Molecular Dynamics Applications

« Atomistic detail of key processes

« Gases, liquids, polymers, metals, ceramics

« Positions, velocities, forces of every atoms

 Massively parallel simulations to match bare metals
experimental conditions

Molecular Simulation of Friction on a
Variety of Materials

monolayer coatin

-
1

* Device models require predictions of
the number and type of defects

Phenomena required in the produced by the incident radiation.
model circuit performance « MD provides calibration/validation for
Incident radiation spectra binary collision approximation (BCA)
I calculations of defect generation liquids

Defect Generation
*+ Gavacancy
l *  AsVacancy

Defect Evolution * Ga interstitial

I

Time-dependent device properties

|

Circuit-level behavior

QASPR

QUALIFICATION ALTERNATIVES TO SPR 50 nm

Simulations reveal failure mechanisms of
MEMS coatings, and origins of friction

Molecular Dynamics provides key input for reduction in metallic composites
qgualification of GaAs electronic devices

() sandia National Laboratores
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Direct observation of room-T, stress-driven
growth

New Insight!

Grain Boundary
Roughening

Atomistic simulations +
Mobile & Immobile
Boundaries

Grain Growth Stagnation

E.A. Holn, S.M. Foiles,

“How Grain Growth Stops: A
Mechanism for Grain-Growth
Stagnation in Pure Materials”,
Science 328, 1138 (2010)

Growing grains

* Indentation of a nanocrystalline Ni slab at room
temperature
« Consistent with experimental observations Combination of Mesoscale and Atomistic

- Atomistic details provides an opportunity to ferret Approaches yields New Insight into Grain
out the mechanism Growth

() sandia National Laboratores



lonomers/Polymers

“Woya1\/ Theory of Nanolubrication using Polymer
Brushes
Two interacting

polyelectrolyte
brushes. Polymer

lonic Aggregates in lonomers

isin red and
e [ 3 counterions are

- Coarse- SN Y Q{}%{\Qﬁ -

i , v 0O in blue. The
g_ralned_ MD lonenes: percolated Pendantls: ’t‘°t p.ercg.'att‘?g’t. grafting surfaces
SImU|atI0nS narrow cluster size distripution are in ye”OW.

- Polymer ‘g WY
architecture § o 9t
matters! 8 aitmengld, B0 # _ _ .

- Aggregate 4 GO - Adaptive and Reconfigurable Nanocomposites:
morphology PR O . Simulations of Responsive Self-assembling
will affect ik bt o L€ Molecules
conductivity Smaudus,:%ﬁhargeﬁn‘m Sr:;::ge clusters Single PNIPAM

Percolated structure is transparent yellow

polymer images at
temperatures above
and below the
LCST between
hydrophilic and
hydrophobic states.

() sandia National Laboratores




Classical DFT of Complex Fluids

* Forces
between
particles

* Phase
behavior

» Solvation free
energies

« Complex
geometries

* Electrostatics

« Compareto

simulation

nanorods in
polymer melt

5 10 15 20

2!

polymer

nanocomposites

w

JVA g
F
7 o

0.011

force (KT/d%)

phase
- transition!

18

1.8
1.7
16

1.5

/ é 14 |[—NenEQ
@, "E
|- - -Pure Polyme:
ﬁ 0.005 0.0 005 002 0025 003
Panjcleuensny:pnc‘::
peptides in lipid bilayers
7 N
7N 2

z(A)

i a = 9

i) e o Y
Do)t ) Ml

4 20 o 20 4«
y(A)

Molecular theory and modeling of
Interfacial phenomena, self-assembly
and nanostructures

 Classical density
Functional Theory of
(charged) interfaces

* lonic materials

« Stochastic phenomena
in dense fluids

« Dendritic metallic
nanostructures

» Droplets, wetting and
capillarity

« Superhydrophobic
surfaces

» Self-assembly of
floating particles

() sandia National Laboratores




Grain Scale Research

material point method

synthetic driving force MD

Probing material behavior using novel
computational algorithms and method

* Novel methods: synthetic driving force, kinetic
MC, random grid, meshless, ...

» Predictive physics: structure, properties,
processing, performance, ...

« Bridging length and time scales: atomistic,
mesoscale, continuum, ...

* High performance: small systems/high
throughput, large systems/highly parallel, ...

o o Abnormal grain
recrystallization  twinning growth

film growth particle pinning

Modeling microstructural evolution and response in
complex polycrystals

« Many phenomena: recrystallization,
grain growth, coarsening, wetting, diffusion,
fracture, ...

