease
642 Development of a Structural Health Monitoring 676 Understanding the Fundamentals of Plastic
System for the Assessment of Critical Deformation
Transportation Infrastructure 678 Development of First-Principles Methodologies
644 Distributed Video Coding for Arrays of Remote to Study Electro-Catalytic Reactions at Metal/
Sensing Nodes Electrolyte Interfaces
645 Evaluation of Baseline Numerical Schemes for 680 Covalently Cross-Linked Diels-Alder Polymer
Compressible Turbulence Simulations Networks
647 Interfacial Electron and Phonon Scattering 682 Effect of Doping on the Performance of Solid-
Processes in High-Powered Nanoscale Oxide Fuel Cell Electrolytes Produced by a
Applications Combination of Suspension Plasma Spray and
649 Nanocomposite Materials for Efficient Solar Very Low Pressure Plasma Spray
Hydrogen Production 684 A Quantum Network Based on Telecomm
650 Nanotexturing of Surfaces to Reduce Interconnects for Secure Communications
Melting Point 685 Multicomponent Approach Calculations of
652 Neural Correlates of Attention Electromagnetic Scattering in Turbid Media
653 Particle Image Velocimetry Investigation of the 687 Modeling and Simulation of Explosive Dispersal
Richtmyer-Meshkov Instability after Reshock of Liquids
655 Relating Polymer Dynamics to Molecular 688 MBE Growth and Transport Properties of
Packing Carbon-Doped High-Mobility Two-Dimensional
. - Hole Systems
657 High-Fidelity Nuclear Energy System ‘ ‘
Optimization 689 Power Reduction Techniques for Modern
) Modulation Schemes
659 Nanostructured Material for Advanced Energy
Storage 691 Metrology of 3D Nanostructures
661 Hazard Analysis and Visualization of Dynamic 692 G.ene.tic Engineering of Cyanobacteria as
Complex Systems Biodiesel Feedstock
663 Processor Modeling for Use in Large-Scale 694 Enabling Self-Powered Ferroelectric

Systems Models

Nanosensors: Fundamental Science of Interfacial
Effects Under Extreme Conditions
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Integration of Block-Copolymer with
Nanoimprint Lithography: Pushing the
Boundaries of Emerging Nanopatterning
Technology

Online Learning Techniques for Improving
Robot Navigation in Unfamiliar Domains

Performance Monitoring and Enhancement in
Data Center

Fouling-Resistant Poly(ethylene glycol)-
Grafted Polyamide Desalination Membranes for
Produced Water Purification

Advanced Constitutive Models for Thermally
Activated Shape Memory Polymers: Connecting
Structure to Function

Scalable Assembly of Patterned Ordered
Functional Micelle Arrays

Discovering Tensor Structure via Higher-Order
Eigen-Decompositions

Self-Activating and Doped Tantalate Phosphors

Application of Multivariate Analysis
Techniques to Measurements in Optically Thick
Environments

Influence of Point Defects on Grain Boundary
Motion

Hyperspectral Flow Cytometer

Managing Shared Memory Data Distribution in
Hybrid HPC Applications

Biotechnology Development for Biomedical
Applications

Advanced Atom Chips with Two Metal Layers
Statistical Measures for Change Detection

Information Sharing with Information Assurance
through Cryptographic Obfuscation

Preliminary Work Toward Developing
Efficient Thermal Neutron Detection Using Gd
Conversion Layers

Securing Application Software on Untrusted
Hosts

Hardware Based Authentication Approach

726

727

728

730

732

734

735
736

737
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Uncertainty Quantification and Validation of
Combined Hydrological and Macroeconomic
Analyses

A Polarization Independent Silicon Photonic
Transceiver

Conceptual Model Development for Energy
Security Assessment of Liquid Fuel Disruptions

Novel Detection Methods for Radiation-Induced
Electron-Hole Pairs

Optimal, Automated Threat Detection
and Localization in a Cluttered Radiation
Background

The Effect of Chrome Adhesion Layer on Quartz
Resonator Aging

Unpublished Summaries
Appendix A: FY 2010 Awards and
Recognition

Appendix B: FY 2010 Project
Performance Measures

Appendix C: FY 2010 Mission Technology
Areas
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Sandia National Laboratories’ FY 2010 Laboratory Directed
Research and Development (LDRD) Program:
Discretionary Research and Development for the Future of the Labs!

J. Stephen Rottler , Vice President of Science, Technology, and
Engineering and Chief Technology Officer

As authorized by Congress, the Laboratory Directed Research and
Development (LDRD) program at Sandia National Laboratories (SNL) is
critical to maintaining the vitality of our Labs in mission-critical science
and engineering (S&E) disciplines. As SNL’s sole discretionary R&D
program, LDRD enables our technical staff to pursue innovative, high-risk
and potentially high-value research and development (R&D) for a range of
difficult S&E challenges facing our nation. Through LDRD, the Labs can
pursue game-changing S&E, develop the next generation of mission-critical
capabilities, and seek innovative solutions for emerging technical surprises.
In turn, innovation in each of these arenas is crucial to our overall mission of
providing “exceptional service in the national interest.”

Often described as the “seed corn” for SNL’s future S&E capabilities development, the Lab’s LDRD portfolio
must be simultaneously at the forefront of science and engineering theory and practice and aligned with our
Labs’ national security missions. In addition, LDRD supports crosscutting R&D in nuclear, energy, and cyber
security arenas to seek innovative technical solutions for these emerging S&E challenges facing our nation

in the Twenty-First Century and beyond. These discretionary investments often provide benefits to multiple
missions, frequently demonstrating a broader impact, unanticipated in the initial proposal. A robust peer-review
process results in a 10-fold down-selection in the process of choosing funded projects from initially submitted
ideas, resulting in the selection of only the highest quality R&D projects that are well-aligned with Sandia’s
national security missions. To maximize impact on national security, LDRD accomplishments are immediately
leveraged by management who are actively engaged with direct programs.

The FY 2010 LDRD program sponsored 432 projects costing $156M. This annual report offers an overview of
the LDRD projects that were ongoing in FY 2010, highlighting only a few examples to demonstrate the scope of
LDRD investments. The program overview and project summaries provide a window into the program’s S&E
innovation and its potential for impact on national imperatives.
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SANDIA FY 2010 PROGRAM OVERVIEW

PROGRAM PURPOSE
With the overarching goal of supporting the future missions of the Department of Energy/National Nuclear
Security Administration (DOE/NNSA), the Laboratory Directed Research and Development (LDRD) program
at Sandia National Laboratories is advancing the frontiers of science and technology to enable and support our
national security missions. Through pursuit of innovative, leading-edge science and engineering research and
development (R&D), the LDRD program nurtures our core science and engineering capabilities and supports
the development of staft technical expertise. With a budget of $156.0 M for the funding of 432 projects in
FY 2010, the program has underwritten a myriad of high-risk science, technology, and engineering (ST&E),
often in collaboration with scientists and engineers in academia, corporations and at other DOE laboratories.
It has yielded outcomes contributing to nuclear, homeland, cyber, infrastructure, energy, climate, health, and
intelligence security — in areas as diverse as nuclear weapons systems, novel sensor concepts and technologies,
quantum science and technology, nanotechnology, metamaterials, computational modeling and simulation,
carbon-neutral energy, molecular biology and biomedicine, and cognitive science. In turn, the outcomes of this
research support DOE missions in nuclear security, energy security, environmental responsibility, and scientific
discovery.

In supporting these national security missions, LDRD helps attract the best and brightest available scientists
and engineers as new staff. This is an important component of the LDRD program in that it sustains Sandia’s
capabilities over the long term, the program serving as a training and mentoring vehicle to acclimate new staff
to the research environment and to the unique responsibilities of advancing the frontier of national-security
S&T. These staff members in turn, disseminate program outcomes through refereed publications and invited
presentations — in numbers disproportionate to the size of the program — and their research has translated
into numerous R&D 100 Awards (recognizing the nation’s most innovative research and development) and
laboratory patents. These outcomes form an important component underpinning our national and international
ST&E leadership, while playing a key role in maintaining and enhancing our national security both at present
and into the future.

It is the purpose of this annual report to summarize and delineate the spectrum of research supported by the
Sandia LDRD program, presenting each project’s purpose, outcomes, and significance in the context of both the
Laboratories’ mission and the broader national security context.

PROGRAM DESCRIPTION
ORGANIZATION: Responsibility for the Sandia LDRD program rests with the Sandia President, who delegates
policy and process authority to the Chief Technology Officer (CTO). Reporting to the CTO, the LDRD Office
is responsible for day-to-day program management, process development, final proposal review, monitoring of
outcomes, reporting to the responsible NNSA entities, and when appropriate, conducting periodic operational
program reviews for the purpose of recommending process amendments. To that end, the LDRD office
conducted a web-based program survey of principal investigators (PIs) and project managers (PMs) in FY 2010,
the results of which have engendered a series of recommendations to the CTO. Consequently, the program
anticipates introducing procedural amendments to its project selection process for FY 2011 and FY 2012.

PROGRAM STRUCTURE: The detailed program structure, encompassing the 11 investment areas (IAs)
organized under the four global categories or Program Areas of Sandia LDRD research investments is as
follows (note that more-detailed descriptions of each 1A, with summarized exemplary projects, can be found
as sectional introductions within the body of this document, prior to the corpus of project reports for that
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particular IA; see pages 21, 97, 199, 249, 293, 396, 467, 515, 563, 576, and 604). Within the LDRD Mission
Technologies Program Area, four of the 11 IAs support the four Sandia Mission Technology (MT) strategic
management units (SMUs). Four [As aim at conducting more-fundamental research under the aegis of the
Science, Technology and Engineering Foundations (ST&E) Program Area; two [As under the “Corporate
Investments” Program Area are aimed at very high risk or university-collaborative research; and the eleventh IA
(Grand Challenges) is multidisciplinary in scope. Newly initiated for FY 2010, an Early Career R&D LDRD
program (described below) provides funding for LDRD projects that can fall within the scope of the 8 IAs in the
MT and ST&E program areas.

PROGRAM AREA: Mission Technologies
Four Investment Areas:
* Defense Systems and Assessments — supporting the mission of the Department of defense (DoD) and
the Intelligence community
* Nuclear Weapons — supporting the mission of the nuclear stockpile and the life extension program
* Energy, Resources, and Nonproliferation — supporting energy, water, climate, and global security
missions
* Homeland Security — supporting the mission of the Department of Homeland Security (DHS)

PROGRAM AREA: Science, Technology, and Engineering Foundations
Four Investment Areas:
» Nanoscience to Microsystems — nanotechnology and microelectronics
» Enabling Predictive Simulation — engineering sciences, computational algorithm and hardware
development
» New Directions — biological and cognitive science and technology
* Science of Extreme Environments — high-energy-density physics, radiation sciences, pulsed power, and
fusion energy

PROGRAM AREA: Corporate Investments
Two Investment Areas:
* Strategic Partnerships — collaborative university R&D and partnering for advancing mutual ST&E
capabilities
* Seniors’ Council — novel, very high risk, high-impact R&D feasibility projects

PROGRAM AREA: Grand Challenges
Investment Area: Grand Challenges — broad-scope multidisciplinary projects addressing our nation’s most-
difficult problems

FUNDING PROCESS: The LDRD office coordinates with the director leads for each IA and the Senior
Steering Committee (SSC), consisting of senior managers who represent each of the 11 investment areas
delineated above. The IA directors and the SSC, with recommendations and direction from the LDRD office,
helps develop policy to streamline the proposal evaluation processes and to encourage innovation and risk-
taking in LDRD concept generation. Moreover, the A directors and their management teams direct the crafting
of the Call for Ideas. Each of the IA Calls elaborates that investment area’s prioritized research interests,
thereby providing a set of guidelines for technical staff in terms of the topics toward which research ideas
should be directed in order to receive optimal consideration for funding. Once those staft ideas are submitted,
the IA directors and their management teams direct reviews of those ideas, and subsequently, of full research
proposals culled from those ideas that are both technically the most compelling and that best fit the parameters
of the Call. The selected proposals are aligned with the overarching LDRD mandate that research proposals be
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leading-edge and entertain significant risk. Technical qualifications of staff composing a project’s R&D team
also factor into the decision about which projects will receive funding.

Subsequent to dissemination of the IA Calls, a web-based idea-submission process permits any regular
employee to submit a 500-word idea (1000 words for a Grand Challenge idea). During FY 2010, 880 ideas
were submitted, from which 184 were down-selected and invited to submit new (initial-funding) proposals.
Generally, approximately half these proposals are approved for funding. In FY 2010, 88 new projects were
funded, a final funding rate of 10% (88 of 880 ideas). To these 88 were added 151 late-start projects for a total
new project count of 239 (included in this number were 21 “Early Career R&D,” a new category of LDRD
projects, as described below). These 239 newly funded projects were added to 193 continuing projects yielding
a total of 432 LDRD projects funded for the fiscal year.

EARLY CAREER R&D (ECRD)

Initiated in FY 2010, the ECRD component of the LDRD program makes a maximum of $250 K of LDRD
funding available to any Ph.D.-recipient staff member whose employment at Sandia commenced after October
1,2010. ECRD is designed to smooth transition into the workforce, particularly for those individuals entering
Sandia directly from a research-focused doctoral or postdoctoral program, enabling them to sustain that focus
on creative activity, while simultaneously acclimating them to the national laboratory environment, with its
dual focus on R&D and programmatic work. Applicants must submit a research proposal aligned with one of
the Mission Technology or ST&E investment areas that clearly articulates a hypothesis and a research plan
for testing that hypothesis. Initial response to this initiative has been large and overwhelmingly positive. (The
LDRD Program Office is currently preparing a brochure delineating the research activities and experiences of
the initial cohort of Early Career LDRD funding recipients.)

Given that the LDRD program is an essential component for attracting, sustaining, and developing world-class
ST&E capabilities at Sandia, the ECRD also serves the function of increasing the attractiveness of a Sandia
staff position. In addition to this new initiative, LDRD also serves as a valuable means of recruiting new

talent through hiring postdoctoral staff and supporting graduate students, thereby leveraging complementary
scientific capabilities through strategic collaborations with academia. In recent years, roughly 40% of LDRD
projects engage in external collaborations with academia or industry. LDRD research is performed by a
disproportionately large fraction (>40%) of young employees with less than 5 years service as well as over half
of the postdoctoral staff. These statistics illustrate that the development of critical ST&E skills and leadership is
strongly promoted by LDRD.

Budget: Since FY 2007, LDRD strategic investments have been based on a balanced portfolio principle of

stable funding targets for major investment categories as well as the strategic intent of the LDRD portfolios.
[llustrating the balanced portfolio principle, the
breakdown of program investments for FY 2010 is 40

shown in Figure 1. 35
) . 30
Figure 1. Investment portfolio breakdown for FY 2010 for
the four Sandia LDRD program areas as a percentage of 25
the total annual LDRD budget. STE: Science, Technology | 20 Percent of
and Engineering Foundations; MT: Mission Technologies; | 15 Program Costs
I i -
STE MT  GC cl PM

GC: Grand Challenges; Cl: Corporate Investments; PM:
program management. 10
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PORTFOLIO DESCRIPTION:
Project Size

Of the 432 projects active in FY 2010, 200
239 were newly funded, in their first year,
while 193 were continuing in their second

or third years. The FY 2010 project size, 100
by budget, is shown in Figure 2. 50 l
Figure 2. LDRD project size 0 e

distribution, by budget: FY 2010
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The LDRD program supports a range of R&D activities from fundamental research through proof-of-principle
studies, and to a certain extent, even field demonstrations. In this context, each project is accorded a strategic
designation of either Discover, Create, or Prove (D, C, or P). The intent of “Discover” projects is the creation of
new understanding or knowledge. “Create” projects pursue the innovative application or combination of new or
existing knowledge in a unique fashion, in order to create a novel solution to a problem, or to provide a revolutionary
scientific, technological, or engineering advance. “Prove” projects pursue the validation of'a prospective innovation
or concept in a real-world environment, in a fashion that reduces any remaining unknowns and uncertainties.
In addition to the balanced portfolio
principle of stable funding targets for
major investment categories (Figure
1), the program also attempts to 50

maintain a balanced portfolio with

. .. . 40 Percent of

respect to project strategic intent. This LDRD Portfolio
DCP balance for FY 2010, essentially 30

unchanged from the prior two FYs, is

60

shown in Figure 3. 20
10
Figure 3. The DCP strategic intentfor | ¢ -

the FY 2010 LDRD portfolio Discover Create Prove

Technical Risk: Fundamental to creative innovation is some level of risk. The Sandia LDRD program has
actively attempted to encourage risk-taking, by encouraging far-reaching project goals, while simultaneously
requiring that risk-mitigation strategies be in place. Hence, for example, the program is flexible in permitting
and, when relevant, encouraging project redirection, in order to maximize the potential for meaningful
innovative outcomes. In July of 2010, the LDRD program office published a brochure entitled, Risk, Challenge,
and Reward in LDRD (SAND 2010-3942P). By way of a dozen case studies, the brochure studied and analyzed
the sources of technical risk within LDRD projects, the strategies employed for risk mitigation, and a variety of
potential outcomes, when insurmountable roadblocks are confronted. This study indicated that Sandia LDRD
principal investigators (PIs) employ risk-mitigation strategies at appropriate moments, are able to reconfigure
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and/or redirect project goals and activities to ensure positive, innovative outcomes, and are accepting of the

understanding that, occasionally, and for a diversity of reasons, hypotheses can be disconfirmed by carefully
conducted and validated experimental protocols — and that a hypothesis disconfirmed does indeed advance
scientific knowledge by closing off fruitless research paths.

LDRD PROGRAM PERFORMANCE

LDRD creates and builds the core technologies that produce major scientific advancements and develop new
capabilities through leading edge R&D. The long-range, forward-looking research anticipates solutions to
mission challenges that are too risky for direct program funding, such as advanced architectures for high
performance computing, novel electronics for space-based sensors, more efficient optoelectronic materials for
solid state lighting, or innovative technologies for conversion of carbon dioxide to synthetic fuel. Approximately
10% of LDRD outcomes were featured in an LDRD Program Office publication, Sandia LDRD 2010 Research
Highlights (SAND 2010-8330P).

The FY 2010 Sandia LDRD program grew in size over the previous year, proportional to an increase in the
Labs’ budget, and yielded a plethora of new scientific results. For example, over the past five years, over 50
percent of the labs’ R&D 100 Awards (recognizing the nation’s most innovative research and development), 20
percent of Sandia’s refereed articles, and more than 40 percent of patents have roots in LDRD-supported efforts.
This represents an extraordinary return on an 8 percent lab investment in R&D (Figure 4).

LDRD- LDRD- LDRD-
Non-LDRD Supported Non-LDRD Supported Non-LDRD Supported

79% 21% 55% 45% 33% | 67%
Refereed Publications Patents Issued R&D 100 Awards
(2005-2009) (2006-2010) (2006-2010)

Figure 4. Performance measures

LDRD projects are a dominant part of the core of national laboratory innovation and vitality. In July 2010,
R&D Magazine presented its “R&D 100” Awards to researchers who have developed the year’s one hundred
most outstanding advances in applied technologies. Sandia received five awards in 2010, two of which had deep
roots in the LDRD program. These are as follows.

Multifunctional Optical Coatings: Involves the self-assembly of polymers to form nanostructured coatings
with tailored properties, using commercially available polymers dispersed in common solvents, allowing easy
and cost-effective routes to produce films through spin, dip, or spray coating in ambient conditions. These

films possess physical properties approaching those of materials that are typically fabricated using expensive
processes such as chemical vapor deposition and sputtering. Additionally, the chemical and physical properties
of the self-assembled polymer films can be further tailored through a variety of near-ambient-condition
processes.
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Figure 5. Micrographs of various self-assembled nanostructured optical coatings (A, B, and C) and photographs of hybrid
organic/inorganic fluorescent nanoparticles in aqueous solutions (D).

Acoustic Wave Biosensors, Rapid Point-of-Care Medical Diagnostics (joint entry with the
University of New Mexico Health Sciences Center) This innovative device is a handheld, battery-powered,
portable detection system that is capable of multiplex identification of a wide range of medically relevant
pathogens and their biomolecular signatures—viruses, bacteria, proteins, and DNA — at clinically relevant
levels. This detection occurs within minutes, not hours, at the point of care, whether that care is in a physician’s

LDRD-related research accomplishments were also featured
on the covers of peer-reviewed journals during FY 2010: for
example, the November 2009 issue of the Journal of Materials
Chemistry and the June 11, 2010 issue of Physical Review
Letters (Figure 7).

Figure 7. Journal Covers

Journal of

Materials Chemistry

office, a hospital bed, or at the scene of a biodefense or
biomedical emergency. The detection system employs Sandia’s
shear horizontal surface acoustic wave (SH-SAW) biosensor
array functionalized with selective ligands — antibodies,
peptides, or single-stranded DNA, depending on the application.

Figure 6. Acoustic wave biosensor with PDA controller (left) and
rechargeable battery (blue, upper right). Sensor arrays fit in the tan
enclosure on the green circuit board.

PHYSICAL
REVIEW
LETTERS

These measures of program performance illustrate that the LDRD Program plays a crucial role in advancing
the national security missions of Sandia National Laboratories. The breadth and depth of the program’s
contributions are more fully revealed by the project summaries contained in this annual report, which underline
the contributions of the LDRD program to Sandia’s overarching goal, first defined by President Harry S.

Truman, of rendering “exceptional service in the national interest.”



Sandia National Laboratories 2010 LDRD Annual Report 21

ENABLE PREDICTIVE SIMULATION
INVESTMENT AREA

Computational modeling and simulation is the bailiwick of this investmentarea, funding research into
computational activity that has the capability to both confirm and globalize experimental results, as well as to
guide future experimentation and scientific intervention into national and global challenges. From predicting the
course of epidemics, to models of material failure probabilities, to modeling water systems in semi-arid regions,
to clarifying the properties of matter at the nanoscale, to new designs for computational memory, this IA’s reach
across Sandia’s mission areas is quite extensive.

Multiscale Models of Nuclear Waste Reprocessing:

From the Mesoscale to the Plant-Scale
Project 141508

With the increased likelihood that nuclear energy will factor into the equation for energy production with a low-
carbon footprint, models of nuclear reprocessing plants are needed to support nuclear materials accountancy,
nonproliferation, plant design, and plant scale-up.

This project is developing predictive
capabilities targeting the design and
monitoring of a next-generation nuclear
fuel cycle to enable economical large-
scale reprocessing with accurate material
balances. In addition to plutonium/uranium
extraction and separation models — which
are being developed at several process
scales, from single solution droplet to

the contactor device in which extractions
occur — plant “flow sheets” will be created
using a novel, scalable network model that
will allow coupling of massively parallel
contactor models to simple models for
other plant unit operations. This will be

key to support nonproliferation activities
including material accountancy, plant design,
and diversion scenarios. Models will be
validated through experiments at Sandia and
in collaboration with Oak Ridge National
Laboratory

Model of turbulent flow within contactor extraction device.
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Studies in High-Rate Solidification
Project 150638

The premise in this research is that the acquisition of 3-dimensional reconstructions of weld microstructures
will provide more detailed characterization, which will, in turn, enhance the ability to develop predictive
models of microstructural formation within a weld that influences its strength and other properties. To

that end, the project is employing both microscopy of serial sections through welds and radiography with
microcomputed tomography (similar to the process by which CT-scans are often used in medicine to image

the three-dimensional structure of tissues and organs) to produce three-dimensional reconstructions of the
grain microstructure and porosity within welds, parameters that
are critical to assessing characteristics. By using the modeling
capabilities in Sandia’s Sierra software, a key connection is to
utilize the experimental data to inform modeling initiatives,

such that predictive capabilities will be greatly enhanced. In

the future, this could possibly permit the establishment of better
parameters for creating welds that would become more durable or
would exhibit other prespecified characteristics. With the need to
! revitalize some of the nation’s aging infrastructure, such initiatives

-y
,',;/ 'R & /‘ represent an important step forward.

o

%

Three-dimensional reconstruction of weld
properties.
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ENABLE PREDICTIVE SIMULATION

Leveraging Multi-Way Linkages on Heterogeneous Data
117782

Year 3 of 3

Principal Investigator: T. G. Kolda

Project Purpose

This project’s focus is the investigation and development of novel data analysis methods for heterogeneous
data because recent experiences with Sandia intelligence analysts have revealed an emerging need to research
analytic capabilities for large-scale, complex data sets. The goal is to be able to combine heterogeneous
entities and multiple linkages (i.e., relationships) among them. We are developing a new class of algorithms,
emphasizing scalability and robustness, for multi-way linkage dimensionality reduction that maps
heterogeneous entities into a shared conceptual space. We measure the quality of the mapping according to how
well “nearness” is maintained in the lower-dimensional conceptual space with respect to the multi-way links
and various problem-dependent quality measures such as classification performance. Of important application
interest, mapping the entities to conceptual space is fundamental to solving a variety of data analysis problems,
including entity resolution and disambiguation, link prediction, and anomaly discovery.

Sandia is uniquely positioned to address these challenges because of our expertise in data and graph analysis,
matrix and tensor methods, and high-performance computing. Our overarching goal is to develop robust

and scalable methods for analyzing multi-way links on heterogeneous, inaccurate, and incomplete data from
real-world applications. Although multi-way linkage analysis is of interest to us specifically because of its
importance in the intelligence community, there are also applications to social network, bibliometric, critical
infrastructure, and complex biological systems analysis. LDRD investment is enabling us to become established
in this domain of large-scale, multi-linkage graph analysis.

Summary of Accomplishments

The goal was to investigate scalable and robust methods for multi-way data analysis. We developed a new
optimization-based method called CPOPT for fitting a particular type of tensor factorization to data; CPOPT
was compared against existing methods and found to be more accurate than any faster method and faster than
any equally accurate method. We extended this method to computing tensor factorizations for problems with
incomplete data; our results show that one can recover scientifically meaningful factorizations with large
amounts of missing data (50% or more). The project has involved five members of the technical staff, two
postdocs, and one summer intern. It has resulted in a total of 13 publications, two software releases, and over 30
presentations.

Significance

The project ties to Sandia’s national security mission. Our goals of entity resolution/disambiguation, link
prediction, and anomaly detection relate to problems of national security interest because they address data
fusion across disparate data sources. Our technological aims are consistent with Sandia’s and DOE’s long
history of support for the intelligence agencies. Other applications include social network, critical infrastructure,
and complex biological system analyses. Several follow-on projects have already begun, with more potential
projects in development.
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Refereed Communications
D.M. Dunlavy, T.G. Kolda, and E. Acar, “Temporal Link Prediction Using Matrix and Tensor Factorizations,” to

be published in ACM Transactions on Knowledge Discovery from Data.

E. Acar, D.M. Dunlavy, and T.G. Kolda, “A Scalable Optimization Approach for Fitting Canonical Tensor
Decompositions,” to be published in the Journal of Chemometrics.

E. Acar, D.M. Dunlavy, T.G. Kolda, and M. Merup, “Scalable Tensor Factorizations for Incomplete Data,” to be
published in Chemometrics and Intelligent Laboratory Systems.
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Peridynamics as a Rigorous Coarse-Graining of Atomistics for

Multiscale Materials Design
117783

Year 3 of 3

Principal Investigator: R. B. Lehoucq

Project Purpose

The goal of our project is to develop a coarse-graining of finite temperature molecular dynamics (MD) that
successfully transitions from statistical mechanics to continuum mechanics. Our coarse-graining overcomes

the intrinsic limitation of coupling atomistics with classical continuum mechanics via the FEM (finite element
method), SPH (smoothed particle hydrodynamics), or MPM (material point method); namely, that classical
continuum mechanics assumes a local force interaction that is incompatible with the nonlocal force model of
atomistic methods. Therefore FEM, SPH, MPM inherit this limitation. This seemingly innocuous dichotomy has
far-reaching consequences; for example, classical continuum mechanics cannot resolve the short wavelength
behavior associated with atomistics. Other consequences include spurious forces, invalid phonon dispersion
relationships, and irreconcilable descriptions/treatments of temperature.

We propose a statistically based coarse-graining of atomistics via peridynamics, and, hence, develop a first-of-
a-kind mesoscopic capability to enable consistent, thermodynamically sound, atomistic-to-continuum (AtC)
multiscale material simulation. Peridynamics (PD) is a micro-continuum theory that assumes nonlocal forces
for describing long-range material interaction. The force interactions occurring at finite distances are naturally
accounted for in PD. Moreover, PD’s nonlocal force model is entirely consistent with those used by atomistics
methods, in stark contrast to classical continuum mechanics. Hence, PD can be employed for mesoscopic
phenomena that are beyond the realms of classical continuum mechanics and atomistic simulations, e.g.,
molecular dynamics and density functional theory (DFT). The latter two atomistic techniques are handicapped
by the onerous length and time scales associated with simulating mesoscopic materials. Simulating such
mesoscopic materials is likely to require, and greatly benefit from multiscale simulations coupling DFT, MD,
PD, and explicit transient dynamic finite element methods FEM (e.g., Presto). The proposed work fills the gap
needed to enable multiscale materials simulations.

Summary of Accomplishments

The project goal of establishing the theoretical basis for the coarse-graining MD into peridynamics was
accomplished in two related approaches. The first approach derives the peridynamic balance of linear
momentum and energy from the principles of statistical mechanics. The second approach represents interatomic
potentials within peridynamics, or continulization (the process of replacing a discrete process with a continuous
one) of molecular dynamics into peridynamics. Two instances of continulization are provided. The first is an
upscaling of molecular dynamics into a high-order gradient theory, and then exploiting a relationship between
peridynamics and a high-order gradient theory. The second instance of continulization represents an interatomic
multibody potential as a peridynamic material, and then smooths the resulting heterogeneous peridynamic
material model. The two coarse-graining approaches are synergistic.

The first approach, although of significant theoretical value, does not immediately lead to an

expedient computational scheme. An important conclusion, however, is that the path from classical
nonequilibrium statistical to classical continuum mechanics traverses the nonlocal continuum theory of
peridynamics. A consequence is that peridynamics can augment, or replace, MD, and AtC coupling can be
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replaced by PtC coupling (peridynamics to classical continuum mechanics). Continulization is a practical
application justifying the contention of the first approach that molecular dynamics can be coarse-grained into
peridynamics. In contrast to classical continuum mechanics, peridynamics does capture the short-wavelength
behavior associated with molecular dynamics without the need to assume the existence of higher-order
derivatives associated with a high-order gradient theory. Moreover, continulization represents a sophisticated
scheme for generating peridynamic material models by coarse-graining multibody interatomic potentials at
the continuum level. Thermodynamic restrictions on peridynamic elastic materials was also determined by
appealing to a Coleman-Noll like procedure. The restrictions ensure that the second law of thermodynamics is
not violated.

Significance

Sandia/NNSA has a strong interest in science-based stockpile stewardship (advanced simulation and
computing), developing nano- and microscale devices and designer materials for renewable energy production
and storage. These three applications can significantly benefit from multiscale materials simulations at the
mesoscopic level that incorporate first-principles techniques at the atomistic regime. This project will provide
the research and tools to address this critical regime between the atomic and the continuum levels.

Refereed Communications
S.A. Silling and R.B. Lehoucq, “Peridynamic Theory of Solid Mechanics,” Advances In Applied Mechanics,
vol. 44, pp. 73-168, 2010.

R.B. Lehoucq and A. Von Lilienfeld-Toal, “Translation of Walter Noll's 'Derivation of the Fundamental
Equations of Continuum Thermodynamics from Statistical Mechanics,"” Journal of Elasticity, vol. 100, pp.
5-24, 2010.

S.A. Silling, “Linearized Theory of Peridynamic States,” Journal of Elasticity, vol. 99, pp. 85-111, 2010.

P. Seleson and M.L. Parks, “On the Role of the Influence Function in the Peridynamic Theory,” to be published
in the International Journal for Multiscale Computational Engineering.

S.A. Silling, “A Coarsening Method for Linear Peridynamics,” to be published in the International Journal for
Multiscale Computational Engineering.
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Predicting Fracture in Brittle Micron-Scale Structures
117784

Year 3 of 3

Principal Investigator: E. D. Reedy Jr.

Project Purpose

Our goal is to develop a validated failure methodology that can be applied to micron-scale
microelectromechanical systems (MEMS) made from polycrystalline silicon. The development of such a
methodology is especially needed for MEMS structures that are subjected to high loads (e.g., a chevron thermal
actuator, a bi-stable mechanism, etc.). This will require a detailed understanding of how the failure depends on
flaw distributions, flaw geometry, material microstructure, and regions of intense stress gradients. One source of
difficulty in developing such a failure analysis is a consequence of the fact that critical flaw size, grain size, and
the region dominated by high stress gradients can all be on the same 100-nm length scale. Note that traditional
Weibull statistics-based probabilistic failure modeling approaches are not applicable when flaws are not small
compared to specimen dimensions or to the size of regions with high stress gradients.

In this project, we seek to understand how flaws and microstructure generate probabilistic strength distributions
and how regions of high stress gradients affect such distributions. We are performing finite element analyses

to determine the effect of crystal orientation, flaw geometry, etc., on predictions of specimen strength. One
primary goal of the experimental effort is to develop novel on-chip and off-chip testing techniques that will
allow us to test on the order of one-thousand nominally identical micron-scale tensile bars so as to define
strength distribution tails. These techniques will be used to measure strength distributions of samples with and
without stress concentrations (notches). Together, the computational and experimental results will direct the
development of a methodology for predicting fracture of brittle micron-scale structures that does not explicitly
model its microstructure and edge roughness.

Summary of Accomplishments

We used high-throughput test methods, developed during the previous years of this project, to measure the
strength of SUMMIT V (Sandia ultraplanar multilevel MEMS technology V)( polycrystalline silicon tensile
bars. Approximately 1300 nominally identical tensile bars were tested. One important finding is that measured
tensile strength distributions display a strength threshold. This implies that the strength-controlling flaws
produced by the SUMMIT V microfabrication process are all less than some maximum size. In addition to
sidewall edge flaws, which are clearly linked to the measured variability in tensile strength, we investigated
several other potential factors. These included variations in line width, stress inhomogeneity within a
polycrystal, and variations in the apparent fracture toughness. None of these appear to be a dominate contributor
to tensile strength variability. The dominant nature of sidewall flaws was further confirmed by an analysis that
applied cohesive zone finite element results for blunted V-notches to actual atomic force microscopy images.
This analysis predicted tensile strengths for the imaged sidewalls that fell within the range of measured tensile
strengths. The existence of a maximum flaw size enables the use of a flaw tolerance fracture mechanics
methodology for analyzing complex MEMS structures containing micron-scale stress concentrations. We
used this approach to estimate a lower bound for the strength of a double edge-notch specimen that compared
favorably with measured values.

Significance
High-performance micron-scale MEMS structures will be used in high-risk national security applications only
if their structural integrity can be guaranteed. This is particularly true of micron-scale structures made of brittle
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polycrystalline silicon. A validated computational methodology for predicting fracture of brittle micron-scale
structures can provide the confidence needed to enable their use in challenging applications. It can also aid in
the design effort and guide processing improvements.

Refereed Communications
B.L. Boyce, “A Sequential Tensile Method for Rapid Characterization of Extreme-Value Behavior in
Microfabricated Materials,” Experimental Mechanics, vol. 50, pp. 993-997, 2010.

B.L. Boyce, J.Y. Huang, D.C. Miller, and M. Kennedy, “Deformation and Failure of Small Scale Structures,”
JOM, vol. 62, pp. 62-63, April 2010.

B.L. Boyce, M.J. Shaw, P. Lu, and M.T. Dugger, “Stronger Silicon for Microsystems,” Acta Materialia, vol. 58,
pp. 439-448, 2010.
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A Light Weight Operating System for Multicore Capability

Class Supercomputers
117785

Year 3 of 3

Principal Investigator: K. Pedretti

Project Purpose

Sandia has a long history of fielding capability supercomputers that are among the largest and most scalable

in the world. One of the primary reasons for this success has been an in-house developed Light Weight Kernel
(LWK) Operating System (OS) that embodies all of Sandia's experience in designing scalable systems. This
project will perform the system software research and development necessary to extend this leadership to multi-
core processors. Industry is focused on lower-end capacity machines and lacks sufficient commercial motivation
to develop LWK OS technology for multi-core; however, our experience shows that this is an essential
ingredient for successful capability supercomputers.

This project will investigate the complex memory hierarchies, advanced on-chip synchronization methods,
enhanced hardware virtualization technology, and new programming models that are accompanying multi-core
processors. To compensate for the expected significant drop in bytes-to-flop ratio, this project will seek out and
invent new techniques for reducing per-core memory bandwidth requirements. The insight gained by exploring
these topics will be incorporated into the LWK OS system that is developed.

In order to make LWK OS technology more accessible, the software developed by this project will be open-
source and publicly available. The proprietary nature of existing LWK OS solutions, their lack of hardware
support, and the inaccessibility of capability class testing platforms severely limits their scope. A goal of this
project is to mitigate these issues and begin to build a LWK OS research community. If successful, expected
benefits are increased proliferation of Sandia’s LWK OS technology and increased system software innovation.
These benefits would not be achievable using the current model of developing a proprietary LWK OS for each
new capability supercomputer.

Summary of Accomplishments

We designed and developed the Kitten LWK OS. Kitten is a modern, open-source LWK platform that supports
many-core processors (100s of cores), advanced intranode data movement (via SMARTMAP [Simple Mapping
of Address Region Tables for Multicore Aware Programming]), current multithreaded programming models
(via Linux user-space compatibility), commodity high-performance computing (HPC) networking (Infiniband),
and full-featured guest operating systems (via the Palacios virtual machine monitor). The Kitten LWK has
been downloaded hundreds of times, and there are several external researchers actively working to extend

its capabilities. Several projects are leveraging the platform and we are positioning it as an ideal platform for
conducting exascale supercomputer hardware/software co-design research. Kitten can be downloaded from
http://software.sandia.gov/trac/kitten.

We invented the SMARTMAP virtual memory mapping technique for multicore processors. SMARTMAP
significantly reduces intranode memory bandwidth requirements, a significant bottleneck on multicore
processors. SMARTMAP was an important component of the 2009 “Catamount N-way Kernel” R&D100 award
and we have applied for a patent.

We created a scalable virtualization environment for HPC. We teamed with separately funded researchers at
Northwestern University and the University of New Mexico to incorporate their embeddable virtual machine
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monitor, called Palacios, into the Kitten LWK, and customize it for HPC workloads. Our solution is unique
compared to other cloud/utility computing virtualization layers in that it is focused on HPC and takes advantage
of the unique characteristics of the LWK environment to reduce virtualization overhead. We used the Kitten
and Palacios combination to perform large-scale testing on up to 6,240 nodes of Red Storm Cray XT4 system
using HPC micro-benchmarks and several real applications. The observed virtualization overhead of less than
5% demonstrated that it is feasible to run real, communication-intensive HPC applications in a virtualized
environment at large scale.

Significance

Simulations and data analysis performed on capability supercomputers are critical components of DOE strategic
goals in defense, energy, science, and environment. Specific examples include the nuclear weapons modeling
necessary to maintain the stockpile, controlled-fusion reactor simulation, and climate modeling. This project
will develop system software technology that is necessary to perform applications such as these on future
petascale supercomputers made up of multicore processors.

Refereed Communications

K. Ferreira, P. Bridges, R. Brightwell, and K. Pedretti, “The Impact of System Design Parameters on
Application Noise Sensitivity,” IEEE International Conference on Cluster Computing, Heraklion, Crete, Greece,
September 2010.

J. Lange, K. Pedretti, T. Hudson, P. Dinda, Z. Cui, L. Xia, P. Bridges, A. Gocke, S. Jaconette, M. Levenhagen,
and R. Brightwell, “Palacios and Kitten: New High Performance Operating Systems for Scalable Virtualized
and Native Supercomputing,” IEEE International Parallel and Distributed Processing Symposium, Atlanta, GA,
April 2010.
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Enhanced Molecular Dynamics for Simulating Thermal and

Charge Transport Phenomena in Metals and Semiconductors
117786

Year 3 of 3

Principal Investigator: R. E. Jones

Project Purpose

In modeling nonequilibrium thermal transport in solids, classical molecular dynamics (MD) has the primary
strength of explicitly representing phonon modes and the defects that scatter phonons. On the other hand,
electrons and their role in energy transport are missing. These effects are vital in applications such as laser
processing of materials, synthesizing thermoelectric (TE) materials, and estimating heat transport in conducting
nanotubes and nanowires. Predictive models of the phenomenology of the interactions between the charge
carriers and the atoms represented in MD exist, albeit lacking the phonon-confinement, ballistic transport,
defect and grain boundary scattering effects natural to MD. This project will greatly improve the state-of-the-
art, consisting of a few attempts at adding electronic effects to MD, by fully coupling the thermal and electronic
transport in a rational framework, extending the regimes of application with new models and rigorously treating
defects. We have taken partial differential equation (PDE)-based models of the coupled electron-phonon

system and represented the electron transport by finite elements (FE) and the phonon system with MD. By
coupling classical MD to FE-based models of the missing physics, we are enabling the simulation of a broad
range of physical phenomena from the rapid exchange of heat between the electron and phonon carriers in

a lattice through current-induced thermal failure of nanowires. Our approach is intrinsically multiscale and
multiphysics. Furthermore, the tight coupling between the MD and FE paradigms utilizes the inherent strengths
of each. We will enable predictive simulation for applications such as nanowire lasers, components of integrated
semiconductors circuits and superlattice thermoelectrics where the effects of nanosized structures and electronic
transport are equally important. Moreover, in the process of developing the methods needed to address
electronic transport effects in MD, we anticipate discovering novel means of describing and predicting coupled
nanoscale transport.

Summary of Accomplishments

In this three year project we have developed new theory on the incoherent, coupled transport of energy via
electrons and phonons, new algorithms for coupling molecular dynamics with finite-element based models of
transport, and novel means of estimating transport coefficients from first principles, time-dependent density
functional calculations. The work has been documented in a number of presentations and publications.
Moreover, we have released working, validated simulation code to the general scientific community via an add-
on package to Sandia’s widely-used LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)
code. We expect this to generate new algorithms and applications in the national interest. We also have seen
clear extensions to this work that have resulted in multiple follow-on projects based on the fundamental
multiphysics and multiscale algorithms developed in this project.

Significance

High-efficiency thermoelectrics continue to be relevant to Sandia’s missions and nanoscale powered devices are
becoming increasingly so. The design of nanosized devices and simulating the relevant physics impact a wide
range of DOE/NNSA applications including energy production, communication, and sensing applications. This
project and the enabling simulation it develops will impact the design and understanding of the fundamental
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behavior of these devices.

Refereed Communications
R.E. Jones, J.A. Templeton, G.J. Wagner, D. Olmsted, and N.A. Modine, “Electron Transport Enhanced

Molecular Dynamics for Metals and Semi-Metals,” International Journal for Numerical Methods in
Engineering, vol. 83, pp. 940-967, March 2010.

32
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Solution Methods for Very Highly Integrated Circuits
117787

Year 3 of 3

Principal Investigator: H. K. Thornquist

Project Purpose

While advances in manufacturing enable the fabrication of integrated circuits containing tens-to-hundreds of
millions of devices, time-sensitive modeling and simulation necessary to design these circuits poses a significant
computational challenge. This is especially true for mixed-signal integrated circuits where detailed performance
analyses are necessary for individual analog/digital circuit components and the full system. When the integrated
circuit has millions of devices, performing a full system simulation is practically infeasible using currently
available Electrical Design Automation (EDA) tools.

The proposed research addresses the computational difficulties introduced by these large nonlinear dynamical
systems by using Model Order Reduction (MOR) to reduce the overall dynamical system size and generate
specialized preconditioners that accelerate the underlying linear system solution computation. Some commercial
EDA tools use linear MOR techniques for circuit interconnects, but robust methods for nonlinear MOR are
nonexistent. Our goal is to develop robust nonlinear MOR techniques, as well as apply linear and nonlinear
MOR techniques to individual devices or groups of devices in a circuit automatically using the circuit-level
descriptions. While this approach effectively reduces the overall dynamical system size, efficient and scalable
preconditioners are still vital to the feasibility of a full system simulation.

We will use information about the dynamical system behavior obtained by the MOR methods to pursue
innovative, scalable preconditioning techniques for the reduced or full dynamical system. Success in this
endeavor will provide capabilities for impacting the simulation of sensor systems and other circuit design
challenges (e.g., parasitics, environmental/radiation effects). It would also potentially re-vector the EDA
industry towards accurate, device-level simulation to help resolve nanoscale design challenges for the larger
semiconductor industry.

Summary of Accomplishments

The progress made on this project has mainly addressed the research and development of linear and nonlinear
model order reduction (MOR) techniques for generating broadly applicable macromodels. A thorough
assessment of the current linear and linear time-varying MOR techniques has been performed and the methods
are implemented in Myce, a Matlab circuit simulator written at Sandia. Current nonlinear MOR techniques have
been assessed, but not fully implemented in Myce. So far, the nonlinear MOR assessment illustrates that the
most robust approach was found in the piecewise-polynomial method and the most efficient was the empirical
interpolation method.

In the assessment of the current linear and nonlinear time-varying MOR techniques, several deficiencies were
identified as unique opportunities for us to impact the applicability of MOR to realistic science and engineering
problems:
* The most promising linear MOR method, an optimal H2 approach, was extended to linear time-invariant
systems in descriptor form by decoupling the differential algebraic equations into proper and improper
portions and then applying the optimal H2 approach to the proper portion.
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» Singular-value decomposition (SVD)-based methods, like the optimal H2 approach, have provable error
bounds only in terms of the power difference between the original and reduced systems. A somewhat
more useful notion of error can be measured in terms of peak amplitude. For this notion of error, we have
developed a novel approach that uses L1 norm minimization for MOR.

* We have developed a new approach for linear time-varying (LTV) MOR that circumvents the larger
dimension LTV transfer function and, if successful, would be a significant contribution to the MOR
community.

Some progress has been made in the area of preconditioning: We have developed a specialized multigrid
algorithm for solving linear systems generated by power grids or parasitic networks.

Significance

The proposed R&D will significantly impact the design of very-large mixed analog/digital circuits, including
satellite Focal Plane Arrays and radiation-hardened application specific integrated circuits (ASICs) for nuclear
weapons (NW) and other key national security applications as well as dynamical network problems like
power distribution networks. Implementation of successful techniques will be available via Trilinos to other
application areas, beyond circuit simulation, that are also of great importance to a variety of DOE and other
federal agencies.

Refereed Communications
K.R. Santarelli, “A Framework for Reduced Order Modeling With Mixed Moment Matching and Peak Error
Objectives," to be published in the SIAM Journal on Scientific Computing.
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Scalable Solutions for Processing and Searching Very Large

Document Collections
117788

Year 3 of 3

Principal Investigator: D. Dunlavy

Project Purpose

Intelligence analysts have a large data problem. They answer questions of national security under extreme time
pressure, and current tools cannot handle the volume of data they must consider. In addition, they explore data
iteratively by testing various "what-if" scenarios. As a result, quick turnaround time for processing, searching,
and exploring large document collections is critical. No end-to-end scalable visual text analysis capabilities
exist today, and this prevents analysts from exploring, annotating, and analyzing existing petascale document
collections. The goal of this work is a suite of independent, scalable capabilities to process and search large
document collections for use in data analysis and visualization — software that can efficiently leverage parallel
algorithms. We will develop exact and conceptual searching methods as well as relevance feedback methods
(i.e., active learning methods) for reducing uncertainty inherent in text analysis. Our end-to-end system

will serve two purposes: (1) as a production capability, and (2) as an environment for rapid prototyping of
algorithms. Initial uses of this new system will include application of existing methods to new problem areas
and the development of hybrid algorithms that combine new and existing algorithms in novel ways.

LDRD investment in this project is crucial at this stage of development due to the risk involved (as the first
end-to-end fully parallel data and execution text analysis and visualization pipeline) and the need for deeper
understanding of the issues and challenges related to coupling text analysis, visualization, and user feedback
methods for use in large-scale data analysis.

Summary of Accomplishments
In the final year of the project, we accomplished the following tasks:

1. Completed development scalable text analysis pipeline architecture (ParaText) in which all components
could utilize resources in parallel on either a distributed memory or multithreaded environment. This
was released as a capability within the Titan open source information visualization framework.

2. Open source release of the HEMLOCK toolkit for heterogeneous ensemble modeling for data
classification problems.

3. Development of TextView, a software tool for visually comparing text analysis models generated using
Latent Semantic Analysis and Latent Dirichlet Allocation, two modeling methods available in the
ParaText software.

4. Collaboration with the research group developing the Linguistica software tool for linguistic analysis
of text corpora. The morpheme analysis capabilities from the Linguistica tool are now available from
within the Titan framework.

5. Demonstration of strong scalability of the ParaText system on Sandia’s Thunderbird cluster using
up to 512 processors. This work was published in the Proceedings of the ACM Symposium on High
Performance Distributed Computing.

Significance
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The volume of textual data is increasing exponentially and analysis tools are critical to understanding the vast
collection of human knowledge and current events. The capabilities developed in this project will provide
intelligence analysts with the most efficient text processing capabilities available, significantly reducing
turnaround time associated with data exploration, hypothesis testing, and collaborative analysis, speeding
analysis and detection of national security threats.

Refereed Communications

D.M. Dunlavy, T.M. Shead, and E.T. Stanton, “ParaText: Scalable Text Modeling and Analysis,” published in
Proceedings of the 2010 ACM International Symposium on High Performance Distributed Computing, New
York, NY, June 2010.
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Scaling I/O for High Performance Commodity Clusters
117789

Year 3 of 3

Principal Investigator: B. A. Allan

Project Purpose

While machine capabilities grow, file system advancement is falling far behind. Specialized distributed parallel
file systems are developed outside of the Linux mainstream. Although the Linux mainstream distributed file
system, NFS (network file system), is slowly being improved in functionality, the bulk of the effort is aimed at
improving random input/output (I/O) for business applications rather than streaming 1/O of high performance
computing (HPC) applications. Recent benchmarking efforts show that less than 15% of the available
bandwidth is utilized for streaming NFS writes, even though the same tests achieved 90% or more for reads.

We identify two strategies to optimize streaming writes on the client side. First, re-implement the Linux NFS
client to be procedure-based, multithreaded and asynchronous. The NFS client can then perform network I/0
simultaneously with the application data writing on multicore machines. Second, improve the behavior of the
Linux virtual file system (VFS) and virtual machine manager to increase overlapping of application and network
I/0. We will collaborate and consult with the Linux NFS, kernel, and network researchers in designing, testing,
and building community support for changes to the Linux NFS that will enable open-source systems to achieve
high streaming write throughput required by HPC applications. We propose to study the new algorithms on
HPC clusters not commonly available in the NFS and kernel developer communities, to demonstrate changes to
the NFS implementation to remove the bottleneck in NFS writes, and to build community advocacy for having
these HPC-favorable changes migrated into the Linux mainstream.

Summary of Accomplishments

To diagnose the issues preventing good utilization, we worked up a set of baseline measurements and then
instrumented the Linux kernel to ascertain throughput at various key points. This work showed two key points
of the issue: first, that the Linux NFS stack, with or without bypass-enabled transports such as NFS/RDMA
(remote direct memory access ) was only capable of 600 MB/s (out of a potential 1.2 GB/s); second, that the
NFS/RDMA transport was only preregistering small payloads for each remote direct memory access operation.

We corrected the identified issues, resulting in an improvement from ~320 MB/s to 425 MB/s. To correct

the issues we, first, modified the Linux kernel NFS/RDMA transport to attempt payloads twice as large as
previously and, second, profiled the kernel that identified the memory copies between user-space and memory-
space as the prime contributor in the inherent limitation identified in the diagnostic phase. The NFS/RDMA
transport changes improved performance in all cases. Elimination of the memory copies required application
changes and, so, only improved applications realized this benefit.

We propagated our changes by working with the maintainers of the affected source codes. We developed a
“supermon” reader called “FTQ-10.” The supermon changes have been made available to the maintainers at
Hewlett-Packard and IBM has requested the FTQ-10 reader.

We have reported via submission of a paper titled “On Scaling I/O for Commodity Clusters” to Cluster ‘09, a
peer reviewed conference.
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We analyzed the current performance of pNFS (NFS v4.1 open-source prototype implementations), PVFS,
and Lustre on streaming write benchmarks. We identified a protocol-independent Linux kernel bottleneck that
prevents single-process compute nodes from achieving more than 50% of the available network hardware
bandwidth for streaming writes on high-speed interconnects. We published the benchmark results as a Sandia
technical report.

