SAND2017-11639P

. Twitter: @SandiaEnergy Website: energy.sandia.gov

Materials Science and Engineering Programs at Sandia National Laboratories:
Ensuring Global Security and Securing our Energy Future

Christian Mailhiot
Sandia National Laboratories -- Livermore, CA 94550
Extreme Crystals Weekend Workshop

University of Nevada, Las Vegas

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owneQCsthe&l:kzzMa2017

Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. SAND2016-0090 PE




Outline

= Overview of Sandia National Laboratories:
= Mission
= Scientific capabilities and core competencies

= Research infrastructure

= Materials science opportunities at Sandia:
Materials in extreme environments
Materials for non-conventional computing
Quantum materials
Materials for energy

Advanced manufacturing

Students/postdocs program at Sandia National Laboratories:
http://www.sandia.gov/careers/students_postdocs/




The DOE national laboratories support the agency’s broad missions in @]ﬁ
. . . . . Rt ]
national security, energy and environment, and discovery science
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Sandia’s mission work supports the nation’s @&,
global security challenges

1950s 1960s 1970s 1980s 1990s 2000s 2010s

NW production Development Multiprogram Missile defense Post-Cold War Expanded national LEPs

engineering & engineering laboratory work transition security role New START

manufacturing Stockpile post 9/11 Evolving national
engineering Vietnam conflict Energy crisis Cold War stewardship security challenges
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Sandia’s Mission Foundations

Mission driven innovation enabling mission area success

International, Homeland, and

Nuclear Weapons Energy and Climate )
Nuclear Security

Courtesy of M. Valley, Center 1800, Sandia National Laboratories

Defense Systems a
Assessments




Sandia Research Foundations enable responsiveness to

mission needs

Computing &
Information Sciences

Radiation Effects &
High Energy Density Science

Bioscience Geoscience

Courtesy of J. Nelson, Sandia National Laboratories



Research disciplines underpin advanced capabilities@=

Strong research foundations play a pivotal role in Sandia’s mission delivery

High Performance Nanotechnologies & Extreme Large Scale Testing
Computing Microsystems Environments

Computing & Radiation Effects
Information & High Energy
Sciences Density Science
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Courtesy of M. Valley, Center 1800, Sandia National Laboratories
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Materials Sciences, Nanodevices, Microsystems Research @]ﬁ.

“Combine theory, “Develop the critical

synthesis and and differentiating
characterization to technical capabilities
achieve world-leading that will be needed in

discovery science” the future to support
our national security

missions”

Cyber and Secure Systems Energy & Climate
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Semiconductors and Quantum Materials Materlals Interfaces
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“Discover new
phenomena at the
nanoscale and
microscale; and create or
prove new concepts,
devices, components,
subsystems, and systems.”

National Security

Structural Materials

Courtesy of J. Nelson, Sandia National Laboratories




Leadership-class materials science capabilities and ()&=
user facilities at Sandia/NM

Advanced Materials Laboratory (AML)

= 60+ years as DOE/NNSA mission lead in electronics -
= Silicon and llI-V Materials

Center for Integrated
Nanotechnologies (CINT)

MURHI = s ..---__H- SEEEASIHE Y T 4 = . |
= DOE BES-SUF NSRC . T m e

e —— B B -, o | B TR ]
= Celebrating 10t Anniversary S — : L 1
* Focus on Integration of Nanoscience and Technology " Radiation-effects in materials

Courtesy of J. Nelson, Sandia National Laboratories



Sandia materials sciences capabilities are available to the @]ﬁ.
research community through the CINT User Program
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cint.lanl.gov

Courtesy of J. Nelson, Sandia National Laboratories
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= Materials science opportunities at Sandia:

= Materials in extreme environments

Student program at Sandia National Laboratories:




Studies of extreme environments have opened
up a new world of materials behavior
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Courtesy of R. Hemley, Carnegie Institution of Washington
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e Research Needs |

A Summary Report on the

Materials 21" Century Needs and Challenges of
Comprassion Science
under Waorkshop
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—— Juane 11-13, 287

This effort builds on a
series of reports from
previous workshops

Courtesy of R. Hemley, Carnegie Institution of Washington
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Experimental high-pressure platforms
Static and dynamic compression

Diamond anvil ce

Large-volu
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National Ignition sl