« Many materials: metals, ceramics, nanocrystals,
polyphase, composite, ...

« Many factors: particles, pores, solutes, twins,
surfaces, defects, ...

+ Many methods: Monte Carlo, front tracking, cellular
automata, genetic, ...

() sandia National Laboratores



Simulations of Weld Aging

1000 cycles

fatigue failure

_ Microstructure in a 3-D Weld
microscale

plasticity

solute diffusion  brittle fracture
and pore migration

Goal: Optimize materials properties over the lifetime
of the system

* Processing: shaping and forming, annealing,
solidification, joining, ...

« Service: mechanical, electrical, and magnetic
properties, hermeticity, ...

« Aging and reliability: substructure evolution,
lifetime prediction, ... Microstructure and Pore in a 2.5-D Weld

» Failure: ductile and brittle fracture, fatigue
cracking, breakdown, corrosion, ...
() sandia National Laboratores




by measurements

Process Capability of Butt Joints Combined

LsL 0=
Process Data | 1| [ within

L 0015 | | = = Overall
Target
ust 0.035 | || [Patential (Wiehin) Capabilicy
Sample Mean 0028053 | | @
Sample M 20 | | CPL 3
StDev(Within)  0.00119541 CPU 154
SiDev(Overal] 0.0015278 | | Cpk_ 194

| | Qvarall Capability

| | Pp 218

| | PPL 285

PPU 152

! | Pok 152

| | cpm  *

| |

| |

|

T T T g T
nns n nan nms nnan nms

Typical penetration variance for production laser
welds (courtesy J. Samayoa, Kansas City Plant)

1&65 0.7 0.75 0.8 0.8
Penetration Depth [mm] 800

30 : :
700 t

Force [1bf]

0.02 0.04 0.06 L 200

Notch Gap [mm]

0 002 004 006 008 0.
Engineering Strain
- The method provides a means for
guantification of property variability

0.02 ﬂ‘(‘}ﬂ- 0.06
Plate Offset [mm]

[N}
n
T l T
|
|
|

2

=
: I
|
|

1 1 L 1 s |
o0 650 700 750 800
Maximum Applied Force [Ib]

I : T L T i I

%.6 0.8 1 1.2 1.4 1.4
Maximum Local Plastic Strain
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Ceramic Processing and Inorganic Materials

Department at the AML

The Ceramic Processing and Inorganic
Materials Department is located at the
Advanced Materials Laboratory (AML) — a
Sandia-leased facility on the campus of the
University of New Mexico

g Strategic Advantages:

' Access to students

Greater opportunity for collaborations
with UNM faculty

Access to campus resources —
equipment, library, computer

The Advanced Materials Laboratory, a part resources

of Sandia National Labs since August, 1992 Funding sources not readily available to
Sandia (NSF)

Joint purchase of novel instrumentation

Developing materials science and
engineering technology in the
National Interest

() sandia National Laboratores



The AML has a wide range of capabilities important
to Sandia’s mission

Synthetic Chemistry
nano particles
catalysts
films
bulk materials
surface functionalization

Nano-scale materials
synthesis
characterization
self-assembly
direct write

Ceramic processing
science of sintering
composite materials

unique fabrlcatpn : Bio-, Nano-materials capability
novel characterization BSL-2 Laboratory

Multiphoton Lithography

Characterization capabilities
x-ray diffraction, single XL
IR, EA, TA, Bio-AFM, etc.

optical microscopy, confocal
Sandia National Laboratories




Chemical Synthesis underpins our capabilities to
support Sandia’s mission

E , ® 0
. . § & Py N 3ie g ‘:’i ™ > 0’:
Design and synthesis of <& o o {17 S D) " ¢ e
. s ¢ "“/ P‘\p-‘/ > . '{‘"‘/::'g. ';:‘ “—“’3—?‘ T ©
custom chemical . “ " ] ? < [58d mEoeone, [AICI(u-O)SClL
precursors enables us to (u-ONe s NG -

make novel materials and .|~
unique forms (nano scale 7 /.«
particles, thin films, etc.) %;;;” e -

of a wide variety of oo ;vﬁu 7 [ [ [or [ [ e[ [12 [ [ [ I LN

"1 R, :
materials ?Ifgif%} ﬁ o B o s e ‘ } 3,,
') BSb l—L g %

Our researchers have e e T

made over 1000 chemical s « & " ol AA o7 & SAe
{ Pl W ¥V, . :‘* = Z1%
precursors that were s '};;, SRR e, BTR® éft;’v\