Significance

This work is relevant to the goal of nuclear weapons stewardship, and supports the strategy of developing
capabilities needed for long-term stewardship in the future. Many scientific applications perform periodic
streaming writes for either check-pointing or storing intermediate results. These applications will benefit from
the overall performance gain if we eliminate the NFS write bottlenecks on the client, yielding more-timely
simulation results as we scale to larger machines. The results indicate that changes to fundamental buffer
management and process scheduling in the Linux kernel are needed if saturating Linux compute-node network
links is to be achieved.
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Surface Rheology and Interface Stability
117790

Year 3 of 3

Principal Investigator: L. A. Mondy

Project Purpose

We experimentally investigated the surface rheological properties of surfactant solutions, as well as the
stability of foams made with these solutions, to extend our physical knowledge of multiphase flows and

guide the development of constitutive models for the mechanical behavior of interfaces. Interfacial properties
are distinct from bulk properties on either side of the boundary, are not well understood, and are difficult to
predict. Although interfacial properties have been studied for some time, the complexities of interactions
among surfactant molecules, adsorption characteristics, dependence on the geometry of the interface, and the
inherent multiscale nature of interfaces mean that much interfacial physics remains a mystery. We established
unique laboratory capabilities by coupling information obtained using shear and dilatational interfacial stress
rheometers with optical trapping and manipulation of microparticles (a novel micro-interfacial rheometer) to
provide cutting-edge experimental discovery necessary to extend current computational models. Gathering data
with multiple techniques was shown to be a necessity in many cases, as each technique had different limitations
and sensitivities. Newly developed constitutive models were incorporated into Sandia’s multiphysics codes;
however, the computations proved difficult to converge. Suggestions for improvements to the implementation
were made. Currently, no commercially available code can include surface rheological effects; therefore, when
completed, this work will result in a unique capability for Sandia. Finally, the new experimental techniques can
provide future measurements important to other computational capability development in progress, such as the
ability to predict interactions between emulsifying agents used in foam processes or nanoparticle interactions in
suspensions, where the physics is dominated by the thin films of the continuous phase.

Summary of Accomplishments

We developed a mature laboratory at Sandia to measure interfacial rheology, using home-built, commercially
available, and customized commercial tools. An interfacial shear rheometer (KSV ISR-400) was modified and
the software improved to increase sensitivity and reliability. Another shear rheometer, a TA Instruments AR-G2,
was equipped with a Du Nouy ring, bicone geometry, and a double wall ring. These interfacial attachments were
compared to each other and to the ISR. The best results with the AR-G2 were obtained with the Du Nouy ring.
A micro-interfacial rheometer (MIR) was developed in house to obtain the much higher sensitivity given by a
smaller probe. However, we found it difficult to apply this technique for highly elastic surfaces. Interfaces also
exhibit dilatational rheology when the interface changes area, such as occurs when bubbles grow or shrink. To
measure this rtheological response we developed a surface dilatational rheometer in which changes in surface
tension with surface area are measured during the oscillation of the volume of a pendant drop or bubble. All
instruments were tested with various surfactant solutions to determine the limitations of each. In addition,
foamability and foam stability were tested and compared with the rheology data. We found that there was no
clear correlation of surface rheology with foaming/defoaming with different types of surfactants, but, within a
family of surfactants, rheology could predict the foam stability. Diffusion of surfactants to the interface and the
behavior of polyelectrolytes, were two subjects studied with the new equipment. Finally, surface rheological
terms were added to a finite element Navier-Stokes solver and preliminary testing of the code completed. We
provided recommendations for improved implementation. When completed, we plan to use the computations to
better interpret the experimental data and account for the effects of the underlying bulk fluid.
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Significance

This work will improve Sandia’s core capability in modeling and simulation of fluid flow and complex coupled
phenomena, allowing Sandia to become a leader in modeling interfacial rheology. Benefits will include better
understanding of materials and processes dominated by interfacial effects, ranging from foaming and defoaming
strategies in energy and environmental management programs to innovative microfluidic processes to create
particle-doped membranes and other advanced materials. This work will have an immediate impact on the
ability to develop work for others programs based on interest already shown by companies (e.g., Proctor &
Gamble). The new laboratory will give us the ability to better characterize emulsions and foams in nuclear
weapon development, including potential new polymeric foams for encapsulation and ceramics processed
from emulsions for thermal battery applications. We expect immediate impact for potential oil recovery,
environmental restoration, nanotechnology and microfluidics applications that may occur in the future.
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"Equation-Free" Simulation Methods for Multiple Timescale

Diffusion Processes in Solids
130732

Year 2 of 3

Principal Investigator: G. J. Wagner

Project Purpose

The purpose of this project is to develop a set of algorithms and computational tools, based on an “equation-
free” multiscale modeling approach, in order to allow predictive simulation of long-timescale diffusion
phemonena important in the synthesis, performance, and aging of materials. Traditional molecular dynamics
(MD) simulation is not tractable for most of these problems because of the long timescales involved. To make
progress, we can note that the quantities most of interest to a modeler can be described at a much coarser level
than the atomic scale. One method that takes advantage of this fact is the so-called equation-free approach,
which uses microscale computations, like MD simulations, as a set of numerical experiments from which can be
distilled macroscale information, such as time derivatives of coarse-scale variables. We propose to use equation-
free methods to extend the timescale in atomistic simulations to that necessary to accurate simulate and predict
diffusion processes. However, an equation-free method that uses MD for its fine-scale simulations is likely

to fail for problems driven by rare events, like atom hopping in diffusion, since MD cannot capture enough
events in a short amount of time to be statistically relevant. The key innovation in our project is to use extended
timescale methods, like Kinetic Monte Carlo (KMC) and Temperature Accelerated Dynamics (TAD), for the
fine-scale computations that inform the continuum-level evolution in an equation-free approach; these methods
themselves have their own size and timescale limitations that can be overcome by our novel combination of
approaches. This project, if successful, will fill an important gap in Sandia’s ability to perform atomic scale
simulation of material stability and nanoscale transport over long times, phenomena that are vital to modeling
aging of the nuclear stockpile as well as to the synthesis and performance optimization of nanostructured
materials.

Summary of Accomplishments

The first major goal of our project is to develop extended timescale methods for surface diffusion using
equation-free projective integration (EFPI). The keys to this method are the identification of a set of coarse-
scale variables that parameterize the system, and the development of interscale operators that map between the
coarse and fine descriptions. We have developed these interscale operators for surface diffusion, and found that
it is necessary to include statistical information about the surface fluctuations in the coarse parameterization
through the use of spatial correlation functions. It is also important to carefully delineate between fast and
slow variables in the system. Using this method we have demonstrated 20x speed-ups for 2D surface diffusion
models. We have recently extended our interscale operators for efficient use in 3D, and are applying this
technique to the full 3D diffusion problem.

The second major goal of the project is to implement and study extended-timescale molecular dynamics
methods, such as TAD, and use them as microscale simulators in EFPI simulations of interlayer diffusion of
unlike metals. As a step toward full implementation of TAD in the Sandia molecular dynamics code LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator), we have implemented two components of the
algorithm that are important tools in their own right: Parallel Replica Dynamics that uses multiple independent
replicas of the system to detect and propagate rare events; and Nudged Elastic Band, a method for finding
energy barriers and transition states. Finally, we have developed interscale operators for bulk diffusion problems
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using a simulated annealing technique, in which a microscale configuration is randomly modified so as to
minimize the difference between the current and desired coarse parameterizations. This very general approach
should have application as a coarse-to-fine operator in EFPI simulation of a wide variety of problems.

Significance

This project will provide a new capability to perform atomic scale simulation of material stability and
nanoscale transport over long times, phenomena that are vital to modeling aging of the nuclear stockpile. The
tools we develop will have application to the predictive simulation of the synthesis, performance, and aging
of nanostructured materials, allowing modelers to bridge multiple scales and perform predictive simulation
of a number of phenomena important to Sandia. The high-performance materials whose design, study, and
optimization are enhanced by the methods developed in this project will benefit a range of Sandia missions,
including engineered nuclear weapons systems and emerging energy technologies.

Refereed Communications

G.J. Wagner, X. Zhou, and S.J. Plimpton, “Equation-Free Accelerated Simulations of the Morphological
Relaxation of Crystal Surfaces,” International Journal for Multiscale Computational Engineering, vol. 8, pp.
423-439, 2010.
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Bayesian Data Assimilation for Stochastic Multiscale Models

of Transport in Porous Media
130734

Year 2 of 3

Principal Investigator: J. Ray

Project Purpose

The project seeks to develop Bayesian techniques to infer multiscale coupling in heterogeneous physical
processes by conditioning on observations. The fundamental difficulty in multiscale problems arises from the
indeterminacy in extrapolating from fine-scale models to coarser levels. Simultaneously, coarse-scale models
are unable to provide sufficiently resolved inputs to fine-scale models. Our core hypothesis is that physical
variables affected by multiscale processes may be represented as multiscale random fields, with interscale
dependencies modeled as conditional probabilities. Thereafter, on the availability of static and dynamic (system
response) observations, the inference of the parameters of the multiscale random fields (and those necessary
for defining the conditional probabilities) completes the specification of the multiscale coupling. However, this
specification is mathematically difficult at realistic resolutions, given the high dimensionality of the problem.
Reduced-order representations of multiscale random fields and efficient means of updating/exploring posterior
probabilities form the bulk of the methodological research for this project. Although our techniques are general,
we will demonstrate them on problems of porous media transport that are found in CO, sequestration, fuel
cells, nuclear waste, etc. In FY 2009 we addressed the problem of inferring permeability from multiscale static
and dynamic observations. Our preliminary efforts at inferring permeability fields show significant challenges
in exploring the joint posterior probability, due to slow mixing of the Markov Chain Monte Carlo (MCMC)
method. In the rest of FY 2009 and much of FY 2010, we explored means of improving the efficiency of

the approach. Techniques being considered include low-dimensional representation using Karhunen-Loeve
bases as well as the employment of multiscale/multilevel random fields so that data may be assimilated at a
resolution where it was measured. Replacement of the forward model with an approximate surrogate will also
be considered in certain cases.

Summary of Accomplishments

Over the last year, we have devised a statistical technique to estimate a multiscale field in a spatial domain
from sparse and indirect observations. The technique is designed for fields that contain a range of length scales,
only some of which can be fully resolved on the global computational mesh. Observations consist of static
measurements that provide detailed information in a very localized region, and dynamic measurements of the
response of the medium that are indirectly informative on a range of scales in the domain. In doing so, we
integrate concepts from multiscale random field models, their low-order representations, and spatial statistics
to pose and solve a Bayesian inference problem for the properties of interest. The inference procedure fully
quantifies uncertainty arising from limited data, observational error, and subgrid modeling.

The technique was used to infer a 2D permeability field with a large dynamic range. We approximated it as a
binary medium, consisting of a low-permeability matrix with small, unresolved high-permeability embedded
inclusions. The proportion (volume fraction) of the inclusions varied in space and the effective permeability of
the medium is a nonlinear (and discontinuous, due to percolation effects) function of the volume fraction and
inclusion size. Observations consisted of permeability measurements over a few grid-blocks/sub-domains and
tracer breakthrough times at a few observation points. The objects of inference were the volume-fraction field,
an average size of the inclusions, and the permeability field, conditioned on the data. A novel development



Sandia National Laboratories 2010 LDRD Annual Report 44

enabling such an inference was the creation of a probabilistic subgrid model that estimated the effect of the
unresolved scales as a function of both coarse- and fine-scale quantities. Other advances were methodological,
and increased the efficiency of inference.

The key accomplishments of this project are 1) development of parallel MCMC samplers, 2) development

of Ensemble Kalman Filters (EnKF)-based technology for problems of inference, 3) experience with and
demonstration of the use of Karhunen-Loeve expansions in large inferential problems, and 4) development of
statistical subgrid models to represent unresolved physics/structures and their use in a problem of inference.

Significance

The project connects to DOE’s ongoing research efforts in CO, sequestration, environmental remediation of
dense non-aqueous phase liquid contaminated sites and transport-reaction coupling in fuel cells. This project
is consistent with Sandia’s DoD mission space in areas of transport and decontamination of chemical warfare
agents and toxic industrial chemicals in porous/construction media. Inference techniques developed here will
also apply to multiscale network models anticipated for control-systems purposes in next generation electric
(green) grid research.

The first two accomplishments, above (parallel MCMC samplers and EnKF-based technology) are algorithmic
and can be applied to any problem (of an inferential nature) of interest to Sandia. While both have been in
practice for some time, they are new to Sandia, and will be critical as we transition to new problems of an
environmental/climate nature. In this regard, the EnKF methods will be used in estimating CO, emissions

from sparse observations, within the context of a new project. We are also applying them in estimating the
permeability of binary-like media e.g., fractured media, that arise in CO, sequestration and environmental
decontamination/remediation problems. The third, the use of truncated KL expansions as a convenient reduced-
order model for high-dimensional fields can find use in the development of surrogate models, traditionally
performed with Gaussian Process models (e.g., as part of advanced simulation and computing uncertainty
quantification work in DOE/NNSA), in the inference of 2D/3D fields, and in matrix completion problems of
many kinds. The last, development of simple, statistically based subgrid models, can be used in representing
random porous media, ranging from geological strata to ageing explosives, when estimating their characteristics
from data. We have obtained follow-up funding based on the results developed in this project.
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Computational Mechanics for Geosystems Management to

Support the Energy and Natural Resources Mission
130739

Year 2 of 3

Principal Investigator: C. M. Stone

Project Purpose

US energy needs include more economical extraction of fossil fuels, increasing recoverable reserves, protection
of water resources, reduction of the impact of fossil fuels on climate change, mining nuclear fuel sources with
minimal environmental impact, and technologies for safe disposal of energy wastes. Long-term solutions to
these needs will require the ability to simulate, model, and predict behavior of subsurface systems including
complex, heterogeneous mineral and porous rock thermo-chemo-mechanical behavior as well as the interactions
with multiphase pore fluids and microbial activity. Accordingly, we are developing a coupled thermal,
hydrological, mechanical, chemistry (THMC) simulation capability for massively parallel applications. Key
research issues to be addressed are related to phase appearance/disappearance, geologic heterogeneity and other
subgrid phenomena, robust solvers for fully coupled systems, and methods to deal with disparate time and
length scales for the coupled multiphysics. An additional research issue is to develop/implement geomaterial
constitutive models that directly utilize the coupling between porous flow, chemistry, and mechanics. To

solve these complex issues, this project integrates research in numerical mathematics and algorithms for
chemically reactive multiphase systems with computer science research in adaptive coupled solution control
and framework architecture. The resulting coupled THMC code would be unmatched by any commercial or
proprietary software. The new software would allow for multiphysics modeling on spatial/temporal scales not
currently available. This development will impact Sandia’s ability to respond to immediate national needs for
energy security and solutions to global climate change. This project will promote further collaborations with
industry, universities (including a collaboration with the University of Texas at Austin’s Center for Subsurface
Modeling), and other national labs on reactive transport modeling of deforming geomaterials.

Summary of Accomplishments

We have completed the project milestones listed for late FY 2009 and through the third quarter of FY 2010.

We have demonstrated several multiphase flow (nonisothermal water/air with real thermodynamics, phase
appearance/disappearance) benchmark problems, including a heat pipe problem that verifies implementation of
evaporation/condensation, capillary pressure, binary gas diffusion and dry out (liquid phase disappearance). We
have also implemented a two-phase, compressible or incompressible, immiscible flow system, as the initial step
towards modeling carbon management problems. We have successfully solved a two-phase flow international
benchmark problem involving injection of supercritical CO, into a brine aquifer intersected by a leaky well.

We have also modeled several variations of a multiphysics waste repository problem in clay, which coupled
THMC processes into one 10,000-year simulation. Important physics observed include a dry-out region near

the heat-producing waste package with subsequent re-wetting as the repository cools and fluid wicks back

into the previously dried clay near the waste canisters. We have also implemented a capability for modeling
heterogeneous materials and are applying this capability to investigate the impact of heterogeneous permeability
on CO, leakage. We developed a novel strategy for coupling capillary pressure across material interfaces,
allowing for a true jump in saturation across the interface; commonly used methods average across the interface.
We have also developed an algorithm for implementing phase appearance and disappearance for general fluid
mixtures. The Chemeq chemistry package has been linked with the porous flow enabling its use for chemically
reactive flow problems. Documentation includes a journal paper, a SAND report, a conference paper in
conjunction with a conference presentation; technical presentations have been made to other national labs (e.g.,
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National Energy Technology Laboratory); and an invitation to present a short course tutorial on multiphysics
coupling at an international repository science meeting.

Significance

The accomplishments from this project enable Sandia to address many of the issues associated with protecting
our economic and national security by assisting in the development of a diverse energy portfolio. In particular,
the simulation software developed in this project enables Sandia to address the wide range of multiphysics

and multiscale issues associated with the entire energy cycle from in situ fuel extraction to waste disposal. Our
research and development accomplishments demonstrate a foundational capability to model heterogeneous
subsurface geosystem problems involving coupled thermal, mechanical, chemical and multiphase flow physics
on massively parallel computers. The progress to date provides the proof of concept that our techniques for
coupling multiphysics modules are viable and generally applicable.

We have made significant progress toward integrating the coupled, multiphysics simulation software developed
in this project to Sandia and (DOE) strategic goals of Energy, Science and the Environment. The simulation
software has been used in several key Sandia energy projects, in particular, clay/shale and salt repository studies
and CO, sequestration initiatives. This capability supports Sandia initiatives directed at establishing Sandia

as the center for repository management and analysis (nuclear waste and compressed air energy storage), and
energy security (CO, sequestration). This work has led to several new projects both at Sandia and external to
Sandia, for example, new LDRD project on experiments and models for investigating clay/shale high-level
waste repositories. Munitions/weapons safety will fund further development and validation of reactive transport
to study hot gas channeling in the foam decomposition abnormal thermal environment. This work also led

to a proposal to the DOE Office of Electricity for compressed air energy storage and to negotiations with the
Southwest Partnership for Carbon Storage to apply the simulation capability to study coupled geomechanics
effects associated with supercritical CO, injection in deep saline aquifers.

Refereed Communications
K.B. Nakshatrala and D.Z. Turner, “A Stabilized Mixed Formulation for Modified Darcy Equation,” to be
published in the International Journal of Engineering Science.
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Experimental Characterization of Energetic Material Dynamics

for Multiphase Blast Simulation
130740

Year 2 of 3

Principal Investigator: S. J. Beresh

Project Purpose

Accurate simulation of energetic material detonation is crucial to a variety of national interests involving
explosive devices, including vulnerability of weapons and structures to nearby explosions, blast mitigation,
improvised explosive device (IED) protection, and enhanced blasts. Unfortunately, such predictive capability
is limited by a lack of knowledge of the underlying phenomena of the earliest stages of the blast, where the
particle dynamics of the fragmented materials within the gas expansion products are pivotal to understanding
the continuing reaction. The complication is that, at the explosion’s onset, the particles are densely packed
within the expanding flow, whereas our knowledge of the process is restricted to dilute concentrations. One of
the great challenges is that the opacity of the flow due to the large particle density prevents usage of common
fluid dynamics diagnostics, and instead requires the development of unconventional measurement approaches.

We propose to fill this knowledge gap by constructing an unprecedented multiphase shock tube that can drive

a shock front into a particle/gas mixture of a selected fill fraction, then measure the motion of the densely
packed particles within the expanding gas. To penetrate the dense flow and provide measurement of the particle
velocities, we seek to exploit measurement concepts previously utilized for multiphase flows and high-energy
physics and adapt them to the uncommon difficulties of the present problem. No such experimental technology
presently exists. The most promising approaches use x-ray sources, or potentially strong incoherent visible light,
in concert with specifically designed tracer particles. Finally, while velocity measurements are of the greatest
value, the lack of knowledge of this flow field is so profound that even delivery of simpler measurements

such as shock speeds and pressure histories would represent a valuable contribution. By providing crucial

new physical data, we can boost the level of fidelity in algorithms used to simulate blasts in national security
applications.

Summary of Accomplishments

The principal activity has been devoted to the development of the multiphase shock tube. This novel facility
can be conceptually divided into the shock tube itself to initiate a planar shock wave traveling through a duct,
and the particle-laden test section to study the shock interaction with the dense particle/air mixture. A Mach-2.3
shock tube has been built in accordance with the design constraints identified during the project’s first year, with
the first shot achieved in April 2010. To make it a multiphase shock tube, the particle curtain developed during
the first year to serve as a dense particle suspension scheme must be incorporated into the tube; this hardware
is being fabricated at the time of this writing, with delivery scheduled for late April. Once the particle curtain
has become operational within the shock tube during the 3rd quarter of FY 2010, this will complete one of the
project’s two primary goals, the development of a multiphase shock tube; no other testing facility like it exists
in the world.

In concert with the development of the multiphase shock tube, we are developing a particle velocimetry
diagnostic that can function despite the opacity of the flow. This approach involves seeding a particle curtain
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composed primarily of weakly attenuating particles with a small fraction of tracer particles, that when backlit
with x-rays, will form readily identifiable shadow images. Two frames in rapid succession can track the motion
of the shadow images using cross-correlation algorithms. We have successfully tested this approach using an
x-ray source to illuminate a test cell representative of the multiphase shock tube flow. Similar x-ray sources are
available within the center for use in the shock tube during this project, and a plan currently is being developed
for their relocation and operation in conjunction with the shock tube.

Significance

Although explosives researchers have, for many decades, futilely sought gas dynamics data in densely packed
shock-driven two-phase flows, more recent improvements in energetic materials and, most particularly, growth
in nonintrusive measurement capabilities make this field currently ripe for further development. Even partial
success in the current project would provide a unique capability within the broader national establishment

and be of significant service to the explosives community. A consequential improvement to blast simulation

is unlikely to occur without improving the physical understanding of the reaction regime immediately
following detonation. Because of the almost complete lack of knowledge of such complex flow physics, both
at Sandia and throughout the scientific community, the provision of even limited data would be a great boon

to modeling and simulation efforts used to support both explosive design and vulnerability assessment. Such
improvements would benefit core Sandia responsibilities regarding vulnerability of weapons and structures to
nearby explosions, facilities protection, and blast mitigation. Furthermore, given that Sandia is involved in other
research initiatives covering such explosive topics as enhanced blasts, structure-coupled blasts, IED protection,
and thermobaric explosives, an infusion of new data is of direct and wide-ranging importance. Potential also
exists to port newly developed diagnostics to related explosive tests and field-scale validation activities. Thus,
this research effort is of great interest to Sandia’s defense programs, and additionally to the broader national
defense establishment.
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Nanomanufacturing: Nanostructured Materials Made
Layer-by-Layer

130741
Year 2 of 3
Principal Investigator: P. R. Schunk

Project Purpose

Large-scale, high-throughput production of nanostructured materials (i.e., nanomanufacturing) is crucial to
national security and a strategic area in manufacturing, with markets projected to exceed $1 trillion by 2015.
Nanomanufacturing is still in its infancy; process/product developments are costly and only touch on potential
opportunities enabled by growing nanoscience discoveries. Interestingly, the greatest promise for high-

volume manufacturing lies in age-old coating and imprinting operations. For materials with tailored nm-scale
structure, imprinting/embossing must be achieved at high speeds (roll-to-roll) and/or over large areas (batch
operation) with feature sizes less than 100 nm. Dispersion coatings with nanoparticles (NPs) can also tailor
structure through self- or directed-assembly. Layering films structured with these processes has tremendous
potential for efficient manufacturing of microelectronics, photovoltaics and other nanostructured materials. This
project is aimed at expediting benchtop-to-manufacturing scaleup through modeling and simulation; project
success is critical for broadening Sandia’s advanced simulation and computing class software for impact in
nanoengineering. Connecting machine design variables to design parameters (e.g., feature size/structure) is
challenging due to a large range of relevant length/time scales. Computational models of coating and imprinting
operations have been invaluable to manufacturing; application to nanomanufacturing is topical, uncharted

and ripe for scientific breakthroughs. In this project’s first two years, research and development has led to
innovations in finite-element technology, subgrid physics models, experimental discoveries, and unprecedented
multiscale analysis, leading to heightened interest and even additional funds from private industry.

Summary of Accomplishments

Subtasks of this project are directed at representative suboperations of a commercially viable manufacturing
processes known as SFIL (step-and-flash imprint lithography). Specifically, the fundamental unit operations are:
coating (spraying), imprinting, solidification, embossing/releasing, and directed nanoparticle assembly. We now
address significant accomplishments in turn.

* Imprinting model development and discovery: 1) Single-feature fill models (2D and 3D) with SIERRA
application Aria were accomplished to ascertain parametric sensitivity of filling extent to applied pressure
and liquid volume. Imprinting model development at the atomistic scale was also developed to address
adhesion and atomistic friction effects at nanoscales . 2) Advanced unique stacked lubrication and porous/
structure shell models were implemented in GOMA to address multiple feature filling . 3) We successfully
validated fluid/structural/porous flow shell model with realistic parameters of a model SFIL configuration,
with dynamics predicted for filling trillions of features of a square inch with hundreds of spray drops. We are
awaiting experimental validation data

* Embossing/Releasing model research and development: 1) We accomplished single and multiple feature
model development for release at the atomistic level using LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) and polymethylmethacrylate. Coarse-grained atomistic friction models to feed
continuum level simulations . 2) Single and multiple (hundreds) feature release models were developed in
the continuum with PRESTO. 3) Coarse-grained PRESTO release models were successfully transitioned to
an “effective toughness” model, and verified against direct numerical simulations.

» Experimental discovery on imprinting with nanoparticles: We demonstrated that an external pressure can be
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utilized to direct nanoparticle assembly and to fabricate new nanoparticle architectures without relying on
these specific interactions. This mechanical compression process opens up a new pathway to the engineering
and fabrication of nanoparticle.

Significance

Breakthrough-technologies for safe, affordable, abundant energy require volume production. Whether it is
photovoltaic, thermoelectric, or photosynthesis technology, nanotechnology discoveries are stymied by lack of
a viable manufacturing approach. This project expands Sandia and DOE’s existing nanotechnology thrusts in
these areas into the manufacturing sector and increases the return-on-investment in nanoscience; current DOE
programs are not addressing manufacturing to our knowledge.

Within Sandia and with respect to DoD, benefits from the computational technology are numerous. Already,
we have applied the shell technology to a Naval rail-gun program with success. We have proposed with several
S&T organizations the use of the computational technology to address and even explore forces and mechanics
at the nanoscale and to survey alternate methods to produced patterned layers at the nanoscale. Exemplary
applications central to Sandia’s mission space are interface materials for weapons components, electrode and
active-layer materials for energy storage (battery) and conversion (fuel cell) devices, and patterned substrates
for optical transmission control and other lithographic needs.
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Optimization of Large-Scale Heterogeneous System-of-

Systems Models
130742

Year 2 of 3

Principal Investigator: J. D. Siirola

Project Purpose

A major challenge for decision-makers is the analysis of national-scale man-made systems that are composed
of interacting subsystems. Effective integration of subsystem models is difficult; there are many discrete system
parameters to analyze, and there are fundamental modeling uncertainties that complicate an analysis.

This project is developing methods to effectively analyze heterogeneous system of systems (HSoS) models
that have emerged as a promising approach for describing complex man-made systems. An HSoS model is

a heterogeneous assembly of system models that can operate as a single integrated system whose behavior
reflects the interactions of the constituent system models. HSoS models can leverage system domain expertise
in a modular fashion, so diverse aspects of man-made systems can be integrated into an HSoS model (e.g.,
economics, climate, human behavior).

We are developing efficient optimization techniques that can address modeling uncertainties in the analysis of
large-scale man-made systems. Our goal is to deliver a differentiating capability in the form of peer-reviewed
publications and software that can analyze large-scale HSoS models, including the following:

1. Multi-stage stochastic optimization with recourse to model human decision-making given uncertain
information about the future

2. Risk management to identify system parameters that are insensitive to data uncertainties
Multicriteria optimization to assess tradeoffs between performance criteria

4. Model analysis techniques to identify critical modeling uncertainties and quantify model confidence

The simulation cost of large HSoS models makes black-box optimization prohibitively expensive. Thus, these
optimization techniques will exploit mathematical structure to enable global analysis of mixed-continuous
decision spaces. Prototypical HSoS applications will be used to motivate and evaluate these optimization
techniques, including analysis of future energy infrastructure and multiplatform intelligence collection systems.
These applications will illustrate decision-support capabilities to assess the impact of new technologies, identify
system bottlenecks, evaluate policy choices, and design future systems.

Summary of Accomplishments
*  We extended Progressive Hedging (PH) solver in PySP (Python-based Stochastic Programming) to
a) support minimization of the conditional value at risk measure, b) compute confidence intervals on
the value of final solution, ¢) support scenario clustering scalable parallel optimization, d) devise a
generic infrastructure for parallelizing PH on clusters and massively parallel computers, and e) include a
linearization of the quadratic equations used by PH.

*  We have applied PH to multistage resource allocation and sensor placement problems, and we are
collaborating with researchers at Lawrence Livermore National Laboratory on a test case using a nuclear
weapons-related enterprise planning application.
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*  We developed collaborations with academic groups at the University of California, Davis, Universidad
de Chile, North Carolina State University (NCSU), Texas A&M University, and lowa State University to
use our Coopr (computational infrastructure for operations research) software in a variety of optimization
applications. We have also integrated Coopr into the Computational Infrastructure for Operations
Research (COIN-OR) project, an initiative to spur the development of open-source software for the
operations research community.

*  We began collaborating with researchers at NCSU related to work with energy economic models. We
have identified diversity analysis methods for this application that can be applied to single-objective and
multi-objective formulations.

* We identified candidate mixed-variable surrogate modeling approaches and prototype implementations,
and we identified possible roles for surrogates in mixed-integer and/or stochastic programming
algorithms.

*  We continued to extend the COLIN optimization interface library, which provides an extensible
framework for hybrid optimization. These extensions support our development of multi-objective
optimizers for uncertain objectives.

* Project members gave 11 presentations at international conferences, including one keynote address. Two
conference papers were published. Three other journal articles were submitted.

»  We prepared software releases for several packages: PyUtilib 3.0-3.2 Coopr 2.3; UTILIB 4.1; FAST 2.1-
2.5; PageMarkup 0.1-0.2; TicketModerator 0.3-0.5. There have been over 1000 unique downloads and
checkouts of software packages supported by this project in the past year.

Significance

Many Sandia and DOE programmatic thrusts that concern the analysis of complex man-made systems, and
national infrastructure models are being used to inform government policy, assess risks, and evaluate system
interdependencies. Complex systems analysis is highlighted in numerous investment areas. These optimization
methods can analyze models for the Sandia Water-Energy Nexus, DOE Hydrogen Program, the National
Energy Modeling System, and related problems for the Environmental Protection Agency, the Defense Threat
Reduction Agency, DoD and DHS.
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System-Directed Resilience for Exascale Platforms
130743

Year 2 of 3

Principal Investigator: R. E. Riesen

Project Purpose
Resilience on massively parallel processing systems has traditionally been the responsibility of the application,
with the primary tool being application-directed checkpoints. However, as systems continue to increase in size
and complexity, the viability of application-directed checkpoint as a sole solution decreases. Recent studies
performed at Sandia projected that as systems grow beyond 100,000 components, a combination of factors
lead to checkpoint overheads in excess of 50%. In this project, we will investigate alternative approaches
for applications running on capability-class systems to support resilience. The goal is to provide efficient,
application-transparent resilience through coordinated use of system resources. The primary R&D topics focus
around the problem of continuous computing in the event of a component failure. A preliminary list of required
new capabilities include, but are not limited to the following.
* Application quiescence: the ability to suspend CPU, network, and storage services used by an individual
application without interfering with the progress of other applications;
« efficient state management: the ability to identify, extract, and manage application state in a transparent,
efficient, and non-intrusive way; and
» fault recovery: the ability to transparently replace a failed component without restarting the entire
application.

Summary of Accomplishments

A large portion of effort and time this year was devoted to explore redundant computing. Our poster
presentation at Supercomputing 2009 generated considerable interest and led to a contract with North Carolina
State University to use and enhance our library source code to investigate silent data corruption and develop
methods to detect and correct such errors. We presented some of our early work at Los Alamos Computer
Science Institute workshop on fault tolerance. This led to a collaboration with Oak Ridge National Laboratory
on a proposal to the DOE Office of Science for work that would build directly on outcomes of our LDRD
project work. Our paper was accepted at the workshop on Fault-Tolerance for High Performance Computing
at Extreme Scale, part of the 40th Annual Institute of Electrical and Electronics Engineers/ International
Federation for Information Processing International Conference on Dependable Systems and Networks, and
we have four more papers in submission, two to Supercomputing, and one each to Cluster and EuroMPI. The
simulator, which allows us to explore redundant computing, has been released as open source software and

is available for download from Sandia’s web site. Another contract with the University of New Mexico will
enhance this simulator to explore alternative checkpoint/restart methods and make the timing and bandwidth
constraints of creating a checkpoint more realistic.

We are currently working on refining our memory characterization work and exploring the role new
architectural features, such as graphic processing units and multicore processors, play in creating and managing
checkpoints. Overall we made very good progress toward a formalized understanding of redundant computing
for extreme-scale systems.

Significance
This project is relevant to Sandia’s Science, Technology, and Engineering mission. If successful, it will have a
direct impact on applications in virtually all areas of advanced computing.
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Refereed Communications
R. Brightwell, K. Ferreira, and R. Riesen, “Transparent Redundant Computing with MPL,” EuroMPI 2010,
Stuttgart, Germany, September 2010.

R. Riesen, K. Ferreira, and J. Stearley, “See Applications Run and Throughput Jump: The Case for Redundant
Computing in HPC,” First International Workshop on Fault-Tolerance for HPC at Extreme Scale (FTXS
2010) in conjunction with The 40th Annual IEEE/IFIP International Conference on Dependable Systems and
Networks (DSN 2010), Chicago, IL, June 2010.
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An Internet Emulation System to Enable Predictive Simulation

of Nation-Scale Internet Behavior
141505

Year I of 3

Principal Investigator: R. G. Minnich

Project Purpose
We propose a three-part project aimed to construct an emulation platform that will allow us to model, analyze
and predict the behavior of nation-scale networks.

Recent vulnerabilities in network architectures/protocols have caused intense interest in the development of a
national capability to simulate very large networks to better understand problems with existing networks and to
develop more secure technologies. However, simulations lack the fidelity of testbeds of network hardware and
testbeds cannot scale to the sizes required. Virtualization helps scale testbeds beyond what can be physically
implemented. Using virtual machines (VMs), users analyze large networks by copying and instantiating
machines onto virtual testbeds. Since VMs run the same binaries as physical machines, VM testbeds have
higher fidelity than simulations.

Although VM-based testbeds scale better than physical testbeds, they are limited by the underlying VM
technology. Off-the-shelf VMs (e.g., QEMU, VMware, and Dynamips) allow <25 VM instances to run per
physical host. For large-scale analyses (e.g., to determine protection strategies for nationwide networks), we
require 100—1000 VMs per physical node.

Using recent advances in lightweight virtualization, we propose to develop VMs capable of scaling to
100s—1000s of emulated nodes per processor, enabling simulation/emulation of millions of nodes. We will
investigate methods to configure and collect data from emulations employing millions of VMs on high-
performance computing (HPC) clusters.

Summary of Accomplishments

*  We have developed a prototype botnet — “sandbot” — based on the sand pile model. We have run that
botnet on 25,000 VMs on the “Talon” cluster, as well as on 500,000 VMs on the Lawrence Livermore
National Laboratory (LLNL) Hyperion cluster. We have a movie of the 50,000 node run that we showed
at the SuperComputing 2009 conference, and it shows the emergent behavior of even this trivially simple
algorithm when run at large scale.

»  We have developed tools for visualizing the actions of botnets containing a million virtual machines.

» The data collection software (pushmon) is working very well. We gathered 5 Gbytes of data from pushmon
on one run and the effect on the systems was not measurable; this was a 14 byte heartbeat per host over
500,000 hosts, at an aggregate rate of 1/3 Mbyte/second. This may seem low, but one must consider that it
represents 2 million packets per second, which if managed as individual packets and writes to a file server,
would probably disable it. By comparison, other monitoring systems measure at 10-minute intervals and far
lower aggregate data rates.

» We have set up a data analysis system at LLNL and are beginning to map out the data analysis tasks.

*  We have developed new software (VMatic) which allows us to configure and start up one million or
more virtual machines with a very minimal configuration file — 20 lines in the case of the 1000-node
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Hyperion cluster. This is the first application of what we are calling Computational Configuration, i.e. the
configuration data is created by computing it from a set of formulas, rather than enumerating it in a file. This
software allowed us to spin up 500,000 VMs on Hyperion in 3 minutes. No other software comes close to
this kind of performance.

Significance

Our proposed work will support the mission of DHS Objectives 3.2 and 3.3 (“Ensure Continuity of Government
Communications and Operations” and “Improving Cyber Security”). Our project also supports the US strategy
articulated in response to the Comprehensive National Cyber Initiative by supporting cyber threat analysis,

by supporting the prototyping of sophisticated defensive systems and furthering cyber science and technology
research and development.
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Effects of Morphology on lon Transport in lonomers for Energy
Storage

141506
Year I of 3
Principal Investigator: A. Frischknecht

Project Purpose

Polymer electrolytes are essential elements of current and next-generation energy storage applications. An
important class of polymer electrolytes is ionomers, in which one of the ions is covalently bound to the polymer
backbone. Ionomers are currently used in fuel cells, and show extraordinary promise as solid electrolytes in
batteries for transportation and portable-power applications. Solid electrolytes are desirable for a variety of
reasons. A primary one is safety: the lack of solvent leads to fewer electrochemical reactions (i.e., with the
electrodes) and the absence of flammable liquids. Solvent-free electrolytes allow for less packaging and easier
manufacture. Single-ion conductors such as ionomers also have the advantage of higher efficiency (high lithium
transference numbers), since the anions are bound to the polymer backbone and the current is primarily due to
the cations. However, present ionomeric materials do not have sufficiently high conductivities. Ion transport
mechanisms in ionomers and their relation to molecular structure are poorly understood, although it is known
that ion transport is coupled to polymeric motion and to the nanoscale morphology of ionic aggregates that
self-assemble in the polymer matrix. We propose to develop and use a suite of multiscale models and tools to
investigate the ionic structure/morphology and to predict their effects on ion transport in ionomers. Modeling
charged polymers is challenging, and to date, there have been no multiscale models of ionomer properties. In
this project, we will develop a method for propagating information from the quantum and atomistic scales,
through the mesoscale and up to the continuum level, incorporating the necessary chemistry and physics to
accurately predict the behavior and properties of ionomeric materials. The ability to model these materials will
enable the design and synthesis of new ionomers that could lead to sizeable improvements in battery safety and
performance essential for electrified vehicles.

Summary of Accomplishments

Work in the first part of the project has focused on starting our efforts at all scales of modeling. We are
implementing changes to codes to enable modeling of ionomers, as well as performing initial calculations

and simulations of ionomers in order to explore appropriate methods and to determine what will be needed
for predictive models of these materials. The ab initio work to date has focused on the model system of Li*
ions in water, in order to determine how much of the solvation environment must be included to obtain a
converged calculation for properties such as the Li chemical shift. We have used solid state '"H and '*C magic
angle spinning nuclear magnetic resonance (NMR) spectroscopy to characterize a set of Zn-neutralized
ionomer membranes (obtained from the University of Pennsylvania). The NMR reveals that the changes in
PE-AA poly(ethylene-co-acrylic acid) structure and dynamics imposed by these carboxylic acid defects are
distinct from simple polyethylene (PE) membranes. To simulate morphology, we have performed a series of
molecular dynamics simulations of coarse-grained models of these ionomers, varying the number of neutral
sites between charged groups, the size of the counterions, and the dielectric constant of the system. We find
different morphologies of the ionic aggregates depending on the model parameters, with trends that match
x-ray scattering data. We are currently preparing a manuscript about this work. Initial work using fluids
density functional theory has been devoted to improvements to the code, including implementing an improved
description of charged polymers. At the continuum level, we are in the process of designing additions to
Cantera, the constitutive modeling code that we have used to build a successful 1D thermal battery model, that
will incorporate ion transport mechanisms believed to be important in ionomers into a transport object within
the code.
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Significance

The success of this project could have a significant impact on Sandia’s missions in predictive simulation

and electrical energy storage. The proposed work could enable the design of better ionomers for lithium ion
batteries, leading to smaller, safer, and more efficient batteries for vehicles. This project will establish Sandia
in the area of predictive simulation of polyelectrolytes, and will position us to have impact on future energy
solutions and energy security for DOE and the nation.
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Multiscale Models of Nuclear Waste Reprocessing: From the

Mesoscale to the Plant-Scale
141508

Year I of 3

Principal Investigator: R. R. Rao

Project Purpose

Nuclear waste reprocessing and nonproliferation models are needed to support the renaissance in nuclear
energy; a proven technology without a carbon footprint. Our aim is to develop predictive capabilities targeting
the design and monitoring of a next-generation nuclear fuel cycle to enable economic large-scale reprocessing
with highly accurate material balances to mitigate public concerns regarding waste disposal and proliferation.
Models will advance the state-of-the-art at four length-scales: droplet, contactor, column, and plant.

The Pu/U extraction process model will be developed in SIERRA Mechanics at the droplet and contactor-
scales, using a continuous and discontinuous finite element modeling (CDFEM) representation of the
interfacial mass transport that occurs in the turbulent emulsion. Mass transport predictions will be based on
non-ideal thermodynamics provided by Cantera, replacing the current empirical ones. Predicted distributions
of radionuclides will be used in SCEPTRE to determine criticality constraints and maximum contactor

size. Column-scale models, based on droplet population balances from the high-fidelity simulations, will be
developed to investigate contactor placements and coupling. Plant flow sheets for reprocessing will be created
using a novel, scalable network model developed under the Office of Advanced Scientific Computing Research
(ASCR) that will allow coupling of massively parallel contactor models to simple equilibrium models for other
plant unit operations. The plant models will be critical to support nonproliferation activities including material
accountancy, plant design, detector placement, and diversion scenarios. Models will be validated through
experimental work at Sandia, and the Oak Ridge National Laboratory (ORNL) pilot plant.

This work will allow Sandia to leverage its existing expertise in turbulent reacting flow, concentrated solution
thermodynamics, level set technology, neutronics, network modeling, and uncertainty quantification, developed
under the advanced simulation and computing initiative and ASCR, to address separations while producing
publishable work in several areas and producing novel capabilities.

Summary of Accomplishments

» The project consists of four tasks: 1) experimental validation, 2) fluid and transport modeling, 3)
thermodynamics, and 4) plant-scale modeling. We have made significant progress on all four tasks.
We have designed and fabricated a microfluidic device to examine mass transport in a single droplet.
This was fabricated in glass to allow for experiments with concentrated nitric acid. We have utilized
a nonradioactive model system based on the lanthanide europium, which will serve as an analog
for uranium. A commercial contactor has been purchased for full-scale validation. Experiments are
underway using a simple model system.

* The CDFEM algorithm has been tested and improved based on several mesoscale problems including
a droplet in a shear flow and a stagnant bubble. This work will be documented in a journal article in
preparation. The coupling between CDFEM and the turbulence models in SIERRA is being advanced
via a new hybrid finite element method that allows us to use turbulence models in the same Galerkin
framework and element space used for the CDFEM. Testing is underway of the turbulence models in a
contactor geometry.
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* Thermodynamic modeling of tri-butyl phosphate-water-nitric acid-uranium systems, including activity
coefficient and transport properties, has been undertaken and implemented into Cantera for future
coupling to SIERRA. We have developed a transport formalism for this coupling and this has resulted in
an implementation plan.

* A section of the material accountancy model has been translated into network units suitable for
implementation into the ASCR network tool. These units will provide the building blocks for the
translation of the entire Separations and Safeguards Performance Model to meet the FY 2010 milestone.
A contract has been placed with Yale University to develop a population-balance approach to contactor
modeling suitable for implementation in the network tool. This approach will advance our unit
operations for plant-modeling.

Significance

Sandia has pioneered the field of surety by designing technology-based safety and security systems for nuclear
weapons, and extending surety to commercial nuclear facilities for the Nuclear Regulatory Commission. We
propose to develop technologies to ensure surety of nuclear waste reprocessing facilities by drawing on our
engineering and computational science expertise, 12 years of ASC SIERRA Mechanics code development,

and over 60 years of surety engineering. This work will support DOE missions in nuclear energy and
nonproliferation, as well as renewable, carbon-free, energy. Improvements to SIERRA for turbulent multiphase
flow will also support the nuclear weapons program directly. Outcomes for this project include the following:
1) new methods of solving multiphysics simulation by incorporating detailed thermodynamics with transport
in a massively parallel framework to enable first-principles prediction of emulsion formation, advancing the
state-of-the-art; 2) numerical models to support design and development of a nuclear waste reprocessing facility
in the US; 3) plant-scale modeling capability to support collaborations with the oil and chemical industry; 4)
high performance computing separations models for liquid-liquid extraction. Outputs include new capabilities
in SIERRA mechanics to enable the solution of previously unsolvable problems, as well as publications in the
open literature including journals and conference presentations. We intend to publish material from the droplet-
scale validation studies, the contactor-scale experiments, the CDFEM verification work, the thermodynamic
modeling of actinide separations, and the population balance models of the mixing zone in the contactor.

This work could attract cooperative research and development agreements with industry partners. This project is
an initial investment that can be applied to many other related unit operations and plant models in the emerging
alternative energy field, such as CO, scrubbing or algal separations. Our existing expertise in turbulent reacting
flow, level set technology, and nuclear waste disposal will be brought to address the separations science area, a
natural growth area for these applications.
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Predictive Multiscale Modeling of Thermal Abuse in

Transportation Batteries
141509

Year I of 3

Principal Investigator: R. P. Muller

Project Purpose

Transition from fossil-fueled to electrified vehicles depends on developing economical, reliable batteries

with high energy densities and long life. Safety, preventing premature or catastrophic failure, is of paramount
importance in battery design. The largest gaps in our technical understanding of the safe operation of electrical
energy storage devices involve the fundamental mechanisms, energetics, and inefficiencies of complex
processes that occur during battery operation that can lead to thermal runaway: charge transfer, charge carrier
and 1on transport, both in the bulk and at various interfaces, and morphological and phase transitions associated
with Li-ion transport between cathode and anode. We will develop a comprehensive predictive capability for
thermal management and the onset of thermal runaway in transportation-based secondary Li-ion batteries,
rooted in a first-principles description of the governing atomistic processes at the electrode-electrolyte interface,
propagating chemical information through multiple scales to a continuum-scale description of thermal transport
and failure capable of addressing a variety of operational and thermal excursion conditions. The development
of such a comprehensive model will enable scientists and engineers to identify and address potential safety

and stability issues of new battery designs prior to experimental realization. This development will constitute a
unique capability, and will be of great significance within Sandia, for the DOE and DoD, and for its current and
future commercial partners.

Summary of Accomplishments

During the first year of this project, we have made significant progress toward our overall project goals, and have
met the milestones to date. At the cell level, we have investigated existing empirical models for thermal runaway
in Li-ion batteries. We have developed an improved model for fitting existing experimental calorimetry data

to differential equation form. We have begun the work of describing the chemical reactions that the electrolyte
molecules undergo with the anodes and cathodes. We have computed Li-ion diffusion rates through the cathode
and the electrolyte materials. And we have developed a version of the Cantera chemical reaction code on top of
the Trilinos parallel math libraries to provide a scalable capability for simulating thermal runaway in batteries.

A key element of our work is the development of new simulation capabilities. One effort focuses on modeling
chemical reactions occurring at electrode/electrolyte interfaces. Toward this goal, we designed the necessary
interfaces between SeqQuest and Tramonto, and are implementing release versions that will be the foundation
for the integration. We have begun preliminary integration work under the LIME (lightweight integrating
multiphysics environment) framework, a part of Trilinos.

A second effort seeks to model the growth of the solid electrolyte interphase protecting the battery anode.
Toward this goal, we have implemented a kinetic Monte Carlo technique to model growth of the organic and
inorganic components of this layer.

We have actively pursued identifying relevant data for model validation. We have begun work on identifying
and ranking phenomena relevant to thermal abuse in Li-ion batteries. We have also begun collaboration with
the University of Florida to provide additional validation data, using impedance spectroscopy at elevated
temperatures.
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Significance

Advances in batteries are driven by improvements in the materials that comprise them. Materials changes
require a complete experimental characterization to ensure the batteries remain safe; such a characterization is
time consuming and expensive. By developing a method that will enable a first-principles correlation of basic
materials properties to thermal runaway and associated safety problems, we expect to largely overcome this
costly empirical characterization. This will reduce the expense and the time required to develop new battery
chemistries.

We are in the process of creating a predictive modeling capability for the safety of transportation batteries,
validated against the results from the Sandia battery testing laboratory. Coupling Sandia’s abuse experiment and
test capabilities with our ability to predict and understand test results through predictive simulation will further
assert and maintain Sandia’s leadership in this area. These strengths will be particularly valuable to Sandia with
the national focus on renewable energy and green transportation.

During the first year we have made meaningful strides toward achieving this goal. We have begun to develop
new modeling capabilities, and have made significant progress in understanding the relevant published data.
During the course of the year, we have received a great deal of interest in potential collaboration from industry
and other laboratories. We have briefed the United States Advanced Battery Consortium, LLC, Freedom Car
Board of Directors about our work. We have met with several researchers from General Motors on multiple
occasions. We have helped the DOE/EERE (Division of Energy Efficiency and Renewable Energy) develop

a new related research program for the Computer Aided Engineering of Batteries (CAEBAT), resulting

in additional funded research from the DOE/EERE CAEBAT program, and that has also given us many
opportunities to release the ultimate results and capabilities generated by this project when they are available.
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Risk Assessment of Climate Systems for National Security
141510

Year I of 3

Principal Investigator: G. A. Backus

Project Purpose

The purpose of this work is to develop analytical methods to quantify the integrated risk from climate change.
The physical risk requires a better understanding of the climate change uncertainty. We are developing the
uncertainty quantification (UQ) methods to sample and characterize this, despite the large computational
expense of climate simulations. There is also a need to quantify the validity in using climate models for such
assessments. We are extending PCMM (Predictive Capability Maturity Model) to serve this function. Climate
change affects socioeconomic conditions largely though hydrological intermediation. Further, rapidly changing
conditions in the Arctic have the potential of significant ramifications for hydrological and socioeconomic
conditions. We are developing new hydrological simulations to accommodate permafrost, land movement, and
biomass progression for use in the US Community Earth System Model (CESM). Further, we are developing
the simulation of the linkage between hydrological condition and socioeconomic activity. Additionally, we are
using simulations of the Arctic to determine the realizability of (unexpected) emergent phenomena, using the
ice-free Arctic as a test case.

Summary of Accomplishments

The following is a list of accomplishments.
» Linked Dakota to the Community Climate System Model (CCSM) and are currently running UQ
analyses. Red Sky simulations are still running with results over the next month.

* Prototyped methods for underrepresented phenomena (clouds).

» Prototyped methods for underrepresented phenomena (tail-distribution parameters).
* Are running CCSM for emergent phenomena (ice free-Arctic).

* Initial report on new PCMM metrics for climate models.

* Development and testing of 1D hydrology model for use with CCSM in Arctic analyses; next year’s
work will extend this to 3D plus ground movement.

* Developed interface for linking hydrological impact to socioeconomic impacts; have screened countries
mostly like to be at greatest risk from the various physical effects from climate change.

* Have developed new methods to understand the impact of cloud formation on climate uncertainty by
developing detailed models of cloud formation dynamics.

Significance

This effort further develops the foundational capabilities Sandia requires for its participation in existing DOE
Office of Science efforts, including the pending NNSA climate impact effort. Our intelligence community,
DHS, and defense agencies have all expressed concerns directly to Sandia about the impacts of climate
change and the need for Sandia to extend its national security assessment capabilities into the realm of climate
change. In accordance with these goals, this effort improves high-resolution climate modeling methods of
critical importance to predictive science, develops advanced spatially and temporally resolved methods to
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enable discovery of phenomena, and develops new computational and statistical approaches for optimization,
verification, validation, and uncertainty quantification necessary for regional predictions to enable national
security assessments.

64
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Streaming Data Analysis for Cyber Security
141511

Year I of 3

Principal Investigator: S. J. Plimpton

Project Purpose

A ubiquitous task in cyber security is monitoring network traffic, looking for anomalies that indicate incoming
attacks, intruders or malware already inside a local network, or data exfiltration. Monitoring typically involves
data collection and post-processing of archived log files using manually updated filters along with human
inspection and judgment. While effective, this approach has limitations: timely responses may be impossible,
analyses may be inaccurate or incomplete because data exceeds storage capabilities, and rapidly evolving
strategies may be undetectable.

These issues can potentially be addressed by modeling and analyzing the stream of network traffic in real

time, as it is captured. This is challenging due to the large volume of data, limited computational power in
monitoring hardware, and a lack of mathematical definitions of interesting events and algorithms to detect them
in streaming data.

We propose to develop new streaming algorithms and software to overcome these challenges and enable the
power of post-processing methods — which employ graph-based algorithms and classification techniques — to
be applied in real time.

This project aligns with several national and Sandia goals. It also addresses three of this year’s five focus
areas: formulation of mathematical models, codification of new methodologies, and development of platforms/
architectures/frameworks for enabling predictive simulation.

Summary of Accomplishments

In the first year of this project, we have worked to detect and capture interesting “events” in network packet
flows. We are working to analyze and classify these events and their associated data in a post-processing
fashion, with the goal of eventually enabling real-time flagging of potentially damaging events and intrusions.

Significance

Sandia has made a strategic decision to emphasize cyber security. This project can contribute to two specific.
The first is to become a “model laboratory” for DOE in information security, going beyond basic compliance.
Having the tools at our disposal that this project should create is a step in that direction. Second, the report
discusses a “super-defense” strategy for cyber security. The software produced by this project could be part of
that solution.

The benefits of the proposed work are practical, programmatic, and scientific. Our streaming algorithms on
data collection hardware will enable Sandia (and others) to protect network and sensitive data. Our collection
of algorithms will be novel technology that Sandia can use to form partnerships in the intelligence community.
More broadly, processing streaming data is a computational challenge gaining importance in many fields of
security and science. For example, in financial transaction software, what we are attempting to do is termed
“complex event detection.” Cloud computing is also beginning to grapple with streaming algorithms, due to the
immense volumes of data it can process. Success in this project would enable Sandia to become a leader in this
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emerging area.

