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CUSTOM HARDWARE MATERIALS EXPLORATION

A Autonomous exploration has potential to dramatically accelerate discover
A Rate limiting steps still typical remains the experiments and analysis
A Need more inoperando characterization to provide understanding as well as optimization

A Critical to move synthesis and characterization onto tiszales that match autonomous decision
making €& then unique capabilities with AI

A Focus on transfer from small Pl projects to centers

ANew experimental methods & new experimental hardware
AHighly automated and ideally linked to autonomous agents

AAdvocate for mix of large facility and small  -scale unique hardware

AMaximum potential when expensive / limited analysis fully utilized
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Aln some cases, the ability to
do experiments is
outrunning our ability to
intelligently analyze and

- synthesize the results
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A Autonomous exploration
G requires new and highly
Al C Augmented Intelligence automated experiments




EXAMPLE:
LATERAL GRADIENT LASER SPIKE
ANNEALING

Rapid synthesis and characterization of phase behavior in complex
alloys




GOAL 0 GENERALIZED PHASE DIAGRAMS

1600 , 1 I , :

ANot all interesting phases are equilibrium

A BothxT and‘ ' phase diagrams are still

— Ti0, + Lig.
equilibrium 1500 ’

AKinetics are at equally critical to formation 198

A Time and temperature of anneals £ 1400

AKinetics pathway not necessarily reversible Ti0; + BaTigOq

ABoth solid and liquid phase depend on 13001 13000
nucleation phase s =le | s 7o, 4 ]
== 2| = azTi
A Competitive phase nucleation s|& 8| |&€ o
- | | 1 | | |
A Need to track nucleation especially in solid state 60 70 80 90 100

-<—— Ba0 mol fraction, % Ti0,




EXPERIMENTAL: LASER SPIKE ANNEALING
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EXPERIMENTAL: METASTABLE PHASE SYNTHESIS
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COMBINATORIAL THIN FILM SYNTHESIS
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SPATIALLY RESOLVED GRAZING INCIDENCE XRD

a) Grazing Incidence XRD
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COLLECTING SPATIALLY RESOLVED Gl XRD

spatially resolved XRD
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S| MPLE SYSTEMS e EXHAUSTI VE
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SARA: SCIENTIFIC AUTONOMOUS REASONING AGENT
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Ament et al., Sci.Adv.7, eabg4930 (2021)




BUILD |

ARDWARE: FASIOOP EXPERIMENTS AT ClI

comv

_aicluding alignment and laser conditioning

A Analysis: _.us for 202rdy spectra on 10 um centers

A Next experimental conditions needed within 20 seconds to fill pipeline




CRYSTAL SHIF® RAPID PHASE IDENTIFICATION
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CRYSTALSHIEPHYSICALLEREALISTIC, PROBABILISTIC LABELING

_ ‘ . o * Regularized LM optimization while
* Using matching pursuit heuristics preserving symmetry of the phase

Best-first search Crystallographic-Realistic
algorithm Optimization

Estimate Probability of
Presented Phases

Probability

* Based on Bayesian model comparison Phase combinations
and Laplace abpbroximation
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DOMAI N EXPERTI SE é OR GARBA

Physics based structural
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TARGETED SYNTHESIS INBL-TIO, COMPOSITION SPREAD
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TARGETED SYNTHESIS INBL-TIO, COMPOSITION SPREAD

Birich AnataseTio, RutileTiO, _BiZTi4O;1
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EXPANDING
PROCESSING SPACE
CONTROLLING GAS
PHASE ACTIVITIES
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LSA: AMBIENT -CONTROLLED CELL

Top: Sapphire window (transparent)
Bottom: Sample

Cross-sectional schematic of the cell

Sapphire Window

NH NH:
—_—

“Film (80 - 120 nm)

Sample

B e e R )

Aluminum Chuck

Ambients

A Controlled p,, / Py, from 107 to 1 bar
A Ammonia (ppm to 1 bar)

A Forming gas ( < 1022 bar)

A Inert (Ar / He) or vacuum

Currently limited to optical irsitu characterization with
ex-situ structural and electrical properties




OXIDE TO NITRIDE CONVERSION: Nb,O: TO NbN

1210°C, 30 ms, Air 1050°C, 30 ms, NH, ;;a;zi;ion
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SYSTEMS STUDIED: EXHAUSTIVELY ORVIAACTIVE LEARNING
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UNDERSTANDING
FORMATION
KINETICS:

Nucleation/transformation on sulms times

Katie Gann




STATIONARY T FIELD ALLOWS TIMEESOLVED ANALYSIS

Time is translated
to spatial dimension

Distances depend
on speed of

translation (dwell
time of laser)




LIVEVIEW




Post anneal

a X-ray spot

Unheated material

La203, 1400C, 40 mm/
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NEXT STEPS: MULMODALITY
ELECTRICAL CHARACTERIZATION




XALLENT: INSITU MICROCHARACTERIZATION