/ 1 a
L@

< o -
© Y

o~ by A ‘f‘\

- /By si | .
Sc FT v [( “,..ip Co F\J Cu FL“ N Ge 3| [TiSn3;(ONep)s(u-THME);]

. . . \ # L. X
previously unreported in $7 [Ce(TMAP); rn s t
the technical literature L o S Tl TiOMP)

We believe this capability enhances our control of composition, particle size,
morphology, and ultimately, the properties of the materials we synthesize

() sandia National Laboratores
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Corrosion resistant, anti biofouling
coatings for Marine Hydrokinetic
applications

gy, Our ability to make a wide range of materials and
g morphologies allows a wide range of application

094

0.84

0.7 4

0.6

054

044

034

0.24

0.14

m Eu | T8 REEY o —
00 0y 02 03 04 05 06 07 08

X
g Tm
] |
, - '
e VV‘M"‘I"’VVH = = i

Polymer nanoparticles with controlled
additions of rare earth elements allow
tunable emitted color

Electrospun fibers and fiber mats for
battery electrodes

high-voltage
power supply

] (]
P ®

collector

() sandia National Laboratores
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 We are developing novel self-assembly strategies for

unique applications

Metal nanoparticles
€.g.. gold, silver
Semiconductor nanoparticles

Tunable coating properties:
-Optical property (n, etc)
-Electrical property (o, etc)

e.g.. CdSe. Ge. ZnS Water-Soluble &

Biocompatible
Building Block

-External field activated
property alteration
-Hydrophobic

Metal oxide nanoparticles
e.g., TiO,, SiO,, Zro,
Magentic nanoparticles
e.g.. Fert, Fe;04

- - :;," » -' "“' »-.’.' .‘.'.‘.': \..‘-.‘ . 'l"‘_"- .s"'.v

1 surfactant Engineering Process S PAOR T T SIS
2) Iipid; -Self-assembly " : .\‘ "ll. ... \".' “‘T'.;, E .' .‘-‘ = , ‘. - v‘vv’n.—

3, block copolymer -Directed-assembly R R N Y LY Y Loy

o— ¥ q.."“—'..’__,, LSS o R v (',.‘ al

-Interfacial-assembly Caonberveloraetntvis in vl

-Rheological control T UL A L L AR Sy o

-more R oA S !

. ohufle PARERTRIIA N o "‘._

Controlled size and shape Robust, self-assembled
nanoparticle films

Water soluble, biocompatible surface functionalization leads to unique
structures and an ability to investigate the bio-, nano- interface

() sandia National Laboratores
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Pressure directed assembly reveals new classes of

functional nanostructures

Threshold
C.72 Pressure E.
——a_ (~9 GPa) . N
< N By 5 ]
-~ .“ ) / .
2 64 R o o
O | AN oF - —>
§ . | TR A 1 Pressure-Directed
@ \ : 3D spherical Assembly
v 561 & o2 il 1-3D nanostructures
o -l nariopamice AHY (After compression)
e Fad (Before compression)
4 8 12

Intermediate Stage P6mm

Pressure / GPa F.
:
|

Intensity

Release
| 3 —
. ‘.cr.".._.'—'..l.f..cc.:..
. — i
I\\.
..\’.
//"T_. Hydrostatic pressure Non-hydrostatic pressure
..... [}

: Increase of pressure
4 8

; : ; 12 - 9GP 9GP >
. [ 3 < a > a
20/° Pressure / GPa * * M‘—’% = — #

Films of unordered nanoparticles, subjected to high pressure, form new
phases and, in some materials, nano-scale wire-like bundles

() sandia National Laboratores
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Our catalysis work builds on our strategic

Investment in synthetic chemistry

Transportation Fuels

from CO,
(with Manos Mavrikakis, Christos Maravelias,
Wisconsin — ChemEng)

Reduce CO; to M=OH with H,, &
Process Modeling for Overall System

j Sandia

Self-Assembly of PV Chips

Chemical SA Principles Applied to PV Chips

SGV

Direct Oxidation of Olefins

Using Molecular O,
(with Karen Goldberg, U-Washington)

Mid-Late Transition Mstals
Pincer Ligands on Rh, Pd_ Pt etc.