As far as possible, given the sensitive use of this kind of software, we will publish our algorithmic work in
the open literature. We also plan collaborations with academics working in the more general area of streaming
algorithms.
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Distinguishing Documents by Parts-of-Speech Dynamics
149045

Year 1 of 1

Principal Investigator: S. A. Mitchell

Project Purpose

We propose a sentence mining technique that exploits both the distribution and the order of parts-of-speech
(POS, as defined by the Penn Treebank) in sentences in English language documents. The research is focused on
discovering meaningful sentence dynamics (grammar) signatures. If successful, it would be possible to discover
“call-to-action” framing documents hidden within a corpus of mostly expository documents, even if the
documents were all on the same topic and used the same vocabulary. This distinguishes the proposed work from
ongoing activities in topic identification, which analyzes the bag of words in documents using linear algebra.
While the rules of grammar are specified a priori by linguists, this would be the first known computational
approach to discovering and characterizing actual, observed English grammar.

Distinguishing framing vs. expository documents within unknown topics is the most important problem of this
type, but this project would start with an easier problem with readily available data. We seek to distinguish
opinion vs. exposition, in particular, distinguishing Netflix “positive” and “negative” movie reviews from
abstracts from a groundwater science journal, without exploiting topic and word differences. Our preliminary
work shows that the cosine similarity of the subsequences of POS is able to distinguish between abstracts and
Netflix; and also between 1) actual sentences and 2) the same sentences reversed and 3) the same sentences with
their POS randomly permuted. It appears that subsequence lengths between 2 and 5, especially 3, are better
differentiators than simply the frequency of POS (i.e., subsequence length 1).

From preliminary work, we have figures that contrast the cosine similarity for subsequence length 1,2,3,4,5,
among 100 scientific abstract sentences, the same sentences backwards, and the same sentences randomly
permuted; also between 100 scientific abstract sentences and 100 “negative” and 100 “positive” movie reviews.

Summary of Accomplishments

We proposed a sentence mining technique that exploited both the distribution and the order of parts-of-speech
(POS) in sentences in English language documents. The ultimate goal was to be able to discover “call-to-action’
framing documents hidden within a corpus of mostly expository documents, even if the documents were all

on the same topic and used the same vocabulary. Using POS was novel. We also took a novel approach to
analyzing POS. We used the hypothesis that English follows a dynamical system and the POS are trajectories
from one state to another. We analyzed the sequences of POS using support vector machines and the cycles of
POS using computational homology. We discovered that the POS constituted a very weak signal and did not
support our hypothesis well. Our original goal appeared to be unobtainable with our original approach.

b

We turned our attention to study an aspect of a more traditional approach to distinguishing documents. Latent
Dirichlet Allocation turns documents into bags-of-words, then into mixture-model points. A distance function

is used to cluster groups of points to discover relatedness between documents. We performed a geometric and
algebraic analysis of the most popular distance functions and made some significant and surprising discoveries.
We showed that several popular distances, chi-squared, Jensen-Shannon divergence, and the square of the
Hellinger distance were nearly equivalent — in terms of functional forms after transformations, factorizations,
and series expansions, and in terms of the shape and proximity of constant-value contours. A single one-
dimensional family of curves describes their relationship, even for high dimensional data. We see that clustering
results will be the same, except where the data points’ coordinate value ratios are higher than about 5. This is
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somewhat surprising given that their original functional forms look quite different. Cosine similarity is the square
of the Euclidean distance, and a similar geometric relationship is shown with Hellinger and another cosine.

Significance
This work supports text analysis, important for nonproliferation, cyber security, and other data-centric security
missions.

The potential for the part-of-speech work was that it could eventually lead to finding unknown social
movements within unknown topics, for the above missions. Eventually we may be able to distinguish:
1. Fluent vs. non-fluent English

2. Machine vs. human generated
3. Opinion vs. narrative, exposition, or enumeration
4. Framing vs. narrative, exposition, or enumeration

5. Framing vs. opinion

The distance-function work addresses the same problem, but with a non-topological approach. Additionally, it
addresses the broader question of, “how do we know we have the ‘right’ clustering?”” At Sandia we cluster data
daily, putting points into groups, for cyber, nonproliferation etc. The clustering obtained depends on the choices
we make along the way, and there are many. Do we even know how these choices change the answer? One of
the fundamental choices is how to measure how close two data points are to each other. This new geometric
comparison of the most popular distance functions for a certain model shows that many of the functions are
very similar, but with sharp differences in certain areas. So far the results regarding these distances have been
surprising to the local community.
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Development of a Quantum Chemistry Application within a

Scale-Free Computing Model
149046

Year 1 of 1

Principal Investigator: J. P. Kenny

Project Purpose

Current programming models for high-performance computing are fault-intolerant and use global operations.
Those properties are unsustainable as computers scale to millions of CPUs; instead, one must recognize that
these systems will be hierarchical in structure, prone to constant faults, and global operations will be infeasible.

The FAST-OS HARE project is introducing a scale-free computing model to address these issues. This model
is hierarchical and fault-tolerant by design, allows for the clean overlap of computation and communication,
reducing the network load, does not require check-pointing, and avoids the complexity of many high
performance computing (HPC) runtimes. Development of an algorithm within this model requires a change in
focus from imperative programming to a data-centric approach.

Quantum chemistry (QC) algorithms, in particular electronic structure methods, are an ideal test bed for this
computing model. These methods describe the distribution of electrons in a molecule, which determine the
properties of the molecule. The computational cost of these methods is high, scaling quartically or higher in the
size of the molecule, which is the reason QC applications are major users of HPC resources. The complexity
of these algorithms means that message passing interface alone is insufficient to achieve parallel scaling; QC
developers have been forced to use alternative approaches to achieve scalability and would be receptive to
radical shifts in the programming paradigm.

Initial work in adapting the simplest QC method, Hartree-Fock, to this the new programming model indicates
that the approach is beneficial for QC applications. However, the advantages to being able to scale to exascale
computers are greatest for the computationally most expensive algorithms; within QC these are the high-
accuracy coupled-cluster methods. This project investigated how such science applications can be constructed
with scale free, data-centric programming models to enable extreme-scale performance.

Summary of Accomplishments

We developed a scale-free implementation of the matrix multiply kernel, a critical step in many science
applications such as the coupled cluster quantum chemistry method. Practical realization of this required
development of prototype generic interfaces for data-centric computing and automated problem decomposition.
The implementation of the matrix multiply kernel demonstrated the efficacy of these interfaces, guiding
development of new runtime systems and applications for extreme-scale parallel computers. These interfaces
and kernel provide important building blocks for continuing design and simulation of applications and hardware
for extreme scale.

Significance

Computation at the largest scales is an enabling technology across DOE’s mission areas and the national
security mission, as a whole. This project investigated the next step in developing algorithms for the
forthcoming high-performance computers, by providing an exascale-class algorithm for an important
application and demonstrating the viability of the programming model. This work is particularly crosscutting:
it involved research both into the computer science of the problem as well as focusing on a quantum chemistry
application and involved significant staff collaboration.
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Peer-to-Peer Architectures for Exascale Computing
149048

Year 1 of 1

Principal Investigator: J. Mayo

Project Purpose

The goal of this research was to investigate the potential for employing dynamic, decentralized software
architectures to achieve reliability in future high-performance computing platforms. These architectures,
inspired by peer-to-peer (P2P) networks such as botnets that already scale to millions of unreliable nodes,
hold promise for enabling scientific applications to run usefully on next-generation exascale platforms (~10'®
operations per second). Traditional parallel programming techniques suffer rapid deterioration of performance
scaling with growing platform size, as the work of coping with increasingly frequent failures dominates over
useful computation. This project aimed to study the dynamics of P2P networks in the context of a design

for exascale systems and applications. We sought to obtain theoretical insight into the stability and large-
scale behavior of candidate architectures, and to work toward leveraging Sandia’s Emulytics platform to test
promising candidates in a realistic (ultimately >107 nodes) setting.

Summary of Accomplishments

We developed a simulation framework, as well as a preliminary implementation in a large-scale emulation
environment, for exploration of “fault-oblivious computing” approaches. We designed a general architecture
that allows effective failure management and, under some conditions, fault obliviousness in exascale computing
scenarios. Our studies suggested that such an architecture, in which failures are treated as ubiquitous and their
effects are considered as simply another controllable source of error in a scientific computation, can remove
obstacles to exascale computing for certain applications. Our primary example applications were drawn from
linear algebra: a Jacobi relaxation solver for the heat equation, and the closely related technique of value
iteration in optimization.

Significance

High-performance computing (HPC) is at the heart of both nuclear weapons and energy programs and
research. DOE intends to remain at the forefront of HPC, and the next generation of computers will require a
considerably more robust approach to system and application software. This project contributes to providing
the robustness necessary to make these next-generation computers practical. Recovering from failures

with sufficient accuracy using local data, and avoiding the need for global check-pointing and the resulting
slowdown, would remove a major obstacle to exascale computing. This work has leveraged, and will continue
to inform LDRD Project 141505 and related efforts. We will draw on these insights in its HPC mission work.
The robustness of large networks is an aspect of complex systems and also applies to Sandia’s cyber-security
mission, suggesting other relevant opportunities.
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Natural Materials for Carbon Capture
149205

Year 1 of 1

Principal Investigator: R. T. Cygan

Project Purpose

Naturally occurring clay minerals provide a distinctive material for carbon capture and carbon dioxide
sequestration. In particular, swelling clay minerals, such as the smectite variety, possess an aluminosilicate
structure that is controlled by low-charge layers that easily expand to accommodate water molecules and,
potentially, carbon dioxide. The interlayer of smectite clays also includes counterbalancing cations such as
sodium that balance the negative layer charge. Recent experimental studies have demonstrated the efficacy

of intercalating carbon dioxide in the interlayer of layered clays but little is known about the molecular
mechanisms of the process and the extent of carbon capture as a function of clay charge and structure. In
economic terms, clay minerals are a common natural resource and are proverbially “dirt cheap.” Clay minerals
are an attractive alternative to more complex materials that often require significant chemical functionalization
to ensure acceptable carbon capture performance. Such materials could have a distinct advantage in that they
can be used once and buried, saving the cost of regenerative energy, CO, compression, and subsurface injection.
Molecular dynamics simulations will be performed at Sandia to better assess the molecular interactions
associated with incorporation of the CO, in the interlayer of montmorillonite clay, and to simulate vibrational
spectra to help validate the models with experimental observation. This computational chemistry project will
provide proof of concept that our predictive simulation tools can meet future research needs of the National
Energy Technology Laboratory (NETL) and provide the foundation to expand Sandia’s role in carbon
management in partnership with NETL.

Summary of Accomplishments

We have completed a series of molecular dynamics simulations to better assess the molecular interactions
associated with incorporation of the CO, in the interlayer of montmorillonite, and to simulate vibrational
spectra to help validate the models with experimental observation. We first extended several published three-site
potential models of CO, to derive a set of accurate interaction parameters that are compatible with the widely-
used CLAYFF (Clay Force Field). The extended set of interaction parameters permits full flexibility of the
molecule allowing bond stretching and bond bending. Comparison of experimental and theoretical data with our
molecular dynamics simulations of gaseous and liquid CO, confirms the accuracy of the new force field. Based
on the experimental evidence for CO, intercalation in montmorillonite clay, provided by NETL, we developed

a conceptual model for the intercalated structure and performed a series of molecular dynamics simulations.
Power spectra were derived from the equilibrated atomic and velocity trajectories that allowed the isolation of
signal from key components of the molecular model. Normal model analysis of optimized structures of CO, and
Na-CO, derived from density functional calculations are in general agreement with the findings of the classical
results obtained from the molecular dynamics simulations. Our dynamics results indicate that, once intercalated
into the clay the bending motion of CO, at approximately 667 cm™' is blue-shifted and split. The asymmetric
stretch of CO, at 2350 cm™' exhibits a smaller blue shift, however it is consistent with the experimental findings
of NETL. This computational chemistry investigation provides a proof of concept that molecular simulation
methods have the capability and accuracy to predict the mechanisms associated with CO, capture in complex
natural materials.
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Significance

This project emphasizes the fundamental behavior of gaseous, liquid, and supercritical carbon dioxide and
clay-intercalated carbon dioxide. It provides a theoretical foundation for evaluating the mechanisms of carbon
capture and sequestration, and confirms the ability of an economically attractive and naturally occurring mineral
to capture carbon dioxide. The technical collaboration with NETL supports the development of a long-term
technical partnership. Furthermore, the state-of-the-art molecular simulations support efforts to develop tools
and methods for the accurate modeling of complex systems.
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Molecular Modeling in Support of CO, Sequestration and
Enhanced Oil Recovery

149209
Year 1 of 1
Principal Investigator: L. Criscenti

Project Purpose

CO, sequestration in sedimentary basins has been proposed to store excess atmospheric CO,. Suitable
formations for sequestration will be over 800 m deep, where high pressures will maintain a CO, density that
decreases CO, buoyancy with respect to water and oil. The relationships between the simple fluid phases (CO,,
water and oil) that coexist in a basin are established. However, the interactions between these fluids and the
surrounding rock matrix are not well studied and impact CO, mobility. The “wettability” of minerals to H,O,
CO,, and hydrocarbons affects the distribution, transport and fate of these fluids in sedimentary basins. For
example, CO, adsorption to the rock matrix may enhance CO, sequestration; however, if the aqueous solutions
and petroleum fluids have greater affinity for the mineral surfaces, CO, may migrate through fractures towards
the surface. Changes in CO, viscosity, water concentration, and ionic species in the CO, fluid from the basin
environment through the caprock will play a role in CO, migration. We will investigate CO, mobility in
reservoir and caprock systems by studying the relative adsorption of H,O, CO,, and heptane to key sedimentary
minerals as a function of temperature and pressure using molecular dynamics simulations. This investigation
will also provide guidelines for the use of CO, in enhanced oil recovery.

Summary of Accomplishments

We used molecular dynamics simulations to examine the wettability of minerals to different fluid phases.
Large-scale molecular dynamics simulations involving between 100,000 and 200,000 atoms were conducted

to establish a dynamic equilibrium between a drop of liquid water, water vapor, and kaolinite surfaces. These
calculations were performed using LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator),

a parallel-processing molecular dynamics code and the CLAYFF (Clay Force Field) both developed at Sandia.
The water drops consisted of at least 1700 molecules. Simulations were performed for five nanoseconds. Two
approaches were tested to extract contact angle information from simulation trajectories. Contact angles were
determined on both the siloxane and gibbsite surfaces of kaolinite. The contact angle calculated for the siloxane
surface is approximately 110°, and compares well with calculated contact angles for silica reported in the
literature. The contact angle determined for the gibbsite surface is approximately 13° and compares favorably to
reported experimental results. As expected, the siloxane surface is calculated to be hydrophobic and the gibbsite
surface hydrophilic. We have developed a post-processing algorithm to calculate contact angles from molecular
dynamics trajectories, and it can be used to investigate the interaction of other fluids such as heptane and carbon
dioxide with solid surfaces. This technique should prove useful to investigate the relative wettability of different
minerals with subsurface fluids including supercritical CO,.

Significance

Using Sandia-developed computational tools, we established a methodology for calculating contact angles
directly from classical molecular dynamics simulation output. We developed post-processing codes to
implement two different algorithms for calculating contact angles. We successfully compared our calculated
contact angles for water on both hydrophilic and hydrophobic surfaces to reported experimental and calculated
results in the literature. Our research will feed into the CO, management thrust area where the relative
wettability of mineral surfaces with respect to different fluids including oil and supercritical carbon dioxide is
critical knowledge required for developing approaches for CO, sequestration and enhanced oil recovery (EOR).
This research prepares us to tie modeling efforts to experimental studies that are getting underway in various
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Sandia programs including the University of Texas (UT)-Sandia Energy Frontier Research Center, and Basic
Energy Sciences. The goal of this research is to provide the capability of using molecular simulation as a tool to
understand macroscopic fluid-mineral interactions in porous media in order to provide guidance for managing
underground systems for CO, sequestration and EOR.
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Nanocrystal-Enabled Solid-State Bonding
149210

Year 1 of 1

Principal Investigator: E. A. Holm

Project Purpose

Virtually all engineering components are comprised of materials that have been joined together. While joining
technology has advanced, there are still critical applications where the joining solutions create unacceptable
problems such as thermal stress-induced cracking, phase transformations, and thermal component damage.
These problems are exacerbated by joining dissimilar materials or complex shapes, and bonding processes that
occur late in assembly. Many of these problems occur because bonding temperatures and pressures are quite
high. For example, welding and brazing use solidification of molten materials to form the joint, potentially
leading to thermal stress generation and profound microstructural changes.

Nanocrystalline metals may allow us to dramatically lower the temperatures and pressures required for solid-
state diffusion bonding between metals and ceramics. Recent work has demonstrated the efficacy of this
approach in the copper-silver system. At this point, it is unclear how to explain or predict this phenomenon.
One model for describing solid-state bonding with metal nanoparticles would be based on sintering theory. We
propose a set of model bonding experiments between copper plates using silver and gold nanoparticles with

a range of temperatures and pressures to be compared with sintering simulations of the same. The outcomes
of this study would be the following: 1) an evaluation of sintering theory as a predictive tool for nanocrystal-
enabled diffusion bonding, 2) a determination of the sensitivity of this process to the size of nanoparticles,

and 3) a recommendation for the future potential of this approach. If successful, this project will create much
fundamental, exciting science, in particular, regarding the prediction of sintering behavior in nanoscale
materials. In addition, this project will lay the foundations for technology that could benefit a number of key
programs at Sandia (nuclear weapons [NW] and defense systems and assessments) for which low-temperature,
low-pressure diffusion bonding is a potential breakthrough technology.

Summary of Accomplishments

We performed a preliminary set of sintering experiments to examine nanocrystal-enabled diffusion bonding
(NEDB) in Ag-on-Ag and Cu-on-Cu using Ag nanoparticles. The experimental test matrix included the effects
of material system, temperature, pressure, and particle size. The nanoparticle compacts were bonded between
plates using a customized hot press, tested in shear, and examined postmortem using microscopy techniques.
NEDB was found to be a feasible mechanism for low-temperature, low-pressure, solid-state bonding of like
materials, creating bonded interfaces that were able to support substantial loads. The maximum supported
shear strength varied substantially within sample cohorts due to variation in bonded area; however, systematic
variation with fabrication conditions was also observed. Mesoscale sintering simulations were performed in
order to understand whether sintering models can aid in understanding the NEDB process. A pressure-assisted
sintering model was incorporated into the SPPARKS kinetic Monte Carlo sintering code. Results reproduce
most of the qualitative behavior observed in experiments, indicating that simulation can augment experiments
during the development of the NEDB process. Because NEDB offers a promising route to low-temperature,
low-pressure, solid-state bonding, we recommend further research and development with a goal of devising new
NEDB bonding processes to support relevant agencies.

Significance
Nanocrystal-enabled solid-state joining would provide a complete jump in bonding technology available at
Sandia. DOE and other federal agencies would eagerly welcome these advances.
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Mechanical Properties of Self-Lubricating, Nanocrystalline

Metal Films

149214

Year 1 of 1

Principal Investigator: C. C. Battaile

Project Purpose

Recent research at Sandia has shown that bare metal surfaces can, under certain conditions, form self-
lubricating tribofilms as they wear. The available evidence suggests that this is due to the refinement of the
microstructure near the contact surface, and that the mechanism is diffusion-mediated grain boundary sliding
in the ultrafine-grained material that forms there. If this is true, the tribofilm should be mechanically softer
than the original, parent material. However, because 1) the film is only about 500-nm deep, 2) its surface is
relatively rough, and 3) polishing would destroy the film, nanoindentation is not viable as the sole approach
to ascertaining the film’s mechanical properties. Instead, we used a focused ion beam to create cylindrical
nanopillars of approximately 250-nm diameter and 500-nm tall, and we used a nanoindenter to compress the
pillars in order to characterize their mechanical properties.

Summary of Accomplishments

The specimens tested in this study represent the smallest pillars ever created at Sandia. The results indicate
that the material in the wear tracks is more than twice as soft as unworn material, and this provides potential
evidence of an “inverse Hall-Petch” phenomenon in nanocrystalline nickel.

Significance

Tribology and wear is responsible for a variety of aging, failure, and reliability issues in a wide range of
applications, from microelectromechanical systems to electrical contacts. This work not only elucidates the
basic mechanisms of self-lubrication in metals, to aid in the design of next-generation wear-resistant materials,
but also contributes to the science of strength in ultrafine-scale structures and the development of future models
thereof.
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The Integration of Process Monitoring and Data Authentication

for Safeguards

149283

Year 1 of 1

Principal Investigator: B. B. Cipiti

Project Purpose

The development of advanced safeguards concepts, approaches, and assessment methodologies to enhance

the effectiveness, efficiency, and credibility of international safeguards is a key objective for the DOE/NNSA.
Development of facility-specific safeguards approaches, such as process monitoring, is recognized as a need in
this area. Data authentication is critical to ensure data security and authenticity. This project seeks to integrate
and model both elements using the Sandia Separations and Safeguards Performance Model (SSPM) to provide
a predictive simulation tool for advanced safeguards design. The SSPM is a transient model of a reprocessing
plant that is used as a tool for safeguards design and analysis. The advantage of such a tool is that it will provide
predictive results of novel process monitoring concepts without requiring expensive experimental work.

The incorporation of process monitoring data in the model can be tested under various diversion scenarios

to determine any potential improvements to diversion detection. Data authentication, typically performed on
discrete pieces of equipment and not viewed from a systems level, can also be incorporated into the model. This
will be the first time that such modeling has been attempted. This project will lay the groundwork to advance
this area of modeling and simulation. The end goal of the work is an exemplary scenario that will build Sandia’s
reputation in the areas of process monitoring, authentication, and modeling and simulation with the intent of
seeking additional work in these areas.

Summary of Accomplishments

Process monitoring measurements were added into the Separations and Safeguards Performance Model (SSPM)
to provide the capability to use the SSPM as a tool for advanced safeguards analyses. Algorithms were added to
perform bulk material balances for all vessels in the plant and to correlate that data with traditional plutonium
accountancy data. Alarm conditions and thresholds were set while taking into account bias correction. The

final product is a reprocessing plant model capable of performing diversion scenarios analyses using advanced
process monitoring systems. We found that the process monitoring data was able to drastically improve the
timeliness of detecting diversion events.

Significance

This project builds upon Sandia’s capabilities in process monitoring and authentication. It will provide the
demonstrable example needed to further expand our work in process monitoring. Further, this work will provide
a mechanism to train new staft members in this area.
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Lagrangian Shock Modeling in Highly Deformable Materials

with Remeshing

149479

Year 1 of 1

Principal Investigator: A. S. Gullerud

Project Purpose

This project focuses on developing new approaches for modeling mild shocks in a Lagrangian finite element
framework for highly deformable materials. Recent research at Sandia has led to the development of a
remeshing approach for Lagrangian explicit transient dynamic analyses within the Sierra suite of codes. This
approach employs nodal-based tetrahedral (tet) elements, which store values at their nodes, and a remeshing
technique that attempts to preserve node locations. This pairing significantly reduces the amount of variable
remapping that is needed, and thus holds the promise of significantly reducing the error caused by the
remeshing process. This approach has been successful for low-velocity events; however, scenarios that include
very high velocity impacts and/or energetic loadings require proper modeling of shock phenomena. Previous
tetrahedral element formulations have been shown to behave poorly in the shock regime, and preserving
accuracy during remeshing becomes much more difficult when dealing with the energy terms that proper shock
modeling requires. These effects are clearly demonstrated when the current remeshing capabilities are used

for problems undergoing high-rate or energetic loadings. This project will characterize the existing issues with
the nodal-based tetrahedral elements in the shock regime, and seek new stabilization strategies to improve the
overall response. Furthermore, it will include a detailed study of the effect of remeshing on key parameters, and
provide new approaches that reduce the error involved with mesh changes.

Summary of Accomplishments

Thorough testing of the nodal-based tet under a variety of loading scenarios has demonstrated that the element
has serious deficiencies in its ability to capture pressure fields effectively. This is particularly apparent in
situations where shear is an important part of the deformation field. In some cases, global deformation metrics
can appear to be of good quality, but the local solution within the body is still problematic. The analyses
demonstrate that the connectivity of the nodal-based tet mesh is a key factor in the pressure response —
changes in the regularity of the mesh typically cause corresponding changes in pressure. Using a “cross-
triangle” meshing strategy appears to give a good quality pressure field for the nodal-based tet, but at a large
computational expense. These difficulties bring into question the solution quality that results from using
remeshing on these elements. Changes in connectivity affect the solution, thus remeshing affects the solution in
unexpected ways. In summary, the deficiencies of the element need to be addressed before they can be used in
problems where the pressure fields are important (such as the shock regime), and analyses that currently depend
on nodal-based tets and accompanying remeshing need to be investigated closely to see if these deficiencies
significantly affect the solution.

Significance

Simulations that could be positively affected by a working nodal-based tet element with remeshing include
modeling of weapons storage facilities, transportation systems, safety and security of the energy infrastructure,
spaced-based assets under environmental and adversarial threats, missile defense applications, penetration
modeling, and other abnormal and hostile threat situations. Unfortunately, follow-on work is required to correct
the problems identified in this work before it can be used for these areas. Current analyses that rely on the
nodal-based tets with or without remeshing need to carefully reexamine their work to assess whether or not the
deficiencies are strongly affecting the quality of the results.
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Systems Analysis Tools for Next-Generation Grid Planning,

Operations, and Control
149520

Year 1 of 1

Principal Investigator: J. Watson

Project Purpose

The success of evolving an advanced, reliable power grid from the current infrastructure hinges on two key
factors. From an operational perspective, it is critical to manage the large fluctuations in supply associated
with technologies such as solar and wind. Thermal or hydro plants, or posited short-term storage devices, are
the primary control mechanisms. From a planning perspective, management of uncertainties is the critical
factor in cost and security-constrained system design, including projected renewable efficiencies, fuel costs,
demands, and water availability. The long-term planning and operations scheduling processes are — especially
at a national scale — extremely challenging operations research optimization problems, while real-time
management of fluctuations in renewable power sources is a key issue in control theory. The objective of this
project is to leverage already developed algorithmic tools to conclusively demonstrate the potential to solve
these national-scale planning, operations scheduling, and operations control problems. Further, the multiple
timescales involved must be ultimately bridged, potentially leading to a novel fusion of operations research and
control-theoretic paradigms.

Summary of Accomplishments

We developed two key stochastic mixed-integer optimization models. The first addresses long-term grid
generation expansion, i.e., the question of what new generators to build, of which type, and in which year, to
satisfy projected demand given uncertainty in fuel prices. The second addresses unit commitment, i.e., the day-
to-day question of which generators to turn on, when, and at what output level. Both models are expressed in
Sandia’s Coopr mathematical modeling framework, and solved used the Coopr PySP (Python for Stochastic
Programming) solver library. We demonstrated the applicability of Sandia’s solver technology for stochastic
mixed-integer programs to address these critical energy operational and planning problems, the foundational
models in grid operations and planning. The generation expansion work was performed in conjunction with
researchers at lowa State University, while the unit commitment problem was performed in conjunction with
researchers at Argonne National Laboratory. We were able to tailor our solvers to quickly identify near-optimal
solutions to these problems, via parallel algorithmic decomposition strategies. Finally, we developed and tested
techniques for quantifying the robustness of the solutions obtained. Stochastic programs are generally solved by
sampling from the universe of scenarios. Consequently, the related questions of “do we have enough samples?”
and “how far might we be from optimal?”” must be addressed. Our techniques indicate that for generation
expansion, thousands of scenarios are sufficient to obtain solutions that are provably — in the statistical

sense — within 1% of optimal. In contrast, for unit commitment, scalability remains a major challenge, where
optimality gap estimates exceed 10 to 20 percent given the number of scenarios we can address computationally
(on the order of 100).

Significance

This work is focused on ensuring that new energy technologies will be able to be assimilated into the current
grid with high confidence, at minimal cost, while addressing security and reliability concerns. Successfully
achieving this goal is crucial to the energy, military, and economic security of the US.
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We have demonstrated the utility of stochastic mixed-integer programming, expressed via Sandia’s Coopr
mathematical modeling software, to solve core grid operations and planning problems. We have scalable
solver results for grid generation expansion. For unit commitment, solver scalability is, at worst, consistent
(and is better in many cases) with the state of the art in the literature, but further advances are required to solve
industrial-scale problem instances.

Our results regarding the computation of solution robustness is novel in several regards. First, these techniques
have not been previously applied to problems in the electrical grid domain. Consequently, researchers have
proceeded without answer to the questions of whether a sufficient number of scenarios were being used,

and without a metric for the optimality gap. Without a confidence interval on the optimality gap, which
quantifies solution robustness, solutions are of very limited use to decision-makers; the down-side risk is far
too large. Second, these techniques rigorously motivate — in the case of unit commitment — the need for
both significantly larger numbers of scenarios and, as a consequence, high-performance computing. The latter
is ultimately required to address scalability, as problem difficulty is proportional to the number of scenarios
considered. High-performance computing is generally ignored in the electrical industry. Our results provide a
rigorous, quantitative answer (in the form of a specific computational answer to a key operational problem) to
the question of “what is the need for high-performance computing?”

The baseline studies focus on stochastic mixed-integer optimization problems in which the objective is

to minimize expected cost. An alternative metric that emphasizes mitigation of down-side risk is known

as conditional value-at-risk (CVaR). We have replicated our computational studies on both the generation
expansion and unit commitment problems considering the CVaR optimization objective. The solver scalability
results hold for this risk-aware metric. However, given a fixed number of scenarios, solution robustness is
significantly impacted. Specifically, the confidence interval width on the optimality gap for these problems is
significantly (an order of magnitude) larger when considering the CVaR optimization metric. Intuitively, this
is expected behavior, as more samples are required to identify high-cost “tail” scenarios. The result further
emphasizes the need for scalable stochastic programming solvers because the number of scenarios required to
obtain robust solutions for risk-oriented optimization metrics is significant (further motivating the need for high-
performance computing solutions).
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Parallel Octree-Based Hexahedral Mesh Generation for

Eularian to Lagrangian Conversion
149521

Year 1 of 1

Principal Investigator: S. J. Owen

Project Purpose

Computational simulation must often be performed on domains where materials are represented as scalar
quantities or volume fractions at cell centers of an octree-based grid. Common examples include biomedical,
geotechnical or shock physics calculations where interface boundaries are represented only as discrete statistical
approximations. Accurate simulation that utilizes this data can require a Lagrangian hexahedral finite element
mesh with hundreds of millions or even billions of degrees of freedom.

Previous work in the literature has explored methods for generating an octree-based hexahedral mesh from
volume fraction data, however these methods can lack element quality or fail to adequately resolve the domain.
In addition, none have focused on the specific shock physics problems that are relevant to advanced simulation
and computing codes such as CTH and Alegra. More important, existing methods have not yet been proposed
for extending these techniques to parallel domains where massive numbers of degrees of freedom are required.

Summary of Accomplishments

This work has demonstrated new procedures and methods for generating both hexahedral and tetrahedral
meshes from volume fraction data defined on a Cartesian grid. We recognize that, with the limited resources for
this project, there are many areas left to explore. We would anticipate that the results of such research would
move this technology towards a tool that can be robustly used for coupling Eulerian and Lagrangian codes. We
do, however, offer that these methods improve on existing techniques proposed in the literature, particularly as
they apply to parallel mesh generation using overlay grid methods.

Significance

Shock physics and high-speed impact phenomena as characterized by the advanced simulation and computing
Eulerian codes provide important insights into weapons effects, armor/anti-armor interactions, warhead design,
high-explosive initiation physics and weapon safety issues. These codes can be limited by the effectiveness of
the Eulerian grid. Lagrangian hexahedral meshes developed on a massive scale will help extend the application
of these insights to help answer questions important to DOE’s national security mission.
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Effective Programming Tools and Techniques for the New
Graph Architecture HPC Machines

149655
Year I of 3
Principal Investigator: D. Dechev

Project Purpose

Large graph problems that arise in complex network analysis, data mining, computational biology, and national
security applications have sparked the development of new types of high performance architectures and codes.
These codes involve very large numbers of threads and much greater sharing of information among processors
than traditional scientific computing approaches, posing much greater concurrency challenges. Unfortunately,
concurrent programming for shared memory multithreaded applications is nontrivial because of the numerous
hazards including race conditions, deadlocks, livelocks, and order violations. Such errors are hard to reproduce,
often lead to unpredictable real-time behavior, and are notoriously difficult to debug. The use of mutual
exclusion, the most common synchronization technique for shared data, can lead to significant overhead, high
complexity, and reduced parallelism in addition to the aforementioned safety risks. Even for conventional
multicore systems and datasets of modest size, the use of mutual exclusion can cause convoying effects that, in
turn, can seriously affect the application’s performance. According to a number of studies at NASA Ames, the
current development and validation techniques are prohibitively expensive for problems of such complexity.
We propose to address this highly challenging problem by creating a software framework for safe and efficient
concurrent synchronization for massively multithreaded shared-memory programs. This approach will be based
on the application of lock-free synchronization, a new alternative to mutual exclusion for designing scalable
data objects. In our previous work we have shown that lock-free synchronization eliminates whole classes of
concurrency hazards while delivering performance improvements for many scenarios by a large factor. Our
goal is to create a portable and generic software platform that will greatly assist domain scientists who are

not experts in concurrency theory and formal methods produce highly efficient and correct high-performance
computing (HPC) code for solving large graph analysis problems.

Summary of Accomplishments
Since the start of the project in April 2010, we have accomplished the following:
1. We performed a survey of the most recent multicore programming techniques.

2. We implemented a number of non-blocking techniques published in the literature including linked-lists, hash
tables, and vectors and performed a range of experiments.

3. We studied the new C++ standard — “C++0x” — and in particular, its features related to providing a new
memory model, support for concurrency, and automated garbage collection. We evaluated the possible
impact of these new language features for the design of new programming models.

4. We initiated a study of the methodologies necessary to establish the correctness of a non-blocking algorithm,
in particular by providing designs that are linearizable, meet the progress guarantees, and are also ABA-free.
ABA is a fundamental problem in concurrent designs. (ABA is not an acronym and is a shortcut for stating
that a value at a shared location can change from A to B and then back to A.)

5. We designed a generic solution to the ABA problem for lock-free descriptor-based designs and incorporated
it in a lock-free vector implementation.

6. We wrote a paper on our approach for ABA avoidance: “Understanding and Effectively Preventing the ABA
Problem in Lock-Free Descriptor-Based Designs,” and presented it in May 2010 at the Institute of Electrical
and Electronics Engineers International Symposium on Object/Component/Service-Oriented Real-Time
Distributed Computing. (IEEE/ISORC) 2010 International Symposium in Carmona, Spain.
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7. We prepared an extended journal version of our ISORC 2010 paper and submitted it to the Wiley journal,
Software: Practice and Experience as an invited paper.

8. We performed a study regarding the role of source code rejuvenation and the possibility for lock-based
to lock-free code transformation. We wrote a paper entitled “Support for the evolution of C++ Generic
Functions,” accepted for publication at the 3rd International Conference on Software Language Engineering.

Significance

The proposed work is of high relevance to the core mission of the advanced simulation and computing
community, the intelligence community, the National Infrastructure Simulation and Analysis Center (NISAC),
as well as the efforts in the area of Enabling Predictive Simulation. Our approach will deliver high performance
and increased safety for future HPC platforms and will provide an alternative to the current prohibitively
expensive and hazardous coding techniques for concurrent programming. Our research will eliminate many
bottlenecks and provide better performance for advanced simulations.
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QMU as an Approach to Strengthening the Predictive

Capabilities of Complex Models
149819

Year 1 of 1

Principal Investigator: G. A. Gray

Project Purpose

Quantification of margins and uncertainties (QMU) supports risk-informed decision-making, where risk refers
to the likelihood of a system failing or not achieving performance requirements. To date, QMU has played

an important role in the nuclear weapon life cycle for which formal requirements have been long established.
However, as we move forward in designing the complex systems that will support our future national security
infrastructure, requirements and acceptable margins for performance, resilience, and security are fuzzy, at best.
Such systems include next-generation computer networks, transportation energy infrastructure, and physical
security. Without requirements, we cannot hope to design cost-effective systems that will meet our national
security needs.

Increasingly, significant effort is being put into developing modeling and simulation technology for predicting
the behavior of complex infrastructure systems. Many of these systems include human factors and phenomena
for which there is little or no data. It is our hypothesis that simulations can be used to guide the development of
requirements and margins at system, subsystem, component, and constitutive levels. Thus, our goal is to develop
a QMU framework that will work in conjunction with complex system simulations to provide a defensible basis
for performance requirements. This includes the characterization of their associated uncertainties. We will pay
particular attention to requirements for failure or for “bad consequences” that, due to lack of knowledge, cannot
be defined in formal, mathematical terms or with fixed thresholds. This framework will be adaptable in order to
accommodate improvements in models and understanding as data is collected over time.

Summary of Accomplishments

We have three accomplishments to note. First, we developed and implemented an algorithm for evaluating the
expected risk of a decision as the basis for the optimal testing strategy. Moreover, the key limiting cases were
analyzed to prove the effectiveness of this testing strategy. Second, we discovered the characteristics of the
cyber infrastructure problem. This information was collected and considered in the context of needs for the
development QMU-based tools. Third, we learned about existing uncertainty quantification methodologies for
the quantification of model discrepancies. These were considered in the context of statistical models of cyber
activity.

Significance

This work provides the foundation needed to provide a tractable yet rigorous risk-informed approach to defining
system requirements in an environment where requirements for failure or for bad consequences cannot be
defined in formal, mathematical terms or with fixed thresholds. These requirements are essential to the efficient
design and improvement of many aspects of the nation’s infrastructure security.
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Stochastic Study of Microparticle Adhesion due to Capillary

Condensation

150123

Year I of 3

Principal Investigator: J. A. Hubbard

Project Purpose

The fundamental issue for investigation in this project involves the conditions for microparticle adhesion and
re-suspension in realistic ambient environments. While many researchers have measured microparticle adhesive
forces, relatively few have studied adhesion due to capillary condensation at realistic relative humidities.
Rather, most experiments are designed to eliminate this as a factor as it complicates analysis. This is a serious
flaw because these forces can be significant in practical applications and have been shown to persist after long
periods of drying. It is the hypothesis of this work that capillary adhesion forces on microparticles will be
dominant, with respect to electrostatic and van der Waals forces, in many cases for which relative humidity is
greater than 40% due to the combined effects of surface tension and capillary pressure. Complex particle and
surface properties like morphology and wettability also cause real systems to display probabilistic behaviors
due to random variations in properties occurring at the micro- through nanoscales. Current research emphasizes
stochastic adhesion models to account for these effects rather than relying on analytical expressions derived
under assumptions of ideal geometry and surface properties. This project’s experimental work will be used

to develop stochastic models of capillary adhesion required for prediction of aerosol microparticle fate with

an emphasis on advancing computational modeling tools like GOMA (multi-physics finite element code) and
LAMMPS (molecular dynamics code). The following problems relevant to Sandia missions will then be made
more tractable: trace detection of CBRNE (chemical, biological, radiological, nuclear, and explosive materials),
and predicting the effects of surface contamination in critical systems components (e.g., satellites).

Summary of Accomplishments

The first engineering challenge is to synthesize microparticle aggregates (1-10 micrometers) from primary
particles (150-300 nanometers) suspended in solution. The concept is to create microparticles of uniform and
structured surface morphology. An experimental apparatus for particle synthesis has been designed, constructed,
and preliminary performance measurements are in progress. A Sono-Tek ultrasonic nozzle is used to generate
large droplets containing primary particles. The solvent evaporates and the aggregates are fed into a sintering
tube oven. At this time, thermal performance of the oven is being characterized for accurate control over the
sintering process. Nozzle performance has also been characterized with a Malvern Spraytec Laser Diffraction
instrument. Process parameters will be analyzed through Scanning Electron Microscopy (SEM) of synthesized
particles.

In early July, a meeting was held with Molecular Imprints (MI), Austin, Texas, to establish our industrial
collaboration. They agreed to contribute nanostructured test substrates for adhesion experiments. The
nano-feature height for these materials is approximately 100-200 nanometers with equivalent inter-feature
spacing. Surfaces of silica and an acrylate-etching polymer will be tested. Process Engineers at MI have also
provided surface cleaning protocols and substrate preparation (e.g., cutting into test coupons) is ongoing at the
Microsystems and Engineering Sciences Applications fabrication facility.

Particle detachment techniques have been analyzed and a collaboration formed with the microelectromechanical
system vibration laboratory, to leverage existing experimental facilities. Their laser Doppler vibrometer will be
used to make in-situ measurements of substrate dynamics during the detachment process. Surface accelerations,
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i.e., detachment forces, will be measured for substrates excited with contact transducers with frequencies up to
10 megahertz. A small mechanical shock device is also being designed to create larger accelerations (~10,000 g)
that may be required to overcome adhesion.

Significance

This project will support DOE’s strategic mission to strengthen scientific discovery and innovation in

the physical sciences. Experiments will provide a validation data set for interfacial physical models to be
developed in the future and ultimately enable predictive simulation of related problems. Our approach will be
multidisciplinary, and collaborative with industry. Both of these characteristics are goals of the DOE to create
the leverage needed to address the nation’s security challenges. DHS missions (e.g., chemical, biological,
radiation, nuclear detection) will also be supported through future application of knowledge gained here to
protect our nation’s citizens and infrastructure.
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Cross-Domain Predictive Simulation Focusing on Energy

Security

150252

Year 1 of 1

Principal Investigator: C. R. Lawton

Project Purpose

Energy security encompasses a collection of issues and characteristics cross-cutting numerous sciences and
technology (S&T) domains, including energy technologies (e.g., fossil, solar, wind, nuclear) and national
security domains (e.g., economic, environmental, political, defense, homeland security). The simulation models
typically used to analyze the energy S&T domains and those that support analysis of the national security
sectors are fundamentally different: models of energy S&T are governed by the highly deterministic, well
understood “laws of physics” while models of national security sectors are governed by the highly uncertain,
temporally dynamic “laws of experience.”

Furthermore, the research, development, and engineering communities applying these analytical models
traditionally work independently, resulting in highly stovepiped capabilities. What is necessary to adequately
understand the energy security challenge of the future (and to enable predictive simulation capabilities that will
help plan an optimal energy strategy) is a holistic view of energy security that brings together the analytical
communities of the energy science and technologies and the national security sectors.

This project will focus on a specific subset of domains drawn from the energy science and technologies and
national security sectors and bring together the related simulation communities and tools. Bringing the tools
together will require significant R&D into heterogeneous modeling across many disparate sciences, specifically
the merging of highly uncertain, abstract, temporally dynamic simulations with more deterministic, high fidelity,
physics based models. We look to leverage Sandia’s high performance computing assets, security principles
expertise, and existing modeling capabilities performed in specific energy S& T domains and national security
sectors. Focusing on a subset of the energy S&T and national security sectors will allow us to begin to explore
this holistic view of energy security in a structured framework.

Summary of Accomplishments

This project is a small-scale demonstration of a modeling framework consisting of a holistic “systems”
approach used to integrate normally independent modeling capabilities in order to support a new mathematical
construct to benefit the DOE energy security mission.

We developed a conceptual model that provides a holistic view of the energy system across many complex,
interdependent measures of performance and its relation to national security. The model allows for prediction
of impact of future energy system performance and constraints on national security (e.g., economic measures).
The model allows for an understanding of the energy system behavior and the bounds of required economic
efficiencies of renewable energy systems through time.

The model is a “systems” level mathematical optimization formulation that relates energy supply and
distribution market sectors with national security domains focusing on economic impact (business productivity).
This was demonstrated through an example studying the relationship of energy security to the economics of an
urban area. For demonstration purposes, we gathered real-world data based on an existing energy and economic
system (based on real data collected based on the energy distribution system within Albuquerque and for a
business market sector of Albuquerque).
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Significance

Our goal is to bring together and organize Sandia’s core strengths and capabilities around energy security and
position Sandia as a national resource for energy security planning and decision-making. This project utilizes

a holistic technical approach within which we can demonstrate the value of integrating normally independent
simulation capabilities to support a new mathematical construct essential for Sandia to fully realize the goals of
its energy security thrust.

The model provides a rigorous “systems engineering” structure/framework within which to evaluate the

many complexities of energy security and those functional elements of the energy security system (and their
interrelationships). The model can be leveraged for future systems engineering and systems analysis approaches
to energy security and could be used as a mechanism to integrate disparate simulations that focus on very
specific elements of energy security.

By focusing on a real-world example — the energy-distribution system in Albuquerque for a small business
market sector — we were able to demonstrate how different energy security system measures of effectiveness
interact, and the feasibility of data collection necessary to feed the mathematical optimization at a fidelity
necessary to produce results that would help future decisions regarding investments in energy security.
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Drying/Self-Assembly of Nanoparticle Suspensions
150631

Year 1 of 1

Principal Investigator: G. S. Grest

Project Purpose

The most feasible way to disperse particles in a bulk material or control their packing at a substrate is through
fluidization in a carrier that can be processed with well-known techniques (e.g., spin, drip and spray coating,
fiber drawing, casting). The next stage in the processing is often solidification involving drying by solvent
evaporation. While there has been significant progress in the past few years in developing discrete element
numerical methods to model dense nanoparticle dispersion/suspension rheology, which properly treat the
hydrodynamic interactions of the solvent, these methods cannot at present account for the volume reduction
of the suspension due to solvent evaporation. The goal of the present research is to develop and validate
methods to remove solvent particles and volume, and hence solvent mass from the liquid/vapor interface of
the suspension to account for volume reduction (solvent drying) effects in the current suite of discrete element
methods.

Summary of Accomplishments

We have implemented, in the parallel molecular dynamics code LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator), a procedure to explicitly remove the solvent near the boundary in a manner
consistent with the limit of very slow evaporation. Explicit atom molecular dynamics simulations for three
model systems were carried out to validate the model. Simulations of solvent evaporation from a nanoparticle
suspension are underway.

Significance

This work has a broad relevance of a predictive modeling methodology for nanomanfacturing, suspension
rheology, and encapsulants. Research will strengthen our relationship with the nanocomposite manufacturing
industry through the NanoParticle Flow Consortium.
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Studies in High-Rate Solidification
150638

Year 1 of 3

Principal Investigator: J. D. Madison

Project Purpose

Investigation of the linkage between processing and resultant microstructures will be pursued through
investigation of high-rate solidification events found in welds, brazes and solders. Simulation tools developed
at Sandia, previously used to examine the effects of macrostructure on mechanical properties will be extended
to evaluate a smaller length-scale. The presence, variability and distribution of microstructural features such as
porosity will also be examined, among others, for determination of impact and effect on joint stability, integrity,
and composition. These factors will also be related to process parameters such as weld speed, pulse rate, and/
or material type. In all instances, microstructural three-dimensional reconstructions will be pursued along with
microscale multiphysics simulations for the purposes of yielding process-influenced measures of variability and
associate such variations with microstructural characteristics.

Summary of Accomplishments
We have:
* identified, selected and obtained weld materials of current interest and use for investigation

+ designed a matrix of laser weld parameters to yield the full breadth of currently documented porosity types
for examination

» performed direct radiography for planar inspection of characteristic porosities

* acquired microcomputed tomography of large and small-scale weld porosities in two samples for
production of initial 3-dimensional datasets highlighting critical variation in joining process parameter
effects on resultant microstructure.

Significance

Sandia is responsible for the quality of welds and brazes throughout the DOE/NNSA, with applications ranging
from nuclear weapons and energy to waste storage and renewable energy. This work has direct applicability to
life extension efforts in deep welds of precipitation hardened martensitic steels and the employing of nitrogen
strengthened stainless steels. This work will also allow improvement in Sandia’s ability to support welds and
joinings throughout the entire DOE/NNSA complex with a greater emphasis on predictive capability as opposed
to largely diagnostic expertise.
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Structural Simulations of Nanomaterials Self-Assembled from

lonic Macrocycles
150639

Year 1 of 1

Principal Investigator: F. B. Van Swol

Project Purpose

Detailed information about the internal structures of nanomaterials can be crucial for understanding their
function. In the case of the organic binary ionic solids developed at Sandia and being studied in this project,
knowledge of the internal structure (i.e., the arrangement of the organic ions) is especially important because
interactions between the organic ions control key properties of the materials such as light absorption, charge
separation, and electron transfer. However, obtaining detailed structural information is problematic because
direct structural characterization by conventional techniques such as x-ray crystallography is not feasible. The
goal of this work is to develop a platform for predictive simulations of the structures of these new organic
binary ionic materials using Monte Carlo and Brownian Dynamics methods. We propose to develop a new
predictive simulations platform for modeling the structures of materials composed of organic ions. This will
provide a new method for studying the structures of this class of ionic solids. The code and methods developed
will also be applicable to a range of self-assembled ionic solids. In addition, the insights gained will aid in the
design of new organic binary ionic solids at Sandia.

Summary of Accomplishments

To gain insights into the internal structures of binary ionic nanomaterials, we have developed a classical model
of nonconvex charge-decorated particles that interact through short-ranged Yukawa potentials (a porphyrin ion
was modeled as a block with spheres at the four corners representing the substituents on the macrocycle).
Monte Carlo simulations of the self-assembled porphyrin nanostructures were undertaken using a structure
derived from the crystal structure of the common synthetic porphyrin 5,10,15,20-tetraphenylporphyrin
(H2TPP). Most of the porphyrins used in the experimental ionic self-assembly studies are variants of TPP with
ionic groups located on the porphyrin macrocycle.

The self-assembly process of the oppositely charged porphyrins was investigated using two sets of starting
structures: a) those with randomly oriented porphyrins (derived from extended NVT [number of molecules,
volume, temperature]) runs of the ordered lattice structures at high temperatures), and b) ordered lattice
structures, particularly a segregated structure. The goal was to investigate if it was possible to generate an
ordered lattice from a randomly oriented structure or to transition between different lattice structures.

NVT studies of the random structures did not result in the formation of lattice structures, although a degree

of local order was observed in some cases. In particular, portions of many simulations displayed ribbon-like
structure with alternating oppositely charge porphyrins. NpT (number of molecules, pressure, temperature)
studies beginning with a random structure also did not result in the formation of ordered lattices. The formation
of a different and more stable lattice was observed when the segregated structure was used as a starting point

in the NVT runs. The final structure showed the principal elements of the interleaved structure, usually with
some slight slippage between layers. The energy of the final structure did not match that of the fully interleaved
structure, presumably due to the fact that the simulation box contains several ordered regions separated by voids.

Significance
Many of the organic binary ionic nano- and micro-materials have potential applications in solar energy
technologies, batteries, and supercapacitors that are relevant to the DOE energy mission. The ability to predict
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and engineer the electronic and optical properties of the organic binary ionic (such as oppositely charged
porphyrins) materials might also benefit the DOE national security mission. We recognize that organic binary
ionics are fundamentally different from common salts in that the ions are not simply limited to the elements in
the periodic table, but instead can be tailored into complex shapes. For the case at hand, the ions are essentially
planar macrocycles (a block with spheres at the four corners representing the substituents on the macrocycle).
Now, the interplay between charges and shape is a new feature, not previously studied. This is why we have
chosen to model these ionic systems in a sufficiently simplified way that allows one to generate fundamental
understanding from the modeling, while maintaining the essential physics. This approach is computationally
efficient, and entirely in line with current understanding of the behavior and structures of common salts, such
as NaCl. Their solid structure is the result of the competition between oppositely charged and like-charged
ions that gives rise to charge ordering (both in the solid and the liquid phase), which is of long range nature.
We can demonstrated (e.g., with mixtures of non-additive hard spheres) that the long range ordering is not
itself a consequence of the presence of long range Coulombic interactions, but stems from the aforementioned
competition. Short-ranged Yukawa interactions also produce charge-ordering. We have demonstrated that the
simplified model can be used to study self-assembly of ionic macrocycles, and the new capability enables
predictive simulations. Specifically, one can now study the interplay between macrocycle shape and charge
distributions, an interplay that appears to be critical to the understanding of nanomaterials of organic binary
ionic solids.
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Uncertainty Quantification of Cinematic Imaging for
Development of Predictive Simulations of Turbulent

Combustion

150641

Year 1 of 1

Principal Investigator: J. H. Frank

Project Purpose

Accurate simulations of turbulent flames are required for the development of advanced combustion technologies
with high efficiency and low emissions. The development of high-fidelity numerical simulations of turbulent
combustion and the associated submodels requires improved understanding of turbulence-chemistry interactions
and detailed validation by experiments. The central goal of the proposed work is to enable quantitative
measurements of the spatial and temporal evolution of turbulent flames in order to advance Sandia’s predictive
simulation capabilities. To date, model validation experiments have primarily used single-point measurements,
which do not capture the full dynamics of turbulent flames. We are developing approaches for comparing large-
eddy simulations with 2D and 3D laser-based imaging measurements of turbulent flames. Central to this effort is
the development of a high-repetition-rate imaging capability for measuring the spatial and temporal evolution of
turbulent flames. Recent advances in complementary metal oxide semiconductor (CMOS) detector technology
and diode pumped solid-state lasers enable us to perform 2D laser-induced fluorescence (LIF) measurements

of combustion intermediates in turbulent flames at rates on the order of 10 kHz. However, measurements

with high-speed CMOS cameras are inherently noisier than those performed at lower repetition rates with
charge-coupled device (CCD) cameras. In addition, evidence indicates that CMOS cameras can have nonlinear
responses. These issues present a significant challenge for performing the quantitative measurements that are
necessary for developing predictive simulations. We propose to combine detailed experimental characterization
of high-speed CMOS cameras with uncertainty quantification analysis to design optimal noise filters and
provide uncertainty estimates for high-speed imaging measurements. The results will establish the feasibility of
coupling quantitative high-speed imaging measurements with numerical simulations of the temporal evolution
of turbulent flames. This work will position our group to attract new funding from DOE to build a unique
capability for tightly coupled computational and experimental research.