Al Laser-induced compression e
Courtesy of R. Hemley, Carnegie Institution of Washing Facil |ty / LLNL




Sandia’s Z accelerator is a unique platform for multi-mimm
research in high energy density (HED) environments

Pulsed Power Technology

Magnetically Driven Implosions

Inertial Confinement Fusion

1~ 26 MA, T ~100-1000 ns

>
[g Dynamic Compression of Materials X-ray power >250 TW
X-ray energy > 2 MJ

15

Courtesy of D. Flicker, Sandia National Laboratories



Isentropic (ramp wave) compression and shock wave g

experiments explore different regions of phase space

Courtesy of D. Flicker, Sandia National Laboratories
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Gradual pressure rise in sample Shock wave in sample on impact



The Z Fundamental Science Program forges strategic

partnerships with leading institutions
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Earth and super earths Jovian Planets

Properties of minerals and metals  \water and hydrogen

Stellar physics Photo-ionized plasmas
Fe opacity and H spectra Range of ionization parameters

Courtesy of D. Flicker, Sandia National Laboratories

Opportunities for collaboration and
access to Z

Competitive proposal process
Science with significant impact
= Bailey et al., Nature (2015)

= Kraus et al., Nature Geoscience
(2015)

= Knudson et al., Science (2015)
Annual workshops since 2009
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= Materials science opportunities at Sandia:

Materials for non-conventional computing

Student program at Sandia National Laboratories:




Beyond Moore’s Law Computing — Seed funding available in FY2018 @]g
A DOE Big Idea to advance low-power computing E—

The opportunity: Administration’s priority in high-performance computing (HPC)
The problem: IT will challenge future electricity supply Do Nothing

The solution: Path to ~20 f)/effective instruction Energy = 400pJ/op
IT=50% world energy

10000 New Moore scaling
In 20 years

Energy = 20fJ/op
IT=30-40% growth

Projection based on

consumer electronics
and data centers

New Moore scaling
in 10 years

Energy = 20fJ/op
IT=hold to 8%

2000 2005 2010 15 2020 2025 2030
ear




Technology Scaling Trends:
Traditional sources of improvement have reached a plateau
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Modeling Multi-Scale Co-Design (MSDC) Framework UGdailislis

Algorithms and Software Environments
* Application Performance Modeling

SjuswuoJdinug
MS '8 SWyo3|y

Microarchitecture Models
e  MCcPAT, CACTI, NVSIM, gem5

$24N30911Y2JY
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Compact Device Models
* Single device electrical models
* Variability and corner models

$921A9Q uolreandwo)
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Process Module Modeling
» Diffusion, etch, implant simulation *
* EUV and novel lithography models
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The DOE NLs bring unique capabilities and competencies to ots
| -
implement the MSCD approach
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Sandia’s competency in ionic transport leads to
new microelectronic devices for low-power computing

Materials for Sandia/CA is exploring neuromorphic transistors for

non-conventional ultra low-power computing (A. Talin/E. Fuller — 8342)
computing

5 naming )
M R B I I t o EEJ*I._ER..__M:L"_\W 1l i I'i'lElT.{fl"lzll'-;
 Beyond Moore’s Law ulletin

Computing (BMC) A non-volatile organic electrochemical device as a
Mismuleinhome  Lmestimwe  Topis 1 |ow-voltage artificial synapse for neuromorphic
computing

a PEDOT:PSS PET substrate
presynaptic electrode —

Nafionelectrolyter— oI Yoeri van de Burgt'', Ewout Lubberman'®, Ellict 1. Faller’, Scolt T. Keene', Grégora C. Faria™,

pustsyﬁsgiﬂj{’eﬁﬁ’dﬂ/ : ——% ﬁ Sapan Agarwal’, Matthaw I. Marinalla®, A_ Aloc Talin* and Allssrtn Sallac'*
; | "\ Device mimics brain synapses

By F. Pelayo Garcla de Arquer june 13, 2017

I'.as(m.nmg computer, Despite the slower speeds
of neurans as compared to modern transistars,
the brain still outperforms the best
- supercomputers in commion tasks such as picture
‘Postsynaptic electrode recognition. A challenge yet to be met is
mplementing systems that, inspired by the
Non-VOIatiIe Organic Synapse brain‘s working mechanism, are capable of
0 efficiently solving complex problems.
Nature Materials (16), 2017 e _ .
Researchers from Stanford University and Sanda Low-power artificial device based on organic flexible materials that can mimic brain
° Oppo rtu n ities: Wational Laboratories hawve realized a device synapses: (a) device architecture, consisting of two PEDOT layers separated by an ion
capable of mim (hﬂ_g beain SYNapses that transport memibrane; and [b) schematic of the “read” and “write” operations, where