DOE-B%S /\:g_ﬂ

Synthetic Chemistry

and
Catalysis

ACS-
PRF

Olefin Polymerization/Catalysis

0xe P-N, P-C Cationic Ligandsto Replace Cp
Novel Weakly-Coordinating Anions

CO, “Catch and Release™
(with Bill Geiger, Rory Watsrman —
Vermong)

Use Main Group-CO; Adducts to Aid in

Conversion to Usgful Fuels, Particularly
Using Electrochemistry

Lanthanide/Main Group - CO, (CX,)
Chemistry

Main Group Synthesis to Generate Usgful Chemicals
Sfrom CO; and Other Small Molsculss

Sandia

Computational Help: Rick Muller (Sandia), Hua Guo (UNM), Jonas Oxgaard/Bill Goddard (Caltech)

National
Laboratories

() sandia National Laboratores
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Our “Direct Write” capability is unique within the
DOE complex

Computer controlled robotic deposition of
custom and COTS ceramic slurries and
metal “inks” allow fabrication of ceramic
parts that could not be obtained through
conventional ceramic processing.

Dual Band GPS Antenna
on Capton

Conductive lines and electrical
components can be printed on almost
any substrate with room temperature
“curing.” Features on the order of
20um can be “printed” with only 4X
bulk resistivity.

@ Sandia National Laboratories

15



Multiphoton Lithography (MPL) is our new

biocompatible 3D fabrication technique

— il excited stateﬁ
Pulsed laser light is focused into a solution of a photosensitive
reagent solution (e.g., photoresist) to initiate photochemical AN
reactions using two or more photons. This nonlinear excitation ground state
is restricted to regions of high photon density (e.g., proximal to
the focal volume of a focused laser beam) which enables
photochemical reactions, such as photopolymerization, to be
confined to highly resolved 3D volumes on the order of ~ 1fl.

(@) LD
LT (ﬁ%
< ‘"-(?ﬂ
;

i

signall baclﬁgrounfi

6.0 pm

Trapped bacterial cells grow and exert
pressure on the chamber ceiling which

In situ confinement enables ‘self-signaling’ of can be modeled, revealing pressures
individual cells via intercellular chemical signals similar to that reported for tumors.

() sandia National Laboratores
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The “Sunshine to Petrol” (S2P) Grand Challenge
brings together a variety of Sandia capabilities

Heat from the sun provides energy to break down (0, releasing (O which can then be used to produce synthetic fuels

A MIRRORED DISH TRACKS THE SUN
AND FOCUSES HEAT ON REACTION
CHAMBER

Solar concentrator heats
rotating ceramic discs

OXYGEN \

AL 1500°C ceramic releases
oxygen from molecular lattice

(0;

Oxygen-deficient ceramic at
1100°C grabs oxygen from
0, molecules, leaving (O

Catalytic ceramic fins are the key

U R o to the necessary reactions
Temperature Contours
4 o~ )
~ X meiw|  BY collaborating with several universities and industry
" | partners, we have assembled the capability to move this
. o e concept from the lab-scale to a commercial-scale
€0, co, demonstration.

\ ~~co.co, / () sandia National Laboratores
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- Develop advanced ferroelectric and
other electronic oxide ceramic materials

- Advanced processing from thin film to
bulk device structures — high energy
density capacitors to thermoelectrics to
lonic conductors

- Integration of oxides with electrode and
other non-oxide materials

- Material and device characterization
- Electronic materials evaluation for a

variety of internal and external
customers

P (uCfem®)

— —
B0 |- _%”oox %:::.- i
—Ti %
40 e
K=1420
o | K=1320
K=1170:
0
-20
/
-40
vy
/
-60 e
=

-80
-1000 -750 300 -230 O 250 500 750

PZT 52/48 on various adhesion layer
80

Field (kVfcm)

Temperature (°C)
240 120 60 0




- Utilize a variety solution synthesis
approaches to produce a wide-range of
controlled size, morphology ceramic
powders and nanofibers

; vl ‘3 g ‘
L WY 55 donediy
EEPRmACU 58 Galne!