Summary of Accomplishments

We systematically quantified the noise characteristics and nonlinear response of intensified and unintensified
high-speed CMOS cameras on a pixel by pixel basis. We learned that the detector nonlinearities, especially
for the intensified camera were more significant than expected and presented additional challenges for
interpreting inherently noisy imaging data. We performed 10-kHz cinematic OH (hydroxyl radical) LIF imaging
measurements of the temporal evolution of turbulent jet flames with varying degrees of intermittent localized
extinction and re-ignition. One of the important applications of this project is to enable quantitative cinematic
imaging of extinction and re-ignition events. Measurements in steady laminar flames were also performed to
provide initial tests of our data analysis methodology. The flames considered used dimethyl ether (DME) as a
fuel. DME is one of the simpler oxygenated fuels, and thus represents a class of potential alternative fuels for
practical combustion devices.

We developed a Bayesian methodology for inferring actual OH LIF signals based on the measured signals,
using pixel-specific calibration curves and noise models. We employed Karhunen-Loeve expansions to
obtain near-optimal basis for a reduced-order representation of the spatial distributions of the LIF signals.
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We developed a locally adaptive wavelet de-noising method that takes advantage of the lack of spatial
correlation in the noise between different rows of pixels on the CMOS detector. We tested these analysis and
noise-reduction methods on OH LIF imaging measurements from the laminar and turbulent flames. We used
1D implementations of the algorithms to analyze individual rows of pixels within the OH LIF images. We
demonstrated proof of concept for filtering and calibration methods that will enable the use of high-speed
imaging for quantitative measurements of turbulent flame dynamics. We developed a roadmap for future
extensions of this work to full 2D and possibly 3D (space and time) implementations.

Significance

This project addresses the DOE mission of energy security. It targets the critical need to develop computational
and experimental capabilities that will enable predictive simulations of combustion phenomena using new fuel
technologies. The development of these capabilities is urgently needed to underpin development of advanced
combustion technologies for clean and efficient energy utilization and reduction of dependence on foreign
energy sources.

The results of this project establish a foundation for using cinematic imaging of combustion dynamics for

the development of predictive simulations of turbulent combustion. The results are expected to impact the
international combustion research community, which has begun to adopt the use of high-speed intensified
CMOS cameras without careful attention to treatment of the noise and nonlinearities of these detectors. Our
accomplishments will directly impact the development of large eddy simulations in the Combustion Research
Facility’s Basic Energy Sciences research program. They will also likely impact DOE/Energy Efficiency and
Renewable Energy funded research in engine combustion. The development of methods for measuring and
modeling the temporal evolution of turbulent flames in internal combustion engines is particularly challenging.

Further advances in the methodology that we have developed could result in a broader impact of our work. Our
approaches to analyzing imaging data from inherently noisy and nonlinear detectors could facilitate quantitative
interpretation of imaging data in fields beyond combustion, such as geophysics, climate, and microscopy
research.
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An Extensible Framework for Specifying and Configuring
Emulytics Testbeds

151172
Year 1 of 1
Principal Investigator: R. A. Ballance

Project Purpose

Emulytics involves modeling large, complex, and uncontrolled systems using smaller, simpler, managed, and
instrumented systems. We are specifically interested in modeling cyber networks, their static and dynamic
properties, and the services and infrastructures that depend upon their operation. Our ultimate goal is to enable
modeling, simulating, analyzing, or predicting the behavior of cyber-based systems at any resolution, any depth,
any scale, from small-scale targeted assessments up to 107 nodes, while deploying components having a fidelity
appropriate to the domain of study and the question at hand.

Our project intends to provide the key infrastructure — specification languages, platform architecture,
management and visualization tools — for creating and operating scientifically well-founded emulation
laboratories for network research. The testbed being built must be “trusted” in the sense that users will have
confidence that is it configured as specified, that the its configuration can be replicated at will, and that it is
operating correctly. This work addresses the critical needs for rapidly configuring, managing, and effectively
operating emulation laboratories with attention to scaling, integration of virtual and real components having
varying degrees of fidelity, derivation of behavioral understanding, data analysis, network instrumentation,
human interaction, and real-time situational awareness.

This research will create methods for describing, analyzing, and configuring an emulytic network via an
analysis process as described in an invention disclosure. Our primary goal was to establish the viability of a
high-level approach to configuring emulytic testbeds from experimental specifications. While some cyber-
emulation systems exist (e.g., OPNET, EMULAB), none provide the scalability, depth, resolution, and usability
properties necessary for the classes of cyber experimentation/analysis arising today. A crucial and innovative
element is that the system will be designed to function with multiple high-performance computing (HPC)
platforms, some of which were not designed to run these classes of cyber emulation problems.

Summary of Accomplishments

This project enabled us to develop a basic prototype for the experiment description, the description analyzer,
and to lay the foundational groundwork for deploying a test onto the Black ICE cluster at Sandia. The

work integrates research from programming language design and implementation, HPC system design and
management, network security monitoring, automated system configuration, and high-availability, distributed
telephony systems to sculpt a powerful environment for cyber-security experiments.

Key issues at each link in the chain of activities have been investigated. The description language was defined,
and the core of an analyzer was written. Key techniques for configuring a hardware platform at small-scale
have been demonstrated using Moab, xCat, and CFengine. Portions of the runtime mechanisms were developed
in Erlang. However, the work to date provides only a roadmap to guide us toward a full-scale production
capability.
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Significance

Modeling, simulating, and analyzing cyber threats that target large-scale engineered and human-coupled
computer networks is a domain of heightened national interest. Critical US infrastructures (power, water,
communications, finance, medicine, and government itself) are becoming ever more interdependent, even as the
sophistication and rate of attacks on their underlying information systems accelerate. Modeling and simulation
within securely contained environments can help us better understand the threats and develop strategies

and technologies to mitigate their blows. Our research addresses the critical needs for rapidly configuring,
managing, and effectively operating emulation laboratories with attention to scaling, integration of virtual

and real components having varying degrees of fidelity, derivation of behavioral understanding, data analysis,
network instrumentation, human interaction, and real-time situational awareness.

This work aims to provide key advances for reliably constructing “emulation laboratories” for large-scale,
vastly heterogeneous networked systems. Specifically, it is addressing the issues of automated construction
and verified configuration of core testbed components. Those components will include a variety of operating
systems, applications, and networking gear. The components themselves will also vary from highest fidelity to
virtualized systems to emulated systems and simulated subsystems.

Scientific repeatability and the need to understand the ground truth underlying a particular emulative simulation
means that any system designed to support emulytics must itself be trusted and must be independent from

the systems under investigation. The system must support staged sequences of tests, as investigators hone in

on the information and details needed to complete their studies. The design, deployment, and operation of a
large-scale, scientifically grounded, emulative platform will drive R&D innovations in emulytic platforms,
configuration management, rapid configuration and organization of large-scale computing environments
including millions of virtual machines, data collection and analysis at near-Internet scale, instrumentation and
event tracing across networks, algorithms for analyzing large-scale information-based data streams, and tool
support for comprehending situational awareness.

A production large-scale emulytics platform will provide resources for Sandians and other researchers to test,
evaluate, and train on their own systems, and to deploy and test new protocols and systems in a managed and
contained cyber environment. Large-scale emulytic platforms will also generate large amounts of information
that requires analysis, thereby making them a logical pairing with the informatics platforms now being
investigated at Sandia. Emulytics and informatics are co-supporting technologies. Finally, this research and
development thrust is providing new opportunities for Sandia personnel to grow, learn new tools, and become
more effective at system, network and network-analysis, and cyber-security operations.
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NANOSCIENCE TO MICROSYSTEMS
INVESTMENT AREA

This investment area funds both fundamental and applied research into phenomena that arise from the distinctive
properties of matter at the nanoscale (billionths of a meter), the scale of single atoms, small clusters of atoms,
and small molecules, and of structures at the microscale (millionths of a meter). This includes both inorganic
nanoparticle research and applications, for example, single atomic nanoparticles of metals such as gold, and also
biological nanoparticles and nanomachines — and often, the combination of inorganic and biological, with bio-
nanostructures sometimes providing models for developers to emulate.

Applications range from micromachines such as tiny heat engines and microelectromechnical systems (MEMs),
to quantum cascade lasers to improved computer memories and new types of computing data structures (as in
quantum computing), as well as nano- and microstructures showing novel optical and electromagnetic properties
that tend not to be observed at larger scales. In addition to fundamental insights into the nature of materials

and nanostructures, this IA ultimately offers solutions to problems in energy security, climate change, secure
communications, cryptography, remote sensing and threat detection, and other arenas germane to national and
global security.

Integrated Optical Phase Locked Loop (IO-PLL) for Attosecond

Timing in Microwave Oscillators
Project 117822

Compact, low power, and high-performance microwave oscillators are nearly ubiquitous in microelectronics — in
radar, global positioning systems (GPS), and various other communications devices. However, their use in systems
requiring high-precision clocking and/or fine phase resolution tends to be limited by phase noise. An optoelectronic
chip that could improve this situation by reaching the limits of phase noise and improve or remove other inherent
noise sources would represent a significant step forward in this arena.

This project, a close collaboration with the Massachusetts Institute of Technology (MIT), has addressed this

issue through a fundamental investigation into the limits of precision timing, with MIT performing benchtop
experiments and Sandia focusing on developing an integrated chip-level solution that draws on the capabilities

of Sandia’s Microsystems and Engineering Sciences Applications facility (MESA) and the Center for Integrated
Nanotechnologies (CINT). In developing a process compatible with the Microelectronics Development Laboratory
that would integrate low-loss silicon waveguides and phase modulators with germanium detectors, the Sandia/MIT
team has established a baseline process flow for integration of low-loss waveguides and fiber-to-chip coupling
with silicon microphotonic modulators, and has demonstrated a new record in relative timing stability, better than
any result from NIST. The goal is to ultimately create a chip-scale device to achieve sub-femtosecond timing
resolution, an accomplishment that would represent a substantial inroad into that regime of phase-locking.

Image of the device engineered in this project
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Enabling Graphene Nanoelectronics
Project 13077

A single layer of hexagonally bonded carbon atoms, graphene’s high-performance electronic properties, its
physical strength, potential for band gap manipulation and other properties make it a promising candidate as a
novel semiconductor in nanoelectronics. However, techniques must be developed to reproducibly deposit and/
or synthesize high-quality graphene onto wafer-scale areas. Given the paucity of fundamental knowledge about
graphene formation and defects that may arise, the genesis of such large-area graphene sheets is a daunting
proposition.

This project is pursuing multiple approaches to synthesize reduced-defect graphene sheets and transferring them to
other surfaces, the goal to produce graphene with ever-higher carrier mobility, predicted to be as high as ~200,000
cm?/Vsec because of quantum electrodynamic effects. The project has formed graphene by thermal decomposition
of silicon carbide, and nucleated the vapor on different metals. In addition, the team has been successful in
transferring graphene to glass substrates
and characterizing properties using low
energy electron microscopy (LEEM),
Raman spectroscopy, and measurements
of electronic transport, during which

the integer quantum Hall effect was
observed.

Graphene molecular structure (left) and micrograph of layered graphene
sheets grown on silicon carbide (right).
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NANOSCIENCE TO MICROSYSTEMS
INVESTMENT AREA

Injection-Locked Composite Lasers for Millimeter-Wave

Modulation

117819

Year 3 of 3

Principal Investigator: G. A. Vawter

Project Purpose

Since its invention, the diode laser has been hampered by limited frequency-modulation response resulting from
nonlinear coupling of injected carriers with photons in the laser. This coupling has a relaxation resonance at
15-25 GHz, which limits the frequency response of laser modulation. Very recently, injection locking of small
diode lasers has been observed to enhance the resonance frequency by a factor of two or more. However, the
fundamental understanding of this frequency enhancement is not well developed. An opportunity and a need exist
to more fully develop the theoretical basis of injection locking of strongly coupled laser cavities so as to enable
development of high-performance microsystems that exploit injection locking.

We will develop a new theoretical and practical understanding of strongly coupled laser microsystems using
combined theoretical work and a novel “photonic lab bench on a chip.” This synergistic use of our leading-

edge theoretical capability and a photonic microsystem purpose-built to create highly controlled laser cavity
characteristics and intracavity coupling will lead to new science of coupled laser cavities and dramatic
improvement of the modulation frequency. Shrinking the lab bench onto a photonic integrated circuit (PIC)
requires that two primary obstacles be addressed, removal of the optical isolator and reduction of the timescale

of interactions to only a few picoseconds. Accordingly, we will develop new theories for frequency- and time-
dependent coupled laser systems on the scale of a photonic integrated circuit. We will further verify and extend this
theory by building a photonic-lab-bench-on-a-chip which microscopically reproduces the laser characteristics and
laser-to-laser coupling in order to observe regimes of stable, chaotic, and frequency-enhanced resonant oscillations.
At the conclusion of this project, we expect to demonstrate world-record modulation frequencies for monolithic
diode laser systems.

Summary of Accomplishments

We have developed a new theoretical and practical understanding of strongly coupled laser microsystems using
combined theoretical work and a novel “photonic lab bench on a chip.” Shrinking the lab bench onto a photonic
integrated circuit (PIC) required that two primary obstacles be addressed, removal of the optical isolator and
reduction of the time scale of interactions to only a few picoseconds. Accordingly, a theory capable of treating
strongly coupled lasers and providing a rigorous description of outcoupling was developed. The resulting

laser model provided an understanding of underlying physical mechanisms by tracing dynamical performance
improvements to local spatial hole burning and dynamical bifurcations arising from the interaction between the
nonlinear gain medium and coupled-cavity fields. Spatial hole burning allows fundamental and sideband optical
fields to extract gain from different lasers, thus decreasing gain competition that would have inhibited the growth
of modulation-generated sidebands.



Sandia National Laboratories 2010 LDRD Annual Report 100

We then verified this theory by building a photonic-lab-bench-on-a-chip which microscopically reproduces the
laser characteristics and laser-to-laser coupling in order to observe regimes of stable, chaotic, and frequency-
enhanced resonant oscillations. Using this chip we have demonstrated a ten-fold increase of the relaxation
resonance frequency in a PIC composed of two coupled DBR (distributed Bragg reflector) lasers. This compact
chip is compatible with further integration, enabling highly functional PICs to take advantage of the benefits of
optical injection locking.

Additionally, mutual injection locking between the two lasers separated by an on-chip optical modulator has been
demonstrated and the lock-band measured. The frequency response measurements show a five-fold increase in the
device bandwidth compared to the modulator alone.

Significance

We have been successful in simulating and experimentally demonstrating that the modulation response
enhancement from optical injection locking is possible even if the optical isolator between the master and slave
lasers is removed. We accomplished this by developing composite coupled-mode theory capable of treating
strongly coupled lasers and providing a rigorous description of outcoupling. This modeling provided a greater
fundamental understanding of the physical mechanisms of device modulation under injection locking. The
characterization of PICs designed according to the simulations verified the modulation enhancement attributed

to optical injection locking in coupled-cavity devices. Additionally, more complex PICs incorporating an electro-
absorption modulator demonstrated this enhancement without a low-frequency roll-off. Ultimately, we have
demonstrated PICs with strongly coupled-cavities that have resonance frequencies tenfold that of a directly
modulated laser and bandwidths five times that of a laser-modulator pair. We also demonstrated significant increase
in the modulation efficiency under mutual injection. Due to their compact size, these devices have the potential to
be important components of integrated photonics microsystems requiring extremely high bandwidths.

This work has demonstrated injection locking dynamics in a small PIC similar to large complex tabletop systems
employing discrete lasers and isolators. The simplicity and compatibility with integration of the PIC make it an
attractive building block in highly-functional PICs. These devices would be well suited for applications requiring
a narrow frequency range modulation or amplification at high frequencies. We expect that improved engineering
of the cavity spacing and coupling strengths will produce devices with the broadband response needed for many
applications.
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Nanopatterned Ferroelectrics for Ultrahigh-Density Rad-Hard

Nonvolatile Memories
117820

Year 3 of 3

Principal Investigator: G. L. Brennecka

Project Purpose

Radiation-hard nonvolatile random access memory (NVRAM) is essential for many DOE and DoD integrated
electronics applications, but novel fabrication approaches are necessary to achieve ultrahigh density of low-power
memory types such as ferroelectric RAM (FERAM). This project aims to extend a patterning technique based
upon directed self-assembly of diblock copolymers to be largely materials-independent, and therefore amenable
to the fabrication of ultrahigh density FERAM, and to combine it with our advanced capabilities in nanoscale
solution deposition of both simple and complex oxides. Further, we will investigate the phase and interface
development involved in the fabrication and processing of nanoscale ferroelectrics in technologically relevant
systems and perform a systematic study of thickness and lateral size effects on the ferroelectric behavior of such
systems. This project envisions many potentially groundbreaking results, including extension of copolymer-
based nanopatterning to arbitrary substrates through appropriate surface neutralization, transfer of such patterns
to ferroelectric materials, lateral size-effect studies of discrete ferroelectric nanostructures in technologically
relevant architectures, and in-situ and ex-situ characterization of the phase/interface development in such systems
with unprecedented resolution. The potential benefits to Sandia are significant, but the high risk involved with
achieving and integrating these leading-edge results are not appropriate for programmatic funding. In addition

to the fundamental science of ferroelectric nanofeatures that we will explore and report to the broader scientific
community, the material-independent nanopatterning platform that we are developing will give Sandia a flexible
platform for further nanoscale studies not available anywhere else.

Summary of Accomplishments

We extended the directed self-assembly of block copolymer masks to non-Si/SiO, (indeed, to nearly any available
material) for the first time and showed that this approach is compatible with not only vapor-phase deposition
techniques, but also with much more chemically flexible solution deposition. In addition to the direct-patterning
breakthrough, we have also developed the capability to deposit alternative oxide electrodes (LaNiO, and SrRuO,)
that may result in cleaner (i.e., less atomic disorder) interfaces with integrated ferroelectrics such as Pb(Zr, Ti)O,
(PZT). We have even combined our best current practice assembly capabilities with these oxide electrodes to
create self-assembled oxide nanocomposites. Our collaborations with the University of Florida on this project
have resulted in the highest-known-resolution in-situ measurements of the phase development of integrated PZT
films during thermal processing. We furthered development of our already highly advanced nanoscale chemical
mapping capabilities and began investigation of alternate electrode adhesion layer stacks for improved reliability
and robustness during thermal processing. We also carried out initial investigations on the effects of grain size on
dynamic ferroelectric response.

Significance

Rad-hard NVRAM is crucial to many defense and surveillance applications. Currently available technologies for
ultrahigh-density NVRAM draw significantly greater power than would be required for similarly sized FERAM,
but there are two significant challenges currently limiting integrated FERAM from being fabricated below 100 nm:
appropriate patterning and integration technologies and uncertainty about the scaling of ferroelectric performance
at the extreme nanoscale.
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The patterning approach developed here has enabled the formation of discrete patterned nanofeatures — ~20 nm
in diameter — of nearly any material that is compatible with chemical solution and/or vapor-phase deposition
techniques onto substrate layers of essentially any material, dramatically extending Sandia’s nanofabrication
capabilities. In concert, we have extended our characterization capabilities to allow analysis not only of the
structure and morphology, but also of the chemical distribution and electrical properties of such patterned
nanoscale features. Both this new chemically flexible nanofabrication platform and the associated nanoscale
chemical analysis have the potential to be key capabilities for future projects. In addition, we have carried out
the ultrahigh-resolution in-situ studies of crystallizing PZT-based thin films on technologically-relevant Pt/Si
substrates, which, combined with the sub-5 nm chemical mapping technique developed through this project, shed
tremendous new light on the phase sequence, interface development, and cation segregation, all of which occur
during thermal processing of solution-derived PZT-based thin films.

Initial ferroelectric size effects and dynamic response studies have potential for great impact to the greater S&T
community as well as direct relevance to Sandia’s mission. The fabrication and analysis tools will (and in fact,
already are in many cases) serve as enabling technologies for many future projects associated with nanoscale
fabrication and/or integration.
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Integrated Optical Phase Locked Loop (IO-PLL) for Attosecond

Timing in Microwave Oscillators
117822

Year 3 of 3

Principal Investigator: A. L. Lentine

Project Purpose

Phase noise in traditional microwave oscillators limits or compromises their use in applications that require high
precision clocking and/or fine phase resolution. To overcome the limitations of traditional microwave oscillators,
we are locking a microwave oscillator to an integrated optical phase locked loop (IO-PLL). An optically referenced
microwave oscillator represents a paradigm shift with the potential to move the clocking precision of a microwave
oscillator from the femtosecond to the attosecond regime. This project is a collaboration between Sandia and the
Massachusetts Institute of Technology (MIT), with MIT performing benchtop experiments and Sandia focusing

on developing an integrated chip-level solution. Ultimately, our goal is to leverage the results generated by our
Sandia-MIT team, and use the capabilities of the Microsystems and Engineering Sciences Applications (MESA)
facility and the Center for Integrated Nanotechnologies (CINT) to integrate the required optical components

onto an optoelectronic chip. It is important to emphasize that the goal of this work is not solely either integration or
miniaturization. Chip-scale integration will enable fundamental limits of phase noise to be reached by removing 1/f
and other noise sources inherent to bulk optic setups. Thus, via integration, we aim to achieve subfemtosecond timing
resolution on a chip-scale device, a feat that to our knowledge has not been performed, in any form, large or small.

Summary of Accomplishments

* Accomplishment 1: We have demonstrated the smallest, highest-speed (10 Gb/s) and lowest-power
resonant silicon amplitude modulators on record.

* Accomplishment 2: Our first silicon phase modulators have been designed and fabricated, and testing has
been completed, yielding very low power for 2-r phase shift.

* Accomplishment 3: Our first IO-PLL loop has been designed and fabricated.
* Accomplishment 4: Our first germanium detectors have been designed and tested.

* Accomplishment 5: We have developed a process for fiber-attachment to our waveguides. Initial results
demonstrate 3 dB fiber-to-chip coupling losses.

* Accomplishment 6: Our collaborators at MIT have performed a complete system characterization and
analysis of fundamental timing errors in a voltage-controlled oscillator locked to a femtosecond pulse
stream/optical phase detector. We have received a complete report detailing the fundamental timing errors
from MIT. Further, MIT demonstrated a phase noise of =130 dB, 10Hz from the carrier leading to 6.8
fs relative timing stability over 10 hours (107") between a pair of 10 GHz microwave oscillators, using
their bench top optical phase locked loop. This represents a new record for radio-frequency extraction of
timing stability from a mode-locked laser.

* Accomplishment 7: We presented an invited talk on our IO-PLL work at the Precise Time and Time
Interval Meeting 2008, submitted several papers and gave other invited talks on silicon photonics
technology developed under this project.



Sandia National Laboratories 2010 LDRD Annual Report 104

Significance

Given the universal need (e.g. radar, GPS, and communications) of compact, low-power, and high-performance
oscillators, the national security impact of this project will be substantial. In addition, this project will enable
Sandia to solidify its silicon photonics platform, explore fundamental limits of precision timing, and will
promote a university collaboration with a leading scientific institution, MIT, thereby strengthening US scientific
competitiveness at a DOE laboratory.

Refereed Communications

M.R. Watts, W.A. Zortman, D.C. Trotter, R.W. Young, and A.L. Lentine, “Low Voltage Compact Depletion Mode
Silicon Mach-Zehnder Modulator,” IEEE Journal of Selected Topics in Quantum Electronics, vol. 16, pp. 159-164,
February 2010.
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Four-Wave Mixing for Phase-Matching-Free Nonlinear Optics

in Quantum Cascade Structures
117825

Year 3 of 3

Principal Investigator: W. W. Chow

Project Purpose

Problem: Nonlinear optics has the potential for efficient, high-temperature generation of coherent terahertz (THz)
radiation. However, with present schemes, considerable effort must be spent satisfying phase matching conditions.
At best, the need to phase match limits the interaction length, and therefore, the photon conversion efficiency.

This project involves an optically pumped, electrically biased quantum cascade (QC) scheme, where four-wave
mixing (a nonlinear optical process) is automatically phase matched. The scheme also provides drive photon
recycling, resulting in conversion efficiencies that exceed the fundamental limit for pure optical pumping (Manley-
Rowe limit). With further development, the scheme can lead to efficient, high-temperature THz lasers. Besides
exploring a novel way to generate THz radiation, there is significant science that should be explored. Four-wave
mixing is being used successfully for new frequency generation in atomic and solid state systems. Replicating the
results in a semiconductor system will be challenging because of intrinsic and extrinsic losses, such as carrier-
carrier and carrier-phonon scatterings, and losses from the presence of impurities. We will need to explore how to
mitigate the negative effects that these behaviors can cause.

Summary of Accomplishments

We have improved our understanding of quantum cascade laser (QCL) dynamics and optical nonlinearities.
Through our work, we added significant capabilities to our modeling codes including adding electromagnetic field
interactions with intersubband transitions, to enable temporal dynamics simulations. We introduced various ideas
for new intersubband and mixed interband/intersubband devices, including a semiconductor photon recycling
detector that could generate more than one electron per photon. The latter idea was spun-off into a separate
project. We initiated a bandstructure optimization scheme that resulted in a publication and the inception of a new
LDRD project to explore the unique capabilities of the code. We could not grow many of our desired designs

due to issues beyond our control, and therefore, initiated the new capability at Sandia to grow the thin layers

for quantum cascade type structures using metal organic chemical vapor deposition. In addition, we initiated
theoretical exploration of semiconductor quantum optics, which allowed us to develop tools enabling the study of
nonclassical-light devices, which could have applications in quantum computing or secure communication.

Significance

This research advances semiconductor quantum optics and QCL device engineering. The work improved
Sandia’s capabilities in terms of device growth, intersubband device modeling, ability to explore devices more
systematically, and new tools for understanding and designing nonclassical-light devices. This will potentially
impact future work in quantum computing, optical communication and cryptology, and solar energy harvesting.

Refereed Communications

A. Carmele, M. Richter, W.W. Chow, and A. Knorr, “Antibunching of Thermal Radiation by a Room-Temperature
Phonon Bath: A Numerically Solvable Model for a Strongly Interacting Light-Matter-Reservoir System,” Physical
Review Letters, vol. 104, p. 156801, April 2010.
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I. Waldmueller, M.C. Wanke, M. Lerttamrab, D.G. Allen, and W.W. Chow, “Inverse-Quantum-Engineering: A New
Methodology for Designing Quantum Cascade Lasers,” IEEE Journal of Quantum Electronics, vol. 46, pp. 1414-
1420, 2010.

Z. Yang, A.Tauke-Pedretti, G A. Vawter, and W.W. Chow, “Mechanism for Modulation Response Improvement in
Mutually Injection-Locked Semiconductor Lasers,” to be published in the IEEE Journal of Quantum Electronics.

J. Kabuss, A. Carmele, M. Richter, W.W. Chow, and A. Knorr, “Inductive Equation of Motion Approach for a
Semiconductor QD-QED: Coherence Induced Control of Photon Statistics,” to be published in Physica Status
Solidi.

D.G. Allen, T.W. Hargett, J.L.. Reno, and M.C. Wanke, “Optical Bistability from Domain Formation in Terahertz
Quantum Cascade Lasers,” to be published in the /EEE Journal of Selected Topics in Quantum Electronics.
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A Revolution in Micropower: The Catalytic Nanodiode
117827

Year 3 of 3

Principal Investigator: J. R. Creighton

Project Purpose

Micropower sources have numerous applications for microelectromechanical systems and microsensors.
Microsensor systems are of interest for a variety of applications such as remote sensing of chemicals, radioactivity,
or biological agents, in order to address issues related to the detection, location, and composition of weapons of
mass destruction, as well as to assist in various nonproliferation efforts of DOE. Our ability to field useful, nano-
enabled microsystems that capitalize on recent advances in sensor technology is severely limited by the energy
density of available power sources.

In this project, we aimed to develop an alternative revolutionary source of micropower; the catalytic nanodiode
(see http://pubs.acs.org/cen/news/83/115/8315notw1.html). Like a fuel cell, this device utilizes a fuel and oxidizer,
but, unlike a fuel cell, the fuel and oxidizer combine at the same surface (the catalyst) on the catalytic nanodiode. A
sizable fraction of the chemical energy is, in principle, harvested via hot electrons that are created by the catalytic
chemical reaction. These electrons are collected on the semiconductor side of the metal-semiconductor (Schottky)
diode structure in the form of a “chemicurrent.” Unlike a fuel cell, there is not a second electrode, and the transport
of other charged species (e.g., H') across an aqueous or solid media is not required. The fuel and oxidizer may be
in the gaseous or liquid state. In this respect, the catalytic nanodiode is a simple, compact, and robust technology.
This technology maps extremely well onto Sandia’s expertise in semiconductor device fabrication at the
Microsystems and Engineering Sciences Applications facility, micropower applications, solid-state physics, and
surface chemistry and catalysis. The goal of this project is to validate the concept, then use Sandia scientific and
engineering expertise to significantly advance nanodiode technology. The final project goal was to demonstrate a
functional catalytic nanodiode micropower device operating near room temperature (<50 °C) using a convenient
fuel source (e.g., ethanol vapor).

Summary of Accomplishments
Our major accomplishments are as follows:

1. We built a novel mid-infrared pyrometer to unambiguously measure the platinum surface temperature
during a chemical reaction. This pyrometer relies on the optical opacity of sapphire near 8§ pm, and the semi-
transparency of the nanometer thin film of platinum. The pyrometer also has a spatial resolution of ~2 mm
needed to resolve the active Pt contact from the surrounding area. During typical experimental conditions the
CO oxidation reaction generates a temperature rise of ~3 °C, which is orders of magnitude larger than the
estimates in the existing literature. This temperature rise, together with the large GaN Seebeck coefficient,
easily produces the observed chemical signal via the thermoelectric effect.

2. To supplement our experimental efforts we developed a complete 3D simulation of the thermal and
chemical processes using Charon software. Steady-state simulations of reaction conditions demonstrated Pt
temperature rises of 1-5 °C, in good agreement with the experimental results. The simulations also allowed
us to investigate lateral temperature gradients within the nanodiode device, which are not easily probed
experimentally.

In summary, we have discovered that all attributes of the chemical signal during reaction can be qualitatively and
quantitatively explained by the reaction exothermicity and thermo-electrical properties of the diode; previous
claims of a true chemicurrent are therefore erroneous.
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Significance

DOE has several programs in sensors and long-term operations that must currently work with commercially
available power sources. In most of these systems, batteries consume more than 95% of the system volume, due to
the need for long duration. This revolutionary micropower source (if viable) would have enabled vast reductions
in the size of fieldable systems for deployment into strategic weapons, nonproliferation technologies, national
security defense systems, and space applications.

Unfortunately, our results demonstrate that previous researchers incorrectly interpreted their results. We have
shown that the purported “chemicurrent” is in fact entirely due to a thermoelectric current generated by the
chemical reaction exothermicity. Therefore the catalytic nanodiode appears to have no immediate future as a
potential source of micropower.
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Efficient Multi-Exciton Emission from Quantum Dots
117829

Year 3 of 3

Principal Investigator: T. S. Luk

Project Purpose

We propose to control the radiative processes of single or multiple excitons in quantum dots (QDs) by controlling
the photonic density of states (PDOS) surrounding the QDs using photonic crystals (PCs). Enhancing the radiative
rate can result in reducing the branching ratio to other nonradiative decay, especially Auger relaxation and heat
producing processes, therefore controlling energy flow of quantum dot relaxation. Using this approach, energies
of excitons and multi-excitons in quantum dots can be harvested through radiative emission processes rather than
through charge separation and transfer.

We explored two approaches, both using large density of states enhancement at the emission wavelength of the
radiative transition. The first method employs a nanocavity in the 2D PC with low loss and small volume to
control PDOS. The second approach utilizes the band edge effect of photonic crystals. The main objective of

this project is to enhance radiative emission properties of QD nanomaterials by factors of 10° to 10%. Previous
experimental efforts using colloidal QDs in 2D photonic systems demonstrated modest enhancement due to
inability to incorporate QDs into the cavities with sufficiently low loss. For 3D PC systems, very little work has
been performed because of the difficulties in fabricating high quality 3D PCs. This investigation will include both
experimental, theoretical understanding of enhancement effects, as well as technological limits of this approach
that enables efficient solar energy harvesting based on quantum dots and more-efficient light emitter devices. With
this understanding, the groundwork will be laid to exploit QDs in light absorption and emission systems important
to national security applications such as renewable energy, sensing, zero threshold lasing, and single photon
sources.

Summary of Accomplishments

In this project, we demonstrated interfacial self-assembly and transfer as an approach to address a long-standing
technology challenge: how to integrate colloidal light emitters (e.g., semiconductor QDs) with a nanophotonic
structure in a manner that achieves good QD coupling with antinodes of the optical microcavity and avoids
significant Q-factor degradation. This method enables us to measure large enhancement in PbS emission from a PC
microcavity and waveguide.

We measured > 50 times enhancement in emission from lithographically produced photonic crystals with post-
processing colloidal QD incorporation. Our analysis shows that the observed enhancement cannot be explained by
the combined effects of Purcell enhancement and dielectric enhancement with microscopic local fields. We are still
in the process of identifying other possible enhancement mechanisms.

Significance

This project entails controlling radiative behavior of nano and quantum systems. It is important to understand the
fundamental mechanisms that enable enhanced emission. This project is an important milestone toward harvesting
free and clean solar energy. It is also a steppingstone toward the development of a solar-pumped laser for satellite
applications and a unique single photon source on-demand for secure quantum encryption and communication to
ensure protection of national security interests.
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Refereed Communications
S. Xiong, X. Miao, J. Spencer, C. Khripin, T.S. Luk, and C.J. Brinker, “Integration of a Close-Packed Quantum
Dot Monolayer with a Photonic-Crystal Cavity Via Interfacial Self-Assembly and Transfer,” Small, vol. 6, pp.

2126-2129, October 2010.

X. Miao, I. Brener, and T.S. Luk, “Nanocomposite Plasmonic Fluorescence Emitters With Core/Shell
Configurations,” Journal of the Optical Society of America B, vol. 27, pp. 1561-1570, July 2010.
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Programmed Assembly of Nanoscale Three-Dimensional

Networks of Inorganic Materials
117830

Year 3 of 3

Principal Investigator: D. Robinson

Project Purpose

Sandia and others have made great efforts toward the synthesis of nanowires and nanoparticles, with the hope that

they will lead to electronic circuits beyond the limits of photolithography; that will produce new electronic and optical
transducers, memory elements, and other devices that exploit quantum confinement effects; and will provide analytical
devices that interface with single molecules or enzymes. While some methods are known for assembly of nanomaterials
into ordered arrays, relatively little effort or progress has been made toward arbitrary and scalable arrangement of these
materials into useful, rigid structures. By analogy, we have many lumber mills, and we can stack wood into piles, but
we lack technologies that act as nails.

To build such structures, we use sequence-specific polymers to provide scaffolding for inorganic materials, in
collaboration with the Molecular Foundry at Lawrence Berkeley National Laboratory. Branched nucleic acids are
proving to be the best path to specific connectivity and long-range chirality. However, nucleic acid assemblies are stable
under a narrow range of environmental conditions — a range in which inorganic nanomaterials tend to be unstable. To
provide chemical stability, rigidity, and specific interactions with inorganic materials, we encapsulate inorganics and
DNA in oligo (N-functional glycine)s, also known as peptoids. These polymers can have helical conformations stable
under extreme conditions, and can confer stability to both nanoparticles and nucleic acids. They are sequence specific,
allowing precise positioning of chemical functionality. In this project, we have focused on demonstration of a test
system in which peptoid-stabilized nanomaterials are attached to a nucleic acid template in a programmed way, without
binding in the wrong places or interfering with template assembly and structure.

Summary of Accomplishments

We designed short peptoids that stabilize gold nanoparticles under the conditions necessary to assemble and stabilize
complex DNA nanostructures: high ionic strength buffers that contain both monovalent and divalent salt. Previous
applications of gold nanoparticles to DNA have required omission of divalent salt, which can precipitate many particle
formulations with as little as 1 mM magnesium ion. However, typically about 10 mM is needed to stabilize compactly
folded DNA nanostructures. Another option is to encase the particle in a thick polymer shell, but this can defeat the
purpose of the fine spatial resolution afforded by a DNA nanostructure, and can mask the chemical and physical
functionality of the inorganic material.

The tunable functionality of peptoids allowed us to optimize the structure of small-molecule monolayer coatings for
nanoparticles that stabilize particles in high-salt conditions, allow co-functionalization with measurable numbers

of nucleic acids to permit binding to a DNA structure, and can be further functionalized after binding to DNA. The
particles do not bind to other particles, surfaces, or DNA structures when not specifically designed to do so, a problem
that has plagued other approaches. Peptoid-protected nanoparticles can withstand the elevated temperatures needed to
assemble DNA nanostructures, and the particles or any excess peptoid do not interfere with the assembly process.

By changing the peptoid design, we can make versions that do interact with nucleic acids. These are a promising
approach to protection of DNA nanostructures outside of the conditions in which they assemble, or in the presence of
enzymes or intercalators that could damage them.
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In the course of this work, we made useful contributions to the technology of peptoid synthesis, demonstrating new
monomers and expanding knowledge of the properties of known monomers during synthesis, characterization, and
application.

Significance

Sequence-specific polymers fill the final scaling gap in nanofabrication left by other forms of polymer-based
lithography, reaching the ultimate practical limit of about 1 nm resolution, and allowing creation of three-dimensional
structures. This will allow the ultimate scaling advances in electrical and optical circuits and of precise interfaces with
biological structures of a similar scale. The most powerful version of this method uses DNA. The fact that it requires
salty aqueous assembly conditions is both blessing and curse: a blessing because water is easy and safe to handle, but a
curse because many nanoscale materials and electrical devices are not stable in the presence of water or salt. We have
made progress on removing the curse by making the inorganic materials more stable in the presence of salty water, and
the nucleic acids more stable once it is removed.

The use of peptoids bypasses many disadvantages that plague other attempts to overcome these problems. The
simplicity, stability, and diverse chemical functionality of chiral oligo (N-substituted glycines) makes them a robust
platform for rational and systematic development of inorganic materials templated by their assemblies. This provides
the freedom to generate materials that are sophisticated enough to behave in specific, designed ways, while remaining
simple enough to be predictable — a balance that has previously been absent. Our approach will eventually permit

the synthesis of inorganic nanomaterials with an entirely new class of structure and functionality, as well as their
integration into device structures that have otherwise been difficult or uneconomical to achieve. Templating through
sequence-specific polymers is a fundamental approach to material synthesis that is likely to be to the 21% century what
photolithography was to the 20™.

Stabilization of nanoparticles under biological conditions is likely to benefit medical therapeutic and diagnostic
technologies that use nanoscale inorganic materials. Instability of these materials has been a major obstacle to their
implementation in drug delivery, cancer cell targeting, and medical imaging.

Portions of this work were performed at the Molecular Foundry, Lawrence Berkeley National Laboratory, which is
supported by the Office of Science, Office of Basic Energy Sciences, US Department of Energy, under Contract No.
DE-AC02-05CH11231.



Sandia National Laboratories 2010 LDRD Annual Report 113

Templated Synthesis of Nanomaterials for Ultracapacitors
117832

Year 3 of 3

Principal Investigator: B. C. Bunker

Project Purpose

This project explored the extent to which nanoscale templates can be used to produce solution-derived nanocomposites
for ultracapacitors. Ultracapacitors incorporate electroactive materials such as those found in batteries into electrolyte-
filled electrical double layer capacitors to produce materials with exceptional capacitance, power and energy densities,
charge/discharge rates, and reversible cycling capability. However, achieving the ultimate performance characteristics
requires that materials for ultracapacitors be engineered at nanometer length scales to maximize electrode/electrolyte
contact and minimize diffusion distances for charge-compensating carriers such as protons. The goal of this project was
to combine electroactive oxides having the maximum charge storage capabilities with electroactive polymers having
enhanced proton conductivities to produce hybrid nanocomposites that are ideal for preparing on-chip ultracapacitors.

The key to producing desired nano-architectures involved the use of low-temperature, solution-based processing on
nanoscale templates, resulting in regular arrays of oxides, polymers, and electrolyte solutions distributed at length
scales ranging from 1-150 nm. Two complementary strategies were used for preparing nanoscale architectures:

1) using self-assembled polymer precursors as templates for the solution deposition of a porous oxide matrix, and

2) using nanoporous oxides as templates for the in-situ polymerization of conducting polymers. In both cases, the
compositions and architectures of the resulting nanocomposites were extensively characterized using techniques

such as solid state nuclear magnetic resonance spectroscopy, transmission electron microscopy, and both x-ray and
neutron scattering. Performance characteristics of the ultracapacitors were determined using cyclic voltammetry and
electrochemical impedence spectroscopy. Correlations between charge storage characteristics and nanocomposite
structures were developed to optimize ultracapacitor performance. Knowledge obtained on the template-based solution
synthesis of oxide-polymer nanostructures for ultracapacitors will have a major impact on Sandia’s core capabilities in
self-assembled nanomaterials for other applications including batteries, fuel cells, solar collectors, and sensors.

Summary of Accomplishments
Major conclusions and accomplishments resulting from the project are the following:

1. Relatively inexpensive solution processing methods can be used to create nanoarchitectures for
ultracapacitors, batteries, and capacitors with pore sizes ranging from less than one nanometer to over one
micron.

2. Similar processing routes can be used to create intimate mixtures of electro-active materials, electron
conductors, and ion conductors at nanometer length scales.

3. Templated solution growth methods can create materials that match or exceed the performance of the best
materials reported in the literature.

4. In composites materials, combinations of relatively inexpensive components can match or exceed the
performance of much more expensive single-component systems. Specific accomplishments include the
following:

» Template Development — We developed a range of nanoscale objects to serve as templates for the
organization of solution-derived electroactive materials, including self-assembled surfactant arrays,
sacrificial ZnO nanorods, and lithographically defined nanoporous carbon substrates.

* Inorganic Nanomaterials — We produced electroactive oxides and hydroxides with nanoscale features
via solution processing, including nanocrystalline LiTiO,, Ni/Ni(OH), nanorods, and RuO, with
hierarchical nanoporosity.
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* Conductive Polymers — New families of electroactive polymers were produced based on components
including thiophenes, phenazenes, and quinoxalines. These polymers exhibited record capacitances,
especially when deployed in nanoscale templates such as anodized alumina and our new nanocarbon
electrodes.

* Multi-component Composites — We demonstrated new solution-based routes for making composites
in which electroactive materials, electron conductors, and proton conductors were intimately mixed
at the nanoscale. We demonstrated that these composites not only exhibit exceptional charge storage
performance, but achieve this performance at low cost.

* Theory and Modeling — Mathematical models were developed to explain and predict the
electrochemical performance of electrode materials based on both composition and nanoarchitecture.
The models combine coupled processes of electron and ion transport, interfacial redox reactions, and
electrolyte transport as confined within nanoporous structures.

Significance

The needs for enhanced materials for energy storage span a broad range of Sandia and DOE mission space, from basic
research in energy storage to energy storage needs for transportation, the US power grid, responsive on-chip power
devices, and a wide range of defense applications.

Refereed Communications

M.T. Brumbach, T.M. Alam, P.G. Kotula, B.B. McKenzie, and B.C. Bunker, “Nanostructured Ruthenium Oxide
Electrodes via High-Temperature Molecular Templating for use in Electrochemical Capacitors,” ACS Applied Materials
and Interfaces, vol. 2, p. 778, March 2010.

M.T. Brumbach, T.M. Alam, R.H. Nilson, P.G. Kotula, B.B. McKenzie, R.G. Tissot, and B.C. Bunker, “Ruthenium
Oxide-Niobium Hydroxide Composites for Pseudocapacitor Electrodes,” to be published in Materials Chemistry and
Physics.

M.E. Roberts, D.R. Wheeler, B.B. McKenzie, and B.C. Bunker, “High Specific Capacitance Conducting Polymer
Supercapacitor Electrodes based on Poly(tris(thiophenylphenyl)amine),” Journal of Materials Chemistry, vol. 19, pp.
6977-6979, September 2009.

R. Polsky, X. Xiao, M.E. Roberts, D.B. Burckel, C.M. Washburn, T.L. Edwards, J.C. Harper, B.C. Bunker, S.M. Brozik,
and D.R. Wheeler, “Electrochemical Polymerization of Bithiophene onto Lithographically Defined Porous Carbon
Electrodes,” to be published in ACS Applied Materials and Interfaces.
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Anomalous Suppression of Fatigue and Wear Through Stable

Nanodomains

117833

Year 3 of 3

Principal Investigator: B. Boyce

Project Purpose

Fatigue and wear are pervasive problems in engineering designs. There are numerous Sandia designs from nuclear
weapon (NW) stronglink components to satellite flexures that have fatigue and/or friction/wear concerns. In this
project, we propose to develop a revolutionary new class of nanotailored alloys that are impervious or strongly resistant
to fatigue and have low friction with exceptional wear resistance. Our approach to reduce or eliminate a material’s
susceptibility to fatigue and sliding contact damage is by perturbing the requisite dislocation-length scales.

Our very encouraging preliminary work indicates that a new regime of behavior occurs when dislocation-mediated
deformation is suppressed. As a specific example, our results suggest that persistent slip bands (PSBs), the cyclic-
dislocation precursor to fatigue-crack initiation, can be suppressed by incorporating stable arrangements of dislocation-
pinning obstacles at less than the required PSB length-scale. These experiments have shown that a Ni alloy with a
sub-50 nm grain size will not fail at cyclic stresses of 1.5 GPa even after 10 M cycles: a 3000x enhancement compared
to the best conventional alloys. The locking aspect is critical: other nanocrystalline (nc) metals suffer from stress-
induced grain growth and commensurate loss of anomalous fatigue and frictional sliding contact properties. In another
preliminary experiment, nc nickel was discovered to have anomalously low friction and noticeably absent metallic
stick-slip behavior. However, the exceptional tribological behavior was lost after either excessive cycling or modest
thermal exposure. We postulate that enhanced properties via length-scale suppression occur only when the nc structure
is stabilized against thermally or mechanically induced evolution. To complement experimental investigation of these
phenomena, we have implemented mesoscale grain evolution simulations to characterize microstructural regimes that
are sufficiently resistant to anomalous grain formation and growth both during annealing and under strain. In parallel, a
multiscale modeling approach evaluates length-scale dependent deformation-mechanism transitions for comparison to
experimental results.

Summary of Accomplishments

Through this project, we have demonstrated that nanocrystalline metallic alloys impede traditional dislocation-
mediated damage processes, resulting in exceptional fatigue, friction, and wear performance. The detailed results of this
investigation have yielded nine journal articles.

Studying the fatigue and wear mechanisms of a new class of alloys through a combined experimental and modeling
approach requires an integration of resources (financial, intellectual, and infrastructural) that is uncommon outside of
the national laboratory environment. Through this effort, we have been able to tackle a set of seemingly “impossible”
problems: including the first integration of dislocation dynamics theory into a polycrystalline finite element formulation,
the development of a high-cycle fatigue test system for micron-scale thin films, and the “needle-in-a-haystack”

problem of locating the nanoscale origins of the fatigue-crack initiation process. The project brought together

diverse researchers with expertise ranging from experimental mechanics to grain-growth simulation, tribology, and
electrodeposition.

Significance

Wear damage and fatigue crack formation are pervasive concerns in a wide range of Sandia designs from stronglinks
to satellites. We have established a new class of metals with grain size <100 nm, in which cyclic damage mechanisms
are suppressed, leading to truly exceptional fatigue and wear performance. Specifically, while the coefficient of friction
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of conventional alloys is invariably m >0.6, these nanocrystalline alloys exhibit m <0.3. In fatigue performance,
conventional alloys loaded to stresses at or above their yield strength invariably fail after < 10* cycles, whereas these
nanocrystalline alloys persist for >107 cycles. This new class of alloy provides design engineers with a new alternative
for applications where cyclic damage is a significant reliability concern. These alloys are being evaluated by stronglink
engineers to achieve improved performance and reliability. Beyond the game-changing properties available for future
engineering designs, the research effort has also revealed key new insights into the metallurgical mechanisms associated
with cyclic deformation. The discovery of cyclically driven room-temperature grain growth in nanocrystalline Ni

alloys is causing scientists to rethink the current diffusional description of grain boundary motion, leading to significant
investments from DOE-Basic Energy Sciences for further investigation.

Refereed Communications
H.A. Padilla, and B.L. Boyce, “A Review of Fatigue Behavior in Nanocrystalline Metals,” Experimental Mechanics,
vol. 50, pp. 5-23, January 2010.

B.L. Boyce, J.Y. Huang, D.C. Miller, and M. Kennedy, “Deformation and Failure of Small-Scale Structures,” JOM, vol.
62, pp. 62-63, 2010.
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Impact of Defects on the Electrical Transport, Optical

Properties and Failure Mechanisms of GaN Nanowires
117834

Year 3 of 3

Principal Investigator: A. Armstrong

Project Purpose

GaN-based nanowires are attractive for applications requiring compact, high-current density devices such as ultraviolet
laser arrays. Understanding GaN nanowire failure at high-current density is crucial to developing nanowire devices.
Nanowire device failure is likely more complex than failures in thin films due to the prominence of surface effects

and enhanced interaction among point defects. Understanding the impact of surfaces and point defects on nanowire
thermal and electrical transport is the first step toward rational control and mitigation of device failure mechanisms.
However, investigating defects in GaN nanowires is extremely challenging because conventional defect spectroscopy
techniques are unsuitable for wide-bandgap nanostructures. Nevertheless, studying GaN nanowires is scientifically
interesting because the combination of threading dislocation (TD)-free nanowire growth and large surface-to-volume
ratio enables investigation of TD- and surface-related defects at a sensitivity beyond that achievable in thin films. For
example, comparing electrical and thermal properties of nanowires before and after TD introduction directly measures
the unresolved question of the influence of TDs on GaN properties in general. To understand nanowire breakdown, the
influence of pre-existing and emergent defects during high current stress on nanowire properties has been investigated.
Acute sensitivity of NW thermal conductivity to point-defect density is expected due to the lack of TD gettering sites,
and enhanced phonon-surface scattering further inhibits thermal transport. Excess defect creation during Joule heating
could further degrade thermal conductivity, producing a viscous cycle culminating in catastrophic breakdown. To
investigate these issues, a unique combination of electron microscopy, scanning luminescence and photoconductivity
implemented at the nanoscale has been used in concert with sophisticated molecular-dynamics calculations of surface
and defect-mediated nanowire thermal transport. This project seeks to elucidate longstanding material science questions
for GaN while addressing issues critical to realizing reliable GaN nanowire devices.

Summary of Accomplishments

A major accomplishment of this project was the development and use of defect spectroscopy for GaN nanowires,
including the first application of deep level optical spectroscopy (DLOS). Using DLOS, we discovered that the
defect spectrum of GaN nanowires is very similar to that of thin film GaN. This suggests that surface defects in
GaN nanowires are effectively screened by the surface depletion field due to Fermi level pinning. Using nanoscale
cathodoluminescence, we also found strong evidence for segregation of defects (likely the gallium vacancy) to the
nanowire surface.

Molecular dynamics (MD) calculations of thermal conductivity were performed for GaN nanowires. An analytic
model was developed to bridge the gap between tractable calculations of nanowires (~20 nm length) and actual
nanowire device sizes (~2000 nm length). This model included surface and edge effects. It was found that NW thermal
conductivity was significantly lower than that of thin films and that the diameter dependence on thermal conductivity
becomes weak for diameters greater than ~ 70 nm.

Various methods were employed to measure the thermal conductivity of GaN nanowires experimentally. In one
method, the energy and full-width at half-maximum of nanowire band edge luminescence was monitored to determined
the nanowire temperature distribution as a function of electrical or optical excitation. Another method suspended a
nanowire in thermal isolation and measured the temperature change as a function of input heat. For both cases, the
nanowire thermal conductivities were much smaller than values reported for thin films, and also much small than
calculated values. Since MD calculations include surface and edge effects but do not include phonon scattering by point
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defects, we concluded that nanowire thermal conductivity is significantly limited by both the former and the latter.

Significance

GaN nanowire properties, including increased radiative efficiency and enhanced surface sensitivity, make GaN-based
nanowires devices candidates for solid-state lighting applications and compact chemical and biological sensors.
Resolving the influence of defects on electrical and thermal transport in GaN nanowires will benefit efforts for enhanced
sensing applications and energy conservation through advancement of solid-state lighting.

Refereed Communications
A. Armstrong, Q. Li, Y. Lin, A.A. Talin, and G.T. Wang, “GaN Nanowire Surface State Observed Using Deep Level
Optical Spectroscopy,” Applied Physics Letters, vol. 96, p. 163106-3, April 2010.

K.K. Mandadapul, R.E. Jones, and P. Papadopoulos, “Generalization of the Homogeneous Nonequilibrium Molecular
Dynamics Method for Calculating Thermal Conductivity to Multibody Potentials,” Physical Review E, vol. 80, p.
047702, October 2009.