= ’ vVl ) The human brain is arguably an intriguing and

. . . operates with remarkalbly low power protons are transferred from one electrode to the other depending on an applied
O BIO-InSpIred / consumption. Thedr systern, which relies on

neuromorph ic com puting nexpensive and flexible materials, turned out to

be particularly efficient when implemented In
neural network simulations. This work, carried out by the teams of Alberto Sallea at Stanford and Alec Talin at Sandia Labs, was

O Qua ntum computing published in Natwre Moterials.

voltage pulse. Credit Nature Materials
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= Materials science opportunities at Sandia:

Quantum materials

Student program at Sandia National Laboratories:




Atomic-Precision Lithography for
Quantum Information Science

gate oxide (35 nm SiO2) \ |

2D electrongas D QD 28'Siepilay’er

» Sandia 2" lab worldwide, 1stin US to
demonstrate atomic-precision Si
lithography

M. Rudolph, APL 105, 163110 (2014)

P. Harvey-Collard, arXiv:1512.01606
X. Gao, JAP 114, 164302 (2013) Quantum Computer Alded Design - QCAD

" Electron Density (red = higher)

Courtesy of J. Nelson, Sandia National Laboratories



Atomic-Precision Lithography for
Strongly Correlated Electron Systems

Hydrogen lithography Single P donor

20 nm

: : . .. Hubbard lattice of donors =
Single-donor placement with atomic precision Artificial strongly correlated materials

120°-AFM ; Hubbard Model

> Ability to create atomic-precision
electronics opens doors to new
fundamental science

MNéel-AFM

Shashank Misra, Dan Ward, Dwight Luhman,
Lisa Tracy, Tzu-Ming Lu, Jonathan Moussa, t'/t

Andrew Baczewski
M. Laubach et al, Phys. Rev. B 91, 245125(2015)

Courtesy of J. Nelson, Sandia National Laboratories
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= Materials science opportunities at Sandia:

Materials for energy

Student program at Sandia National Laboratories:




Hydrogen science and engineering for transportation,@g;,
[UEksraCrios]
nuclear security, and fusion energy — Sandia/CA

Risk-informed safety standards, built on

. g . Materials
. rigorous scientific observations and models .
Material fracture and discovery

fatigue in high-pressure
environments

o _, Engineered systems and
Hydrogen adsorption and permeation innovative applications




Engine combustion research at Sandia/CA

Alternative fuels -
light-duty direct
injection spark ignition

Spark ignition &
combustion
fundamentals

Low-temperature
gasoline combustion

Heavy duty Diesel Fuel sprays

LTC diesel combustion

Light duty Diesel
LTC diesel

Alternative fuels -
heavy-duty
compression ignition

Large Eddy Simulation

t 0% 02 03 04 05 065 07 DA O@ 1

Computational simulation of
engine processes

29



Chemical sciences research at Sandia/CA

Combustion Chemistry and Diagnostics
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= Materials science opportunities at Sandia:

Advanced manufacturing

Student program at Sandia National Laboratories:




Additive Manufacturing (AM) printing:
Synthesizing 3D objects by fusing/binding/melting successive layers of m@ﬁ-

Laser Engineered Net Shaping (LENS) Powder Bed Fusion (PBF)

Laser
scanning
direction
Powder H \\\\I -§\ ocus lens >
_s'.crea.m —/- -F= ' . . Pre-placed
injection 7 powder bed
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[+ O o Unsintered material
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Additive manufacturing (AM) presents unique opportunities to advanc
processing science, modeling/simulation, and testing/characterization

Synthesis and
Characterization

¢

FIB/SEM

Modeling and
Simulation

"

HPC research

Simulation of melt pool
shape

Engineering Stress (MPa)
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Visit Sandia National Laboratories in CA and NM:
http://tours. sandla gov/tours htmI
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Students/postdocs program at Sandia National Laboratories:
http://www.sandia.gov/careers/students_postdocs/
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