- Demonstrated capability to scale
solution-based powder synthesis
processes to multi-kilogram quantities

- Develop science-based processing
approaches to produce a wide range of
. . Solution Synthesis
products from nanoparticle inks and Procestyscale-Up
suspensions to high density ceramics
with controlled microstructures and
properties

\Sj.ntered-Sc-g_gb_éd,{," ko
Gd*GaGarnet * —“’
: — . 1.50 pm

() sandia National Laboratores



- Apply a variety of molecules
and chemistries to functionalize
surfaces for nano-architecture
rearrangement due to external
stimuli

- Biomimetic assembly and
tailoring of molecular function
though use of designer peptide
synthesis and motor proteins

Develop and assemble
nanostructured materials for
energy storage (batteries,
ultracapacitors), energy
conversion (next generation
photovoltaics), and reversible
CO, sequestration

Designer peptide synthesis
used to tailor molecular function.

Nanoparicle

Tether

Self-assembled monolayers to mediate
interactions + assembled architectures.

CTAB (cationic) POPC (zwitterionic lipid)
. ‘

NEORN

(ACS Nano, 3, 971 (09))

potential (V' vs. Li.'Li';.

Synthesis & assembly of iron
oxide polymorphs for battery

cathode applications.

200 400 800 B0 1000

specific capacity (mAh/g)

1200

Selective integration of protein
microtubules into lithographic
defined architectures.

> — Microtubule
Kinesin = )
motors Au Casein

() sandia National Laboratores
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- Optical instrument development - addressing specialized

requirements
» Optical design (ray tracing), optomechanical design, fabrication and
construction
» Hyperspectral Confocal Microscope (R&D100 Award 2009)
« Long working distance interference microscope (commercialized)
* Polychromator: IR MEMs programmable diffraction grating
» Hyperspectral microarray scanner

- Characterization of nano/microstructured materials
VIS & FTIR spectroscopy
 Brillouin spectroscopy --- phonon band structures
« Femtosecond spectroscopy
» Light scattering spectroscopy

- Electromagnetic simulation and theory of
nano/microstructured materials -2 metamaterials,

plasmonics, diffractive optics
» Optical properties (absorption, reflection, thermal emission, etc)
» Finite Difference Time Domain (FDTD), Rigorous Coupled Wave
(RCWA), Method of Moments (MOM), Optical Multilayers

4N Optical Instrumentation Development &
{:\: | Nano/Micro-structure Simulation and Characterization

applied
speciroscopy

Concentretion mop Estimated speciro

KINETIC MODELING OF TEMPORAL
HYPERSPECTRAL FLUORESCENCE IMAGES

Hyperspectral Confocal
Fluorescence Microscope System

() sandia National Laboratores



- Maintain both high resolution solution and solid
state capabilities for the characterization of
chemical structure, reaction kinetics, morphology
and dynamic properties

- Continue to develop and implement new and
novel multi-dimensional and multi-frequency
NMR capabilities

- Maintain an active research component linking
computational simulations and NMR
experimental results

- Recent additions: 1) high field gradient probes
for measurement of diffusion constants of
molecules in solutions and membranes and 2)
ultra-high speed MAS NMR capabilities allowing
improved resolution for 1H containing materials

IR, R,) (sec”)

Dynamics in lonic Liquids

"N NMR Relaxation
e n TBOA" MS
o R

O i

®e

8 20 J'C' l'l _\'.‘ ’J'} 374 s
1000T (K™}
14N NMR relaxation experiments for the direct

determination of molecular correlation times.

Structure and Dynamics in lonomers

- coon

COOM ~-CH

"H(ppm)
H (ppm)
2 - -

“ 12 w0 L] L] ‘4 2 ° “ww 2 w 8 2 o

™M (ppm) o H (ppr)
2D 'H MAS NMR correlation experiments in P(E-
AA) ionomers: a) DQ BaBa and b) NOESY.

(see: http://www.sandia.gov/materials/science/nmr_lab/) @ Sandia National Laboratories



We successfully developed atechnique to electrospin fibers of
nonpolar teflon AF to produce superhydrophobic membranes

Electrospinning is a method to form nanosized fiber morphologies of organic
polymers or inorganic materials via sol-gel chemistry, leading to the production of
unigue membranes and/or support materials.

Electrospinning requires a polar
dielectric nature in the solvent and
polymer to respond to an applied
electric field. Non polar materials
require co-spinning with a responsive
material in order to successfully
develop fiber morphologies. We made
morphologies of Teflon AF fibers by two

approaches:
PP N Water contact
- co-electrospinning to form
: : : : angle of
nanosized fiber dimensions 1511 + 2.64
- solvent dielectric constant F] i e
: : . . . measured over
manipulation to achieve ribbon like :
. . : nanofibers.
micron sized fibers. =

“Electrospun Teflon AF fibers for superhydrophobic membranes,” J. Mater.
Res., Vol. 25, No. 8, (2010) 1595-1600.