X.W. Zhou, R.E. Jones and S. Aubry, “Molecular Dynamics Prediction of Thermal Conductivity of GaN Films and
Wires at Realistic Length Scales,” Physical Review B, vol. 81, p. 155321, April 2010.

X.W. Zhou, R.E. Jones, and S. Aubry, “Analytical Law for Size Effects on Thermal Conductivity of Nanostructures,”
Physical Review B, vol. 81, p. 3304, February 2010.

Q. Li and G.T. Wang, “Spatial Distribution of Defect Luminescence in GaN Nanowires,” Nano Letters, vol. 10, pp.
1554-1558, April 2010.
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Energy Conversion using Chromophore-Functionalized

Carbon Nanotubes
117835

Year 3 of 3

Principal Investigator: A. Vance

Project Purpose

The conversion of optical energy to electrical energy is a topic of great interest, with significant R&D invested in
conventional materials such as silicon. Nanomaterials such as quantum dots and nanowires offer much promise for
optical energy conversion, due to their unique electronic, optical, and mechanical properties. Among nanomaterials,
carbon nanotubes are especially attractive for optoelectronics because all of the bandgaps in all carbon nanotubes are
direct, and also because of the possibility of ballistic electronic transport. While photoresponse in individual carbon
nanotubes has been demonstrated, these experiments were done at high light intensities (lasers). Furthermore, the
spectral range of the optical absorption is limited by that of the nanotube. We propose to circumvent these issues by
using chromophore-functionalized carbon nanotubes to generate a photoresponse at low-intensity optical radiation in
targeted or broad regions of the optical spectrum. In FY 2009, we demonstrated nanoscale color photo detection using
chromophore-nanotube hybrid devices [Nano Letters, 9, p.1028, 2009] and this work was featured in Nature Photonics,
physicsworld.com, Technology Review, and Spektrum der Wissenschaft. We will expand upon these discoveries and use
chromophore-nanotube hybrids to study energy conversion at the nanoscale and develop a fundamental understanding
of their behavior. Throughout the life of this project, experiments and simulation will be closely linked. We will explore
factors such as chromophore density, the role of electrical contacts, and time dependence of light-induced conductance
changes. Carbon nanotube devices are clearly a popular area of research; however, there are few groups studying

their use in generating a photoresponse from low-intensity optical energy. The ability to use light to modulate the
conductance of carbon nanotube devices through minimally intrusive, noncovalent modification of the nanotubes could
lead to significant advances in areas such as nanoscale electronics, solar energy and photodetectors.

Summary of Accomplishments

Through both experimental and theoretical studies, this work showed that single-walled nanotubes (SWNTs) can
transduce the photoabsorption-induced isomerizations of nearby chromophores into electrical signals. By designing
chromophores to absorb in a narrow window of the optical spectrum and applying them to SWNT-FETs (field-effect
transistors), sensitive nanoscale color detectors were demonstrated. This system can be used to study fundamental
properties of chromophore-nanotube hybrids and to probe molecular transitions. We expect that improvements in
the signal transduction will lead to the ability to detect single molecular transformation events, and that molecular
engineering can provide detection in other regions of the optical spectrum.

Significance

Chromophore-nanotube hybrids have the potential to become efficient, low-power and compact photo-sensors. Carbon
nanotubes are compatible with existing semiconductor production processes and could be incorporated into flexible
electronics. With wavelength-specific chromophores, device response could be tuned to wavelengths ranging from
the ultraviolet to the near-infrared. Our initial work has already demonstrated the ability of devices consisting of
chromophore-functionalized single nanotubes to detect visible light. To achieve the goal of utilizing chromophore-
nanotube photodetectors as components of photosensors, a fundamental understanding of the science governing the
properties of chromophore-nanotube hybrids is necessary. Our work helped establish new scientific approaches to
rationally design and synthesize chromophores, discovered new techniques to functionalize carbon nanotubes, probed
molecular transformations at the nanometer scale, and provided a quantitative link between experiment and ab initio
modeling of chromophore-nanotube hybrids.
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Studies of the Viscoelastic Properties of Water Confined

Between Surfaces of Specified Chemical Nature
117837

Year 3 of 3

Principal Investigator: N. W. Moore

Project Purpose

The molecular origins of the no-slip boundary condition remains vitally important for understanding molecular
transport in biological, environmental and energy-related processes, with broad technological implications. More
generally, the viscoelastic properties of fluids in nanoconfinement or near surfaces are not well-understood. In particular,
the transition between bulk fluidity and near-surface behavior has been determined for only a few cases. Our goals have
been to develop a systematic understanding of the flow of fluid confined between surfaces of nanometer separation to
allow fundamental improvements in the design of materials, as well as to understand chemical and structural change

in the myriad of naturally occurring materials where water is involved. Our approach has been to combine novel
experimental capabilities (e.g., Interfacial Force Microscopy) with a full range of theory (ab initio, continuum molecular
dynamics) to develop a fundamental understanding of nanoconfined fluid flow over multiple length scales. Water is
famously complicated and suitable computational methods for handling this are presently under broad and intense
development. Similarly, experimental methods suitable for measuring the viscoelastic properties of a fluid film of only a
few molecules in thickness are still in their infancy. Thus, the evaluation of theoretical and experimental methodologies
1s an integral and substantial part of the project. The potential impact of this effort extends to several important Sandia
missions, including the flow behavior in microfluidics and desalination membranes as well as environmental “stiction”
problems in microelectromechanical-device development.

Summary of Accomplishments

Our theoretical and experimental discoveries include insight into the orientation of water molecules on metal surfaces,
the nucleation of water and alcohol vapors between surface asperities and their lubricity when confined inside
nanopores, and the influence of vapor condensation and ion partitioning on nanoscale adhesion. Two accomplishments
that attracted much positive attention from the popular press were the discovery of superplasticity in nanowires made of
common salt (reported by 7he New York Times, National Public Radio, and others), and a review article on water-solid
interactions written for Physics Today. Additionally, we have evaluated key theoretical and experimental methodologies,
including interfacial force microscopy, leading to establishment of the limitations and capabilities of the techniques as
pertains to nanorheology, as well as improved the methods for other work.

Significance

Water/material interface properties govern a broad array of vital natural and artificial processes, including a spectrum
of technological issues from corrosion to desalination, energy storage and conversion, the stability of geological zones
intended for carbon sequestration, and the efficiency and reliability of microfluidics and microelectromechanical
systems/ nanoelectromechanical systems (MEMS/NEMS). For example, the way in which the first layer of water
molecules arranges onto a hydrophilic surface influences the no-slip boundary condition with which every engineer

is acquainted yet no one can understand. Importantly, how fluidity is altered by nanoconfinement, surface topography
or electric fields is also largely unexplored, yet has important implications for the efficiency of electrocatalysis, for
example. Thus, the improved fundamental understanding of water behavior within nanometers of surfaces remains a
broadly important and, as yet, unanswered challenge. As such, this work addresses key fundamental nanoscience issues
relevant for DOE.
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Refereed Communications
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Nanolithography by Combined Self-Assembly and
Directed Assembly

120711
Year 3 of 3
Principal Investigator: D. L. Huber

Project Purpose

We will develop the scientific understanding required for a simple, inexpensive process to create nanometer-scale
patterns. Current approaches to nanoscale patterning rely on expensive equipment, such as electron beam lithography
and extreme UV lithography. Other approaches, e.g., scanning probe manipulation of nanomaterials, are sequential and
not conducive to large-scale integration. To make nanoscale lithography more widely accessible and practical, alternate
simple, inexpensive, and nonsequential (parallel) approaches are needed. Microphase separation in diblock copolymers
has been demonstrated for lithography. However, it is expensive and difficult to synthesize diblock copolymers, and
the resulting patterns are either uncontrolled, or require a predefined nanopattern made by expensive techniques. Our
novel approach is to create micron-size patterns that will then direct the self-assembly of surface-bonded polymer
blends to create nanoscale patterns. The micron-sized features will be lithographically defined by widely available soft
lithography or standard UV lithography, and a mixed polymer monolayer synthesized within these features. Nanoscale
phase separation of the mixed polymer layer will form parallel lines within the micron-sized lines. Molecular theory
will be used to understand the nanoscale thermodynamics of the system, with predictions to guide experimental design.
We will elucidate how polymeric parameters and microscale geometries control the nanoscale features.

Summary of Accomplishments

The result of this project has been a proof of concepts of an exciting new method to create controllable, nanoscale
patterns in a rapid and repeatable way. The method has been demonstrated to be amenable to standard lithographic
techniques and is therefore convenient in a research setting, but also commercially viable. Experimentally, we
developed a method to conveniently pattern initiators, grow polymers on these features, then backfill unpatterned
regions with initiators to grow an immiscible polymer. We have characterized the resulting phase separated
nanomaterials, and have investigated approaches to annealing the polymers to allow patterns to form. A surprising

result was that these polymers can yield patterns in a matter of seconds or minutes. This is a major benefit of this
approach. The simulation efforts have applied Self Consistent Field Theory (SCFT) to study the phase behavior of

a mixed brush system focusing on its lithographic application. Unlike some applications, for example, wetting and
adhesion, in which only the gross composition of the uppermost layer is important, in applications such as templates for
nanoscale structures, the long-range order of the microphase-separated structures and how it developed in depth is of
importance. Thus, it requires full three-dimensional SCFT calculations, which have been widely successful in predicting
microphases in block copolymer systems. We have developed new methods and codes to efficiently perform these
challenging calculations. We were able to calculate the phase diagram in the melt condition as a function of composition
and segregation force and compared it with the diblock copolymer system. These calculations are critical to guide
experiments to develop a specific desired structure.

Significance

The understanding of nanoscale self-assembly gained from this project will be applicable to outcomes that impact
national missions in energy and security. Applications include improved photovoltaics, nanoelectronic and
nanophotonic devices, sensors, and nanofluidic systems. This project addresses several research areas outlined in the
National Nanotechnology Initiative, in particular the design and synthesis of structured nanomaterials and in reliable,
cost-effective nanomanufacturing.
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Architecturally Controlled Nanocathode Materials for Improved

Rechargeable Batteries
130767

Year 2 of 3

Principal Investigator: E. D. Spoerke

Project Purpose

Current rechargeable battery technologies are unable to meet the growing demands of electric or hybrid electric
vehicles, clean energy harvest of renewable power sources, improvements in utility power grid efficiency, and power
sources for our ubiquitous energy-hungry portable electronics. Concentrating on promising lithium ion technologies,
we are working specifically to improve cathode materials, whose poor capacities continue to limit cell performance. We
are working to take advantage of inexpensive, moderate voltage ceramic materials with high theoretical capacities (e.g.,
iron oxides). Our initial efforts have focused on developing a comprehensive, baseline understanding of the chemistry
and properties of common iron oxides, most of which display high capacity, but at voltages too low for use as cathodes.
Using these early studies to develop a detailed understanding the relationships between electrochemical activity and
variables such as material phase, nanoscale morphology, and atomic doping, we expect to be able to engineer, in

this project, the extension of high capacity voltage plateaus at moderate voltages. This alternative “capacity-based”
approach will enable us to produce cathodes capable of attaining high energy densities while avoiding the host of
serious, often dangerous, side-effects (e.g., electrolyte degradation, current collector corrosion, binder deterioration,
and other deleterious side reactions) associated with higher voltage cathodes popular in current battery research. Efforts
moving forward will continue to rely on an integrated, collaborative approach wherein atomistic modeling, designer
chemical synthesis, and in situ crystallographic and electrochemical characterization will contribute to the exploration
of both new regions of metal oxide phase space and new, nanoscale morphologies of active materials. By building on
the theoretical and empirical data obtained to date and expanding on the synthetic capabilities and materials developed,
we expect to reveal promising new insights and materials technologies for next-generation lithium ion cathode
materials.

Summary of Accomplishments

Research in FY 2010 has focused on synthesizing and characterizing iron oxides capable of producing extended voltage
plateaus above 1 volt (V). We have explored a number of different high-capacity oxides, the vast majority of which
discharge at voltages too low to be useful for cathode development (below 1 V vs. lithium). Efforts to produce higher-
voltage materials have focused on higher oxidation state materials, though these have proven either electrochemically
inactive or synthetically unstable.

Evaluation of a promising lithiated precursor to these higher oxidation state materials, produced a modest, though non-
cycling, plateau around 2 V. Molecular simulations indicated that the limited capacity of this system likely resulted
from poor ionic mobility in a densely packed crystal lattice, but also suggested that disrupting the atomic packing with
defects could dramatically improve Li-ion mobilities.

This insight led to some very promising results obtained from two iron oxide phases with lattice and defect structures
capable of supporting both cationic doping and potentially significant Li-diffusion. Evaluation of these phases has
revealed an electrochemical discharge plateau between 1.5-2 V with a capacity on the order of several hundred mAh/g.
Perhaps just as important, these materials have shown promising cycling stability.

Extending the study of this promising phase, we have utilized custom alkoxide chemistries to produce nanoparticles of
a select, electroactive iron oxide phase with varied nanoscale morphologies, creating a unique opportunity to evaluate
the influence of small-scale morphology on an electroactive iron oxide phase.
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In addition to the technical objectives of the project, we have produced several publications in preparation for
submission to scientific journals and have also given several technical presentations. The project has also produced
intellectual property, outlined in several invention disclosures currently in preparation.

Significance

This energy-related project on battery materials research seeks to develop new science and technology related to energy
storage, an important national and global topic. Project success will provide valuable new insight into battery materials
research with potentially significant impact on energy storage for transportation, capturing renewable energy, improving
power grid efficiency, and powering both consumer and military portable electronics. This particular project stands to
make a unique impact in the S&T community because it is focused on the use of iron oxides as electrode materials.
These materials have been traditionally dismissed because of poor electrochemical performance, but our efforts are
showing that engineering these oxides appropriately may make them viable electrochemical candidates that would be
extremely attractive owing to their low cost and environmental friendliness.
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Atomic Mechanisms Governing Interface Formation in

Nanostructured, Phase-Separated Thermoelectric Alloys
130768

Year 2 of 2

Principal Investigator: D. L. Medlin

Project Purpose

Expanding the use of thermoelectric devices for waste heat recovery and more-efficient cooling will require new bulk
materials with dramatically improved energy conversion efficiencies over the current state-of-the-art. The central
materials challenge is to balance the competing requirements of high electrical conductivity, high Seebeck coefficient,
and low thermal conductivity. Overcoming this challenge is difficult because these properties are highly interrelated

in traditional, single-phase, solid-solution alloys. However, recent work has shown that it is possible to decouple

these transport properties by introducing nanometer-scale distributions of interfaces that, for instance, preferentially
scatter phonons, reducing the thermal conductivity, or selectively filter low-energy charge carriers, enhancing the
Seebeck coefficient. One promising route to introducing the necessary interfaces in bulk materials is to control the
solid-state phase-separation processes in multiphase alloys to produce a nanometer-scale distribution of heterophase
interfaces. In particular, recent work at the California Institute of Technology (Caltech) has demonstrated that the phase-
decomposition in the Pb-Sb-Te system can be controlled to produce a bulk, self-assembled, layered material consisting
of nanometer-scale lamellae of PbTe and Sb, Te,. Under this project, we are collaborating with those Caltech researchers
to explore the atomic-scale mechanisms that govern this self-assembly process. Our goal is to understand the science
underpinning these nanostructured thermoelectric alloys.

Summary of Accomplishments

We have investigated interfaces between the tetradymite structured compound, Sb, Te,, and two different rock-salt
structured tellurides, PbTe and AgSbTe,. These materials are synthesized through solid-state precipitation routes. We have
established the specimen preparation protocols to reliably prepare specimens for microscopic analysis, and have analyzed
the detailed interfacial structure of PbTe/ Sb,Te, and AgSbTe / Sb,Te, interfaces using transmission electron microscopy.
Our work has shown how misfit strain and phase transformations are connected to the interfacial line defects. These issues
are important because local strain and interfacial defects likely affect the formation and morphological stability of the
interfaces as well as their electronic and thermal transport properties. We also investigated the growth of silver telluride
precipitates in lead-telluride thermoelectric materials. With suitable doping, enhanced ZT was demonstrated, resulting
largely due to increased phonon scattering at the embedded Ag, Te precipitates. Finally, we also explored more broadly the
role of interfaces in nanostructured, bulk thermoelectrics by completing an invited review article on this subject.

Significance

Thermoelectrics have diverse energy conversion and cooling applications that span much of Sandia and DOE mission
space. Existing and potential future applications include long-term, high-reliability power sources, localized cooling
devices, low-temperature power scavenging, and high-temperature waste heat recovery.

Refereed Communications
Y. Pei, J. Lensch-Falk, E.S. Toberer, D.L. Medlin, and G.J. Snyder, “High Thermoelectric Performance in PbTe due to
Large Nanoscale Ag,Te Precipitates and La Doping,” Advanced Functional Materials, vol 21, p.241, 2011.

J. L. Lensch-Falk, J.D. Sugar, M.A. Hekmaty, and D.L. Medlin, "Morphological Evolution of Ag Te Precipitates in
Thermoelectric PbTe,” Journal of Alloys and Compounds, vol. 504, pp. 37-44, August 2010.

D.L. Medlin and J.D. Sugar, “Interfacial Defect Structure at Sb, Te, Precipitates in the Thermoelectric Compound
AgSbTe,,” Scripta Materialia, vol. 62, pp. 379-382, November 2009.

D.L. Medlin and G.J. Snyder, “Interfaces in Bulk Thermoelectric Materials,” Current Opinion in Colloid and Interface
Science, vol. 14, pp. 226-235, August 2009.
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Bio-Inspired Nanocomposite Assemblies as Smart Skin

Components

130769

Year 2 of 3

Principal Investigator: S. M. Brozik

Project Purpose

The Defense Threat Reduction Agency (DTRA) is interested in the development of sophisticated materials that can
automatically detect and respond to chemical and biological threats without the need for human intervention. In
living systems, cell membranes perform such functions on a routine basis, detecting threats, communicating with the
interior of the cell, and triggering automatic responses such as the opening and closing of ion channels. The purpose
of this project is to learn how to replicate simple threat detection and response functions within artificial membrane
systems. The key attributes that we intend to explore to make such a “smart skin” include: 1) a lipid bilayer host
matrix with sufficient mobility to allow components to reconfigure themselves in response to specific stimuli; 2)
recognition sites that both adsorb “threats” and trigger membrane responses; 3) functionalized nanoparticles that can
be reconfigured to reversibly switch the membrane between an open, permeable state and a closed, impermeable
state; and 4) an underlying substrate that provides the stimuli for programming the membrane once threats are
detected. The proposed work will provide the scientific underpinning for developing a wide range of responsive
membrane-based nanocomposites for both homeland defense and energy applications.

Summary of Accomplishments

In FY 2010 we proposed to study the mechanism of insertion of particles into lipid bilayers and begin to develop
functionalized particles that we could control assembly within bilayers electrochemically, through changes in pH,
etc. Experimentally we have functionalized gold nanoparticles (NPs) with 11-mercaptoundecanoic acid, terpyradine
lipoic acid, naphthalen-1-yl 5-(1,2-dithiolan-3-yl)pentanoate, and TTF-lipoic acid and have prepared lipids used

to assemble bilayers. The model lipid bilayers were cationic dioleoyltrimethylammonium propane mixed with
zwitterionic distearoylphosphatidylcholine or zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine at
several compositions. Scanning probe microscopic methods were used to probe the surface charge localization

and the electrostatic interaction between positively charged lipid bilayers and negatively charged Au NPs. The
surface charges were distributed over the entire membrane surfaces through the molecular mixing and the mobility
of the supported bilayers, but could be localized at the nanometer or molecular scale due to the formation of
individual phases, domains, and networks. In order to develop a responsive system, we need to be able to control
the assembly of the particles in the bilayers. Our initial work has resulted in the formation of nano-ring structures
within bilayers through 2D coordination reaction. ZrCl, was introduced to coordinate Au NPs functionalized with
a mixed monolayer of dodecanethiol and 11-mercaptoundecanoic acid in lipid bilayers. We are currently working
on controlled assembly of the other functionalized Au-NPs mentioned above that we hope to reversibly interact by
changing the oxidation potential of the electroactive group bound to the NPs. Through our modeling effort we have
developed a new formulation of fluids density functional theory. We also determined that we needed an improved
coarse-grained model for the lipids and have spent this fiscal year to date developing the new model. We are now
continuing our calculations of nanoparticle insertion into bilayers using our new, optimized model.

Significance

This project has potential benefit to both applied and basic science sponsors at Sandia. The proposed work will
provide the scientific underpinning for developing a wide range of responsive membrane-based nanocomposites
for both homeland defense and energy applications. On the applied side, this project positions Sandia to respond to
specific research needs that have been called out by DTRA dealing with responsive materials to meet the needs of
chemical and biological defense. Specifically, the military, DHS, and DTRA are each interested in the development
of responsive films or fabrics to meet two mission needs: 1) responsive materials for protecting personnel from



Sandia National Laboratories 2010 LDRD Annual Report 127

chemical and biological threats, and 2) materials for adaptive camouflage. The proposed research will provide
fundamental understandings of nanoparticle interactions within bilayer assemblies mimicking the responsive
behaviors that occur in cellular membranes.

On the basic science side, the development of biomimetic nanocomposites is one of the frontier areas in nanoscience
that maps onto Sandia’s new DOE/Basic Energy Sciences-funded Center for Integrated Nanotechnologies. This work
will provide Sandia with opportunities for enhanced programmatic and operating budget from the Office of Basic
Energy Sciences.
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Characterization and Control of the Thermal Fluctuations of

Nanosensors for Next Generation Sensitivity and Robustness
130770

Year 2 of 2

Principal Investigator: R. E. Jones

Project Purpose

Nanoelectromechanical systems (NEMS) are spawning a new generation of novel devices. For example, a NEMS
beam-like oscillator’s small size promises smaller activation energy and greater sensitivity than traditional sensors.
This sensitivity comes at the price of greater susceptibility to thermal “noise.” Device design and characterization
methodologies are often based on simple linear continuum approaches with little or no modeling of the stochastic
nanoscale dynamics. These traditional methods become inadequate at the dimensions of NEMS, which are akin

to complex molecules and viruses. Specifically, recent experiments using an atomic force microscope with an
attached molecule of DNA to measure binding energies and function as a bio-sensor have demonstrated the device’s
resolution is currently limited only by the thermal fluctuations. In addition to stochastic behavior introduced
directly by the environment, recent fluctuation theorems (FTs) from nonequilibrium statistical mechanics show that
nanoscale devices observed for short time periods have a finite probability of acting contrary to the well-known
macroscale second law of thermodynamics. Using the structure and insight of FTs, we intend to quantify and
control this behavior not predicted by the simplified design techniques and, up to now, inadequately “explained” as
uncharacterized system noise.

Summary of Accomplishments

In this project we furthered the fundamental understanding of the thermal fluctuations of nanostructures and

how these vibrations affect the application of these structures to mechanical sensors like resonators. The project
focused on cantilevered carbon nanotubes (CNTs) with functionalized tips sensing small molecules in a gas-phase
environment, but our results apply to a broad range of other configurations and applications. The theoretical and
experimental work was documented in one publication, with other papers under review or in preparation.

The most-recent work is notable because it documents the high-yield, reliable method we developed to produce
single tube devices with contacts. Given the widespread use of this type of configuration and the lack of a reliable
method for their production, we foresee high impact of the newly developed process. Our characterization and
filtering work are also notable. The characterization work discovered the fundamental noisy resonance structure

of beam-like nanostructures such as the carbon nanotube. We employed this characterization in a novel, high-
performance algorithm that we developed to do real-time detection of small molecules on the order of 1/100 the
mass of the CNT and on a timescale of nanoseconds. We expect to use this theoretical development as the basis of a
proposal for follow-on funding through an external agency.

Significance

Characterization of short-time fluctuations will improve the fundamental understanding of NEMS. This will lead to
methods for effectively filtering and possibly controlling thermal noise. These methods will enable the detection of
molecules with extremely short binding duration, for example. Ultimately, this project will enable novel, extremely
sensitive NEMS sensors to be designed and employed in several of the laboratories’ strategic management units and
defense missions.

Refereed Communications
E.H. Feng and R.E. Jones, “Equilibrium Thermal Vibrations of Carbon Nanotubes,” Physical Review B, vol. 81, pp.
125436-125441, March 2010.
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Enabling Graphene Nanoelectronics
130771

Year 2 of 3

Principal Investigator: S. W. Howell

Project Purpose

We are combining a complete array of expertise and resources towards investigating three innovative

and synergistic synthesis approaches for advancing reproducible fabrication and fundamental scientific
understanding of high-quality graphene films on technologically relevant substrates (Si and SiC). Recent work
has shown that graphene, a 2D electronic material (with 1D nanoribbon semiconducting properties) amenable
to the planar semiconductor fabrication processing, possesses tunable electronic material properties potentially
far superior to metals and other standard semiconductors. Despite its phenomenal electronic properties, focused
research is still required to develop techniques for depositing/synthesizing graphene over large areas, enabling
the reproducible mass-fabrication of graphene-based devices.

For this project, we are focusing synthesis efforts toward four complementary techniques:
1. A novel non-ultrahigh vacuum annealing-based synthesis approach for dramatically improving the
quality and lateral size of graphene on SiC (medium risk)
2. Evaporation of carbon atoms onto an interfacial carbon layer (buffer layer) that is formed on SiC
3. Chemical vapor deposition (CVD) carbon deposition on metals substrates such as copper and nickel,
4. Electrostatic transfer/assembly of graphene from SiC onto metal oxide semiconductor (MOS)-relevant
substrates

To develop vital fundamental understanding of these fabrication processes, characterization techniques such

as low energy electron microscopy (LEEM), Raman spectroscopy, and scanning probe microscopy (especially
atomic force microscopy/ scanning capacitance microscopy [AFM/SCM]) will be utilized to provide deeper
insight into anneal-driven domain size, thickness, morphology, work function characteristics, and defects.
Electronic characterization will also be conducted to gauge the quality of the graphene materials. If successful,
our efforts will develop a suite of available synthesis strategies for addressing the unsolved challenging
problems prohibiting the realization of next-generation graphene-based devices (i.e., disruptive complementary
metal oxide semiconductor [CMOS]-based devices, novel high-frequency devices). Our team possesses
complementary expertise and capabilities (synthesis, characterization, integration and modeling) necessary for
high-impact mission-related graphene research results in this emerging competitive field.

Summary of Accomplishments

Accomplishments for FY 2010 include the following: 1) development of a graphene synthesis approach that
uses Ar at atmospheric pressure and high temperature; 2) achieved a domain size of 100 um? that is very
competitive with the graphene research community; 3) observed record electron mobility of 14,000 cm?/Vs for
epitaxial graphene on SiC(0001); 4) achieved excellent uniformity of electrical properties across synthesized
areas (6 x 12 mm?); 4) achieved understanding of growth front mechanism for graphene on SiC by utilizing
AFM and LEEM; 5) developed an alternate method for large area graphene growth by depositing carbon on
SiC; 6) developed CVD process to synthesize graphene on Cu foils; 7) observed rotational domains in CVD
synthesized graphene using LEEM; 8) observed Integer Quantum Hall Effect (IQHE) in multiple devices on the
same sample (one of four groups in the world to observe IQHE in epitaxial graphene); 9) developed a scalable
process for the electrostatic transfer of graphene from SiC (000-1) and Si (0001) to Pyrex and Zerodur (FY 10

; 10) demonstrated chip level transfer of monolayer graphene (6 x 12 mm?); 11) fabricated first-generation gate
field effect transistor devices and observed field effect modulation of current of several mA with = 6 V gate
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voltage modulation; 12) down-selected (dropped) the thermal decomposition of acetylene on Si approach due to
the greater promise of the other synthesis methods.

Significance

Despite the abundance of research activity in this area, there is presently insufficient organized research aimed
towards realizing next-generation high-speed and high-frequency graphene devices. This project will enable
Sandia to establish proven graphene expertise and capability for meeting anticipated National Security and DoD
needs. Our fundamental studies of growth mechanism during FY 2010 has established Sandia as a leader in the
graphene research community (especially in terms of graphene on SiC materials synthesis results), paving the
way for development of high-speed (GHz to THz) devices for a wide variety of Sandia national security needs.
Our results have also attracted the attention of leading graphene researchers (Cornell, Massachusetts Institute of
Technology, Arizona State University) stimulating new collaborative opportunities that leverage our expertise.
Our additional activities in graphene transfer will blaze new opportunities for graphene hybridization with
current CMOS and microelectromechanical system processes, potentially creating new categories of devices
and sensors that exploit graphene’s unique electronic and material properties for improved performance. This
expertise/capability is also facilitating efforts towards the successful establishment of a DOE Basic Energy
Sciences graphene materials basic research program.

Refereed Communications
T. Ohta, N.C Bartelt, S. Nie, K.Thurmer and G.L. Kellogg, “Role of Carbon Surface Diffusion on the Growth of
Epitaxial Graphene on SiC,” Physical Review B Rapid Communications, vol. 81, p. 121411, March 2010.

E. Starodub, S. Maier, 1. Stass, N.C. Bartelt, P.J. Feibelman, M. Salmeron, and K.F. McCarty, “Graphene
Growth by Metal Etching on Ru(0001),” Physics Review B, vol. 80, p. 235422, December 2009.

E. Loginova, S. Nie, K. Thurmer, N.C. Bartelt, and F. McCarty, “Defects of Graphene on Ir(111): Rotational
Domains and Ridges,” Physics Review B, vol. 80, p. 085430, August 2009.

J.M. Wofford, S. Nie, K.F. McCarty, N.C. Bartelt and O.D. Dubon, ”Graphene Islands on Cu Foils: the Interplay
Between Shape, Orientation and Defects,” to be published in Nano Letters.

Y. Murata, E. Starodub, B.B. Kappes, C. V. Ciobanu, N.C. Bartelt, K.F. McCarty and S. Kodambaka,
“Orientation-Dependent Work Function of Graphene on Pd(111),” to be published in Applied Physics Letters.

E. Starodub, N.C. Bartelt and K.F. McCarty, “Oxidation of Graphene on Metals,” Journal of Physical Chemistry
C, vol. 114, pp. 5134-5140, March 2010.

W. Pan, S.W. Howell, A.J. Ross, T. Ohta, and T. Friedmann, “Observation of the Integer Quantum Hall Effect in
High Quality, Uniform Wafer-Scale Epitaxial Graphene Films Grown on the Si-Face of 6H-SiC(0001),” to be
published in Applied Physics Letters.
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Hierarchical Electrode Architectures for Electrical Energy

Storage and Conversion
130772

Year 2 of 3

Principal Investigator: K. R. Zavadil

Project Purpose

This project will develop the fundamental knowledge base necessary for the creation of stable hierarchical
electrode architectures for electrical energy storage and conversion. Hierarchical electrodes are an enabling
technology necessary to produce revolutionary improvements in the performance characteristics of electrochemical
devices capable of storing electrical charge (e.g., ultra- or redox- capacitors) or interconverting electrical charge
and chemical energy (e.g., batteries and reversible fuel cells). Such revolutionary improvements are necessary

to ensure a secure energy future for the nation. An important barrier to achieving stable hierarchical electrodes is
Ostwald ripening of these nanoscale structures driven by dissolution and redeposition dynamics. As a consequence,
constructing stable hierarchical electrodes requires a fundamental understanding of the impact of overall geometric
shape, surface energetics, and environmental factors on the dynamics of ripening.

We propose to address the problem of electrode stability by studying ripening-resistant metal structures
recently discovered and developed at Sandia. In situ measurement diagnostics will be used to study the
evolution of nanostructure topography as a function of electrode morphology and electrochemical factors.
Local metal dissolution and redeposition rates will be measured and used in computational simulations to
develop a mechanistic understanding of the origins of stability. Computational methods will be expanded to
take into account the electrochemical double layer contribution to nanoscale stability. Synthetic methods will be
developed to produce new hierarchical electrode architectures to enhance and explore the limits of stability. The
role of alternate metals, chemical passivation schemes, and the inclusion of functional charge storage materials
on structure stability will also be explored. In addition, new in situ diagnostics for characterizing charge storage
mechanisms at electrode surfaces will be developed. The knowledge gained from a tightly coupled synthesis,
characterization and computation approach is anticipated to impact a range of electrochemical charge and
energy storage devices.

Summary of Accomplishments

We used computational methods to explore the origin of zero-curvature induced stability observed for dendritic
forms of platinum. We developed a new Monte Carlo/Molecular Dynamics method to calculate the free energy
of arbitrary off-lattice nonperiodic structures, and we tested this method for planar solid-vapor surfaces and
compared it to an alternate pressure tensor route to determine the interfacial free energy with satisfactory
results. We applied classical density functional theory (DFT) to study the free energy of holes for on-lattice
structures. We performed electronic DFT calculations for holey metal sheets comprised of Pt and Ag to study
principal strains and whole stability. We developed a Kinetic Monte Carlo approach for simulations, to provide
first-principles time scale.

We developed a generalized covalent linking scheme for dendritic Pt nanostructures based on diazonium
chemistry. Scanning probe microscopy was used to image bound nanostructures under conditions of
electrochemical control. Synchrotron based x-ray absorption fine structure was used to aid in determining the
orientation of the linker molecules and, as a result, demonstrate that covalent binding had indeed taken place.
We also developed methods for forming high surface area ruthenium and manganese dioxide particles on carbon
electrode surfaces as electroactive charge storage materials. Shape change of dendritic Pt foam nanostructures
was explored under electrochemical control using scanning tunneling microscopy.
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A new two-step platinum photocatalytic seeding and growth process has been developed and exploited for
growing dendritic nanostructure directly onto carbon surfaces. The resulting dendrites grow conformally on
the carbon surface. Electron microscopy shows that the dendrite size and size distribution can be controlled by
systematic variation in the growth parameters. Synthetic routes were discovered for producing nanowheels, a
new form of dendritic structure, using surfactant formed bicelles as templating agents. Variation in the reaction
growth conditions were shown to be a method of tuning the shape and size of the resulting nanowheels.

Significance

The significance of our photocatalytic seed and direct growth of dendritic (meaning high surface area)
electrocatalytic platinum structures on carbon is that such a process enables ultralow loading of precious metals
for fuel cell applications. Tests of similar materials synthesized within this project have shown a degree of
resistance toward ripening and retention of electrochemical surface area. The discovery that growth takes place
conformally with the carbon substrate suggests that not only is enhancement of catalytic function expected,

but also that we anticipate enhanced stability of the structures over the service life of the envisioned fuel cell
electrode. We believe (patent application filed) that this approach could be applied to other readily reducible
metals, alloys, and co-catalysts through control of the templating reagents used in the process. The development
of bicelle templated nanowheels offers an alternate soft chemical approach to synthesizing catalytic structures.
These nanowheels exhibit a similar degree of resistance to thermal sintering, as we have previously documented
for several nanometer-thick holey sheets. Electrochemical surface area has been measured and compares

quite favorably to commercial Pt-based fuel cell catalysts, with the added benefit of electrochemical sintering
resistance. Our computational work highlights the reason for this observed sintering resistance, as simulations
show that a donut hole is the energetically favored structure to form from cylindrical holes in dendritic
ligaments. The source of stabilization can be thought of as a situation of zero net curvature reducing the surface
energy of the overall nanostructure. We have made significant progress toward a full computational simulation
of the evolution of a dendritic structure driven by electrochemical ripening through the use of our new hybrid
Monte Carlo/Molecular Dynamics approach.

Our work on covalent linking schemes of preformed nanostructures on electrode surfaces is significant because
this approach allows the assembly of optimized electrode structures based on best catalytic structures combined
with best electrode scaffolds without the constraints of bottom up or top down synthesis approaches. Linking
strategies are equally applicable to other electroactive materials such as transition metal oxides. New diagnostic
tools, such as spectroscopic electrochemical scanning tunneling microscopy (STM) are being developed

within our project to explore charge transport at and within electroactive materials to establish structure-
activity relationships at the individual particle level. This level of information is not currently available and
will greatly aid in understanding the origin of favorable nanoscale perturbation on electrochemical properties.
The STM work reported in our accomplishments promises new insights into the length and time scales that
govern nanostructure stability under the influence of electrochemical stress. We expect that results will validate
simulation results and further refine the computational methods by providing relevant chemical and physical
inputs to our models.

Refereed Communications

R.M. Garcia, Y. Song, R.M. Dorin, H. Wang, A.M. Moreno, Y. Jiang, Y. Tian, Y. Qiu, C.J. Medforth, E.N.
Coker, F. van Swol, J.E. Miller, and J.A. Shelnutt, “Templated Growth of Platinum Nanowheels Using the
Inhomogeneous Reaction Environment of Bicelles,” to be published in Physical Chemistry Chemical Physics.
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Hierarchical Morphology Control for Nanocomposite

Solar Cells

130773

Year 2 of 3

Principal Investigator: J. W. Hsu

Project Purpose

The proliferation of new, high-technology devices requires ever more portable and reliable energy sources. To
meet these new needs, organic photovoltaic (OPV) technology, with its lightweight, flexibility, and inexpensive
manufacturing process, appears to be uniquely suited for these applications. New materials and technologies
must be developed to lower the manufacturing and deployment costs while maintaining good performance (>
10% power conversion efficiency). A subset of OPVs, called hybrid photovoltaics, uses inorganic metal oxide
semiconductors as the electron acceptor material. The advantages of hybrid photovoltaics over purely organic
counterparts include environmental stability, better electron transport, and the ability to optimize interfacial
properties. In this project, we focus on nanostructured hybrid solar cells that employ metal oxide nanoparticles
to form a network of electron acceptors embedded in a conducting polymer matrix, which acts as the light
absorber and hole transporter. Our goals are to optimize the network structure to achieve improved photocurrent
and power conversion efficiency while being compatible with inexpensive manufacturability of OPVs. Our
approach is to use interfacial chemistry to control and direct hierarchical morphology in the nanocomposites.
In addition, the team is collaborating with an organic photovoltaic group at the National Renewable Energy
Laboratory (NREL), where they have secured an NREL LDRD project to focus on new polymer development.
Energy independence and security have become a key DOE mission and national urgency. The success of this
project will position Sandia in a frontier research position in future generations of solar cell technologies.

Summary of Accomplishments

In the first two years of this successful joint Sandia/NREL hybrid photovoltaic project, over a dozen papers have
been published in high-profile, peer reviewed journals, detailing multiple advances made on hybrid photovoltaic
(PV) devices. These hybrid PV devices, based on ZnO electronic acceptors and poly(3-hexylthiophene) electron
donors between current collectors, are promising as a roll to roll compatible processing technology, given
improvements in device voltage and efficiency. Among the major advances have been the following:

1. doping of ZnO with MgO to increase band gap and increase open circuit voltage (VOC) to from 0.5 to
0.9V,

2. use of 5-nm TiO, coatings and CdS coatings on undoped ZnO to limit electron-hole recombination and
increase VOC from 0.3 V to 0.6 V and 0.8 V, respectively;

development of long-shelf-life inverted photovoltaic devices; and

4. demonstration of roll-to-roll processable devices with efficiencies of 0.55-1%.

Strong research ties with the photovoltaics program at NREL have been established, enabling rapid advances in
the field. Key milestones have largely been met, particularly on engineering hybrid PV voltage and stability, but
a critical need for a roll to roll processable, low cost transparent conductive oxide remains; this is the focus of
the current continuation project.

Significance

The project supports Sandia’s mission by developing new knowledge and technologies for sustainable, future
energy generation. The collaboration among researchers with a wide range of expertise enables the team to
attack an important energy problem that cannot be accomplished by each research team working alone.
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High-Temperature, Large Format FPAs for Emerging Infrared

Sensing Applications
130774

Year 2 of 3

Principal Investigator: J. K. Kim

Project Purpose

Our objective is to develop a third-generation focal plane array (FPA) technology to supplant HgCdTe (MCT)
and thereby enable emerging infrared imaging and sensing missions called for by multiple agencies. Sandia’s
unique strengths in semiconductor science are being leveraged and significantly extended to understand and
ultimately control the novel materials and device physics that are required to leapfrog the MCT technology,
which has already begun to saturate in performance and size scaling. Our progress to date gives us confidence
that Sandia will be able to synergize advances in both science and engineering to close the gap between
theoretical and actual performance of novel FPAs for the mid-wave infrared (MWIR) and for long-wave
infrared (LWIR). Success will expand the fundamental knowledge of this novel material system and establish
key modeling and experimental capabilities that Sandia lacks.

Summary of Accomplishments

In FY 2010, we have succeeded in developing a comprehensive 2D device physics model that enabled the
optimization of the device structure and demonstrate dark current performance equaling or, at lower temperatures,
surpassing MCT. Employing this optimized device, we have internally assembled a 320 x 256 FPA. We have also
developed a robust atomistic bandstructure model that calculates the bandgap, band alignments, and dispersions
of strained-layer superlattice (SLS) that enables us to optimize the material for LWIR sensing. This model is being
deployed in the analysis of SLS material properties and defect characteristics, for which we have established
experimental methodologies and capabilities in FY 2010. We have met all proposed milestones.

We made great progress in experimentally demonstrating high-performance devices, empirically understanding
the behavior, modeling and explaining the characteristics in detail using first principles, and reiterating the design/
experiment cycles to optimize the devices. Currently, Sandia is at the forefront of the engineering capability. The
engine powering this rapid progress is our comprehensive predictive numerical model (that includes Shockley-
Reed-Hall, Auger, diffusion, trap-assisted tunneling, and band-to-band tunneling mechanisms) developed

during this project that allows us to perform many design iterations numerically before committing a design

to experimental confirmation. This allows at least an order of magnitude savings in time and cost. We have
demonstrated that optimizations of the nBn device eliminate the generation-recombination dark current.

Significance

This project benefits tactical and strategic MWIR/LWIR imaging systems that are important to DOE/NNSA and
DoD for nonproliferation assessment, tactical surveillance, missile defense and combat support. High-temperature
MWIR/LWIR detectors developed through this project will enhance the performance and functionality of
infrared imaging systems that are currently limited by scalability and excessive cooling requirements of the focal
plane array.
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Narrow-Linewidth VCSELs for Atomic Microsystems
130775

Year 2 of 3

Principal Investigator: D. K. Serkland

Project Purpose

Vertical-cavity surface-emitting lasers (VCSELSs) are the laser of choice for photonic microsystems due to their
low power consumption, ease of integration, and single frequency operation. For example, the | mW power
consumption of a VCSEL is more than an order of magnitude lower than the nearest alternative: traditional
edge-emitting lasers. However, the typical VCSEL linewidth (100 MHz) is approximately ten times wider

than the natural linewidth of atoms used in atomic beam clocks and trapped atom research, which degrades or
completely destroys system performance.

We propose to develop a new external-cavity VCSEL (EC-VCSEL) having a linewidth narrower than 1

MHz, specifically for use in emerging atomic microsystems, such as primary frequency standards and atom
traps. In order to reduce the VCSEL linewidth, we must simultaneously increase the Q of the laser cavity and
decrease the linewidth enhancement factor of the active region. We will increase the stored optical energy and
thus cavity Q by extending the cavity length to 30 microns (over 10 times longer than normal), terminating

the extended cavity with an external high-reflectivity dielectric mirror. The 10-fold increase in cavity length
precludes an all-semiconductor structure, but is still small enough to permit wafer-scale microfabrication of the
device. Significant metal organic chemical vapor deposition epitaxial growth development will be undertaken
to allow the extended cavity geometry, minimize free-carrier absorption losses, and develop active quantum
wells that achieve minimum linewidth enhancement (alpha) factor. VCSELs have long been a differentiating
technology for Sandia, due to the complexity of VCSEL design, epitaxial growth, and microfabrication. If we
are successful in wafer-scale fabrication of narrow-linewidth VCSELs, these new devices and our advances in
scientific understanding could enable significant follow-on work to tailor these devices for use in specific high-
performance atomic-physics microsystems.

Summary of Accomplishments

In the second year, the overall goal has been to microfabricate an EC-VCSEL that will ultimately meet the
linewidth goal of 1 MHz by increasing the optical cavity length from 2 um (for a standard VCSEL) to 30 um.

In the first 7 months of year 2, we conceived a new fabrication approach, designed a new 16-level mask set,
developed new microfabrication process steps to produce the curved external-cavity mirror, and completed the
first device fabrication run. The first devices were finished in April 2010, completing the first major milestone of
year 2. In the remainder of FY 2010, we improved the fabrication process to reduce laser linewidth, which we
measured in August 2010.

In addition to meeting our second-year milestones, we have significantly improved the monolithic (all-
semiconductor) extended-cavity VCSEL that we first demonstrated in year 1 of this project. Although we
demonstrated a narrow 23-MHz linewidth in year 1, the high-order mode suppression was not sufficient to
achieve even 1 mW of single-mode output power. In the second year we modified the VCSEL structure to
achieve higher single-mode output power, obtaining single-mode operation up to 6 mA of input current with
over 2 mW of output power, while maintaining a narrow 24-MHz linewidth.
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Significance

Sandia’s differentiating capabilities in compound semiconductor epitaxial growth, VCSEL microfabrication,
and optical microsystem integration will be enhanced by this research project. Success in making a narrow
linewidth VCSEL could generate significant follow-on work in a variety of areas: primary frequency standards,
neutral atom and ion traps, and quantum information research. Applications range from improved military
communication and navigation to quantum encryption.
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Phonon Manipulation with Phononic Crystals
130777

Year 2 of 3

Principal Investigator: 1. F. El-Kady

Project Purpose

We propose to develop a fundamental understanding of, and a methodology for, deterministic phonon spectrum
control at the THz region (100 K-phonons) using a top down phononic crystal (PhonC) approach. Present
approaches to phonon control are based on texturing the surface to increase phonon scattering or shrinking

the diameter of the material to prevent bulk propagation much like a cutoff waveguide, or phonon scattering

off grain boundaries. All such approaches are either highly nondeterministic or are capable of only targeting a
narrow spectral range. In contrast, PhonCs utilize physics similar to Bragg-scattering. In a fashion reminiscent
of photonic lattices, spectrally wide bandgaps can be deterministically produced in which phonons are inhibited,
accompanied by a redistribution of the phononic density of states. This offers a unique vehicle for tailoring the
phonon spectrum for a variety of applications and awards a larger degree of control. For example, by selectively
enhancing the efficiency of phonon propagation in specific spectral bandwidths, enhanced thermal-to-RF
frequency tags and micro-coolers can be realized. Conversely, by selectively suppressing THz phononic spectral
bands, exceptionally high ZT materials can be achieved.

Furthermore, other important processes, such as the electron-phonon interaction that cap the performance in
high-TC superconductors, and phonon-photon interaction essential for quantum-well or dot based solid state
lighting could potentially be impacted by the profound phonon control provided by PhonCs. If successful, this
approach will lead to a wide range of new thermal applications such as efficient and directional heat removal
from integrated circuits, thermoelectric materials with improved efficiency, and new approaches to thermal
harvesting. Finally, by extending the existing phononic-photonic crystal homomorphism this project will lay the
foundation for realizing the first phononic metamaterials essential for high-precision focusing and manipulation
of vibrational energy for a wide range of ultrasonic imaging devices and deep-sea cloaking.

Summary of Accomplishments

In the theoretical area, we were able to extend our 2D model to 3D and account for the actual thickness of the
PhonC. We were further able to incorporate hybridized lattice geometries into the model. This allowed us to
evaluate the density of states and from it estimate the reduction in thermal conductivity due to a PhonC. The
result was a 98% reduction in silicon thermal conductivity at less than 20% porosity, which we attributed to

the anomalous dispersion of the PhonC, especially the existence of flat dispersionless bands and negative or
backward scattering bands. This result was validated via thermal reflectance measurements which enable us to
measure the phonon lifetimes and deduce the thermal conductivity of the sample. These results indicate that we
may be able to realize ZT=S5 in silicon at room temperature, the largest thermoelectric figure of merit realized

to date (ZT<1). To validate this, we need to perform direct electrical and thermal conductivity measurements.
To this end we integrated serpentine heaters with the current PnC samples in the Microsystems and Engineering
Sciences Applications facility. Furthermore, our collaborators at the University of New Mexico have also
developed focused ion beam (FIB) masking techniques to produce ultrahigh-aspect ratio air-holes in silicon.
This enables fabrication of phononic crystals on thick substrates, thereby eliminating the parasitic slab mode

as well as lending rigidity to the sample. Current efforts indicate that over 50:1 aspect ratio will be achievable
— the largest such demonstration to date. In addition, we have created a four-port test arrangement for the FIB
PhonC samples to enable full conductivity characterization under varying temperature. This is necessary to
fully discriminate (for the first time) the harmonic versus inharmonic phonon dispersion effects in the PhonC by
temperature tuning the spectral peak of the phonon population.
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Significance

This research could result in a new class of thermal materials for heat control and thermal energy scavenging
and will lay the foundation for realizing the first phononic metamaterials essential for high-precision focusing
and manipulation of vibrational energy for a wide range of ultrasonic imaging devices and deep-sea cloaking.
Furthermore, it promises to put Sandia at the forefront of a new branch of science of direct interest to DOE and
DoD.

Refereed Communications

P.E. Hopkins, P.T. Rakich, R.H. Olsson III, I.F. El-Kady, and L.M. Phinney, “Origin of Reduction in Phonon
Thermal Conductivity of Microporous Solids,” Applied Physics Letters, vol. 95, pp. 161902-161905, October
2009.

P.E. Hopkins, L.M. Phinney, P.T. Rakich, R.H. Olsson III, and L.F. El-Kady, “Phonon Considerations in the
Reduction of Thermal Conductivity in Phononic Crystals,” to be published in the Journal of Applied Physics A
Meta 10 Special Issue.

Y.M. Soliman, D.F. Goettler, Z.C. Leseman, I.F. El-Kady, and R.H. Olsson III, “Effects of Release Hole Size on
Microscale Phononic Crystals,” to be published in SEM Annual 2009.
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Real-Time Studies of Battery Electrochemical Reactions Inside

a Transmission Electron Microscope
130778

Year 2 of 3

Principal Investigator: J. P. Sullivan

Project Purpose

In this project we will develop a capability to investigate lithium-ion (Li-ion) battery electrochemical processes
in real time inside a transmission electron microscope (TEM). This unique capability could have impact in a
number of research areas, including the science of catalysis, electrodeposition, corrosion, capacitive energy
storage, and electrochemical energy storage (i.e., batteries), which is the focus of this study. Currently, there
are serious fundamental issues in Li-ion batteries regarding performance degradation during cycling and aging
that are unresolved and poorly understood. Furthermore, the fundamental study of these problems has been
hampered by the lack of experimental and theoretical techniques that can identify structural changes in battery
electrodes with atomic- to nanoscale resolution during actual battery operation.

We will develop both a sealed silicon micromachined fluidic platform as well as a simple open platform using
a vacuum-stable ionic liquid (IL) electrolyte to measure structural changes within and at the surfaces of battery
cathodes and anodes. We will explore the mechanism of Li intercalation in carbon-based anodes and phase
changes that occur as Li inserts and de-inserts in nanoscale cathodes. We will identify and characterize solid-
electrolyte-interphase (SEI) compounds that form on the electrode surfaces during polarization and potential
cycling. We will use molecular dynamics (MD) and ab initio MD to model the Li intercalation in ideal carbon
nanotube electrodes and the formation of SEI compounds on carbon-based anodes. We will also develop
versatile silicon-based electrochemical platforms that should have great utility for both in situ as well as ex situ
electrochemical investigations. To our knowledge, this would be the first real-time study of battery reactions
inside a TEM and, potentially, the first study that demonstrates atomic resolution of electrochemical processes
inside a TEM.

Summary of Accomplishments

In the second year of this project, we made major advances in each of the main project areas. Specifically,

we have achieved one of our major objectives of performing in situ TEM measurements of real-time battery
reactions. We also made important progress in modeling, wherein we used ab initio simulations to reveal
important new electrochemical processes that occur at electrode-electrolyte interfaces. We have, 1) performed
our first electrochemical experiments inside a TEM using ionic liquid electrolytes and have observed structural
changes in electrode materials (tin oxide nanowires) as a result of electrochemical lithiation (submitted for
publication to the journal Science); 2) discovered an important, but previously unrecognized, reduction
mechanism for ethylene carbonate electrolytes in contact with lithiated graphite electrolytes using ab initio
molecular dynamics simulation, and we suggest that this work now shows the tremendous potential for
computer modeling of important mechanisms of SEI generation involving realistic electrodes and electrolytes;
3) nearly completed full fabrication of a sophisticated microelectromechanical system encapsulated TEM
liquid cell, and we have begun to use these test chips for electrode material assembly and to test flip-chip
encapsulation; and 4) completed full fabrication of single-sided (non-encapsulated) electrochemical cells, and
have successfully used these structures for electrochemical characterization of individual manganese dioxide
nanowire cathodes (this involved assembly of the nanowire electrodes onto the platform, electrochemical testing
in ethylene carbonate-based electrolytes, electrical characterization, and TEM characterization).
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Significance

This project impacts lithium-ion battery and novel electrical energy storage technologies. These are critical for
remote and mobile energy systems (remote sensors, vehicle propulsion, electricity storage for the grid). DOE
has requested new research that focuses on renewable and alternative energy technologies, and research on
electrochemical energy storage is a critical component of that initiative.

Refereed Communications
K. Leung and J. Budzien, “Ethylene Carbonate Decomposition at the Graphite Anode at the Initial Stages of
Solid-electrolyte Interphase Formation,” to be published in Physical Chemistry Chemical Physics.

J. Yu, P.B. Balbuena, J. Budzien, and K. Leung, “Hybrid DFT Functional-based Static and Molecular Dynamics
Studies of Excess Electron in Liquid Ethylene Carbonate,” to be published in the Journal of the Electrochemical
Society.