() sandia National Laboratores
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Solution precipitation with particle shape control allows for
fundamental materials characterization of nanomaterial

nroperties or control of texturing in electronic ceramics.

The control of component properties can be greatly impacted by crystal
orientation, leading to a need to easily fabricate nanomaterial seed or templating

i

N
-

Our chemical expertise in solution
processing fabricates desired particle
morphologies for testing of electrical
properties of nanowires, or other .
systems requiring templated grain o —
growth S VY

- ZnO nanowires were formed using
hydrothermal or solvothermal synthesis
routes, and individual wires were tested
for the effect of width vs. electric
conduction.

- Molten salt techniques are used to o o -
generate template platelet particles of 4= 5% walumina
large size (> 10 micron). ’ = rhombohedrons

- Additional metals and ceramics
formed by similar routes

s (V)

Threshold bia:

= o

SANDIA 5.8 kV X38.8K 1.088rm

Frank Jones, Francois Léonard, A. Alec Talin, and Nelson S. Bell, J. Appl.
Phys. 102, 014305 2007. =
\"iY) Sandia National Laboratories
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Colloidal dispersion is critical to effective development of
ceramic processing routes, component fabrication, and

understanding of filled particle systems

Operations at Sandia often encounter a need to control dispersion of discrete
particles in either fluid or polymeric matrices. To succeed and optimize, this work
requires a detailed understanding of the science and practice of particle dispersion.

We performed a fundamental
experimental study coupled with
interfacial modeling of the ability of
nanopowders to achieve high solid
content loading with flow properties
involving:
- Surface modification of TiO,
nanopowders
- Dispersion within compatible fluid
- Rheological testing of flow and
structural properties

These studies impact Sandia’s work in
filled epoxy nanodispersions and filled
elastomer composites .

Excluded Volume Krieger-Doughtery  Cross Equation

1Y 8™ ()=n, + o) n
e
Y eri

Volume %
—8— 37
—m— 35
33
—=—29
26

Relative Viscosity

]
VsoSeRe etk & (1

107 10°1x101x10*10° 10” 10" 10°
Peclet Number

Nelson S. Bell, Amalie L. Frischknecht, and Martin PiechGrafted Low Molecular Weight
Polymers as Steric Stabilizers of Commercial Titania Nanoparticles in
Polydimethylsiloxane Fluids,” J. Dispersion Sci. Tech, Vol. 32 [1] (2011) 1-13.

() sandia National Laboratores
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We have developed a new 1?9 waste form by encapsulation in a

low sintering glass and then forming a core/shell structure.

1291 from used nuclear power plant fuel must be safely stored for millions of years
due to its long half-life (~17 million years) and its toxicity to human and other life.

Utilizing our ceramic processing
expertise:

- ceramic fabrication

- constrained sintering )

- composite processing,
we have developed a waste form for Core Core/Shell
129] that consists of a core containing (Glass/Agl/Zeolite) (Shell: Glass/SiO,)
the 12°] encapsulated with a durable
glass that is surrounded by a shell of

the same glass mixed with silica to ‘
match the CTE of the core. The shell v
protects the core from the environment.

The structure is densified by sintering at

a low temperature where Agl is stable. Large Core/Shell

*accepted for pub. J. Am. Ceram. Soc.

() sandia National Laboratores
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We have developed a polymer-based programmable pH buffer for
use in the reversible sequestration of CO,

The Department of Energy has a stated goal of reversible capturing 1 billion metric tons
of CO, per year from the air to mitigate Global Warming. We are developing
nanomaterials to “program” water to achieve this goal.

Results: Relatively insoluble CO, gas 90%PNIPAM: 10%PAA (1 wt%)
becomes highly soluble if converted into 70 i ; °
anionic bicarbonates in mildly basic S, '8 °
solutions. 60T ! E:
&) o) (o]
T (°C) 1 P

We have created a polymer that can be 50+ ! ' ©
programmed with temperature to : 1o) Loading T
reversibly switch between acidic and [T G T o 1 (45°C)
basic states to promote the unloading 40 | ° |
and Ioading of C02 from water, ~ feeeeeeess dreanes .'...... .............. hneessnnnns croudpomt
respectively, using this mechanism. 30T ' @ I !

| 50% HCO, I

|. | Unloading T
Our first polymer composition exhibits P ) I A (22CT)
sufficiently large shifts in acidity (related 5% Teoymerpka | "

to pKa values shown at right) to promote

both loading and unloading processes. _ _ _
*submitted to Advanced Functional Materials

() sandia National Laboratores



~We have recently developed a lithium ion solid electrolyte that is

35X more conductive than state-of-the-art

Higher ionic conductivity solid electrolytes are needed to realize higher power
solid-state batteries

o o Temperature (°C)
Lithium lanthanum tantalate thin films . 240 120 60 0

have been integrated with copper foil
Substrates

* RF sputtering and CSD

» Controlled atmosphere processing
* Phase-pure films

Room temperature lithium ion
conductivity 35X greater than COTS
electrolytes.

/

Very low form factor (18 um total
thickenss) appropriate for flexible
electronics.

Temperaturé dependént ionic conductivity
and photograph of film on foil

() sandia National Laboratores
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T

g 2\ We have recently developed an electrode technology that greatly
wlfede8 502 enhances dielectric and ferroelectric film properties
-’ ovM‘ P

Despite more than 20 years of study on ferroelectric thin film synthesis, a key
weak link in electrode technology remains. Traditionally platinum coated silicon
wafers are used with a Ti or TiO, adhesion layer. We have shown that this
embodiment imparts strong chemical inhomogeneity in ferroelectric films.

The effect of adhesion layer on

_ _ ) Improved interfaces provide BaTiO; 0n-Si with
ferroelectric PZT film properties was greater process control and bulk:like permittivity
assessed using Ti, TiO,, and ZnO. latitude leading to significant -

« Buffer layers and electrodes performance enhancements
deposited via RF sputtering
. PZT deposited Via. CSD 80PZT 5}2/48§ on various adhes!ion I}ayer
* Polarization-Field and Permittivity- ol | = =
Field measured 0|
« STEM-EDS and PCA for chemical D e
distributions % 0
ZnO-buffered films display virtually no |
chemical gradient and improved ol i el g Improved
electronic response. This is the first = = s g Slectrode
known observation of chemical T Re e

homogeneity in solution deposited PZT

from a single solution. In preparation for submission to

Advanced Functional Materials
(TA Number 11780) () Sandia National Laboratores



Directed assembly of block copolymers by simple, inexpensive
Interference lithography; transfer to nanoimprint lithography

The ITRS has stated that no proven optical lithography technique is available
below the 22nm node. Developing a feasible approach for 22nm and beyond is
critical for SNL-specific applications as well as the IC industry as a whole.

Combining top-down interference
lithography (IL) with bottom-up self
assembly techniques, we have:

- directed self-assembly of block
copolymer masks with 4x feature
density multiplication (22nm-pitch .‘ (55
features from 88nm-pitch IL pattern) Lo G LT

- quantified quality of ~20nm-scale
patterns and features over >100um?

- transferred BCP-defined features to
nano-imprint master for repetitive
fabrication of nanofeatures free from
optical diffraction limitations

- simulated stability and dynamics of
directed self-assembly processes

Multiple publications in JVST-B (2010)
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We have demonstrated the use of a high-power ferroelectric
opening switch (FEOS)

Development of areliable, reusable, fast high voltage opening switch would
revolutionize pulsed power by enabling the use of inductive energy storage
(leading to enormous improvements in efficiency, reduced size and complexity,
faster rise times, and many secondary enhancements).
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Our fabrication and processing routes using inexpensive and reliable chemical
solution deposition of ferroelectric thin films on technologically-relevant
substrates for functional device structures is recognized as leading the world.

With proper processing, solution-
derived ferroelectric thin films can be:

- feasibly fabricated from 10—
1000nm thickness

- high-performance, inexpensive,
reliable, and IC process-compatible

- viable integrated alternatives to
discrete MLCC technologies

- used for energy storage, energy
harvesting, actuation, sensing,
information storage, etc.

World-recognized leaders in
the chemical solution-derived
fabrication of functional thin
film ferroelectrics on
technologically-relevant
substrates including ultrathin
films, multilayer thin films,
and high-performance films
on base metal foils.
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G.L. Brennecka, J.F. Ihlefeld, J-P. Maria, B.A. Tuttle, and
P.G. Clem, J. Am. Ceram. Soc., 94[12] 3935-54 (2010).
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