J.Y. Huang, L. Zhong, C.M. Wang, J.P. Sullivan, W. Xu, L.Q. Zhang, S.X. Mao, N.S. Hudak, X.H. Liu, A.
Subramanian, H.Y. Fan, L. Qi, A. Kushima, and J. Li, “In Situ Observation of the Electrochemical Lithiation of
a Single SnO, Nanowire Electrode,” to be published in Science.
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Science-Based Solutions to Achieve High Performance Deep
UV Laser Diodes

130779
Year 2 of 3
Principal Investigator: M. H. Crawford

Project Purpose

A number of mission-critical applications would greatly benefit from a compact, deep ultraviolet (< 340 nm) laser
diode (LD); however, commercial LDs are currently limited to longer UV wavelengths. AlGaN semiconductor
alloys are the most promising materials for deep UV LDs, with potential for emission across the 200-365 nm
region; we note the recent demonstration of mW-level 275-300 nm AlGaN light-emitting diodes (LEDs) by
our Sandia team. To date, realization of deep UV LDs has been thwarted by the lack of fundamental insight
and solutions to key AlIGaN materials challenges. These challenges include, 1) nanoscale point defects,

2) p-doping limitations, and 3) high internal optical losses and limitations to optical gain.

We propose a science-based approach that will apply our state-of-the-art AIGaN metal-organic vapor-phase
epitaxy capabilities, innovative materials growth and heterostructure design strategies, differentiating materials
characterization techniques, and advanced device modeling to gain fundamental insight into these three

critical challenges. In this project, we will apply those insights and Microsystems and Engineering Sciences
Applications microfabrication processing capabilities to design and fabricate AIGaN LDs in the 300-340 nm
region. If successful, our project will yield the shortest wavelength deep UV LDs to date, relevant to a range
of applications including fluorescence-based bioagent sensing. Materials insights gained from this project
could be applied to a range of I1I-Nitride materials and devices, enabling advances in deep UV LEDs for water
purification, visible LEDs for solid-state lighting, and InGaN solar photovoltaics. This project therefore offers
a unique opportunity to leverage Sandia strengths and achieve both science and technology breakthroughs with
strong relevance to DOE missions.

Summary of Accomplishments

FY 2010 efforts include studies to quantify the properties and impact of defects in constituent layers of AlGaN
laser heterostructures, including quantum well (QW) active layers and doped cladding layers. We combined
deep-level optical spectroscopy and photoluminescence to investigate how QW growth temperature mediates
the interplay between defect incorporation and luminescence efficiency. Our studies revealed three distinct deep
levels in AIGaN quantum wells and a quantitative correlation between increased growth temperatures, reduced
density of all observed deep levels, and enhanced luminescence efficiency. We expanded our defect task to
include strategies for reducing non-radiative extended defects including threading dislocations. Development
of a novel growth approach resulted in > 10x reduction of threading dislocations in select regions and notable
enhancement of AIGaN quantum well luminescence. We continued development of p-type short-period
superlattices (p-SPSL) as an approach to achieve more effective p-type conduction in cladding layers needed
for shorter-wavelength laser demonstrations. Advances include identification of growth conditions that maintain
coherency of superlattices over thicknesses sufficient for laser claddings. Our p-SPSL work was published in
the Journal of Crystal Growth. Finally, we employed a 1-D waveguide model to develop laser cavity designs,
including the optimization of quantum well thickness and electron block layer designs.

Significance
This project supports DOE’s strategic goal of conducting world-class science to address mission needs. Nitride
materials insights from this project could lead to advances in solid-state lighting, a major Sandia investment area
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aligned with DOE’s energy mission. Deep UV laser diodes will enable a new technology applicable to compact
systems for fluorescence-based bioagent sensing and trapped-ion-based quantum computing, applications of
interest to DHS and agencies including Defense Advanced Research Projects Agency and Intelligence Advanced
Research Projects Activity.

Refereed Communications

A.A. Allerman, M.H. Crawford, M.A. Miller, and S.R. Lee, “Growth and Characterization of Mg-Doped
AlGaN-AIN Short-Period Superlattices for Deep-UV Optoelectronic Devices,” Journal of Crystal Growth, vol.
312, pp. 756-761, January 2010.
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Mechanisms for Charge Transfer Processes at Electrode-Solid-

Electrolyte Interfaces
130780

Year 2 of 3

Principal Investigator: K. F. McCarty

Project Purpose

The purpose of this project is to develop and apply new in-situ spectroscopies to understand and improve
electric charge transfer in electrochemical devices such as fuel cells. Electrochemical technology will play an
increasingly critical role in meeting the nation’s energy challenges in both stationary power applications and
transportation. The essential physical phenomenon occurring in all electrochemical devices is the transfer of
electrical charge across material interfaces. How this charge transfer occurs and its relationship to the device’s
performance and reliability is largely unknown. This project develops fundamental understanding of interfacial
charge transfer by characterizing it in real time during electrochemical operation.

We are studying the charge-transfer process in solid-oxide fuel cells (SOFCs) for three reasons: (1) SOFC
interfaces are more accessible for in-situ characterization than in other electrochemical devices. (2) Within

the same technology platform, electricity can be generated from fuels and vice versa when run as fuel cells

or as electrolyzers. (3) SOFCs can operate on a variety of fuels, including hydrogen and hydrocarbons. Thus,
SOFCs could potentially contribute significantly toward low-carbon energy systems for both fixed and portable
(transportation) applications. But like all electrochemical-based technologies, they suffer from performance
and cost issues. The advances needed, especially those for lower-temperature vehicular operation, have

been hampered by inadequate understanding of elementary processes. In particular, detailed microscopic
measurements of interfacial species concentrations, their spatial distributions, and transport rates under
operating conditions have not been made. We are determining this information by characterizing the species
present on SOFC materials during operation. We are using micro- and nanofabrication to develop a new
experimental “platform” with accessible surfaces and enhanced performance. We then characterize operating
SOFC surfaces at realistic pressures and temperatures using ambient-pressure x-ray photoelectron spectroscopy.

Summary of Accomplishments
We made substantial progress in our second year.

1. We used ambient-pressure x-ray photoelectron spectroscopy to directly measure the electrical
“overpotentials” present in a solid-oxide electrolyte device. The overpotentials critically control the
efficiency at which charge is transferred across material interfaces. We use the kinetic energy of the
photoelectrons to measure the local electrical potential across a device. Our results are the first direct
(i.e., unambiguous) measurements of overpotentials, which we performed in two systems using zirconia
electrolytes, one with Ni and Pt electrodes and the other with ceria electrodes. Results from both these
systems have been submitted to peer-reviewed journals.

2. We were able to quantify the relationship between ceria oxidation state and electrochemical activity. We
found that the electrochemically active region was delineated by the region where the ceria oxidation state
changes, which was a stripe about 100 microns wide. This effort is the first time that the size of the active
region has been measured in solid-oxide electrolyte systems.

3. We characterized the phases that form when Ni is electrochemically oxidized in the presence of hydrogen,
as occurs in a Ni-metal-hydride battery. This result shows that our approach of using in-situ diagnostics
can apply to batteries as well as fuel cells/electrolyzers.



Sandia National Laboratories 2010 LDRD Annual Report 144

4. We drafted a manuscript that describes our design and operation of our custom electrochemical platen.
This device provides robust electrical contracts using spring-loaded probes and has the ability to heat the
devices, all while providing good optical access for diagnostics.

5. We have designed, fabricated, and tested new hardware that will allow characterization of electrochemistry
in situ with separate gas environments at the anode and cathode.

Significance

This work is directly relevant to DOE’s mission to provide the science and technology to power the US without
contributing to climate change. This project is developing new ways to characterize the electrochemical
technologies that will be increasingly relied upon to achieve energy security by efficiently storing and
converting energy. This project also supports Sandia’s goal of having a substantial program in electrical energy
storage and conversion to support our mission space in energy security. The improved basic understanding,
including predictive modeling tools developed by intimately coupled external collaborators will ultimately
accelerate technology development of energy storage and conversion systems based on fuel cells, electrolyzers,
and batteries. In addition to benefiting the scientific and industrial communities, this work will lay a science
foundation for broader programs in electrochemistry.

Refereed Communications

F.E. Gabaly, M.E. Grass, A.H. McDaniel, R.L. Farrow, M.A. Linne, Z. Hussain, H. Bluhm, Z. Liu, and K.F.
McCarty, “Measuring Individual Overpotentials in an Operating Solid Oxide Electrochemical Cell,” Physical
Chemistry Chemical Physics, vol. 12, pp. 12138-12145, 2010.

J.A. Whaley, A.H. McDaniel, F.E. Gabaly, R.L. Farrow, M.E. Grass, Z. Hussain, Z. Liu, M.A. Linne, H. Bluhm,
and K.F. McCarty, “Fixture for Characterizing Electrochemical Devices In-Operando in Traditional Vacuum
Systems,” Review of Scientific Instruments, vol. 81, p. 086104, August 2010.

C. Zhang, M.E. Grass, A.H. McDaniel, S.C. DeCaluwe, F.E. Gabaly, Z. Liu, K.F. McCarty, R.L. Farrow,
M.A. Linne, Z. Hussain, G.S. Jackson, H. Bluhm, and B.W. Eichhorn, “Measuring Fundamental Properties
in Operating Solid Oxide Electrochemical Cells by Using In Situ X-ray Photoelectron Spectroscopy,” Nature
Materials, vol. 9, pp. 944-949, September 2010.
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Calculations of Charge Carrier Mobility and Development of
a New Class of Radiation Sensors for Real-Time 3D Source

Location

141512

Year 1 of 3

Principal Investigator: M. S. Derzon

Project Purpose

For national security reasons, there is a critical need to rapidly identify and locate ionizing radiation sources
with a high degree of accuracy. For this project, we propose the manufacture of detectors of the same scale

as traditional detectors but divided into a large number of micro-sized voxels (volume pixels with sizes of
50-700 microns). We estimate that such detectors with associated electronics and analysis software will

greatly decrease the time to detect, identify, and locate a radioactive source compared with traditional radiation
detectors. This benefit arises because each voxel gathers independent geometrical and timing information as

if it were a single detector. Software tools will enable the assembly of the geometric information. The timing
information will benefit from the fact that each voxel is very small. Furthermore, this timing will be determined
by the most mobile carrier. For example, this would be the electron in Si or GaAs. The slowly extracted current
from the slower carrier will contribute less and less as the voxel size is reduced because the likelihood of
another radiation event in a particular voxel becomes unlikely. Because both Compton and photoelectric events
contribute to the useful signal, the convergence in angle can be very rapid. These devices will not require
external apertures (which reduce signal strength) and the whole cross-sectional area contributes to the sensitivity
(unlike traditional Compton cameras which have a central spectrometer and external coincidence sensors).
These devices are also expected to operate at room temperature and low power. Preliminary calculations
indicate that the concept is worth pursuing.

Summary of Accomplishments

The bulk of this year’s effort has gone into either modeling or enabling performance of next year’s experiments.
Regarding the modeling, we developed a framework using the continuous slowing down approximation for

the statistical spread of initial angles from photon collisions in Xe. This model is averaged over an artificial
resolution or pixel size in order to represent our detector options. This provided a continuous distribution look
at how the energy is distributed in angle. Subsequently, we utilized the Integrated TIGER Series Code to obtain
distributions of energy along a Cartesian grid of pixels. This demonstrated that only the early part of any track
has directional information. The late part of the track may contain features of a Bragg peak and hence allow
determination of the start versus end of a track. We are now working to identify the patterns created and the
relationship between initial pixel-intensity patterns and incident angle. Subsequent to this, the patterns will be
related to the statistical distributions to determine direction. We have also been developing a model for transient
current and timing at the electrodes. On the experimental side, we have substantially completed the assembly of
the high-pressure sell and gas supply to begin the Xe experiments. They are expected to begin the first week of
the fiscal year. The electronics initiated last year is due out of the silicon fabrication facility on September 17,
and testing will begin as soon as it is available.

Significance

We believe that when fully developed, these proposed concepts will dramatically improve the ability of the
DOE, NNSA, DHS and DoD to meet the nation’s radiological and nuclear detection needs. We believe by
bringing together the breadth of Sandia’s science, technology, and engineering capabilities to address this
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critical national security need illustrates Sandia’s role as a leader in transformational research for the nation. Our
concepts offer numerous benefits over current detection technology for our missions associated with defense,
counterproliferation and weapons of mass destruction detection.
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Chirality-Controlled Growth of Single-Walled Carbon

Nanotubes

141513

Year I of 3

Principal Investigator: S. M. Dirk

Project Purpose

Single wall carbon nanotubes (SWNT) may be the most promising material to achieving game-changing
impacts for future nanosystems and computing in the next decade. Much of the excitement surrounding
SWNTs is their ability to be either semiconducting or ballistic conductors based on their individual crystalline
structure, or chirality. SWNTs consist of a single rolled sheet of graphene; rolling along different lattice vector
lines produces SWNTs with differing chirality and diameter, each with its own unique electrical properties.

All known synthesis methods produce SWNTs in mixtures of semiconducting and conducting types. Typical
chemical vapor deposition (CVD) processes, such as the Rice University high pressure carbon monoxide
method, simultaneously produce 80 different SWNT chiralities, where two-thirds are semiconducting, each with
a different bandgap. Great efforts have been made to produce SWNT batches that are primarily semiconducting
with narrow chirality distributions, most using post-growth chemical separation techniques including the use
of sequence-dependent DNA assembly or cosurfactant extractions. Note that these methods do not address how
SWNTs of a given chirality will be placed onto a microchip, such that even a successful chemical isolation of a
given SWNT chirality will be difficult to implement in next-generation nanoelectronics.

This project seeks to develop a method to grow SWNTs with a given chirality (or bandgap) directly onto Si
substrates, exactly where they are needed, using a process that is ultimately compatible with microelectronics
processing. No further chiral sorting will be required, nor the development of complex nanoscale placement
methods for device fabrication.

Summary of Accomplishments

In order to accomplish the controlled chiral growth, work needed to be completed on a number of areas
including, template growth, catalyst placement within the templates (or underneath), nanotube growth, and
nanotube characterization.

Work on templates focused on the synthesis of several types of zeolites including MFI (Mordenite Framework
Inverted, 0.55 nm pores) and AFI (aluminophosphate-five, 0.73 nm pores). Growth chemistry enabled
formation of the preferred pore orientation and controlled zeolite thickness. Synthesized thin layers of MFI
were subjected to typical catalyst pre-treatment conditions used in SWNT growth including 600 °C in the
presence of a reducing atmosphere. In most cases, the MFI/Si1 wafers were unchanged chemically.

Work on catalyst development and placement focused on the development of two approaches. The first process
includes depositing the catalyst layer (using thermally degradable metal oxalate complexes) prior to zeolite
formation and then depositing the zeolite atop this catalyst layer. The second process, involved electrochemical
reduction of a metal salt within a zeolite template from the catalyst after the template had already been grown
atop the noncatalytic substrate. Both of these methods have been used to deposit catalyst prior to or after zeolite
deposition.

A milestone for FY 2010 included the demonstration of SWNT growth between 400 °C and 600 °C. Scanning
electron microscopy and high-resolution transmission electron microscopy images showed high densities of
SWNTs grown at temperatures as low as 530 °C with our current CVD methods. Growth at lower temperatures
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was sporadic and efforts will continue to optimize growth at lower temperatures via appropriate catalyst
selection and catalyst diffusion barriers.

We have developed a standard Raman procedure to assess the growth of SWNTs in the challenging
environments needed to control chirality. Using this procedure, we have demonstrated the capability to decipher
between the underlying zeolite film, multiwall, and SWNTs.

Significance

Sandia is currently engaged in researching next-generation microelectronics, energy production technologies,
defense applications, and intelligence applications. Singled walled carbon nanotubes offer unique properties
that if taken advantage will enable more efficient energy collection systems, faster microelectronics, and smaller
sensors. This research will provide Sandia with a game-changing core technology that will benefit DOE, NNSA,
DoD and other national security agencies.

Several key accomplishments have been realized during FY 2010, including demonstration of carbon nanotube
(CNT) growth at temperatures as low as 530 °C. CNTs growth can be incorporated directly into the silicon
fabrication facility, if the growth temperature is sufficiently decreased, enabling the fabrication of very small
vias and novel CNT transistors. Furthermore, we have demonstrated the ability to characterize the CNTs that
are “grown in house” at Sandia. In addition we have acquired the support (and use of equipment) of an expert in
SWNT characterization at Los Alamos National Laboratory, which will aid in eventual transition of the growth
techniques to a fabrication setting.

Control of zeolite growth and catalyst deposition techniques are also being developed that will enable the fine
control of the diameter and thus the chirality and bandgap of the final SWNTs, which will enable the large-scale
production of smaller, faster transistors and improved materials for chemo-selective sensors.

Refereed Communications
M.P. Siegal, D.L. Overmyer, P.P. Provencio, and D.R. Tallant, “Linear Behavior of Carbon Nanotube Diameters
with Growth Temperature,” Journal of Physical Chemistry C, vol. 114, pp. 14864-14867, August 2010.
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Development of Electron NanoProbe Technique for Structural

Analysis of Nanoparticles and Amorphous Thin Films
141514

Year I of 3

Principal Investigator: P. Lu

Project Purpose

We propose to develop two electron nanoprobe based techniques in transmission electron microscopy (TEM) to
determine pair distribution functions (PDFs) for structural analysis of nanoparticles and amorphous thin films. The
PDFs that describe the local, bonding structure such as neighbor distances and coordination number are essential
for structural analysis of the nanomaterials. Our first approach uses the electron nano-scattering pattern (NSP) to
extract local bonding structures, i.e., PDFs. Our second approach uses the electron scattering equivalent of extended
x-ray absorption fine structure, namely electron extended energy loss fine structure (EXELFS). This approach is
complementary to the NSP-based PDF in that EXELFS measures interatomic distances for a given scattering atom.
The electron based techniques offer the key advantage of higher spatial resolution (<1 nm) and have not been realized
for two key reasons: 1) lack of signal to noise and 2) strong dynamic scattering in electron-specimen interaction that
complicates analysis far beyond what is required for x-ray and neutron-based scattering.

We propose two main technical approaches to address these issues: 1) collecting spectrum image (SI) datasets

for NSP and EXELFS in the scanning tunneling electron microscope (STEM) and using multivariate statistical
analysis (MVSA) techniques for pre-processing datasets, and 2) molecular modeling of structural models

coupled with iterative refinement of the structural models by comparing the calculated and experimental

patterns. Furthermore, we will take the novel approach of automating collection and analysis to spatially map the
bonding structure. The newly developed techniques will be applied to study fundamental materials phenomena
such as crystal-amorphous transformation in nanoparticle oxides, and phase segregation and interactions in
semiconducting polymers. The success of this project will provide use capability to characterize structure of
nanoscale and amorphous materials at very high spatial resolution (<1 nm), not available by other techniques. The
research is highly risky and of a fundamental nature.

Summary of Accomplishments

Our accomplishments include the following: 1) we have established the necessary theory and written computer
programs to perform PDF analysis based on electron scattering patterns; 2) we have performed molecular
dynamics structural modeling on Au and ZnO nanoparticles (NPs), and the results of the Au NPs have been used
to confirm the PDF analysis and to understand new physical phenomena; 3) we have established the necessary
experimental conditions for STEM NSP SI data collection, developed the scheme for MVSA analysis of the SI
dataset, and demonstrated structural recognition and mapping capability based on the NSP-SI technique. The
success of project has led to two publications (either submitted or in the process of submission). We have firm
confidence that we are on track for meeting all milestones for the project.

Significance

The project will develop two electron-based PDF techniques for structural analysis of NPs and amorphous thin
films. The success of this project will provide an ability to characterize the structure of nanoscale and amorphous
materials and will impact DOE critical missions, contributing to key national efforts such as energy transport,
and homeland security and defense. Research projects in NPs and amorphous thin films are closely related to
applications in renewable energy sources, energy storage, and alternative fuel technologies. In addition, these
techniques could be applied to identification and understanding of thin film corrosion products that are of critical
importance to NNSA missions.
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Dynamically and Continuously Tunable Infrared Photodetector

Using Carbon Nanotubes
141515

Year I of 3

Principal Investigator: F. Léonard

Project Purpose

Infrared photodetectors play a key role across Sandia mission areas being used, for example, in space-based
surveillance, thermal imaging, aerial surveillance, and nondestructive imaging of components. IR detectors

rely on pixel arrays, each pixel having a dimension in the ten to twenty micron range. Pixels are often made

of exotic semiconductors like Hg, Cd Te because the bandgap (and thus the sensitivity to different optical
wavelengths) can be controlled by varying the composition x. However, once a composition is chosen, this fixes
the sensitivity to a specific range of wavelengths leading to black-and-white detection. As everyday experience
with human vision shows, color detection improves discrimination significantly, and the same applies to IR
detectors. Thus one important need is dynamic multiwavelength detection in the IR.

Current technology achieves two-color detection at the pixel level using a triple-layer thin film approach, where
two films with different compositions contact a common electrode layer. Unfortunately, this does not provide an
obvious path for continuous multiwavelength detection. To address this issue, we propose to utilize the unique
properties of carbon nanotubes (CNTs) to demonstrate an infrared pixel with continuously and dynamically
tunable absorption. The concept relies on the fact that the bandgap of CNTs is sensitive to strain, with a

change of 100 meV per percent strain, as demonstrated experimentally and theoretically. By fabricating a CNT
nanoelectromechanical (NEM) device, we will control the strain applied to the CNTs and achieve tunability of
the optical absorption. Such CNT NEMs have been demonstrated with resonant frequencies of tens of MHz, and
can thus be rapidly tuned. Our experimental work will be coupled with theory and modeling of the photophysics
of strained CNT devices. Finally, we will test the radiation hardness of these devices.

Summary of Accomplishments

Because the envisioned nanotube NEMs devices rely on using a gate to bend the nanotubes, one question that
arises is how the charge induced on the nanotube by the gate will impact its electronic and optical properties. To
address this question, we developed a new many-body, ab initio approach to calculate the electronic and optical
properties of doped carbon nanotubes. We combined the GW (Green’s function—based) approach with the Bethe-
Salpeter equation and included dynamical screening effects due to plasmons. The results show that bandgap
renormalization due to doping is unusually strong in nanotubes. In addition, the exciton binding energy is also
strongly decreased. However, we found that the exciton excitation energy is relatively unchanged upon doping.

We have also used our ab initio many-body approach to calculate the electronic and optical properties of carbon
nanotubes under uniaxial strain. We found that the absorption wavelength can be tuned by several hundred
meVs due to strain. These calculations support the assertion that applying strain to carbon nanotubes allows
control over their electronic and optical properties.

We also began the radiation testing of carbon nanotube devices. We fabricated carbon nanotube field-effect
transistors on four different chips that were then subjected to gamma radiation at the Gamma Irradiation
Facility. Each of the samples was exposed to different doses of total radiation ranging between 100 krad and 10
Mrad. Most, if not all, of the devices that we measured maintained their transistor functionality.

We modified a variable temperature probe station in our laboratory to allow controlled optical illumination and
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electrical testing of nanophotonic devices, which will be used to probe the photodetection properties of the
nanotube devices.

Significance

Infrared photodetectors play a key role across DOE mission areas being used, for example, in space-based
surveillance for nonproliferation, thermal imaging for energy, and for stockpile stewardship. The proposed
work with carbon nanotubes will allow the development of IR detectors with new functionality that will impact
all of these areas. Because IR photodetectors are used in many science applications from the nanoscale to the
astrophysical scale, this work will also impact DOE’s science mission.

Refereed Communications
C. Spataru and F. Léonard, “Tunable Band Gaps and Excitons in Doped Semiconducting Carbon Nanotubes
Made Possible by Acoustic Plasmons,” Physical Review Letters, vol. 104, p. 177402, April 2010.
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Efficient, High-Voltage, High-Impedance GaN/AlGaN Power
FET and Diode Switches

141517
Year I of 3
Principal Investigator: A. G. Baca

Project Purpose

High-voltage solid-state power conversion technology is a key enabler for increasing the penetration of
renewable energy electricity sources through the ability to enable a wide variety of power conversion needs:
high-voltage DC transmission, DC/AC, AC/DC, or DC/DC conversion for transmission or distribution.
Conventional solid-state power conversion either operates at insufficient voltage levels or, as in light-triggered
thyristors, is costly; it also lacks sufficient ruggedness and efficiency to be widely deployed. Conventional bulk
drift devices (e.g. Si thyristor) are sufficiently mature that theoretical and practical limits to breakdown, based
on the minimum controllable doping level, have not significantly changed in 30 years. We propose to study

and improve the lateral GaN/AlGaN transistor because its conductive properties arise from charge polarization
effects without intentional doping, and therefore, may have a considerably higher breakdown limit. The goal

is to achieve breakdown beyond 20 kV. Such a goal does not lend itself to an engineering solution because the
wide variety of device structures and material combinations that must be fabricated and tested at high voltages
is uneconomical. Rather, a science-based approach is indicated; studying and understanding the effects of
device design and material combinations on leakage currents that limit breakdown at <5 kV (wafer probe limit),
in order to build a model that scales beyond 20 kV. The main technical challenges include understanding the
factors limiting the breakdown field in these lateral devices, understanding the role of material/geometry/voltage
on leakage, peak electric fields, the role of surface passivation, etc.

A science-based approach dictates that innovative solutions depend on which factors are found to limit
breakdown. We have planned for novel controlled-ambient passivation (metal organic chemical vapor
deposition [MOCVD] SiN or AIN, for surface leakage limiting), multiple field-plate electrode design (peak
electric field limiting), and structural back confinement approaches (buffer leakage limiting).

Summary of Accomplishments

We have completed the milestone “quantify efficiency benefits.” Calculation and simulation, of the GaN/
AlGaN transistor was used to compare to the main alternatives, Si and SiC. Losses can be grouped in three main
categories: on-state, off-state, and switching losses. Off-state losses are theoretically zero. On-state losses derive
from the relation of on-resistance vs. voltage. The calculation for Si, SiC, and GaN/AlGaN showed that GaN/
AlGaN offers the best solution if performance at its material limits can be reached, confirming one premise of
this research project.

Towards the second part of that milestone, evaluating switching losses, a boost converter circuit was chosen as
a simple but representative circuit. Model parameters for a 20 kV transistor were estimated from scaling a much
smaller device. Simulations indicate that 98% efficiency can be achieved at 250 kHz.

We have also completed a second milestone, “Ist MOCVD/AlGaN, by 3/31/2010.” We designed and purchased
a mask set with more than 40 types of transistor geometries and test structures and initiated a first growth
campaign to establish a baseline MOCVD growth with particular emphasis on the choice of substrate and
nucleation layer. From a fully fabricated device, equality metrics of on/off current ratio greater than seven
orders of magnitude and a breakdown voltage greater than 350 V were achieved for a transistor with 10
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micron separation between the source and drain. These results position us well to continue with the rest of the
experimental work necessary to succeed in this project.

Significance

Energy independence is a DOE mission and national security issue. As our nation develops alternative energy
sources, a smarter and more efficient electric grid is needed to connect to distributed energy sources and to
manage and balance the resulting loads efficiently and with robust security built into the system design, and
high-voltage solid-state power conversion technology is a key enabler in this regard. Sandia has a mission to
assess and provide technology solutions for enabling and securing a future electric grid that meets these needs.
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Electrodeposition of Scalable Nanostructured Thermoelectric
Devices with High Efficiency

141518
Year I of 3
Principal Investigator: P. A. Sharma

Project Purpose

The purpose of this project is to use electrochemical and electroless chemistry routes for the scalable synthesis
of nanostructured thermoelectrics (TEs). Nanostructured TEs have much greater efficiency than traditional bulk
materials, but their limited dimensions and costly vapor-phase fabrication routes make them useless for most
applications. Liquid-phase chemistry is inexpensive and rapid, often achieving deposition rates of microns

per minute, while stoichiometry and microstructure can be reliably varied at the atomic scale under different
experimental conditions. TE-based power generators or refrigerators would have numerous commercial and
military applications if bulk high-efficiency nanostructured thermoelectric materials could be synthesized.

We will use both electroless and electrochemical liquid-phase chemistry to synthesize TE materials based on
Bi,Te, with an eye towards scaling materials to bulk dimensions. We focus on two promising nanostructured
geometries: 1) superlattices of Bi,Te, and Sb,Te, and 2) Bi,Te, and Sb, Te, nanoparticles. We will demonstrate
control over stoichiometry and microstructure using these synthesis methods. We will also explore the
structure-property relations in electrodeposits and electroless nanoparticle synthesis. Experiments are coupled
with theoretical modeling of materials. At the end of this project, we plan to develop a nanostructured TE device
prototype at the millimeter scale.

Summary of Accomplishments

Our primary goal in FY 2010 was to establish electrodeposition and other liquid phase chemistry methods
for the synthesis of TE materials based on Bi,Te,. For our electrodeposition activity, we have synthesized
stoichiometric, homogenous films of Bi, Te,, Sb,Te,, and (B1,Sb),Te, alloys and examined their microstructure
using transmission electron microscopy. The grain size and stoichiometry of electrodeposits could be tuned
using different complexing agents and pulsed plating conditions. This accomplishment has allowed us to
identify routes towards the scalable synthesis of superlattices and has yielded materials that will be useful
for controlled transport experiments. We have also successfully achieved the high-yield (>100 mg) chemical
precipitation of Bi, Te,and Sb,Te, submicron particles using electroless liquid phase chemistry. Temperature,
solvents, and surfactant molecules affected the size, morphology, and stoichiometry of the particles. We have
also identified promising ways of consolidating particles into bulk forms for measurements/devices.

Another goal of this project is to understand the mechanisms for TE performance improvements in
nanostructured geometries. Therefore, we performed measurements and theoretical calculations for Bi,Te,
materials with superlattice structures. Bi, Te, can incorporate large amounts of excess Bi in a bulk alloy by
forming Bi, bilayers interleaved with Bi,Te structural units. Using density functional theory (DFT) and
transport measurements, we have shown that these materials are semimetals with unusual Fermi surfaces.
Under hydrostatic pressure, we found that the electronic properties support superconductivity at liquid helium
temperatures, possibly due to topological changes in the Fermi surface, as predicted from ab initio DFT
calculations.

Significance
TE devices have a wide range of applications in long-lived power sources, harvesting of waste heat, and
compact, cryogen/gas-free refrigeration, which also cuts across many of Sandia’s mission areas. In these areas,
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more efficient TE devices have been a long sought-after goal. The poor efficiency of existing TE devices limits
their use to niche applications. For example, while TE devices are invaluable as power sources for deep space
missions, they are not a viable alternative to conventional gas-phase refrigeration due to poor efficiency, despite
being emission-free and extremely compact. Nanostructured TE materials offer great promise in this sense due
to enhanced efficiency, but cannot be produced economically at the appropriate device length scales. Our results
point to ways of scaling up nanostructured materials for use in bulk devices. Bulk nanostructured TE devices
with much higher efficiency could, for example, be competitive with gas-phase refrigeration or enhance the
conversion of automobile waste heat into useful electricity.
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Greater than 50%-Efficient Photovoltaic Solar Cells
141519

Year 1 of 3

Principal Investigator: G. N. Nielson

Project Purpose

We propose a new approach for photovoltaic (PV) cells that will allow solar power conversion efficiencies in
excess of 50%. Commercially available PV cells are from 6%—-28% efficient at best. Even “hero” cells tested
in carefully controlled environments have only achieved 40.8%, less than half the theoretical maximum.
Monolithically grown multijunction PV cells have a number of difficult constraints that limit efficiency,
including lattice matched material requirements resulting in non-optimum bandgap choices and inefficiencies
in converting time-varying solar spectra from series connected cells. To achieve a multijunction cell with
efficiencies greater than 50%, we will stack individually grown and individually connected junctions. This
will avoid degradation due to crystal imperfections from lattice mismatch, reduce series resistance losses by
contacting the junctions individually, allow targeting ideal bandgaps for maximum efficiency, and eliminate
current matching so the cell stack can operate well in any solar spectrum.

The key challenges in this project will be the development of materials for junctions of the proper bandgaps, the
development of cells (i.e., p-n junctions, passivation, metallization, release, etc.), the heterogeneous integration
of materials that typically have not been combined previously, and developing microconcentrators. The first
prototype structure will be a three junction cell of Si, GaAs, and InGaP. Next, we will develop a four-junction
cell comprised of InGaAs, Si, GaAs, and InGaP. To the four-junction cell we will later add a fifth junction out
of InGaN. In parallel, we will also look at InGaN-GaN nanowire architectures that can absorb the entire solar
spectrum. All aspects of this project provide significant advances to PV technology and semiconductor material
growth and development.

Summary of Accomplishments

We have made significant progress toward our goals. The materials and cell development efforts are on schedule
or ahead of schedule. We have demonstrated key packaging elements required for the stacked PV cell structure.
We have designed, fabricated, and tested the first prototype microlens concentrator/tracking system. Finally,

we have also modeled key aspects of the interconnection scheme for optimized efficiency from the individual
junctions.

The material development is progressing well. We have demonstrated a fully relaxed, 1-micron-thick, 21%
indium composition InGaN layer grown on a porous GaN layer. This is the first demonstration of a InGaN
layer of this indium composition at this thickness. We have taken advantage of InGaAs thermophotovoltaic
cells at Sandia that provide very high performance at 0.6 eV. This allows us to eliminate the development of
a Ge cell. The device structure and contacting scheme will need to be modified but this puts the project much
further along than it would otherwise be. The Si and GaAs work has also progressed. We have demonstrated
backside contacted GaAs cells that are 11% efficient and are only 3.6 microns thick. We will need to improve
the efficiency but this is a significant step forward.

We have demonstrated the ability to create plated indium bumps on aluminum for the packaging of the cells.
This will allow us to create the complicated multi-level package required for the stacked cell structure. We
have designed and fabricated the first microlens system prototype allowing concentration of 49% and in-plane
tracking of up to 20 degrees in both axes.
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Finally, we have created a system model that has given interesting preliminary designs; allowing optimized
performance of the stacked cell structure, such as improve shading performance and fault tolerance.

Significance

This project develops a new PV cell with the potential to exceed 50% efficiency. This would provide a higher
amount of output power per area than any previous PV technology. This revolutionary energy source is useful
for reducing size and weight of satellites, enabling remote military operations by reducing the need for batteries
and/or fuel, and providing a pathway toward cost reductions for solar power for the nation’s electric grid; all key
missions of DOE.

Refereed Communications

J.J. Wierer, Jr., A.J. Fischer, and D.D. Koleske, “The Impact of Piezoelectric Polarization and Nonradiative
Recombination on the Performance of (0001) Face GaN/InGaN Photovoltaic Devices,” Applied Physics Letters,
vol. 96, pp. 051107-1-3, February 2010.

V.P. Gupta, J.L. Cruz-Campa, M. Okandan, and G.N. Nielson, “Microsystems Enabled Photovoltaics: A Path to
the Widespread Harnessing of Solar Energy,” Future Photovoltaics, vol. 1, p. online, May 2010.
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Microfabricated Nitrogen-Phosphorus Detector: Chemically

Mediated Thermionic Emission
141520

Year 1 of 3

Principal Investigator: R. J. Simonson

Project Purpose

This project seeks to elucidate the mechanism of selective ionization of heteroatomic species at thermionic
emitter surfaces, and use that knowledge to develop a novel chemical detector microsystem. In spite of the long
history (~ 30 yrs) of Nitrogen-Phosphorous Detectors (NPDs), the details of this chemically mediated emission
phenomenon are currently not understood. While the N- and P-sensitivity of such devices for detection can
exceed that for other hydrocarbons by 10,000, the NPD signal current ultimately depends on the transfer of
electrons across the surface potential barrier of the thermionic cathode (emitter). As military and homeland
security needs drive requirements for smaller and more powerful detection technologies, operational problems
including limited source lifetime and high power consumption become increasingly severe. This necessitates the
development of a new micro-NPD. Such devices will improve selectivity, speed, sensitivity, and portability of
detectors of explosives, toxic industrial chemicals, and chemical warfare agents.

Two reaction mechanisms have been proposed in the literature to account for the chemically selective ionization
observed in NPDs: 1) gas-phase ionization models or 2) surface-mediated electron emission. The latter
mechanism is considered more likely based on observations from the literature. In order to both investigate the
proposed surface-mediated ionization mechanism and to improve performance of microfabricated NPDs, our
team is conducting a systematic study of novel candidate thermionic emission materials. Candidate materials
include sol-gel deposited alkali-doped high-porosity silicate films, as well as mixed oxide films based on
electron device cathode materials. Our approach engages a multidisciplinary team to develop several unique
NPD aspects, including direct measurement of surface variations in work function of novel materials by
scanning probe methods, systematic correlation of novel cathode material composition and microstructure
with both work function and NPD performance, and the design and testing of novel microfabricated cathode
structures for micro-NPD applications.

Summary of Accomplishments

In the first year of this project, our team has synthesized and characterized novel barium alkoxide precursors
for emitter cathode film formation. Also, we have demonstrated selective ionization using doped silicon micro-
reactor devices as thermal substrates for Cs-doped silicate emitter films. We are now modifying our apparatus
to allow quantitative measurements of ionization sensitivity and selectivity. These substrates have survived
extended operation at 600-950 °C temperatures in air, demonstrating the viability of our microfabrication
approach. However, we have also observed unexpected biphasic film segregation of the silicate-based emitter
materials across this temperature range. This unexpected phase segregation could lead to significant variation
in emission current density across the films. We are investigating these phases by electron microscopy, x-ray
diffraction, and x-ray fluorescence analysis while continuing our efforts to modify solid-state emitter film
chemistries as well as substrate surface composition. In addition, we have procured a scanning Kelvin probe
instrument to directly measure spatial variations of emitter film work function vs. structure and composition,
in order to supplement diode emission current measurements of the global work function of our candidate
emitter films. Our initial milestone of modifying a scanning probe microscope station for high-temperature local
work function measurements has been deferred due to difficulties in temperature control. We will return to this
approach once the temperature control issues and global work function measurements have been resolved.
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Significance

To date in this project, we have successfully demonstrated selective detection of a phosphorus-containing
organic compound (dimethyl methyl phosphonate, a chemical warfare agent simulant) with high signal to

noise at parts per million concentrations. This detection was carried out using a doped-silicon microfabricated
device that is operable in air at temperatures exceeding 750 °C. This thermal robustness is a key milestone in
the development of a successful detector microsystem. Our team has also synthesized and characterized new
classes of soluble barium and cesium aryloxide thin film precursors for patterned deposition of thermionic
emitter films on the microfabricated device structures. These results provide progress toward our goal of
developing a robust, low-power, sensitive, and chemically selective sensor technology. Sandia is a leading
developer of microscale chemical detection technologies for defense, homeland security, and intelligence
missions. Several agencies (Defense Threat Reduction Agency, intelligence agencies) have expressed interest in
fieldable NPD microsystems, but the presently available knowledge of selective emission/ionization materials is
insufficient for successful device scaling. Success in this project will enable new devices to meet not only DoD
but homeland security chemical monitoring requirements.
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Nanoporous Polymer Thin-Films from Tri-Block Copolymers
141521

Year 1 of 3

Principal Investigator: J. G. Cordaro

Project Purpose

Ultrafiltration devices can be fabricated from nanoporous polymer membranes, and the performance of such
devices is directly related to the surface chemistry and pore size of the polymer. The goal of this project is to
make nanoporous membranes, with discrete pore sizes and selectivity, from triblock-polymers, containing a
functionalized middle block. By tuning all these properties, we aim to develop a flexible platform from which to
create new membranes.

Our approach has been to use self-consistent field theory (SCFT) calculations to determine the block sizes of
copolymers so that phase-separation at the nanoscale occurs in the bulk polymer. Through an optimization
calculation, have predicted the optimal length of a poly(styrene-b-ethylene oxide) polymer, or PS-b-PEO, that
will phase separate into a bi-continuous gyroidal morphology. Three exemplary polymers were synthesized
and thick films (>300 nm) were annealed and then probed by scanning electron microscopy (SEM). The SEM
images reveal that phase separation does indeed occur to give a gyroidal morphology as predicted by SCFT
calculations. Etching the PEO block using an oxygen plasma gave higher contrast in the SEM images and
further supported the formation of a bi-continuous morphology in the bulk. Our experimental results confirming
the SCFT calculations are significant because they prove that a predictive approach to controlling polymer
morphology at the nanoscale can be accomplished. We will continue to employ SCFT calculations to guide the
synthesis of new block polymers, especially tri-block polymers.

Summary of Accomplishments

Using numerical SCFT calculations, one can predict the stable nanoscale morphology into which a diblock
copolymer will self-assemble. However, as engineers, we seek the solution to a different (albeit related) problem:
for a given morphology, which diblock copolymer should one make? Using SCFT and the optimization package
in Sandia’s Dakota code, we can accomplish this goal. Dakota searches in parameter space for the optimal
parameters in which the free energy of the target morphology is farthest below the free energies of other
structures. We first applied our method to a diblock copolymer melt in which the entire phase diagram is known.
The Dakota package successfully found the optimal parameters which correspond to an intermediate temperature.
Next, we considered a diblock copolymer that more accurately models a PEO-b-PS diblock copolymer, a
molecule of interest for our membrane applications. Here, Dakota found the unexpected result that the gyroid-
structure 1s most stable at the lowest temperatures. The prevailing wisdom in polymer physics claimed that other
structures such as cylinders and lamellae should be more stable at comparable temperatures since these simple
structures allow for the best packing of polymers. However, we find this presumption to be inaccurate, and our
result has real implications for preparing a PEO-b-PS diblock to become a membrane.

We have begun characterizing films of PEO-b-PS with segment lengths predicted by our SCFT calculations.
Using SEM and in situ plasma etching, we have confirmed that the selected block polymers do indeed phase-
separate to the desired gyroidal morphology — as predicted by our calculations. This observation demonstrates
the predictive power of our optimization method.

Furthermore, we have made progress towards synthesizing macro-initiators so we can make triblock polymers.
Ultimately, we envision using SCFT theory to guide the synthesis of these complicated polymers so we can
obtain a double-gyroidal morphology.
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Significance
Our accomplishments for FY 2010 are the following.

1.
2.

We have integrated SCFT calculations into Dakota.

Using the optimization code, we have minimized the free-energy of the system to predict
thermodynamically favorable morphologies for bulk polymer melts.

Our calculations have predicted an unexpected result — that for a given block polymer, the gyroidal
morphology is more favorable than the cylindrical or lamellar morphology.

We have confirmed experimentally using SEM that the predicted morphology for a specified block
polymer in the bulk is observed.

Our results have the following impact:

1.
2.

Proven ability to use SCFT calculations to predict polymer morphology.
Reversed conventional wisdom regarding the stability of polymer morphology and temperature.

We envision our work to be integrated into many projects that seek to control materials properties at the
nanoscale. Specifically, we envision applying our SCFT calculations to guild polymer synthesis for use in
lithography, thin-film preparation, and polymer self-assembly, For the S&T community at large, it is extremely
beneficial to have a proven predictive method for designing synthetic polymers.
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Surface Engineering of Electrospun Fibers to Optimize lon and
Electron Transport in Li* Battery Cathodes

141522
Year 1 of 3
Principal Investigator: N. S. Bell

Project Purpose

The purpose of this research is to understand and find a solution to degradation of a Li ion battery cathode
material in order to improve lifetime cycling and reliability of batteries. We will fabricate cathode fiber
materials using the electrospinning process as a model system for energy storage cathode materials, and use this
system to investigate and mitigate interface processes that result in capacity or rate loss with cycling. The major
challenge for Li ion batteries requires a solution to several materials issues governing cost, safety, durability and
capacity.

This project will develop the understanding needed to form a stable, integrated surface layer that is optimized
for fast Li" and electron transport through surface engineering of electrospun cathodes. We are investigating
LiMn,O, spinel (LMO); a commonly researched cathode material. In practice, this material experiences several
degradation mechanisms ranging from capacity fading due to non-stoichiometric oxygen content, the Jahn-
Teller distortion phenomenon leading to changes in the oxidation state of the material and dissolution in the
electrolyte phase, and the formation of surface films by degradation of the electrolyte, and/or phase transitions
at the surface to form Mn, O,. This project is developing a core-shell fiber architecture using co-electrospinning,
where the shell layer will be optimized to permit rapid Li* transport, good electron conductivity, a stable
interface and no formation of the solid-electrolyte interphase (SEI) layer by electrolyte degradation. These shell
compositions will be focused on organic carbon layers primarily, with an inorganic layer of metal oxide as a
secondary research effort. The unique core-shell geometry enabled by co-electrospinning of nanoscale fibers
will allow independent control over the core cathode material as well as the outer shell, which in our design,
governs electron and ion transport and protects the core from degradation.

Summary of Accomplishments

We tested and developed sol-gel based chemistries for the formation of lithium manganese oxide spinel
(LMO) cathode materials using the electrospinning method. Conversion from nitrate, acetate, mixed acetate-
chloride, and chelated acetate polyacrylic acid (PAA) systems were studied. Low-temperature conversion and
reaction to form the desired inorganic phase and to combust the organic precursors were investigated using
x-ray diffraction and thermogravimetric analysis/ differential thermal analysis methods. We learned that high
temperature reaction in the mixed Mn-acetate-LiCl system was successful for forming electrospun fibers

at elevated temperatures on substrates of Au coated silicon wafers. Electrospinning testing is ongoing with
the chelated acetate PAA system. Co-electrospinning with a shell of the desired protecting material is being
evaluated for success with the higher loading of acetate-PAA.

To form a conformal shell, a shell material based on graphite oxide have both been successfully electrospun. A
carbon based surface coating will meet the requirements for a shell layer that increases electronic conductivity
and rapid Li" transport, and will be explored first. The process to form carbon fiber by electrospinning often
utilizes fiber drawing of polyacrylonitrile. We are investigating an alternative approach using dispersed
nanoflakes of graphite oxide, which are water soluble. We have developed compositions of these dispersed
nano-flakes with PVA and successfully electrospun fibers. A route using polyvinylalcohol (PVA) was
investigated. Laboratory testing was conducted to determine the correct molecular weight for fiber production,
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and determined that an 8 wt% solution of PVA (molecular weight 64—85 kD) would successfully produce
electrospun fiber mats. The graphite shell material survives calcination in air needed for incorporation with the
core material. These fibers retain their uniformity on calcination in air, and therefore represent a viable route to
the formation of carbon based shell materials.

Significance

Currently, Li ion battery performance is severely limited by several degradation mechanisms, including

slow Li" transport and loss of active cathode volume upon cycling, the uncontrolled formation of a SEI by
electrochemical degradation of the electrolyte, and cathode material degradation by phase conversion or
dissolution. This project is developing an understanding of the mechanisms for capacity loss during cycling
through fundamental mechanisms of degradation, and implementing a strategy to mitigate or eliminate

these capacity loss processes. Our ability to synthetically optimize the surface layer properties, in order to
achieve high charge/discharge rates, and persistence over thousands of cycles with limited degradation, would
represent a revolutionary breakthrough in battery technology. A significant advance in the area of electrode-
electrolyte interface stability would lead to benefits for the DOE science and energy mission areas regarding
the understanding of interfacial properties affecting material and device performance for electrical energy
storage and release. These advances would further impact development of components and designs applicable to
nuclear weapon and military force applications.
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Understanding the High Temperature Limit of THz Quantum
Cascade Lasers (QCLs) Through Inverse Quantum
Engineering (IQE)

141523
Year 1 of 3
Principal Investigator: M. Wanke

Project Purpose

This project hopes to answer the following question: “Is there a fundamental maximum operating temperature for THz
quantum cascade lasers?” The answer will have significant impact on determining what applications THz QCLs can
address. Although the maximum operation temperature increased rapidly after THz QCLs were first invented in 2001,
there has been very little improvement over the past few years and the maximum operation temperature achieved
(185 K) still requires cryocooling. The slow progress has led many to speculate that the maximum operation
temperature is fundamentally limited by the ratio of the photon energy to the thermal energy in the system (hv/kT >1).
While much data seemed to support this theory, recent results have significantly shattered the hypothesis and no good
theories have yet replaced it. Many studies have explored how different design parameters affect laser performance,
but with the existing techniques there has been limited direct connection between the studied parameters and the laser
physics. This use of indirect measurements has resulted in a lack of systematic understanding. We propose to use the
unique capabilities of our inverse-quantum-engineering (IQE) algorithm to systematically disentangle temperature-
dependent, performance-limiting physics from the many interdependent material parameters of THz QCLs. This
project’s goals focus on the elucidating device physics rather than on devising a specific application.

Summary of Accomplishments

In order to evaluate the capabilities of the IQE algorithm theoretically, we dramatically improved our predictive
simulation capabilities by replacing the standard QCL rate equation model with a fully microscopic quantum kinetic
theory. As a result, steady-state populations, stationary current, and gain spectra can be simulated without any
phenomenological parameters. We are applying the code to simulate device behavior, which provides trends that we can
correlate with experiment and compare between designs.

We have grown and tested many of these designs, and have demonstrated that our algorithm can produce new laser
designs at different frequencies starting only from a known laser design. The laser frequencies scale with the design
energies. In addition, we have observed that the maximum operation temperature does not follow a 1/kT trend, which is
one of the major questions we were hoping to address. So far this year, two papers from work on this project have been
accepted for publication.

Significance

Understanding the temperature limitations of THz QCLs will determine which national security applications THz QCLs
can address for DOE, NNSA, DHS and DoD, such as screening applications (package inspection, concealed weapon
detection), component inspection, and molecular identification applications (explosives detection and space-based
remote sensing). It will also provide Sandia with unique design and predictive simulation capabilities for THz QCLs
and other complex heterostructure devices.

The ability to compare devices that are nearly identical except for a well-defined specific change should allow the
scientific community to explore questions relating to the performance of the lasers in a more systematic manner than
previously. Also having such systematic samples should allow more complete comparisons between model results and
experimental results, so that predictive codes can be improved further.
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Refereed Communications

I. Waldmueller, M.C. Wanke, M. Lerttamrab, D.G. Allen, and W.W. Chow, “Inverse-Quantum-Engineering: A New
Methodology for Designing Quantum Cascade Lasers,” IEEE Journal of Quantum Electronics, vol. 46, pp. 1414-1420,
October 2010.

D.G. Allen, T.W. Hargett, J.L.Reno, and M.C. Wanke, “Optical Bistability From Domain Formation in Terahertz
Quantum Cascade Lasers,” to be published in the /EEE Journal of Selected Topics in Quantum Electronics.
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Novel Approaches to Artificial Photosynthesis Using

Biomorphic Cooperative Binary lonic Solids
147259

Year 1 of 1

Principal Investigator: J. A. Shelnutt

Project Purpose

Current US energy sources are not sustainable because they primarily exploit limited and insecure natural
resources and are causing unacceptable climatic and environmental damage. Solar energy is a clean and
renewable replacement source provided that sunlight can be efficiently harvested and converted into electrical
or chemical energy. It is widely expected that the advances in nanomaterials for light harvesting and energy
transduction can make solar energy a major component of our renewable energy production. In this regard,

we have discovered a new type of solid that can potentially provide the enabling solar nanomaterials required.
Cooperative Binary lonic (CBI) solids are self-assembled from large anionic and cationic organic molecules that
are organized in new ways that result in emergent properties. These CBI solids in the form of biomorphic nano-
and microstructures composed of highly versatile and functional porphyrin molecules can be directly applied to
light harvesting and to the conversion of the harvested light energy into electrical and chemical energy. Being
related to chlorophyll (biological light harvesting) and heme (biological electron transport, catalysis, sensing),
the synthetic porphyrin derivatives used in making these CBI materials perform these types of functions well.
In fact, the porphyrins used in the CBI nanomaterials have enhanced functionalities and stabilities not available
in biological counterparts. Most importantly, because of the new way the molecules are organized and interact
in these binary solids, we are able to demonstrate new functionalities that are tunable in functional type and
effectiveness. Emergent collective properties such as enhanced charge separation and exciton, electron, and
hole mobilities amplify their attractiveness for solar energy applications, including for organic solar cells and
solar fuel-producing technologies. We have synthesized and characterized the CBI nanomaterials to understand
their light-harvesting properties, molecular structure (using small-angle and single-crystal x-ray diffraction),
photoconductivity, and performance in artificial photosynthesis systems for producing hydrogen.

Summary of Accomplishments

The key research goals were to develop efficient light-harvesting systems, synthesize supramolecular assemblies
for efficient light-induced charge separation, and to couple artificial photosynthetic charge separation to
multielectron/proton transfer and catalysis to produce fuels. We have successfully completed the investigation
of ionically self-assembled nanostructures prepared from synthetic porphyrins and their nanocomposites

with metals to produce systems for solar fuels production. We pioneered the synthesis of new CBI nano- and
microscale structures, based on the ionic self-assembly of synthetic porphyrins, for use in solar technologies.
We designed and synthesized integrated composite nanodevices based on zinc and tin porphyrins, characterized
their light-harvesting and photocatalytic properties in metal reduction (self-metallization) reactions, showed
that they exhibit photoconductivity, and evaluated their ability to produce solar hydrogen from water. Although
these cutting-edge nanomaterials have only been developed by us during the last few years, they already

have been shown to simultaneously address multiple problems in the development of artificial photosynthesis
systems. For example, our studies of the Zn/Sn system have shown that the CBI nanomaterials can provide
efficient and stable artificial photosynthesis systems for hydrogen production. In addition, for the first time,

we have demonstrated hydrogen production using porphyrin CBI nanostructures without the aid of soluble
components such as an electron relay or light-energy receptor. Moreover, the use of an electron relay enhances
hydrogen generation lasting for at least 3 days of continuous operation at 1 sun without significant degradation
of the platinized CBI nanostructures as determined by scanning electron microscope images and UV-visible



Sandia National Laboratories 2010 LDRD Annual Report 167

spectra. The results demonstrate that the CBI nanomaterials have considerable potential for producing efficient
and durable artificial photosynthesis nanosystems that are capable of integrating processes of light-harvesting,
charge-separation, and catalytic activity at the nanoscale. Other combinations of metal porphyrins (e.g., zinc and
cobalt) raise the possibility of solar reduction of carbon dioxide.

Significance

The research ties to US and global strategies for developing a renewable energy infrastructure, and renewable
transportation fuels in particular. The development of a new type of ionic binary solid with potential uses in
light harvesting and utilization of solar energy responds to the national need for new solar energy technologies.
The research provides a better basic understanding of the critical photochemical and photophysical processes
involved in artificial photosynthesis. The CBI nanomaterials indirectly tie to DHS and national security
missions through potential use of these optoelectronic nanomaterials in sensors and small power source
technologies. Development of these new materials will also generally enhance nanoscience in the US.

Refereed Communications

K.E. Martin, Z. Wang, T. Busani, R.M. Garcia, Z. Chen, Y. Jiang, Y. Song, J.L. Jacobsen, T.T. Vu, N.E. Schore,
B.S. Swartzentruber, C.J. Medforth, and J.A. Shelnutt, “Donor-Acceptor Biomorphs from the Ionic Self-
Assembly of Porphyrins,” Journal of the American Chemical Society, vol. 132, pp. 8194-8201, May 2010.
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Characterization of Failure Modes in Deep UV and Deep
Green LEDs Utilizing Advanced Semiconductor

Localization Techniques
147374

Year 1 of 3

Principal Investigator: M. A. Miller

Project Purpose

The I1I-nitride material system has shown great success in light emission from deep ultraviolet (UV) to

deep green wavelengths. The nitride alloys of AIN, GaN, and InN possess tunable direct band gaps and have
the potential to cover the entire visible spectrum and well into the UV. In order to broaden the commercial
availability of I1I-nitride emitters, reliability, lifetimes, and low efficiencies of optoelectronic devices emitting
in the deep UV and green must be improved. Applications for UV emission wavelengths include water and air
purification, bioagent sensing, and optical communication at wavelengths where there is no solar background.
Light emitting diodes (LEDs) with wavelengths of ~240 nm are now available commercially and research
groups report wavelengths of 210 nm. Solid state lighting stands to benefit greatly from more-efficient deep
green LEDs with emission wavelengths longer than 530 nm.

Critical to the efficiency and performance of these nitride-based LEDs as well as the continued expansion

of available device wavelengths is the identification and fundamental insight into the failure modes of these
devices. We will use innovative Failure Analysis (FA) techniques, particularly Sandia-developed laser-

based integrated circuit techniques, to study degradation mechanisms over the lifetime of the optoelectronic
devices emitting in the deep UV (270-280 nm) and the deep green (530 nm or longer). There is a high risk
involved with determining the actual failure mechanism in materials with very high threading dislocation
densities(10°-10' cm™). Identification of degradation mechanisms and subsequent corrective actions to reduce
defects responsible for their degradation will lead to improvements in optical efficiency and increased lifetimes
in [II-nitride LED devices benefiting a host of applications from solid state lighting to bioagent detection.

Summary of Accomplishments

Several UV (~275 nm) and green (~530 nm) LEDs were characterized with thermally induced or light-induced
voltage alteration (TIVA or LIVA). Stimulating the UV LEDs with a 532 nm laser revealed electrically active
defects represented by dark signals in the -IVA map. In TIVA, a dark spot suggests a decrease in circuit
resistance, possibly achieved with a leakage path along a threading dislocation. A dark spot in LIVA indicates an
increase in current or a potential two-step electron-hole pair generation event involving a deep-level state. Only
0—4 defects were imaged per device, localized within the active region and along the mesa edge. Defects were
bias dependent, appearing at low currents (0.6—1pA) and were not present with zero applied bias or reverse bias.
Each defect in the active region matched a physical defect in that device. Fortunately, the TIVA/LIVA technique
could differentiate between electrically active defects and a high density of optically similar structures.

Electrically active defects were also imaged in the green LEDs as bright spots. As the 532-nm laser scanned
across these areas, either the resistance increased due to TIVA or the current decreased from electron-hole pair
recombination (LIVA), resulting in a positive spike in voltage. Unlike the UV LEDs, no signals were observed
at 1064 or 1340 nm, suggesting photocurrent recombination (LIVA). There were a significant number of defects
per device (3—10) and the LIVA intensity of the defects varied and was bias dependent. All spots reduced
intensity to where they were indistinguishable from background noise near 1-5 mA, well below typical device
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operation currents. Upon examination at higher magnification, none of the identified LIVA sites matched with
obvious surface defects. The behavior of the observed defects in the UV and green LEDs will be monitored as
the LEDs are aged at high temperatures and high currents to promote accelerated failure.

Significance

If successful, this work will isolate particular defects that lead to premature degradation and failure mechanisms
in green and UV LEDs. Subsequent processing modifications may be suggested to reduce the density of the
targeted defects, potentially leading to increased lifetime, increased efficiency, and a broader nitride-based
spectrum of available device wavelengths. Therefore, this may impact a wide variety of applications including
solid state lighting (DOE), bio-sensing (DHS), water and air purification (DOE and DHS), polymer curing, a
large number of medical applications, and various Nuclear Weapons and Defense Systems and Assessments
projects. Another potential benefit may be collaboration with in-house optoelectronic device development.
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Photoelectronic Characterization of Heterointerfaces
147942

Year 1 of 3

Principal Investigator: M. T. Brumbach

Project Purpose

The purpose of this project is to discover new interfacial phenomena at electronic material interfaces through the
development of sophisticated surface characterization and rational design of interfaces. Additionally, model surface
structures will be developed to capitalize on the surface sensitivity of X-ray and UV photoelectron spectroscopies (XPS
and UPS). Photoelectron spectroscopy will be used to map the alignment of the energy level structure at inorganic/
organic material interfaces. Energy band structures have been well characterized for inorganic semiconductors,
however, the translation of those techniques towards understanding complex, hybrid interfaces has been severely
lacking. These characterization procedures are complicated, difficult, and require instrumentation and capabilities
that are generally not accessible to many researchers. Consequently, results from this work will have a high impact
on emerging technologies for cheap, flexible electronics, where inorganic materials are being interfaced with organic
materials, typically conducting polymers. Despite the tremendous advances that have been made to develop these
devices, there remain large discrepancies and assumptions of their electronic structure. This work will require the
development of several photoelectron techniques which have not previously been utilized at Sandia, and will develop
UV-photoelectron spectroscopy as a new capability for Sandia.

Summary of Accomplishments

A number of different polymers and substrates have been evaluated to define the experimental parameters for
obtaining relevant XPS/UPS data. Polymers analyzed include poly(3-hexylthiophene), poly(ethylene dioxythiophene),
poly(aniline), and poly(thiophene). Electrode materials evaluated include gold, ZnO, and indium-tin-oxide (ITO).

A novel polymer was electrodeposited to give varying thicknesses on ITO, a typical transparent conducting oxide

for photovoltaics. The polymer, poly(tris(4-(thiophen-2-yl)phenyl)amine) (N3), is a potential photovoltaic absorber.
Through the study on N3 we determined that this polymer could not be purified from trace metals used in the synthesis.
These trace impurities were observed in XPS/UPS and significantly impacted the spectral interpretation. Also, we
determined that the rate of film growth via electrodeposition was not linearly dependent on the time of deposition.

An initial nucleation period is required followed by film growth. These observations have led to the use of physical
deposition of polymers via spin coating for sample preparation, since film thicknesses can be tightly controlled by
varying solution concentration and spin speed. however, since N3 appears to be a metallo-organic rather than a
conducting polymer, we did not pursue it further.

These investigations have allowed us to demonstrate UV UPS characterization of polymer/inorganic interfaces.

Significance

This work ties to DOE missions in science, energy security, and energy infrastructure by providing fundamental insight
on materials for hybrid devices with applications including solid-state lighting, photovoltaics, and batteries. This work
will provide important interfacial characterization studies and develop a new capability for Sandia while promoting
collaborations in the rational design of complex devices for energy conversion and storage.
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lon-Photon Quantum Interface: Entanglement Engineering
148549

Year I of 3

Principal Investigator: D. L. Moehring

Project Purpose

Distributed quantum information processing requires a reliable quantum memory and a faithful carrier of
quantum information. Trapped ion quantum bits (qubits) are the leading realization for quantum information
storage due largely to their very long coherence times and well-developed laser interaction techniques. Photonic
qubits, on the other hand, are the natural choice for the transport of quantum information as they can quickly
travel long distances with minimal decoherence. The capability to entangle photons with trapped ions in a
technologically relevant and scalable fashion would be a singular, game-changing achievement. We propose
here to leverage the active and successful development of microfabricated semiconductor ion traps at Sandia’s
Microsystems and Engineering Sciences Applications facility, and to integrate a micro-optical cavity. Compared
to current efforts in academic settings combining macro-sized ion traps and optical components, a microdevice
will result in the dramatically increased speed and fidelity of ion-trap based quantum networking protocols.
Indeed, integrating smaller components will directly allow for a stronger quantum coherent interface between a
single trapped ion and a single photon. If successful, this effort will result in a new quantum information science
and technology (QIST) capability for Sandia and will further its strategic objective of providing technologically
relevant engineering solutions for QIST implementation.

Summary of Accomplishments

A number of important steps have been taken to achieve timely experimental demonstrations of the milestones
of this project. The first of these is the design and layout of the ion-trap chip that will be fabricated for the
observation of increased light collection. Final modifications to this design have been completed and fabrication
will begin shortly. A second important step was the testing of a chamber within which the traps of interest will
be installed. To this end, a complete system was tested for ion trapping functionality using a trap chip similar

to the desired final products from this project. Finally, design has begun for the year-two milestone of creating
an integrated cavity system. Specific desired cavity parameters have been identified and necessary optics and
mounting structures have been designed and ordered.

Significance

This project will complement Intelligence Advanced Research Projects Activity ion trap quantum information
efforts by developing a foundation for quantum networking capabilities. This research would also benefit the
DOE missions in nuclear security, and science and technology discovery, as well as DHS missions.
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Active IR Materials for Beam Steering
148958

Year 1 of 1

Principal Investigator: E. A. Shaner

Project Purpose

The term “plasmonics” encompasses a large range of customizable optical structures based on charge
oscillations at a metal/dielectric interface or in a semiconductor. We propose to develop active plasmonic
structures where a voltage bias controls resonance frequencies in order to enable new functionality. In particular,
we will focus on mid-infrared beam steering devices that operate in the 3—12 micron wavelength range.

Using epilayers of varying doping densities, we have demonstrated that free-carrier dielectric tuning can create
resonance shifts of up to 1 micron in devices designed for 10-micron operation. In a steering device, we
estimate this would correspond to approximately 15 degrees of beam deflection. While this range is significant,
we need to pursue other low-loss tunable materials such as electro-optic ceramics, along with transistor style
free-carrier designs.

Summary of Accomplishments

Our primary work under this effort related to the implementation of hathium oxide as a gate dieletric on doped
GaAs. We evaluated films formed by atomic layer deposition (ALD), sputtering, and electron beam deposition.
We found the sputtered and electron beam deposited films to be highly defective without the use of a post-
growth anneal process. Hafnium oxide films deposited by ALD were not annealed, but were of much higher
initial quality than films grown using the other techniques.

We fabricated various mid-IR plasmonic and metamaterial structures on hafnium oxide devices and found
that the basic level of performance was not degraded. Attempts at depletion tuning of such devices were not
successful due to leakage issues that still remained in our large area structures.

We also investigated a commercial material known as OptiCeramic. While this material is noted to have less
tuning than can be achieved through carrier depletion, it is electro-optic in nature and has lower loss. Devices
were fabricated on this material and shown to have good performance. Slight shifting of plasmonic resonances
were observed, however, the material was destroyed through application of high voltage bias.

Significance

This work can lead to a class of infrared optical components with new or improved functionality over
mechanical solutions. Infrared beam steering would greatly benefit countermeasure applications. The mission
need for infrared sensing of biological and chemical materials has been elevated in importance. In this context,
plasmonic devices may play a role in reaching new levels of sensitivity or improved detection schemes.
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Red and Yellow Emitters Using Dilute-nitride (AlGa)(PN) Alloys
149208

Year 1 of 1

Principal Investigator: J. G. Cederberg

Project Purpose

Dilute-nitride compound semiconductors based on (AlGa)P have the potential to be a superior alternative to the
(AlGaln)P alloy system for light emitting diodes (LEDs) in the red and yellow wavelengths relevant to solid-state
lighting (SSL). We will investigate the performance of (AlGa)(PN) materials for LEDs at wavelengths from 615
to 575 nm to determine their viability compared to existing (AlGaln)P-based materials at these wavelengths. The
red wavelength (615 nm) represents an optimal constituent for red-green-blue (RGB) multichip color mixing

to produce white light emission, but is poorly rendered by (AlGaln)P-based LEDs. For any RGB color mixing
platform, reducing the peak wavelength of the red component will improve luminous efficacy (LES) at a given
color rendering index (CRI). Further improvements in LES can be obtained by incorporating yellow wavelengths
(575 nm) producing red-yellow-green-blue color mixing. (AlGa)(PN)-based alloys hold potential for improving
the efficiency of solid-state lighting, but they have not been investigated for this purpose.

To achieve these targets, we will first grow Ga(PN) films of varying nitrogen content by metal-organic chemical
vapor deposition (MOCVD). The addition of nitrogen to GaP converts it to a direct bandgap semiconductor,
capable of emitting light efficiently. We will use temperature-dependent photoluminescence to determine the
amount of nitrogen incorporated and the radiative efficiency of the material. Incorporating nitrogen into Ga(PN)
increases the emission wavelength above that needed to achieve the target wavelengths.

Summary of Accomplishments

We established a process to grow GaP films by MOCVD at relatively low processing temperatures (< 700 °C),
compatible with incorporating atomic concentrations of nitrogen from dimethylhydrazine. We prepared a series

of GaPN films with varying nitrogen contents. Simulation of x-ray diffraction lineshapes were used to determine
the film nitrogen composition. We discovered that most growth conditions produced samples that luminesce at
room temperature. The most intense emission was observed for samples with between 0.5 and 1 atomic percent
nitrogen. The spectrum of these samples was centered at 600 nm, a critical wavelength for LED color-mixing
approaches for SSL. Compositions outside these concentrations resulted in lower brightness and produced
broadened spectra. We discovered that the growth conditions have a strong impact on the apparent bandgaps, as
well as the internal quantum efficiency. Photoluminescence measurements identified a defect-related radiative band
centered at 700 nm that competes with the band-to-band radiative transition at low excitation power densities. At
higher excitation, the defect-related photoluminescence saturates, and the band-to-band transition dominates. Early
samples exhibited internal quantum efficiencies below 0.1%. Improvements in the growth conditions allowed

us to demonstrate 1% internal quantum efficiency for GaPN. We believe that modifications to the structure can
increase this above 10%. Comparison of the low-temperature luminescence intensities from both samples supports
the argument that nonradiative recombination dominates the net recombination rate at elevated temperatures. Our
temperature dependent luminescence data suggests that the peak emission wavelength shift at elevated temperature
is less than half the shift associated with AIGalnP up to 125 °C. The internal quantum efficiency declines rapidly

at elevated temperatures, and is projected to decline further at 125 °C. The band offset of GaPN to GaP is over 150
meV, favorable for reducing thermal leakage that dominates AlIGalnP LEDs at elevated temperatures.

Significance
The energy challenges faced by the world in the coming century are recognized by national leadership as one
of the most pressing missions. Once it is widely adopted, solid-state lighting (SSL) will reduce US electricity
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consumption by 10%, saving ~$25B/year, and reduce the need for generating capacity by 50 GW. Improving
the quality of SSL directly improves its acceptance by the public. This impacts the efficient energy consumption
that DOE is responsible for advocating and implementing. In addition, the availability of lighting technology

to developing countries can provide more productive time in a day, could improve safety, and has the potential
to improve the general quality of life. This would reduce the apparent wealth gap between the developed and
developing world, and increase geopolitical stability.

Our demonstration of a short-red semiconductor emitter at 600 nm provides an alternative route to color mixing
approaches. The alternatives would be to use inferior AlGalnP LEDs or use phosphor approaches with the inherit
inefficiencies due to Stokes losses associated with photon pumping. While 1% internal quantum efficiency is low
compared with other LED materials, this material is still immature and a path to higher quantum efficiencies can
be identified from this work. Improvements in nonradiative recombination should be possible by investigating
thermal annealing. Modifications to the structure can further minimize nonradiative losses. Although our work is
still at a very early stage, we believe that 20 to 30% quantum efficiency can be obtained from GaPN.
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A Simple and Rapid Method for Detecting Contamination by

Engineered Nanoparticles
149381

Year 1 of 1

Principal Investigator: G. Bachand

Project Purpose

The increasing volume of literature concerning the detrimental health effects of engineered nanoparticles (e.g.,
asbestos-like carcinoma) has resulted in a significant push toward understanding the environmental health and
safety risks posed by these materials. Current work at Sandia, as well as at numerous other sites, has focused on
understanding the acute toxicity posed by engineered nanoparticles. These studies involve exposure to relatively
high concentrations of nanoparticles that can produce an acute response. However, there is a greater likelihood
that workers will be exposed to low doses of nanoparticles over time (i.e., chronic exposure), similar to the case
for beryllium and asbestos. In this respect, the occupational exposure of workers to engineered nanoparticles

is very difficult, if not impossible to monitor based on the lack of detection technologies that are quick, easy-
to-use, and cheap. The goal of the proposed work is to develop a simple and rapid methodology for detecting
nanoparticle contamination in a laboratory environment that will leverage diagnostic approaches such as the
home pregnancy test. The basic model system will be analogous to wipe tests for radioactive materials that are
routinely used in laboratories, but also will also include selectivity and signal amplification elements common to
immunological assays. The purpose of this project was to demonstrate key foundational technologies necessary
for this technical approach. Specifically, the objectives were to demonstrate selective binding of synthetic
peptides to target nanomaterials, and develop and characterize signal amplification methods to rapidly and
sensitively detect peptide binding.

Summary of Accomplishments

The project was divided into two major technical objectives: 1) demonstrate selective binding of synthetic
peptides to target nanomaterials and 2) develop and characterize signal amplification methods to rapidly and
sensitively detect peptide binding. With respect to the first objective, we demonstrated binding of a number of
synthetic peptides to gold (Au), silver (Ag), and silicon dioxide (SiO,) surfaces. Peptide variants were produced
in-house as well as commercially in order to evaluate key parameters such as linker length and composition, as
well as linker position. Peptides with AHX (aminohexanoic) and PEG12 (polyethylene glycol) were placed on
either the carboxylic acid or amine terminus of the peptides. While binding selectivity was lower than expected,
we learned that the selectivity can be influenced by the number of peptide repeats, as well as the location and
length of the peptide linker. In addition, surface blocking prior to enzyme detection was identified as a key
aspect to the selectivity. High background signals were obtained when the surfaces were not properly passivated
to prevent non-selective enzyme binding during the detection stage. With respect to objective 2, we developed a
rapid means of assaying the binding of peptide binding to surfaces. Specifically, we functionalized the peptides
with a molecular handle consisting of biotin, which is specifically recognized by the protein streptavidin.
Enzymatic conjugates consisting of streptavidin and horseradish peroxidase were used as a mean of detecting
peptide binding through substrate catalysis and spectroscopic measurement of changes in the substrate’s
absorbance. Overall, the implementation of the enzyme system enables significant signal amplification, and a
simple means of assaying peptide binding.
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Significance

The proposed work will provide a novel system for detecting/monitoring acute and chronic occupation exposure
for workers to engineered nanoparticles. This area is being increasingly supported through various agencies
such as the National Institutes of Health (NIH). This system may also be applied to homeland/military situations
for detecting acute exposure. Agencies such as the Defense Threat Reduction Agency are already considering
the possibility of nanoparticle weapons, and may also represent a potential future sponsor. The short-term

goal of this project was to demonstrate key enabling technologies for the proposed approach, as a basis for
developing a strong, more comprehensive follow-on project.
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Chemical Strategies for Die/Wafer Submicron Alignment
and Bonding

149402
Year 1 of 1
Principal Investigator: L. E. Rohwer

Project Purpose

This project explores chemical strategies that will enable submicron alignment accuracy of dies and wafers by
exploiting the interfacial energies of chemical ligands. We have micropatterned commensurate features, such as
2D arrays of micron-sized gold lines on the die to be bonded. Each gold line is functionalized with alkanethiol
ligands before the die are brought into contact. The ligand interfacial energy is minimized when the lines on the
die are brought into registration, due to favorable interactions between the complementary ligand tails. After
registration is achieved, standard bonding techniques are used to create precision permanent bonds. We have
computed the alignment forces and torque between two surfaces patterned with arrays of fine lines or square
pads to illustrate how best to maximize the tendency to align. We also discuss complex, aperiodic patterns

such as rectilinear pad assemblies, concentric circles, and spirals that point the way towards extremely precise
alignment.

Summary of Accomplishments

This project demonstrated a new alignment concept that enables submicron alignment of micropatterned features
on die and wafers with those on other die and wafers. This is a significant improvement over the alignment
accuracy of ~2-5 microns that is currently achievable with the highest precision alignment equipment.

We patterned gold line arrays (25 microns wide, 50 microns pitch) on Pyrex to test our alignment concept. The
gold was coated with a self-assembled monolayer (SAM) of dodecanethiol. When two commensurate surfaces

were brought into contact, the favorable interactions between complementary ligand tails were shown to have a
self-aligning effect, causing the lines to come into registration.

The results we obtained from our experiments with simple, periodic gold line patterns point the way towards more
complex patterns. Using mathematical modeling, we found that an array of lines with a sinusoidal modulation in
their spacing could greatly reduce the need for precision placement, while still retaining the high registration force
given by simple periodic lines. Other promising patterns were identified, such as concentric rings and spirals.

The concept demonstrated in this project points the way toward a practical process that may be applied at
Sandia. The patterns might be placed at opposing edges of die to be aligned. Once they are brought into
alignment, the features on the die can be permanently bonded using standard methods. We developed a low-
temperature gold-gold bonding method. We found that dodecanethiol SAM-coated gold features bond at
150—185 °C and have shear strengths that meet Mil-Std-883F (DoD microelectronics standard) requirements.

Significance

The results of this project revealed new patterns for alignment and a practical process for microsystems integration
at Sandia. Submicron alignment enables the integration of devices with ever-smaller feature sizes and increasing
interconnect densities. If implemented, the submicron alignment and bonding techniques we demonstrated could
enable more complex device functionalities that benefit DOE’s national security mission. These advances include
2D tiling to produce larger focal plane arrays for remote sensing, and 3D stacking of devices having a high density
of interconnects and a small form factor, for high-speed signal transmission.
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Microchannel Sampling for Climate Change Monitoring
149403

Year 1 of 1

Principal Investigator: R. P. Manginell

Project Purpose

Ubiquitous, accurate, and inexpensive measurement of atmospheric constituents for the purposes of monitoring
greenhouse gas (GHG) emissions presents a technology challenge where the application of microsystems
could be advantageous. In situ atmospheric sampling schemes as a function of altitude rely on large, flask-
based systems that must be flown over the target area either in a small plane (for targeted measurements) or a
commercial airliner (for normal flight paths). Such deployment methods are not able to deliver the density and
widespread coverage that is desired for climate monitoring at an acceptable cost. Weather balloons or small
unmanned aerial vehicles (UAVSs) offer significantly lower deployment costs, but their cargo weight limitations
preclude the use of the bulky flask systems needed for the full suite of high-sensitivity measurements, and

thus such deployments typically produce only rudimentary data. Our ultimate goal is to develop micro-
analytical instrumentation that could be deployed in this fashion and produce the full suite of high-sensitivity
measurements needed. In this project we propose to tackle the underlying materials and surface science
challenges that must be solved to develop a low-cost, low dead volume, inert microvalve suitable for GHG
measurements. Success in this endeavor would enable the eventual development of a novel, phase-change valve
required for a miniaturized GHG sampling system suitable for balloon or small UAV deployment.

Summary of Accomplishments

This project demonstrated the feasibility of creating, 1) low-cost, small-volume sampling chambers and

2) low-cost, low-power hermetic valves to seal the chambers once a sample is collected in them. The sample
chamber fabrication was based on inexpensive circuit board, brazing and machining techniques in chemically
inert alumina ceramics. Two embodiments of the sampler chamber were investigated. The first explored batch
fabrication of a 16-element array of chambers by layering of laser-machined ceramic sheets. These layers were
stacked upon one another with intervening laser-machined braze layers and sandwiched between two capping
layers. The top capping layer had a laser-machined sample inlet in each element of the array. Electrical valve-
actuation heaters were patterned on the top layer. Microcracks in the braze in the first sealing attempt prevented
hermeticity, but the technological maturity of the brazing system provides confidence that further optimization
will yield hermeticity. The second embodiment consisted of individual sample chambers created from
commercially available hollow alumina tubes with one end presealed. This design was attractive as only one
braze joint to a capping layer was required. We demonstrated creation of nine samplers simultaneously with
assembly fixturing. The capping layer contained the sample inlet hole and resistive valve actuation heaters.
Mil-spec hermeticity (helium leak rate below 1x10°* atm-cm?®/sec) was demonstrated.

The novel micro-valve design, based on phase-change in a low-melting-point metal alloy, could be actuated as
low as 72 °C. For this process, we created an approximately hemispherical alloy dome with a sample entrance
hole, aligned to the sample chamber hole. The entrance hole was closed by reflowing the alloy, sealing off the
chamber entrance. Manufacturing was based on standard thick and thin-film processes and solder technologies
used commonly in industry, offering promise for low-cost, high-volume fabrication. We demonstrated mil spec
hermeticity, and achieved a high-degree of repeatability, even after valve aging.

Significance
This work is pertinent to the science and technology of atmospheric sampling, but also to a host of defense,
homeland security, industrial, commercial and residential chemical detection scenarios. This project addresses
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specific goals within the Sandia mission space by laying groundwork for new microsystems technology that
could contribute to the basic scientific and technological understanding of climate and climate change. For
national security applications, the same technology can also be used to take samples for the detection of
chemical and explosive threats at high-value facilities and for border protection. In addition, climate change

is increasingly being recognized as a national security issue. A 2 °C change in global average temperature will
have a dire impact on US naval bases due to rising sea levels. Much more daunting is the potentially increased
demand on the armed forces as the world’s population is displaced due to changing environmental conditions,
food shortages, and fresh water shortages. Additionally, the economic costs of transitioning to a “green”
economy will provide motive for future climate treaties to mandate the measurement of GHG emissions,

from their signatories, in order to verify compliance. The required density of atmospheric data acquisition to
determine treaty compliance and provide basic scientific understanding of climate change demands the low
cost, small size/weight/power and high performance of microsensor systems. This project directly addressed
the sampling component of such a microsensor system and should provide a differentiating role for Sandia

in climate monitoring. In particular, this project demonstrated a means of creating low-cost, small-volume
sampling chambers and attendant low-cost, low-power hermetic valves to collect gas samples. The small size
of a sampling system built with this technology could also allow integration of microfluidics and microsampling
technologies with UAVs and other miniaturized platforms.

From an engineering and materials standpoint this project provided a more thorough understanding of the
sealing and wetting behavior of metal materials within microdevices. This research has laid the groundwork

for future studies of such behavior and should continue to reveal mechanisms useful for the engineering of a
wide variety of microfluidic and gas handling structures and devices. To date, the use of metal-alloys within
microdevices has been very limited. This project has contributed greatly to the use of metal-alloys as functional
elements of microsystems.
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Ultrathin Coatings of Nanoporous Materials as Property

Enhancements for Advanced Functional Materials
149405

Year 1 of 1

Principal Investigator: E. Coker

Project Purpose

Nanoporous materials such as zeolites, templated silicas, and metal-organic framework materials are well
known for their gas and liquid sorptive, catalytic, molecular sieving, ion exchange properties, etc. In a

few cases, layers of such materials have been applied, for example, as sensor platforms or gas separation
membranes; these layers are typically of thickness from several hundred nanometers up to several microns. At
such thicknesses, the rate of diffusion of molecular, ionic, and atomic species through the layers is restricted by
the path length for diffusion. For many potential applications, vast improvements in the response of a device
(e.g., sensor, separation membrane, etc.) could be realized if the thickness of the porous layer were reduced to
the range of tens of nanometers. For such applications, adsorption capacity is not important; rather the control
of molecular (atomic, ionic) access through the pore opening defines the response or efficiency of the device.
However, a basic understanding of how to synthesize or fabricate such ultrathin layers is lacking.

One concern with state-of-the-art, thick, nanoporous layers is their limited resiliency. For example, they

have low resistance to mechanical deformation due to their rigidity, and thermally induced degradation due

to mismatch of expansion coefficients between layer and substrate. With ultrathin layers, the substrate-layer
interface becomes strong relative to the intralayer cohesion forces, allowing the layer to flex and be resilient

to deformation and thermal shock. An additional ramification of the availability of such thin layers is the
possibility of generating asymmetric, or chiral, coatings through intentional deformation of the substrate during
or after layer growth. This will enable a new family of sensor and separations devices.

Summary of Accomplishments

In this project, we demonstrated that the degree of orientation of crystallites within thin layers of zeolite grown
on silicon wafers was sensitive to the solution chemistry and temperature used during the growth process.

We synthesized a number of highly ordered, thin layers of zeolite MFI (Mordenite Framework Inverted), as
shown by x-ray diffraction, however electron microscopy revealed that surface topology was quite rough, and

a number of twinned crystals were present in the layers. The growth conditions were modified in order to
improve layer fidelity, with limited success. We discovered a novel route to the growth of thin layers, and are
preparing an invention disclosure. Depending on the conditions used, layers were comprised of crystallites with
either random orientation, or preferred orientation.

Significance

The capabilities developed at the successful conclusion of this work have potential to impact several areas,
including homeland security (enhanced, fast responding sensors), DOE Energy Efficiency and Renewable
Energy (advanced catalytic and separations devices), and microelectronics/ microelectromechanical system
thrust areas (thermal management on-chip).
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Diamond Nanowire Modeling and Synthesis
149559

Year 1 of 1

Principal Investigator: A. M. Morales

Project Purpose

The properties of bulk diamond such as its wide bandgap, negative electron affinity, chemical and biological
inertness, radiation hardness, and high thermal conductivity make it a promising material for applications in
electronics, chemical/biological detection, and radiation monitoring. However, the realization of devices based
on bulk diamond has been hampered by the inability to efficiently dope bulk diamond. Based on recent work
in similar nanowire systems, it is possible that the mechanical and electronic properties of a one-dimensional
diamond nanowire may be quite different than the properties of doped bulk diamond and may allow for more-
efficient doping. In this project, we propose to develop modeling tools to predict the effects of doping on the
electronic properties of diamond nanowires, and to develop methods to fabricate doped diamond nanowires.
By exploiting our ability to selectively dope these diamond nanowires, it may be possible to tune the electronic
properties within these single-crystal structures. This project is complemented by theoretical modeling in order
to both understand and verify experimental measurements on these unique one-dimensional nanostructures.

Summary of Accomplishments

In this project, we explored modeling methods that may allow us to predict the effects of size on the electronic
properties of diamond nanowires, developed a novel method to fabricate diamond nanowire devices with ohmic
metal contacts, and measured transport properties of polycrystalline and single crystal diamond nanowire
transistors. Modeling shows that a direct bandgap may develop in very small nanowire devices. Transport
measurements on the diamond nanowire devices indicate that the devices display semiconductor behavior when
current is injected across an ohmic Pt-diamond interface and that a Schottky barrier develops when the current
is injected across a tungsten oxide-diamond interface.

Significance

Nuclear weapons, homeland security, and broader DoD and national security missions will benefit from the
advanced electronics and sensing devices that can eventually be made based on diamond nanowires. In this
project, we have made progress at modeling, fabricating, and characterizing such devices.
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Switching Dynamics of a MEMS Controlled Thyristor
149573

Year 1 of 1

Principal Investigator: C. Nordquist

Project Purpose

Future smart grid concepts and integration of renewable power generation require power electronics that

are more flexible and more efficient than existing technology. Power metal oxide semiconductor field effect
transistors and metal oxide semiconductor (MOS)-controlled thyristors are useful switches within their voltage
and current ratings, but MOS control is infeasible for the highest voltages and currents. Alternative thyristor
topologies require either AC current to reverse the anode voltage or a large reverse gate current to turn off the
device, limiting their usefulness and efficiency.

A microelectromechanical system (MEMS)-controlled thyristor using a MEMS switch for gate control will
offer a high impedance drive port for shutting off the thyristor, allowing simpler logic control of power devices.
Compared to MOS-controlled thyristors, MEMS-controlled thyristors should have improved current handling,
lower on-state losses, higher noise immunity, and higher radiation hardness. This, in turn, will improve the
efficiency and opportunities for power electronic devices in future smart grid applications. In addition to
allowing higher power, MEMS would remove the MOS susceptibility to radiation and could be integrated with
a number of material systems, including Si and wide bandgap materials.

In this project, we investigated the potential and limitations of the MEMS controlled thyristor. It is a new
concept, and this project investigated some of the fundamental behaviors of this type of device. The knowledge
gained during this project will define the MEMS and thyristor device requirements and help identify the
essential experiments for realizing the MEMS controlled thyristor.

Summary of Accomplishments

We have investigated the feasibility of using MEMS switches to control semiconductor thyristors. The MEMS
switch controls the thyristor by providing a shunt path to ground for the regenerative gate current, turning off
the thyristor. To demonstrate the concept, we simulated the switching dynamics of a MEMS controlled thyristor
circuit, verified the role of the shunt resistance by performing measurements of on-wafer GaAs thyristors,
assembled a chip-and-wire demonstration circuit, and performed DC and transient characterization of the
MEMS/thyristor circuit.

From the simulation and modeling effort, we learned that the placement of the MEMS switch, the value of

any pull-up resistor, and the triggering current of the thyristor determine the demands placed upon the MEMS
switch and the switching speed of the thyristor. The simulation and modeling effort also verified that the MEMS
switching environment is relatively benign, with hot switching of less than 2 V required under normal operation.
We experimentally verified that a closed MEMS switch can be used to prevent turn-on of the thyristor by
shunting the gate current to the cathode. In the closed state, the switch limits the gate junction voltage to less
than 0.3 V, preventing the forward bias and turn-on of the thyristor. In the open state, a pull-up resistor is used
to supply gate current and trigger the thyristor, in which case the forward-biased gate-cathode junction limits the
voltage across the MEMS switch to 1.4 V, creating a relatively benign hot switching environment.
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Significance

This revolution in power electronics for high-voltage, high-current applications has the potential to enable DOE
strategic goals in energy security and infrastructure. Additionally, this component technology can also enable
electric vehicles, all-electric aircraft, and other platforms. Also, the approach can be applied to materials without
a suitable gate oxide, and eliminating the charge sensitive oxide layer may allow for radiation hard devices.

This project has identified the feasibility of this concept, providing opportunity for follow-on work in the
context of power electronics for smart grids. Specific focus areas include realizing thyristors with low trigger
currents to reduce the demand on the MEMS switch, monolithic integration of the MEMS switch with the
thyristor, and assessing the lifetime of the MEMS switch in the MEMS-thyristor application.
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Tailored Control of Bismuth Telluride-Based Thermoelectric

Nanowires

149579

Year 1 of 1

Principal Investigator: D. L. Medlin

Project Purpose

Thermoelectric devices have important applications in solid-state energy conversion for both cooling and power
generation. This technology is presently limited because of the poor energy conversion efficiencies of existing
thermoelectric materials. High thermoelectric performance requires achieving a high thermopower, a, and
balancing the competing requirements of high electrical conductivity, ¢, and low thermal conductivity, k. A
useful parameter that characterizes the energy conversion efficiency of a material is the so-called thermoelectric
figure-of-merit, ZT. One approach to improving this efficiency is to draw on nanoscale effects to improve the
electronic and thermal transport properties. For instance, theory predicts large enhancements to thermoelectric
performance for materials in nanowire geometries. Yet, despite these predictions, the performance of existing
nanowire thermoelectric materials is poor, with the best-reported ZTs achieving only a small fraction of the
values for conventional, bulk materials. Based on a detailed literature survey, we believe that the underlying
problem is poor materials quality in thermoelectric nanowires. In particular, composition, compositional
uniformity, and crystalline structure have been too poorly controlled to achieve suitable transport properties.
This problem is challenging because of the complex chemistries and crystallography typical of thermoelectric
compounds. Our goals for this project are to establish a capability for thermoelectric nanowire growth, to
achieve control of material composition and structure, and to test the sensitivity of thermoelectric nanowire
performance to material quality. This work will establish a key new capability for state-of-the-art synthesis

and analysis of thermoelectric nanowires and lead to fundamental new scientific knowledge. Demonstrating
improvements in nanowire performance would, in itself, generate broad scientific interest by showing a pathway
to eventually realizing the benefits predicted for nanowire geometries.

Summary of Accomplishments

Under this project, we have focused on establishing a capability for growing Bi, Te,-based nanowires of well-
controlled composition and crystallinity. In our initial work, we developed appropriate electrodeposition
procedures to produce the correct phase and composition. This is a significant challenge, since compositional
control is critical to materials properties, and is particularly difficult since the materials we are considering are
ternary alloys. Specifically, we concentrated on obtaining material of composition Bi,(Te, ,,Se, ), composition
since this is the optimal composition for bulk, n-type Bi,Te, materials. We thus put significant effort into first
growing blanket films and optimizing the electrodeposition chemistries and growth conditions to allow control
of the composition and uniformity. Having obtained the correct compositions, we have now begun growing
nanowires using these conditions as a starting point, and tuning the conditions to ensure correct compositions
in the more challenging environment of a nanowire pore. Our initial results are showing a uniform growth
front, which is a key to eventual realization of the necessary dimensional control to allow for high quality
thermoelectric nanowires. In parallel with our synthesis effort, we have further refined our nanowire
characterization methods using TEM and atom probe tomography to allow quantitative composition and
structural measurements to further optimize the growth processes.

Significance

Advancing thermoelectric materials performance will enable new technologies for cooling and power
generation that are relevant to the national security missions of DOE and other agencies, including DoD.
Potential applications include new solutions for long-lived power sources for remote, unattended operations as
well as advanced cooling technologies for improved detector operations.
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First-Principles Predictions of Electronic Properties in

Functionalized Graphene Nanoribbons
149657

Year 1 of 1

Principal Investigator: B. M. Wong

Project Purpose

Graphene nanoribbons are promising organic semiconductors for thin-film transistors, displays, and
photovoltaics due to their high electron mobilities and ease in chemical modification. Smaller nanoribbons
such as pentacene have already found use in organic field-effect transistors, organic light-emitting diodes,

and organic photovoltaics. While these materials have been the subject of intense research within the last five
years, a fundamental lack in their rational design has prevented scientists from exploiting their full potential in
devices. For example, although medium-sized nanoribbons possess extremely high charge-carrier mobilities,
these nanostructures are susceptible to photodegradation. Larger nanoribbons are inherently more interesting
due to their smaller bandgaps, but they can rapidly oxidize in air, a characteristic which limits their routine
use in optoelectronic and other electronic applications. The larger nanoribbons also have open-shell, di-radical
ground states and can have an uncontrolled reactivity. In principle, one can chemically functionalize the
nanoribbon edges to stabilize the nanostructure; however, an unguided experimental approach to explore this
vast parameter space would be extremely costly and inefficient. To address these complex issues, we will use
predictive computational methods and chemical intuition to search for functional groups that enhance stability
and electron transport. Using novel density functional theory (DFT) methods, we can carry out a substituent-
effect study to determine the factors that simultaneously prevent photooxidation while maintaining the low
bandgap of the original parent nanoribbon. Predictive computational screening of candidate functionalized
nanoribbons will allow a guided, rational approach to harness the unique electronic properties in realizable
nanoelectronic devices.

Summary of Accomplishments

The optoelectronic and excitonic properties in a series of linear acenes were investigated using range-separated
methods within time-dependent DFT. In these highly-conjugated systems, we found that the range-separated
formalism provides a substantially improved description of excitation energies compared to conventional hybrid
functionals, which surprisingly fail for the various low-lying valence transitions. Moreover, we found that even
if the percentage of Hartree-Fock exchange in conventional hybrids is re-optimized to match wavefunction-
based coupled-cluster doubles benchmark calculations, they still yield serious errors in excitation energy
trends. Based on an analysis of electron-hole transition density matrices, we also showed that conventional
hybrid functionals overdelocalize excitons and underestimate quasiparticle energy gaps in the acene systems.
The results of the present study emphasize the importance of a range-separated and asymptotically-correct
contribution of exchange in time-dependent DFT for investigating optoelectronic and excitonic properties, even
for these simple valence excitations.

Significance

A major upcoming frontier of significant interest to DOE’s science strategic goals is the topic of efficient
energy conversion. In particular, DOE’s nanoscience initiative, as realized by the Center for Integrated
Nanotechnologies at Sandia, has a direct interest in novel, nanoscience-based approaches for controlled
electronic transport. The work proposed here is also relevant to Sandia’s interest in post-Moore’s Law
capabilities, where carbon nanostructures provide advantages over existing computer circuitries.
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Quantifying the Debonding of Inclusions Through Tomography

and Computational Homology
149658

Year 1 of 1

Principal Investigator: A. Mota

Project Purpose

Most metals and alloys contain a certain amount of arbitrarily distributed cavities or voids, with their growth
and finally coalescence being the basic failure mechanism in ductile fracture. It is widely believed that the
creation or nucleation of voids generally occurs at the interfaces between inclusions (residual particles from the
manufacturing process) and the alloy as the material is subjected to loads which lead to stress concentrations at
these interfaces.

We propose the use of synchrotron-radiation computed tomography (SRCT) data to determine the conditions
and mechanisms that lead to void nucleation in rolled alloys. Data obtained from SRCT consist of grayscale

2D images that show attenuation to soft x-rays (5—60 keV, 0.248-0.021 nm). This attenuation can be correlated
to the mass density of the material, with bright areas being zones of higher density (inclusions) than dark areas
(voids). These images are processed further to obtain full 3D representations that reveal the internal structure of
the material.

The Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL) has provided SRCT data
of two samples of 7075-T7351 aluminum plate (widely used for aerospace applications) stretched to failure,
loaded in directions perpendicular and parallel to the rolling direction, respectively. The resolution of SRCT
data is 900 nm, which allows elucidation of the mechanisms governing void growth and coalescence.

This resolution is not fine enough, however, for nucleation. In collaboration with the University of California,
Berkeley, we have submitted a proposal to the ALS to conduct an extensive set of experiments that will provide
sufficient data to determine the kinetics of growth and coalescence. We propose the use of statistics and image
processing techniques to obtain sub-resolution scale information from these data, and thus determine where in
the sample and when during the loading program nucleation occurs and the mechanisms that lead to it.

Summary of Accomplishments

The Octopus software used for the reconstruction of the tomography data was the only one available to us.
It is very fast, being able to perform a reconstruction of a 5 GB to 25 GB data set from 20 minutes to 1 hour.
The accuracy of the reconstruction may be good for qualitative analysis, but, as our results show, it proves
inadequate for quantitative analysis.

Nevertheless, we believe that the tools developed for quantitative and statistical analysis of tomographic data
are robust and sound, and we plan to use them in the context of more-accurate reconstructions.

Alternate, more-accurate reconstruction methods exist, although they are more computationally expensive.
Unfortunately, there was no time available for research and implementation of alternate reconstructions
schemes. We hope to pursue the use of other, more powerful reconstruction methods as a follow-on effort to this
project.
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Significance

The fundamental nature of the investigating debonding in structural aluminum alloys benefits Nanoscience

to Microsystems, Defense Systems and Assessments, Energy, Resources and Nonproliferation,and Nuclear
Weapons mission technologies. The computational tools developed in this project will also foster collaboration
with the DoD. The ALS is one of the premier microtomography facilities in the US. The increased interaction
with ALS and LBNL that has resulted from this project (and will continue) strengthens our laboratory and DOE
research efforts.
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A Novel Method of CO, Capture and Conversion
149938

Year 1 of 1

Principal Investigator: R. Kemp

Project Purpose

The conversion of CO, into useful chemicals and fuels is a topic of worldwide interest as the need to mitigate
global warming becomes more urgent. In a current project, Sandia has a major research thrust in reducing
CO, levels by using high-temperature, solar furnace methods. Reduction of CO, at lower temperatures, ideally
ambient temperature, would be a major scientific breakthrough and assembling a catalytic process for this
transformation would be a technological game-changer for CO, fixation. Therefore, emphasis on a single,
high-temperature approach from Sandia is not adequate to ensure success in this arena of CO, activation.
Additionally, Sandia projects are examining the capture and chemical sequestration of CO, via a number of
routes, primarily using heterogeneous or polymeric supports.

In this project we wish to combine aspects of these Sandia interests by developing a novel approach to capturing
CO,. The overall concept is based on a generalized type of metal- CO, “adduct” that we have discovered and
characterized very recently at Sandia and the University of New Mexico. It is known from the literature that
direct electrochemical reduction of CO, is disfavored largely due to the energy required to “bend” the linear
CO, molecule after addition of electrons. Our proposed approach should overcome the primary barrier of
efficiently reducing CO, electrochemically — that of the energy requirement to “bend” CO, after addition

of these electrons — by forming coordination adducts of CO, that “pre-bend” CO, using electroactive metal
catalysts. Moreover, the metals used in our suggested experiments are inexpensive and readily available, and
the CO, -adduct formation reaction takes place at room temperature. This project, if successful, will position
Sandia as a leader in nonsolar reduction chemistry of CO, .

Summary of Accomplishments

Our results have yielded many intriguing findings to those working in energy-related research. While

our results are preliminary, they show promise for future development. As importantly, these results also
demonstrate some technical issues that must be overcome in order to develop this subject more fully. We have
prepared two examples of CO, -adducts of main group metals. One of these complexes has CO, bound to Zn
while the other complex shows similar binding of CO, to Sn. In both these cases, the CO, moiety is bent to
about 130° from linearity. We have shown the use of novel ligands based on the -N(PR2)(R') fragment. We
have also demonstrated that the CO, complexed to these main group metals can be desorbed by either slight
heating, or by allowing the adduct complex to remain at room temperature for several hours. We have subjected
the Sn complex of adducted CO, to cyclic voltammetry in non-aqueous solvent to examine whether our initial
hypothesis of easier reduction of CO, using bent adducts was correct. Unfortunately, the electrochemical results
were ambiguous due to the fragility of the ligand group. These complexes, in part due to the delicate N(PR2)
(R") ligands attached, are not stable to water or protic solvents, which can be detrimental to the electrochemical
experiments. In order to combat this issue, we designed and prepared a number of other related ligands that

are expected to be more stable to other reagents. We have prepared new ligands based on bis(dialkyl)- or
bis(diarylphosphino)propan-2-ol, bis(quinolin-8-olato), (2,6-bis(dimethylamino), and bis(benzotriazole-
methoxide), and have prepared main group metal complexes from them. However, CO, reactions of these
complexes have as yet produced only insertion products rather than the desired CO, -adducts. Ligand
modifications are ongoing.
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Significance

There are many important technical points already developed during this brief project that can be utilized by

the general scientific community, as well as potentially by industry. As well, there is interest within the Sandia
community on CO, capture and conversion. First, the overall concept that we are addressing is of fundamental
importance: can CO, be coordinated to a metal (either highly electrochemically active or not) in an unusual bent
fashion, and if so, will the subsequent chemical or electrochemical conversion of this adduct be facilitated by
the bent nature of the CO,? While we have demonstrated the initial part of this concept — the preparation of
bent CO,-adducts — the important answer to the second part is not yet resolved. The initial examples we have
prepared of these metal CO, -adducts have shown electrochemical activity; however, the complexes appear to
undergo other reactions believed to be due to the instability of the ligand framework. Thus, the definitive answer
to this question must await modification of the ligand structure to yield more stable ligands. However, the
synthesis and characterization of these complexes and the introduction of this new class of CO,-complexes is
scientifically intriguing in itself. As well, the design and preparation of new ligands useful for metal complexes
is of interest to a broad range of chemists funded by a wide variety of agencies, such as Department of Energy,
National Scientific Foundation, and National Institutes of Health. New ligands are basic components of the
synthetic inorganic/organometallic chemist’s toolbox. The publication and dissemination of these synthetic
results will be of broad interest. The use of inexpensive metals such as Zn and Sn will be intriguing to industrial
companies, such as power-generating companies, that must deal with CO, capture and sequestration. The initial
results in this project has led to follow-on funding from DOE in order to widely expand the approaches that we
are trying to demonstrate. Additionally, the fundamental reaction of CO, with various metals is a topic studied
by a large number of researchers funded by DOE.

Refereed Communications

C.A. Stewart, D.A. Dickie, M. V. Parkes, J.A. Saria, and R.A. Kemp, “Reactivity of bis(2,2,5,5-tetramethyl-2,5-
disila-1-aza-cyclopent-1-yl)tin with CO,, OCS and CS, and Comparison to that of bis[bis(trimethylsilyl)amido]
tin,” to be published in Inorganic Chemistry.
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Spectral Imaging Sensor with Pixelated Custom Filter Array for

Environmental Measurements
149944

Year 1 of 1

Principal Investigator: S. A. Kemme

Project Purpose

This work will test our proposed strategy of fabricating a hyperspectral sensing/imaging array with a proof-
of-principal midwave infrared (IR) subarray of pixelated filters, an important component of a sensor capable
of collecting and interpreting environmental emissions and climate change effects locally so that they can

be attributed and exploited for national security. Successful demonstration of this array would allow us to
demonstrate the utility of this approach; both to potential end-use government agencies as well as interested
Focal Plane Array (FPA) fabrication partners such as Raytheon and Santa Barbara Focal Plane, with whom we
have already established a relationship.

Ultimately, this sensor is a pixelated, multispectral arrayed optical component integrated with a midwave
infrared FPA. The key optical component is a pixelated hyperspectral filter array fabricated within the
Microsystems and Engineering Sciences Applications facility. With this arrayed approach, data may be
accumulated with a non-scanning, “snapshot” imaging system. The filtering action is based upon a transmissive
array of pixels with narrow (10—-100 nm) spectral resolution and independent choice of center wavelength.
These pixelated filter wavebands need not be contiguous, as each filter’s center wavelength array is determined
by lateral patterning; placement within the array is arbitrary. We target the midwave (3—5 microns) and
atmospheric water bands (5-8 microns), so that we can sensitively monitor water vapor, clouds, and the short
CO, emission band at 4.3 microns. These fourth-generation hyperspectral targets are identified as significant in
the National Oceanic and Atmospheric Administration /National Environmental Satellite, Data, and Information
Service (NOAA/NESDIS) “Impact of High-Temporal and High-Spectral Resolution IR Observations.”

Summary of Accomplishments

We determined that a 10-nm filter would be too wide to discern 1-nm waterbands in the mid-IR (3—6 microns).
Classical thin film filters (e.g., Fabry-Perot) require thick film cavities of several microns that cannot be
fabricated (e.g., germanium), or a large number of layers (>150).

We designed resonant subwavelength gratings (RSGs) to perform the filter function. RSGs can provide a ~1
nm narrowband filter comprised of a shallow grating etched on 0.5 microns of germanium film and 0.5 microns
of zinc sulfide on top. These devices do not use more than two layers in reflection mode or nine layers in
transmission mode. We selected the reflective devices given the simplicity of fabrication.

Two groups of devices were fabricated; three substrates were used in each group, each with three tests and thirty
demonstration devices. The first group was centered at 4.25 microns (CO, absorption band) and the second
group was centered at 5.214 microns (H,O absorption band).

Test filters were measured and determined to be wavelength centered within the test setup. The demonstration
devices were imaged using an InSb camera at the resonance wavelength of the demonstration filters. The test
and the demonstration setup showed that the resonance wavelength of the filters could be changed by shifting
a lithographically controlled parameter, the grating period. Previous work with filters at Sandia required the
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modification of their cavity thickness to change their resonance wavelength, a more difficult process than
changing the periods on an RSG.

Significance

We target the mid-wavelength infrared, encompassing atmospheric water bands so that we can sensitively (over
1-10 m distances) monitor water vapor, clouds, CO, emission band at 4.3 microns, and SO, at 7.2 microns as

a function of altitude. Our national database includes data from satellites in the longwave IR (8—12 microns).
However, these absorption spectra are spatially low resolution and integrated through the entire atmosphere.
With this proposed sensor, we can address local effects associated with a population or region of a country. This
regionally attributed information is necessary to accurately pinpoint climate change cause and effect. Secretary
Chu specified this problem as worthy of DOE “big science.” Moreover, fourth-generation hyperspectral targets
such as water vapor and greenhouse gasses are identified as significant in the National Oceanic and Atmospheric
Administration /National Environmental Satellite, Data, and Information Service white paper “Impact of High-
Temporal and High-Spectral Resolution IR Observations” and directly address Sandia’s S&T climate change
technology roadmap. This goal is synergistic with Sandia’s traditional efforts in remote sensors and global
monitoring.

Furthermore, Sandia has experience with small hosted payloads, (e.g., United States Nuclear Detonation
Detection System payloads on GPS satellites). Currently Sandia is conceptualizing work on a small payload
that can piggy-back on a medium-Earth orbit satellite (e.g. iridium, GPS) for environmental monitoring.
Available space for a hosted payload, does not allow for a large spectrometer system such as the “orbiting
carbon observatory” satellite or the atmospheric infrared sounder which is a primary payload on the AQUA
satellite. An array of narrowband filters attached to a FPA could provide the means to conduct spectral
reconstruction and therefore environmental monitoring. This package should be small enough to fit as a hosted
satellite payload. RSGs are ideal devices that can provide the narrowband response for this application.
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Thermal Desorption Coupled Gas Chromatography-Mass
Spectrometry

150124
Year 1 of 1
Principal Investigator: M. Van Benthem

Project Purpose

Thermal Desorption Coupled Gas Chromatography-Mass Spectrometry (TD/GC-MS) is a powerful analytical
technique for analyzing chemical mixtures. It has great potential in numerous analytic areas such as chemical
warfare agents, sports medicine in the detection of designer drugs, and biological research for metabolomics.
Data analysis is complicated, far from automated and can result in high false positive or false negative rates.
We have demonstrated a step-wise TD/GC-MS technique that removes more volatile compounds from a sample
before extracting the less volatile compounds. This creates an additional dimension of separation before the GC
column, while simultaneously generating three-way data. Sandia’s proven multivariate analysis methods, when
applied to this data, have several advantages over current commercial options, and show good success in finding
and enabling identification of trace compounds. Several challenges remain, however, including understanding
the sources of noise in the data, outlier detection, improving the data pretreatment and analysis methods,
developing a software tool for ease of use by the chemist, and demonstrating our belief that this multivariate
analysis will enable superior differentiation capabilities. In addition, noise and system artifacts challenge the
analysis of GC-MS data collected on lower cost equipment, ubiquitous in commercial laboratories.

Summary of Accomplishments

We examined the thermal decomposition of poly dimethyl siloxane compounds, Sylgard® 184 and 186, using
thermal desorption coupled gas chromatography-mass spectrometry (TD/GC-MS) and multivariate analysis.

We explored a method of producing multi-way data using a stepped thermal desorption. The technique involves
sequentially heating a sample of the material of interest with subsequent analysis in a commercial GC/MS
system. We analyzed the decomposition chromatograms using multivariate analysis tools including principal
component analysis, factor rotation employing the varimax criterion, and multivariate curve resolution. The
results of the analysis show seven components related to offgassing of various fractions of siloxanes that vary as
a function of temperature.

Significance

This project addresses the nuclear weapons mission technology investment area to reduce cost, enhance the
ability to assess life-cycle surveillance, and reduce the use of hazardous materials. The resulting methods will
enable more-detailed surveillance and provide new capabilities for the measurement of materials aging and
characterization of material failures.
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Dual-Etalon, Frequency-Comb Spectroscopy
150255

Year 1 of 1

Principal Investigator: D. W. Chandler

Project Purpose

Optically monitoring atomic and molecular species requires spectroscopic tools. This project proposes a new
spectroscopic tool for the recording of high-resolution spectra with broad-band light. Consider a short (tens

of femtoseconds long) pulse of light. It will have a frequency bandwidth of tens of thousands of GHz. If that
light passes through an etalon or a stabilized Cavity-Ring-Down (CRD) cell (an etalon that can be filled with
gas) a train of pulses will come out the end of the etalon. This chain of equally spaced pulses is a frequency
comb and its Fourier transform is a series of sharp frequencies at the mode spacing of the cavity across the
entire bandwidth of the mirrors on the etalon cavity. If an absorber is placed within the etalon (cavity ring down
geometry) or after the etalon then some of the frequencies will be absorbed by the absorber. The challenge is

to ascertain which of the frequencies, spaced a few hundred MHz apart, within the bandwith of the light source
have been absorbed. This is accomplished with the use of a second etalon having a slightly different mode
spacing (length). If the frequency comb associated with this reference cell is combined with frequency comb

of the first cell, then by analyzing the cross beats between the two signals, one can determine which cavity
modes have been absorbed. If resolution higher than a few hundred MHz is required, then scanning the length
of the CRD cell containing the gas over only one free spectral range (a few hundred MHz) records the entire
spectrum with the resolution of the etalon. This process converts an optical spectrum into the frequency range of
conventional electronics for recording. Possible applications are all-solid-state miniature sensors that can record
multiple species at once and single-shot temperature measurements.

Summary of Accomplishments

We demonstrated that dual etalon frequency comb spectroscopy is viable and will work. We built a dual
etalon spectrometer and took spectra with it. We were able to take spectra of iodine lines with ten times better
resolution than that inherent to the light source. These proof-of-principle experiments will set the stage for
future proposals to pursue experiments in the infrared and THz spectral regions as well as an effort to identify
high-value targets for spectroscopic monitoring, such as chemical agents and reactive intermediates.

Significance

The mission of the DOE is to perform state of the art experiments in areas of energy and national security.
This project is central to both as it will provide a new technique from which chemical and biological sensors
can be made and fundamental chemistry can be monitored. An example is the search for the spectroscopy of
combustion intermediates important to DOE and the monitoring of combustion products of biofuels.
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Polyoxometalate “Solutions” for Energy Storage
150774

Year I of 3

Principal Investigator: T. M. Anderson

Project Purpose

The projected two-fold increase in global energy consumption by mid-century will partially be met through the
use of renewable energy sources. However, the intermittent nature of these resources requires the development
of new and large-scale energy storage sources. Concentrating on promising flow battery technologies, we are
working to prepare new cathode and anode solutions to increase energy density. The primary challenge of this
work is to produce new dissolved charge storage species that will yield a higher energy density than current
technologies.

Building on the extensive materials synthesis and characterization expertise and capabilities at Sandia, we

are utilizing metal-oxide clusters (so called polyoxometalates or POMs) as new, dissolved-charge storage
materials. We are applying a suite of analytical and electrochemical techniques to evaluate the stability and
other fundamental properties of POMs in various battery electrolytes in order to gain an understanding of the
structural and electrical properties of these transformational complexes. Although mononuclear and infinite-
array metal oxides are common battery materials, the use of nanometer size metal-oxide clusters in any energy
storage technology is unprecedented. This is due, in part, to a paucity of data on how these systems react with
protons. In addition, most of the fundamental electrochemical properties have never been thoroughly examined
under the conditions often necessary to achieve high battery efficiency. There is also a lack of correlation
between structural and electrochemical properties. The ultimate goal of the project is to select one POM as the
cathode, and a different POM as the anode in a flow configuration, and rely on the energy difference of the two
different POMS to establish cell voltage and store charge.

Summary of Accomplishments

We completed a set of solubility/stability studies on a family of prototypical heteropolymolybdates and
heteropolytungstates and established that this chemistry is sensitive to both the solvent-inaccessible
“heteroatom” and the solvent-accessible metal-oxo sites. The former is a charge density effect (lower charge
density enhances acid stability) and the latter is a geometrical effect where the higher distortion of molybdenum
relative to tungsten enhances solubility. We successfully stabilized three highly electroactive compounds in
battery acid. More importantly, we learned that all of the heteropolyacids are highly soluble and more stable

in acetonitrile. This is surprising given the fact that the compounds have a high surface charge and therefore
are less compatible with the lower dielectric constants of polar organic solvents. We devised a more direct
synthesis of the Wells-Dawson diphosphotungstate salt by direct crystallization from its synthetic components.
That allowed for high yields and complete elimination of carbonate impurities from the ambient environment.
We created a new route to the diphosphotungstic acid via the formation of an etherate complex. We established
compound stability monitoring capabilities by phosphorus and silicon nuclear magnetic resonance (NMR). We
performed cyclic voltammetry measurements on a representative cluster, shown to be stable in battery acid by
phosphorus NMR, on a series of solutions with varying concentrations of acid, but with constant ionic strength.
The positions of the waves associated with molybdenum reduction shifted in the positive direction as the
concentration of acid was increased, indicating that reversible reduction becomes more efficient in the battery
acid. However, the highly acidic medium significantly suppresses the current. This led us to determine that the
future direction of the project needs to focus on organic solvent systems with low ionic strength. In addition,
preliminary electrochemical results on a cluster containing both iron and tungsten centers may simultaneously
serve as both an anode and a cathode.
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Significance

The primary accomplishment of this work to date has been the discovery of new techniques for preparing
energy storage materials by the systematic variation of charge density, molecular symmetry, and metal
populations. The elucidation of more of the fundamental properties of metal-oxide clusters will inevitably
lead to the successful preparation of advanced materials with potential applications ranging from catalysis
and molecular magnetism to medicine, as well as energy storage technology. This new base of scientific
expertise and technical capabilities in the directed synthesis and characterization of energy storage materials
will be disseminated through journal publications and international conferences. We also anticipate our results
will be leveraged in the acquisition of funding for future flow battery projects, primarily through the Office

of Electricity. This project focuses on the DOE’s goal to create a more flexible, more reliable, and higher
capacity US energy infrastructure by applying advanced science and technology to develop new materials for
energy storage applications. It will further support DOE’s missions to promote carbon neutral technologies,
reduce petroleum imports, and to incorporate intermittent renewable energy sources into our electrical grid.
We anticipate our results will enable widespread incorporation of low-carbon sources into stationary power
generation for future US energy security. In short, we will provide a new path to boosting the energy efficiency
of flow batteries.
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Elucidating the Role of Interfacial Materials Properties in

Microfluidic Packages
150968

Year I of 3

Principal Investigator: T. L. Edwards

Project Purpose

Microsensors for chemical and biological detection have seen relatively little field application because the small
size and low cost of the microsensor are offset by the large size, high cost, and complexity of the balance of the
sensing system — principally, the required external pumps and valves. Attempts to integrate these components
into the sensor’s microfluidic package have been limited by the lack of software design tools to simulate
microfluidic device performance. Software simulation, in turn, is limited by our understanding of the materials
properties at the interfaces of plastic laminate layers comprising the package. This project will address these
shortcomings through the following initiatives: 1) designing experiments to extract the relevant mechanical,
thermal, electrical, and chemical properties of plastic laminate interfaces; 2) developing a multiphysics model
incorporating these parameters for plastic laminate microfluidic devices; and 3) demonstrating the model’s
capabilities by designing, fabricating, and testing a microfluidic pump.

A number of technologies have been employed to create microfluidic packages for microsensors. Of

these, plastic laminate packaging provides an attractive combination of low capital and material cost, rapid
prototyping, and complex mechanical and fluidic structures. This technology employs a variety of thin polymer
and metal films bonded by adhesives, solvents, thermal fusion, and ultrasonic welding. The properties of these
interfaces — thermal and electrical conductivity, mechanical deformation, adhesion strength, and chemical
resistance — vary from the bulk properties of the laminate films and depend on the laminate composition

and joining method employed. These interface properties will be the focus of this project. We will develop

the experimental techniques required to measure them, use this information to populate a multiphysics model
describing plastic laminate behavior, and, as a proof of concept demonstration, apply this model to design an
integrated micropump, a critical component for high-performance microfluidic systems.

Summary of Accomplishments

We are collaborating with Rinco Ultrasonics USA, Inc. on the development of ultrasonic welding of laminates
using high-frequency sources. If successful, this will lead to the acquisition of an ultrasonic welder to be used for
further experiments. We developed a process for thermally bonding plastic laminates (thin and thick) using 3M™
Bonding Film 588. This process will be used for the development of other thermal joining processes for other
plastics. We are also beginning the development of a laminate joining process using a single-molecule bridge.

Significance
This project will develop the capability for integrated microfluidic packaging design that will enable a greater
range of fieldable chemical and biological microsensor systems for a variety of national security applications.
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Fundamental Study of Metal/Oxide/Metal Memristor Physics

and Device Optimization
151174

Year I of 3

Principal Investigator: M. Marinella

Project Purpose

In 2008, Hewlett Packard (HP) discovered that a titanium dioxide (TiO,) capacitor was behaving in a similar
manner to the “missing circuit element” theoretically predicted 40 years earlier. Since then, this resistor with a
memory of the amount of electric charge passing through it, or memristor, has gained attention for its potential
ground-breaking advancement of applications such as neural networks. For example, by functioning as a
synapse, the memristor could enable complex learning and brain-like functionality in computers. However,
before these applications can be realized, we must develop an understanding of memristor device physics and
derive a detailed, predictive model of metal/insulator/metal (MIM) memristors. While HP has gained a solid
understanding of the physics of the TiO, memristor, they have neglected other material systems that may offer
significant advantages over TiO,. A major scientific challenge will be to develop an understanding of memristor
physics in novel materials, which offer significant advantages over TiO,. For example, using TiO,, HP has only
been able to achieve a relatively low endurance of 10,000 cycles.

Understanding the physics of various material systems and will give us insight into which one is most appropriate
when integrating it into a specific new application. Therefore, for this project, we propose to perform a
fundamental study of the physics of resistive switching in MIM structures. This study will consist of three parts:
1. Theoretical analysis of physical theories describing memristive behavior in various materials;
2. the fabrication of MIM memristors from novel materials and characterization of these devices; and
3. the development of analytical models that reflects understanding of the physical properties of the memristor
gained from 2, and can be used to predict and simulate memristor behavior.

Summary of Accomplishments

We have configured a computer with customized Labview programming dedicated to making measurements on
memristors and storing memristor measurement data. Special routines have been added that allow measurement
of the “pinched hysteresis loop” that is a fundamental attribute of the memristor. Additional programs are being
developed that will sense the switching of the memristor and avoid overstressing it (which results in premature
end of life). We also gained significant understanding of the TiO, memristor after studying and discussing HP’s
work on the device at length with experts at Sandia and the originators at HP. From these discussions, we have
concluded that HP researchers have a very accurate physical model of the phenomena occurring in this material
system. There are a number of materials that may have significant advantages over TiO, in stability, endurance,
and other novel properties. The memristor functionality in materials other than TiO, likely have differing physical
origins. We have a much greater chance of contributing to the field by studying these more-novel materials.
Along these lines, we have already fabricated working sol-gel ZnO memristors on glass substrates. We are in

the process of experimentally optimizing these devices, after which we plan to make flexible ZnO memristors

on Kapton (plastic) substrates. We have also demonstrated a working AIN memristor that was fabricated in the
Microelectronics Development Laboratory. There has never been a memristor or even resistance switching effect
demonstrated with this material, and thus, we have an excellent opportunity to explore the physics of a new
memristor material system.
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Significance

Eventually, we hope to use results from this project to spark interest in integrating memristor technology with
Sandia’s complementary metal oxide semiconductor (CMOS)7 technology. An integrated memristor/CMOS
technology is expected to have a broad scope of potential impact with implications beyond present capabilities
of CMOS-based technologies. Two areas where memristors should have a major potential for impact are as

a memory, as well as in neural network applications. Neural networks have been touted as a useful algorithm
to process information and efficiently solve certain problems. However, a hardware implementation of neural
networks is inefficient because standard devices, such as the MOSFET, do not function in a manner that allows
holding a synaptic weight as do biological synapses. However, the memristor is well suited for this operation.
Acting as an electronic version of a human neuron, the memristor may allow the development of revolutionary
computers capable of complex learning and “thinking.” These systems have numerous possible national security
applications.

The most immediate impact is for use as a non-volatile memory (NMV). The MOM memristor offers advantages
over the traditional CMOS NVM cells such as flash and SONOS (Silicon-Oxide-Nitride-Oxide-Silicon). The
major technological advantages of these memories are that they require low voltages (often less than 2V),

fast program and erase speeds, and, depending on the material system, are capable of excellent endurance

and retention. Furthermore, with nano-imprint technology, it is possible to create memristors with feature

sizes smaller than 10 nm. This should enable memory densities greater than those possible with even the most
aggressively scaled flash memory. From the perspective of Sandia’s National Security Mission, evidence suggests
that memristor based memory may be advantageous in both secure and radiation hardened applications. Along
these same lines, it is possible to use the memristor in non-volatile logic circuits. This type of technology may
form the basis of a low-power, high speed, non-volatile field programmable gate array.

Finally, the general S&T community will benefit from our work with novel material systems. There are a large
number of possible material systems that are known to exhibit memristive behavior. However, due to the limited
resources of the community working in this field as a whole, attention can only be given to a select handful

of materials thought to show the most promise. Our work with sol-gel ZnO memristors involves a material

that has not been well studied, but may provide a useful, inexpensive method of creating a flexible memristor.
Furthermore, we have demonstrated the first AIN memristor.
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NEW DIRECTIONS INVESTMENT AREA

This investment area focuses on research areas in which Sandia is newly embarking or has recently embarked, and
hence, tends to encompass national security initiatives that seek to draw existing Laboratory expertise into new
applications for national security. Best exemplifying such initiatives are projects in biological sciences — with
emphasis on alternative energy and biothreat reduction — projects at the nanotechnology-bioscience interface, and
those in the cognitive sciences — particularly as applied to support for decision-makers.

Atomic Magnetometer for Human Magnetoencephalography
Project 117842

Current magnetoencephalographic (MEG) imaging of a functioning human brain is difficult because its use
of superconducting quantum interference devices (SQUIDS), requires large cryogenically cooled expensive
hardware. Recently, atomic magnetometers based on measuring the spin precession of alkali atoms in a magnetic
field have demonstrated equivalent sensitivity to SQUID-based MEGs. These atomic magnetometers do not
require cryogenic cooling, thereby resulting in a much smaller package. This project, a collaboration with the
University of New Mexico and its Mind Research Network has developed a prototype atomic magnetometer
for human MEG measurements. The atomic magnetometer reads out the atomic response to a magnetic field via
optical interrogation by a laser beam. The engineered device is a single optical-axis instrument that utilized a
two-color pump/ probe scheme with four-channel output. Its long slender design with a 5 cm x 5 cm footprint on
the human head allows high-density arraying around a subject’s head. The project culminated in the successful
. measurement of MEG signals
"Imoor Cell \ vaporcell ' | with two four-channel sensors
Polarization analysis optics f f {inatae oves \I;HF‘L g 10 on either side of the subject’s
head. In addition to its primary
application in studying human
cognition, a portable MEG has
potential applications to several
other DOE missions.
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Genome-Wide RNA Interference Analysis of Viral Encephalitis Pathogenesis
Project 141530

Over the past 10 years, the biological phenomenon of small interfering RNA (siRNA) silencing of gene expression
(postranscriptionally) has been characterized and adapted to the experimental silencing of genes for various R&D
purposes. Most notable is the ability to use this phenomenon to determine the involvement of specific genes in
specific functions, by selectively silencing them (preventing the appearance in a cell of the proteins encoded by a
gene). This project is developing a gene-silencing technology, based on siRNA, in order to investigate the human
proteins involved in lethal encephalitis induced by two biothreats — Rift Valley Fever Virus (RVFV) and Nipah
Virus (NiV).

140 Dynamin Dependent Endocytosis By systematically silencing more than 20,000

120 individual host genes and analyzing their
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Data indicating the probable route of internalization into cells
(dynamin-dependent, caveolin-mediated endocytosis) during
infection by Rift Valley Fever Virus (RVFV).
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NEW DIRECTIONS INVESTMENT AREA

Biomolecular Transport and Separation in Nanotubular

Networks

117838

Year 3 of 3

Principal Investigator: D. Y. Sasaki

Project Purpose

A new pathway in cellular communication that uses lipid nanotubes to transfer biomolecules and organelles
between cells has been discovered in macrophages, lymphocytes, and neural cells. These recent findings could
completely alter our concept of cell communication and immune response. We propose to develop platforms,
models, and methodology that will enable us to study nanotubule networks with live cells and cell model
systems using micro- and nanoscale characterization tools. We shall develop lipid nanotube constructs that
would couple into optical and electronic probes to investigate: 1) the formation of lipid nanotubes, 2) chemical/
physical/biological phenomena that dictate selectivity of transported biomaterial, 3) the origin of forces used to
shuttle biomaterials across the nanotube, and 4) the biological significance of the nanotubule connections.

Our approach brings together several strengths developed at Sandia to provide a thorough understanding of the
role of lipid nanotubes in cellular networks and how they might be exploited for mediating immune response
and cell communication. A proposed cell immobilization array platform coupled to a confocal microscopic
imaging system and micromanipulator system could precisely interrogate the cellular processes leading to
nanotube formation and cell activation by controlling cell spacing and biomaterial transport while monitoring
cellular response. Sandia is particularly suited to address this important biological problem through its expertise
in lipid membrane assemblies, theory of membrane structure and dynamics, unique 3D imaging methods,

and transport via microelectrophoresis and motor proteins. The proposed work will advance the biochemical
analyses, measurement technologies, and modeling of cell responses to pathogens. Understanding cell-pathogen
interactions and the resultant cellular processes are critical to DOE’s mission of national security. This research
is exploratory in nature, and as an LDRD project, we can immediately address a new area of research that could
lead to very high scientific impact in the biosciences.

Summary of Accomplishments

Over the course of the project we have developed new cell membrane model systems that enabled direct
examination of protein-membrane interactions, such as mechanical stretching, steric crowding, and

pulling forces of motile cytoskeletal filaments, that lead to lipid nanotube formation. We have successfully
demonstrated the basic biophysics of steric interactions between bound proteins in domain structures that

lead to membrane deformation into buds and tubules. We also explored the forces available from cytoskeletal
network motility and their ability to generate extensive lipid nanotube networks. The relationship between
membrane bending rigidity and the forces presented in a particular system was found to be key to the formation
of nanotubular structures. Toward this understanding, we designed and prepared new lipids that partition toward
specific structural phases in bilayers, such as liquid ordered phases that mimic the behavior of lipid rafts in cells.
Results from our project provide valuable insights into the processes that are mediated by lipid rafts, such as
signaling, pathogen invasion, and endocytosis. We demonstrated, for the first time, a totally synthetic system
that generates membrane buds via protein affinity and provides physical insight as to how budding events may
occur in cells.
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We have also designed and developed a microfluidic device that allows the capture and manipulation of giant
lipid vesicles to direct the formation of lipid nanotubes and the creation of network structures. In the device,
both domains and lipid nanotubes on giant vesicles were readily oriented in a matter of seconds using a mild
electric field. Lipid-tethered surfaces were developed to selectively capture the giant vesicles.

With cell studies, we established facilities and protocols for time-lapse imaging of cells growing in culture
to study nanotube formation. We found that nanotubes formed with macrophages in the presence of toll-like
receptor 3 (TLR3) and toll-like receptor 2 (TLR2) stimulants.

Significance

We have discovered a number of unique insights and processes from studies with model cell systems that

will provide a foundation for scientific understanding of the physics, chemistry, and mechanics of membrane
curvature. Most importantly, we showed that the structural transformation of microdomains in cell membranes,
such as budding for endocytosis or tubule formation upon virus entry, which were thought to be brought about
by specific membrane insertion processes, can be induced through the basic mechanics of steric repulsion

of particles bound to a surface. The results of our work introduced new paradigms for the understanding of
membrane structural transformation and the interplay between membrane bending rigidity, line tension of lipid
domains, and protein affinity to direct specific membrane curvatures and architectures. These results call into
question the long-held theory of protein wedging into membranes as the main route for curvature induction in
biological systems.

With the development of vesicle capture surfaces and microfluidic devices to manipulate and orient structured
vesicles we have prepared the foundation for a new concept in fluidic architecture. Using giant vesicles as
reaction vessels and lipid nanotubes as pipelines we can construct nanofluidic systems that could synthesize
molecules and materials at picoliter volumes with biocompatible materials and systems for in vivo applications.
We have prepared novel tethered surfaces that selectively capture giant vesicles from solution with minimal
perturbation to the vesicle structure. The vesicle is then oriented using a mild electric field (< few volts) and
nanotube formation stimulated using one of our nanotube growth processes. We will continue the development
of these platforms and techniques with a goal towards reconfigurable nanofluidic devices.

We have built up significant capabilities during the course of this project regarding imaging platforms and
microscopes. One of the platforms allows long-term imaging of cells under culture conditions. This has enabled
us to follow the interaction of cells and the growth of cellular nanotubes over a period of greater than 16 hours.
What we have learned is that these nanotubes form as cells roam over a surface, form intimate contacts, and
then separate from one another. These processes occur over a period of many hours and are only made evident
through time-lapse imaging. Such capabilities provide a unique window on cellular activities regarding motility,
aggregation, and morphology. Another platform capability is the microfluidic jetting system for the preparation
of giant unilamellar vesicles. This platform allows the formation of vesicles with precise internal contents and
membrane composition. Such capability is part of the enabling technology for the nanofluidic systems described
above. Regarding imaging, we have assembled new microscopes with cooled cameras for low-light detection
allowing single molecule tracking and high resolution (~220 nm).

Refereed Communications

J.C. Stachowiak, C.C. Hayden, and D.Y. Sasaki, “Steric Confinement of Proteins on Lipid Membranes can
Drive Curvature and Tubulation,” Proceedings of the National Academy of Sciences, vol. 107, pp. 7781-7786,
April 2010.



Sandia National Laboratories 2010 LDRD Annual Report 203

Initiation of the TLR4 Signal Transduction Network — Deeper

Understanding for Better Therapeutics
117839

Year 3 of 3

Principal Investigator: M. S. Kent

Project Purpose

The innate immune system represents our first line of defense against microbial pathogens. Toll-like receptor

4 (TLR4) is the cell-surface receptor primarily responsible for initiating the innate immune response to
lipopolysaccharide (LPS), a major component of the bacterial cell envelope. TLRs represent a possible point

of intervention by which we can effectively control inflammatory responses. However, much remains to be
discovered about the molecular mechanisms underlying TLR4 activation. Design of small molecule therapeutics
to modulate immune activation stand to benefit greatly from a better understanding of TLR4 activation and
membrane proximal events. Prior studies have shown a strong ligand specificity for human TLR4/MD2 (an
extracellular molecule associated with the extracellular domain of TLR4), and also strong variations in signaling
response to a specific ligand among TLR4/MD2 receptors from different mammalian species. Recently, the
crystal structure of dimeric TLR4/MD?2 with bound ligand was published. This showed that TLR4/MD2 dimers
are stabilized by rather subtle interactions upon ligand binding; a hydrophobic interaction between an exposed
tail of MD2-bound LPS and conserved phenylalanines of TLR4, and ionic interactions between the phosphate
groups of LPS and positively charged residues of TLR4 and MD?2. These results suggest that variations in

the number of acyl chains of LPS or in specific residues of TLR4 and MD2 near the dimer interface will alter
the stability of the heterotetrameric complex. Thus, the data to date suggest that small changes in the dimer-
monomer equilibrium or in the average lifetime of a dimer may explain the wide range of signaling responses
observed. Therefore, we are developing a model system and biophysical probes to examine the equilibrium and
dynamics of ligand-induced dimerization of TLR4/MD2 with the goal of correlating these data with variations
in signaling levels in live cells.

Summary of Accomplishments
* Determined conditions for LPS-induced complexation of soluble TLR4/MD2

* Discovered strong variation in LPS-induced complexation of TLR4/MD2 when CD (cellular
differentiation antigen)14 and lipopolysaccharide binding protein (LBP) are present

* Developed new total internal reflection fluorescence TIRF-based method to quantify distribution
of oligomers in soluble protein complexes that complements the qualitative information from gels
(manuscript in preparation)

* Observed first evidence of LPS-induced complexation of soluble TLR4/MD2 by fluorescence resonance
energy transfer, but the signal was weak

* Obtained cryo-electron microscopy images of TLR4/MD2-bound to liposomes for several surface
coverages, analysis in progress (collaboration with University of Texas Medical Branch)

* Developed TIRF-based method to study LPS-induced complexation of membrane-bound TLR4/MD2,
but results were inconclusive. Further developmental work is needed

* Obtained first evidence for LPS-induced oligomerization of membrane-bound TLR4/MD2 by
fluorescence correlation spectroscopy
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Significance

To date, the relationship between LPS-induced TLR4 receptor oligomerization and intracellular signaling,
which controls the innate immune response, is not clearly understood. This is important for improved design of
adjuvants of vaccines and small-molecule therapeutics to modulate the immune response. These capabilities are
relevant to NIH, and DHS and DoD biodefense missions.

Diversity in innate immune response and infectious disease outcome is known to arise from genetic variability
in TLR4 and its coreceptor MD2 among hosts and from diversity among LPS chemotypes. In the present work,
we developed in vitro methods to study LPS-induced oligomerization of TLR4/MD?2 as a function of LPS and
TLR4/MD2 concentration. This methodology can be used to determine association constants for TLR4/MD2
oligomerization induced by LPS from various organisms and to understand how those association constants are
altered by the presence of therapeutic molecules (both agonists or antagonists). The in vitro studies of TLR4/
MD?2 oligomerization could be correlated with expression levels of signaling in mouse macrophage cells using
a fluorescent reporter. This would establish if a direct correlation exists between the association constant for
receptor oligomerization and intracellular signaling through the TLR4 receptor. If such a correlation exists,

our method will provide a rapid and inexpensive screen for innate immune system modulators targeting TLR4
that can be used prior to animal testing. Furthermore, knowledge of the association constants for receptor
oligomerization would allow development of therapeutic agonist or antagonists that are only as potent as needed.

The fact that LBP alone, but not CD14 alone, resulted in a decrease in the TLR4-MD?2 concentration for the
onset of LPS-induced oligomerization is very important. The role of LBP may be due to extraction of LPS from
micelles with its shuttling to TLR4/MD2. However, since CD14 alone has no apparent affect on the association
of the receptor, it is not clear what role CD14 plays. Yet CD14 has been shown to have a critical effect on TLR4
signaling. More work is needed to understand this.

Refereed Communications

M.S. Kent, J. Murton, D.Y. Sasaki, S. Satija, B. Akgun, H. Nanda, J.E. Curtis, J. Majewski, C. Morgan, and
J.R. Engen, “Neutron Reflectometry Study of the Conformation of Nef from HIV Bound to Lipid Membranes,”
Biophysical Journal, vol. 99, pp. 1940-1948, September 2010.



Sandia National Laboratories 2010 LDRD Annual Report 205

"Trojan Horse" Strategy for Deconstruction of Biomass for

Biofuels Production
117840

Year 3 of 3

Principal Investigator: M. Hadi

Project Purpose

Our proposed disruptive technologies are focused on developing a unique biomass deconstruction technology
through transgenic plants (using model systems, Arabidopsis thaliana and Brachypodium distachyon) that

will enable later implementation in the bioenergy feedstocks of switchgrass and poplar. A portfolio of the
enzymes involved in cellulosic deconstruction will be expressed individually and in potentially synergistic
combinations within plants. The unique aspects of this approach combine the substrate (cellulosic biomass) with
the biocatalyst (cellulose enzymes; rationally engineered highly productive extremophilic enzymes), and use
the native plants’ protein expression machinery to combine all of these elements into a single system, targeted
to specific cellular locations. The actuator will remain inactive during normal plant proliferation but is triggered
to become a “Trojan horse” during pretreatment conditions (high temperatures, >90 °C and extreme pH, <3

and >9). This approach is a significant departure from established biomass conversion platforms that typically
separate the pretreatment step and enzymatic depolymerization into two distinct unit operations. These two unit
operations represent approximately 40—-50% of the costs within second-generation biorefineries. These costs
would be greatly reduced by combining these two process steps, in addition to the decreasing costs associated
with eliminating the need to produce these enzymes off site, in lieu of expressing the enzymes within the
biomass itself.

Summary of Accomplishments
» This project validated Sandia’s investment/capability in enzyme engineering by demonstrating an
industrial lignocellulose bioprocess and autohydrolysis of cellulosic material through a partnership with
the US Department of Agriculture.

* Cell-wall-degrading enzymes, when expressed in plant tissue and activated, resulted in similar sugar
yields when compared to exogenous addition of Novazyme enzyme cocktail.

*  We achieved noteworthy savings in enzyme and heating input costs normally associated with acid
hydrolysis.
Significance
The current research would benefit a broad spectrum of ongoing DOE and Sandia activities, especially those
associated with low-carbon transportation fuels. In particular, the production of integrated systems that can
reduce costs of biomass conversion into fermentable sugars is of significant interest to DOE.
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Enhanced Performance of Engineered Neural Networks
using Nanostructured Probes and Predictive Computational
Modeling

117841
Year 3 of 3
Principal Investigator: C. D. James

Project Purpose

Functional enhancement and repair of neural tissue circuitry requires the ability to engineer neural-tissue
networks that can be designed, measured, and modified to test hypotheses regarding the relationship between
network architecture and function. We are currently developing methods to repair/enhance higher cognitive
functions in the central nervous system with applications in deciphering the mechanisms involved in human
decision-making. These methods rely on microfabricated chemical and topographical cues for guiding
dissociated neurons into functional networks. We are utilizing patch-clamp electrophysiology techniques

to detect synaptic memory in the form of long-term potentiation (LTP) and long-term depression (LTD) in
engineered networks. This will be the first characterization of LTD/LTP in engineered networks, with a first
demonstration in homogeneous hippocampal neuron cultures. With our collaborator at the University of Texas at
Arlington, we will combine these techniques with microfluidic compartmentalization to control the development
of functional connections between different cell types, such as motor neurons and muscle cells. This work will
then enable the development of heterogeneous cultures of cortical and striatal neurons in order to engineer
replicates of corticostriatal networks, a region of the brain with a strong role in integrating reward, sensory,
and motor information for making complex decisions. In addition, we are currently collaborating with LDRD
project 105936, to utilize optical electrophysiology probes to measure neural activity in large populations of
neurons, a feat not possible with patch clamp technology. Finally, experimental data from engineered networks
will then be used to train a computational model to predict network architectures with enhanced performance,
and the model will be validated with experimental measurements on the constructed neural-tissue network. We
will fabricate and characterize cell network guidance substrates in the Microsystems and Engineering Sciences
Applications (MESA) facility. Cell culturing and electrophysiology will occur at the Center for Integrated
Nanotechnology (CINT).

Summary of Accomplishments

First, we developed a new dual guidance cue method for generating topographical and chemical patterns to
influence neuron cell attachment and outgrowth. Utilizing this technology, we were able to correctly polarize
neurons in terms of their directional growth of axons and dendrites, and we provided insight into the strategic
geometric design of those cues for controlling polarization. Specifically, we found that a gap distance of 6
microns was optimal for polarizing neurons. Second, we developed a novel method for guiding neurons on
artificial substrates using buried microfluidic channels.

After these demonstrations, we utilized polydimethylsiloxane micromolding technology to create compartments
for cortical and striatal neurons, with interconnecting channels to permit controlled interactions of neurites
between cell populations. We used immunostaining to identify cell compartments (axons, dendrites, cell bodies)
as well as GABA-ergic synaptic connections. Electrophysiological recordings showed that the cells were
functioning, given that spontaneous and elicited action potentials were measured in both cortical and striatal
neurons. Perforated patch recordings also detected synaptic activity in an engineered network in the form of
inhibitory post-synaptic potentials. We also conducted preliminary experiments with fluorescent quantum dots
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(QDs) showing that QDs successfully interacted with neuron cell membranes and were not taken up into the
cytoplasm by healthy neurons. However, additional testing is required to determine if such probes can be used
to detect action potentials and/or subthreshold events.

With respect to computational modeling, we imported many of the biophysical mechanisms of neurons into
Xyce, and then we adapted and combined several models from the computational neuroscience literature to
explore the expected response of medium spiny neurons (found in the striatum) to the input stimuli used in
our experiments. Using the open-source code NEURON, we have reached the level of examining the calcium
dynamics involved in signaling within the medium spiny neurons that dominate the striatum.

Significance

We successfully leveraged the technology developed in this project to an external university collaborator,

who is successfully utilizing the microfluidic compartmentalization technology to study the development of

the cells involved in the neuromuscular junction (NMJ). Our results show that segregation of muscle cell and
sensory neuron cell bodies may be crucial for proper development of the NMJ, and we are the first to report that
spontaneous activity in skeletal muscle cells can be suppressed upon compartmentalized co-culture with spinal
cord neurons. This provides just one example of how co-culturing multiple cell types can be used to study the
formation and development of complex tissues. We believe this technology has far-reaching potential for use as
a research tool in laboratories for in vitro studies of living cells at barriers, including lung tissue, stomach lining,
etc. These areas of research would be of significant interest to the defense community in that this technology
would provide a test-bed for understanding routes of infection and mitigation strategies for infectious disease
and biologically engineered threats.

The next step with respect to computational modeling—pursued in a separate project—is to finalize several
of the neural plasticity components such as the neurotransmitter glutamate receptors, AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl D-aspartate), and the CB1 (cannabinoid
type 1) receptor. This advancement would open up the doors to allow Xyce to be utilized for a large range of
biochemical processes that rely on complex signaling networks, including immune response to infectious or
environmental agents (vaccine development) and molecular mechanisms involved in cognitive processes.
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Atomic Magnetometer for Human Magnetoencephalography
117842

Year 3 of 3

Principal Investigator: P. Schwindt

Project Purpose

Magnetoencephalography (MEG) is one of only a handful of noninvasive techniques for measuring electrical
activity in the brain. MEG requires a magnetic field sensor with a sensitivity of a few femtoTesla/Hz'"? and thus
has historically been performed with cryogenic superconducting quantum interference devices. Recently, atomic
magnetometers, based on measuring the spin precession of alkali atoms in a magnetic field, have demonstrated
equivalent sensitivity but do not require cryogenic cooling, resulting in a much smaller package. With an atomic
magnetometer, one can envision a much more cost-effective, smaller device. We propose to develop an atomic
magnetometer for human MEG measurements.

To develop the atomic magnetometer, we need to design for high sensitivity while keeping in mind the
requirements of the human subject. A major component of the effort will be to collaborate with MEG experts
at the Mind Research Network (MRN) and the University of New Mexico to provide us guidance in the design
and use of the device for human subjects. The high spatial resolution of MEG comes from using multiple
sensors around the head. Because the atomic magnetometer reads out the atomic response to a magnetic field
via optical interrogation, we can readily achieve multichannel operation by simply detecting separate regions
of the probe laser beam. We will first focus on achieving high sensitivity and proper magnetic shielding. Then
we will develop highly sensitive, semi-transportable devices that can be largely operated by the neuroscientist,
culminating in a high quality MEG measurement of a human subject at MRN.

Summary of Accomplishments

The key accomplishments of this project have been to develop a compact single-optical-axis atomic
magnetometer and using it to measure MEG signals in a human subject. For MEG, the active area of the sensor
(the atomic vapor cell) needs to be as close a possible to the subject’s head. In addition, the sensor needs to be
compact to allow the sensors to be densely arrayed around the head. In a conventional atomic magnetometer,
the atomic state is prepared and interrogated with a pump and a probe beam propagating perpendicular to each
other. We constructed a sensor where the pump and probe beams are combined on a single optical axis. The
beams are retro-reflected after passing through the vapor cell to create a long slender sensor with the cell at one
end. This geometry places the cell within 1 cm of the head and allows dense packing of sensors. To maximize
sensitivity in the single axis design, we have developed a novel two-color pump and probe scheme where the
pump at 795 nm is easily separated from the probe at 780 nm for high-fidelity detection. We have demonstrated
a sensitivity of 4.5 fT/Hz'? with a bandwidth of 12 Hz.

Using a pair of atomic magnetometers placed on either side of the head just above the ears, we have recorded
the evoked response near the auditory cortex due to auditory stimulation at 1000 Hz and 2000 Hz and the
evoked response near the somatosensory cortex due to median nerve stimulation. These measurements were
taken in the magnetically shielded room at MRN. Unfortunately, the noise is this room is on the order of 1000
fT while brain signals are ~100 fT. By averaging signals ~300 stimuli, we observed the expected response in
both the auditory and somatosenory cortex.
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Significance

. Because an MEG system using atomic magnetometers could become portable and miniaturized, numerous
national security applications are enabled by this work. One promising area of application is to deploy an
atomic-magnetometer-based MEG system near the battlefield to help detect and diagnose traumatic brain injury
(TBI) and post traumatic stress disorder (PTSD), the “signature injuries of the wars in Iraq and Afganistan.”
Because atomic magnetometers do not require cryogenics, it is realistic to conceive of such a portable system.
Recent research with conventional MEG systems is showing that MEG is a good tool for diagnosing TBI and
PTSD. In addition, precision magnetometry can be applied to applications critical to DOE, such as, underground
detection, remote sensing, and materials reliability.
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High-Throughput Discovery and Validation of Biomarkers for

Biodefense

117992

Year 3 of 3

Principal Investigator: G. Chirica

Project Purpose

The goal of our project was to discover a candidate biomarkers profile that was potentially Anthrax (Bacillus
anthracis) specific, and that could reduce the impact of outbreaks/bio-terrorist attacks. The mouse model is
ideal for this type of study, but the small amount of serum available significantly limits the breadth of infectious
studies, including biomarker discovery studies. Towards that end, we developed a high-throughput platform

for automated multidimensional processing, mass spectrometric analysis of pLL volumes of serum, to enable
multiple time point analysis and infection studies. This Modular Automated Processing System (MAPS) is
unique in the field because it allows rapid prototyping and methodology development in processing trains
designed for meso and microfluidic applications. In particular, the platform is designed to enable construction
of multiple serial and parallel workflow combinations that can focus on various protein classes and minimize the
huge background typical of bodily fluids such as serum, plasma, urine, cerebrospinal fluid, etc. We developed a
module that executes most of the current benchtop protocols in an integrated automated fashion.

A major limitation is the lack of technology that enables verification of such biomarkers panels, particularly

in clinical settings, i.e., point-of-care analysis. During this project, we also developed and tested a multiplexed
portable device for rapid, cost-effective and sensitive assays for biomarker panel verification. This fiscal year, to
our 8-channel chip and rotary scanner detector, we added the capability of multistage isoelectric focusing (IEF)
fractionation in the chip, which combined with immunoassays, would also enable detection of biomarkers and
distinguish their posttranslational modifications.

Summary of Accomplishments

Our unique Modular Automated Processing System (MAPS) matured to include real-time monitoring of the
various processing steps, automated injection, collection, etc., offering essentially 24/7 operation. It includes
modules for depletion of high-abundance proteins, size fractionation based on size — high- and medium-
molecular-weight class, and the peptidome (proteins of < 30 kDa often cited as potential time-sensitive
descriptors of the physiological conditions). We built modules for selective protein enrichment based on
posttranslational modifications: phospho-enrichment using IMAC (immobilized metal affinity chromatography)
or TiO, matrices, and glyco-enrichment using lectin columns. We built and tested systems of 3, 4 and 5
dimensions, including size fractionation, followed by immunodepletion, cation-exchange, buffer-exchange
and digestion. The result of automated processing is rapid processing (20 times faster than gel methods, in
some cases, or 10 fold faster than other benchtop workflows) while enabling simultaneous analysis of post-
translational modifications.

To further test and understand the advantage of our platform compared to state-of-the-art technologies,

we analyzed pooled mouse serum using three distinct workflows and compared the duration, fractionation
effectiveness, and the protein coverage. We have shown, for the first time, that although these three trains target
the same group of proteins (the peptidome), there are only 10% of proteins common to all three workflows.
This is significant because a wider protein pool increases the chance to discover the most robust, stable, high-
concentration and specific biomarkers. We tested this platform on serum from mice prior to and following
intranasal exposure to Anthrax. We identified over 30 proteins that show much higher concentration in the
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infected versus naive sample. Some of these proteins are acute inflammatory markers. This fiscal year, we added
multistage IEF fractionation to our 8-channel chip and rotary scanner detector, combined with immunoassays to
enable detection of biomarkers and distinguish their post-translational modifications.

Significance

The Modular Automated Processing System (MAPS) was initially designed to address a much broader
application spectrum. It can analyze and process not only proteins, but also nucleic acids, metabolites in
samples such as cell cultures, homogenized tissues, any bodily sample. Its versatility and ability to rapidly
prototype a sample customized system will enable us to tackle a wide variety of biodefense, biofuels and health
related applications. Its small footprint makes it readily adaptable for use in Biosafety level 3 and 4 laboratories
where the safety of the operators analyzing highly toxic substances is a major issue.

We expect to be able to expand our preliminary data on potential Anthrax biomarkers and run more complex
infectious studies experiments in which larger cohorts, mice and non-human-primates, infected at various doses
and monitored at frequent time points, can give a clearer picture on what the most robust biomarkers are, how
specific they are for various infectious diseases (including differentiation among various biological warfare
agents), and most importantly, what the markers that indicate exposure prior to symptomatic onset are.

Refereed Communications
G.J. Sommer, A.K. Singh, and A.V. Hatch, “Enrichment and Fractionation of Proteins via Microscale Pore Limit
Electrophoresis,” Lab on a Chip, vol. 9, pp. 2729-2737, September 2009.
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A Systems Biology Approach to Understanding Viral

Hemorrhagic Fever Pathogenesis
130781

Year 2 of 3

Principal Investigator: B. Carson

Project Purpose

Arenaviruses such as Lassa cause lethal hemorrhagic fever in humans and are pathogens of bioterror concern.
They may be transmitted by airborne routes and have incubation times under two weeks with mortality up to
30%. A fundamental problem in understanding their pathogenicity is that infected and uninfected cells can
exchange information, reciprocally influencing their behavior. Thus, cell population level experiments will
never tell us why some people survive while others die from Lassa fever because many ill effects of viral
infection are mediated by the immune system rather than by the virus itself. Excessive type | interferons
(IFNalpha/beta) drive hemorrhagic symptoms, but arenaviruses paradoxically appear to block production of
these cytokines. We hypothesize that this apparent contradiction is due to differential effects of the virus on
the infected cell versus uninfected neighboring cells. This hypothesis is impossible to test by conventional
means that asynchronously infect thousands of cells simultaneously, thereby masking the difference between
first- and second-order effects. We will deconvolute this system by isolating and infecting individual cells
then performing unprecedented measurements of IFNalpha/beta and other response-critical cytokines such as
tumor necrosis factor alpha (TNFalpha) with novel fluorescent transcriptional reporters. Using a microfluidic
cell 1solation platform, we will compare isolated cell to population level infection to discover how these
viruses provoke lethal cytokine production. The devices we will use were originally developed to study toll-
like receptor signaling in response to bacteria. However, with some modifications and new experimental
protocols, we will use these flexible devices to address otherwise impossible fundamental biological questions.
This project is high risk because we will attempt difficult high-sensitivity cytokine and transcription factor
measurements on isolated cells, which has never been done. Although this may not be possible, there is
currently no other way to obtain this critical information.

Summary of Accomplishments

We successfully acquired viruses and developed infection and propagation protocols. We established a
collaborative contract with the University of Texas Medical Branch. We generated and tested fluorescent
cytokine reporter constructs and stable cell lines expressing them. We validated the reporters using microscopy
and flow cytometry both on and off-chip. We demonstrated responsiveness of the reporters to Sendai virus
infection as well as to purified viral and bacterial components. We found that the reporters respond rapidly (2
hours) to stimulation and are also responsive to stimulus withdrawal over a period of days. We designed and
made plasmids encoding nuclear factor kappa B (NF-kB) p50 fused to cyan and cherry fluorescent proteins.
We built pressure control and valving equipment required for our experiments and completed fabrication of our
single-cell array microfluidic chips. We redesigned the user interface to be less error-prone and to automatically
record system status. We captured and isolated individual reporter cells in a microfluidic device and measured
their cytokine production in response to viral components. Measurements of this kind have never been done
before. We generated a preliminary NF-kB network model and began predictions for the kinetic behavior of
individual transcription factor subunits. We built a training set for host-virus protein-protein interactions and
generated a list of predictions to test empirically.
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Significance

This project benefits the DOE scientific and defense and DHS awareness and response strategic goals by
addressing a key deficiency in our understanding of emerging infectious hemorrhagic fever virus pathogenesis.
We will employ Sandia’s advanced microfluidic technologies to develop biomarker assays of unprecedented
sensitivity to study the response of individual cells to a National Institute of Allergy and Infectious Diseases
category-A virus, ultimately supporting therapeutic and vaccine strategies to combat these viruses.
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Biomolecular Interactions and Responses of Human Epithelial

and Macrophage Cells to Engineered Nanomaterials
130782

Year 2 of 3

Principal Investigator: S. M. Brozik

Project Purpose

Nanotechnology holds a vast promise of enabling a wide range of transformational technologies, but also has
inherent risks with respect to human health and environmental effects. In fact, engineered nanoparticles are
already being used in a variety of commercial products including “wrinkle-free” clothing (silver nanoparticles)
and sunscreen (metal oxide nanoparticles) despite the overall lack of knowledge concerning the associated
health impacts. Examples such as the ability of carbon nanotubes to cross the blood-brain barrier, however,
suggest that nanomaterials may represent a significant and serious risk to human health. Thus, the National
Nanotechnology Initiative (NNI) has recognized that there is an immediate and critical need to establish a basic
understanding of the health-related issues regarding engineered nanomaterials. A critical challenge embodied
within this problem arises from the ability to synthesize nanoparticles with a wide array of physical properties
(e.g., size, shape, composition, surface chemistry, etc.), which, in turn, creates an immense, multidimensional
problem in assessing toxicological effects. We propose to address this challenge by establishing fundamental
relationships between the physical and chemical properties of engineered nanoparticles and the associated
biomolecular interactions and response of cells. Based on the most likely routes of exposure (i.e., inhalation,
ingestion, and dermal) and highest associated risk, we investigate the cell-surface interaction and response
pathways of epithelial and immune cell lines that are involved in the toxicological response to xenobiotics (e.g.,
nanoparticles) using advanced imaging techniques, biochemical analyses, and chip-based sensor arrays.

Summary of Accomplishments

We have made significant progress in developing correlations between toxicity/response of immune cells

and the size, surface functionality, and shape of quantum dots (QDs). QDs of seven different sizes and two
different functionalities (amine-, carboxylic-terminated) were characterized using brightfield and fluorescence
microscopy. QDs exhibit different photoluminescent properties based on size and differential quenching in
media, as demonstrated in prior work in this project. Therefore, we quantified the emission properties of each
QD in the cell media and developed normalization factors to compensate for these differences and normalize
the uptake measurements. Three-way analysis of variance was used to discern significant differences based on
main effects as well as interactions. Results suggest significant interaction between QD size, surface chemistry,
and concentration, illustrating that the relationship between uptake and QD properties is not one dimensional,
but is affected differentially by a variety of factors. For example, uptake generally increases as a function of
increasing QD size, reaching a peak with QDs emitting at 605 nm and 620 nm in our studies. Interestingly,
uptake decreased significantly between QD 620 and 655 particles. We hypothesize that this observation results
from differences in shape and not size. We are currently performing transmission electron microscopy (TEM)
analysis of all QDs to discern size and shape. Our initial data from TEM images reveal that while overall
particle size increases with emission wavelength, QDs emitting at 605 have markedly larger aspect ratio than
the other samples, thus appearing more rod-like. We have also employed total internal reflectance fluorescence
microscopy to selectively study particle behavior very near the cell membrane, tracking single QDs on the cell
surface. Hyperspectral imaging was utilized to study the distribution of QDs after internalization. These two
imaging techniques further demonstrated that the rod-shaped quantum dots resided in the cell membrane longer
than more spherical ones, and were thus taken up more slowly.
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Significance

This project will discover fundamental science important to the human health impact of nanoengineered
materials. The entry and interaction of nanoparticles into the human body has generated critical scientific
questions and an increasingly fearful perception within federal funding agencies and the general public. For
example, the Department of Energy has undertaken a strong, proactive commitment to the safe handling and
disposal of nanoparticles at the five DOE Nanoscale Science Research Centers. The primary caveat is that
the environmental safety and health recommendations are largely based on properties of the bulk materials
(e.g., cadmium for QDs) or inferred similarities (e.g., asbestos and carbon nanotubes), and may not correlate
directly with the intrinsically different properties of nanoparticles. Thus, this project will provide a scientific
understanding of how nanoparticles interact with cells and how their physical properties may have deleterious
effects on cell health and physiology.

In this project, Sandia has anopportunity to establish a leadership position with respect to evaluating the
health-related implications of nanoparticle exposure. Issues of nanotoxicology and nanomaterials safety will
directly impact Sandia’s mission in nanoscience (e.g., the Center for Integrated Nanotechnologies) and National
Security (e.g., nefarious use of toxic nanoparticles), as well as provide fundamental science beneficial to the
larger nanoscience, biological, and toxicological communities.
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From Algae to Oilgae: In Situ Studies of the Factors

Controlling Growth and Oil Production in Microalgae
130783

Year 2 of 3

Principal Investigator: S. Singh

Project Purpose

Transforming algal oil into biodiesel requires solving the problems of growing large robust algae populations
that produce high fractions of easily harvested specific fatty acids. Current efforts somewhat ignore the
fundamental biological processes in play. As a consequence, important issues regarding cell growth, utility of
the fatty acids produced, and efficient oil recovery have been difficult to resolve. We will use our unique in-situ
imaging capabilities (fluorescence and Raman) to develop fundamental, science-based detailed insights into
triacylglyceride (TAG) production. Fatty acid composition and production vary between algae and in response
to altered environmental conditions. In FY 2010 we will focus on the quantification and compositional analysis
of TAGs produced by algal cells in real time with newly developed label-free hyperspectral imaging methods to
determine the molecular factors controlling fat composition and production. Problems associated with efficient
lipid extraction and lack of reliable lipid characterization techniques have so far made it difficult to generate
multifactorial response curves of the important factors and to explore lipid triggers. The electrochemical and
in-situ imaging studies will yield information needed for discovering and manipulating lipid triggers in algae to
achieve enhanced TAG production. This project will undertake the first comprehensive study of important biotic
and abiotic factors for fast growth and enhanced lipid production and may enable discovery of ion channels
responsible for ion e