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What is a simulation?

Physical universe of interest
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Verification and validation

Physical universe of interest

IObservation
Computer ﬁ@ Experimental

codes equipment

Implementation

*Validation: are we solving the right equations?
Theory and *Not a yes/no answer

models Verification: are we solving the equations right?
*Not a yes/no answer




Simulations in science and engineering

Aircraft and aerospace

e 1980’s 70+ wind tunnel tests for wing design
e Boeing 777: only 11 experiments due to CDF
e 2013 revenues: $S86 B

Electronics industry

e SPICE (Simulation Program with Integrated Circuit Emphasis)
e Circuit simulator from UC Berkeley

e SUPREME (Stanford University Process Modeling)
e Fabrication of semiconductor devices

e S300Binsalesin 2013

What is next?

PURDUE




Materials modeling and simulations

e Uncover and characterize the molecular-level

mechanisms that govern materials
e Contribute to the design and certification of materials

e Quantify uncertainties and confidence in the predictions
for decision making

TEENERE]

4 Quantitative
lifetimel® Predictions
secondp
microsech
nanosec.

Quantify@hel
picosec. confidence@n®hel
predictionf
femtosec.lf -
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Key technologies & infrastructure

*Apply/develop state of the art
science and engineering to real-

New

] . world problems
material/device
design Efficient technology transfer

between collaborators

Uncertainty quantification for
decision making

Certification *Rapid adoption/testing of new
technology by the scientific
community

PDF CRSS

*Next-generation engineers and scientists
familiar with predictive mode6llng UU




Simulations universally accessible & usefu

X| xterm
plimp
plimp
plimp
plimp
plimp
plimp
plimp
plimp
plimp
plimp
plimp
plimp
plimp

e How do | compile it?

e What libraries do | need?

e Where do | run the simulations?

e What queuing system does the
supercomputer use?







Education
nanOHUB e nanoHUB-U

500+ teaching materials

ACUTE

| Assembly for Compu?ational Electronics

Research in the cloud
e 350+ simulation tools il
e 2500 online seminars gy o

R INSTRUCTORS

Welcome to nanoHUB-U

Online courses broadly accessible to students in any branch of sclence or engineering.

@ NCN-affiliated documents @ Non-NCN-affiliated docis

14 pageors with pata

Global coIIaborét”i-o"n & com un'i-ty
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Empowering User Contributions

e Faster turn-around:
2-3 years = 1-2 weeks

e Eliminate bottlenecks

e Researcher retains
ownership of code

« Rappture toolkit
simplifies development



http://www.php.net/

Up to date tools, a community of developers

1400
1200
™Tool Versions
1000 - ™ New Tools
~=Active Developers
800
600
400 Continual
Engagement
200 380+ Developers
NOT PAID by NCN
0
P LT PLESFEP P
B P S U S U R g St
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nanoHUB simulations in education

Educational material tightly coupled to simulation tools

ACUTE

Assembly for CompuTational Electronics

ME 597/PHYS 570: Fundamentals of

Atomic Force Microscopy (Fall 2010)

non-stationary RV P13
transport

quantum transport
in nano transistors

VWhat is the
Dispersion
of

ree particles and the
electrons in a crystal What are

artificial atoms

COURSES FAQS FOR INSTRUCTORS ABOUT

uuuuuuuuuuu

ABACUS: 3,900+ users
VEDA: 1,300 users
nanoMATERIALS MD: 2,000+ users Welcome to nanoHUB-U

Online courses broadly accessible to students in any branch cf sclence or engineering.

S MARK LUNDSTROM



Impact at Purdue

ALL Purdue MSE UG students are exposed to:
*Molecular dynamics simulations (MSE235)
*Ab Initio electronic structure calculations (MSE270)
Computational thermodynamics (MSE 260)

E W)

e 'Q\ ' i : Home MyHUB Resources Members Explore About  Support

e ! .} e ot

r""h: 7 : YYou are here: Resources » Courses » MSE 537G An Introduction to Molecular Dynamics + About
ST T

by R T . —
L _REE MSE 597G An Introduction to Molecular

o Dynamics

s short se is to provide an introduction to the theo

8 MD lectures: Over 4,000 users

NanoMATERIALS simulation too!| ||,
Over 2,000+ users Atomic Force Microscopy

By Ac
Purdue University

AFM lectures: Over 2,600 users




Simulation-enhanced Materials learning
Goal

eEnhance learning or explore new topics via online simulations

https://nanohub.org/topics/LearningModulePlasticityMD

nanoHUB.org - Wiki: Learning Module: Atomic Picture of Plastic Deformation in Metals
> M2+ ® Ihttps @ nanohub.org
FacultyCluster Blackboard Learn ClusterQueues Web of Kno...ience Home Apple Disney ESPN Yahoo!

FOR NANOTECHNOLOG

& Format

eIntroductory/Background Lecture

Learning Module: Atomic Picture of Plastic Deformation in Metals .Pre_lab |€CtUF€I

by Joseph M. Cychosz, Alejandro Sirachs eTutorial to run a meaningful simulation
CYYPRN /it Commoris O Fisiory | and analyze the results

eHands-on lab activity

Additional material

e Learning objectives

e Audience

Home Resources Members Explore nanoHUB-U Pariners About Support

Home  Topics » Leamning Module: Atomic Plcture of Plastic Defarmation in Metals

The main goal of this learning module is to introduce students to the atomic-level processes responsible
for plastic deformation in crystalline metals and help them develop a more intuitive understanding of how materials work at molecular scales. Image to the
right shows plastic deformation of a metallic nanowire.

The module consists of:

« Twe introductery lectures (50 minutes each) available online as audiovisual presentations P l ] RD l ] I :

UNIWVEZRSITY




Atomic View of Plasticity: background lecture

Introductory and background lecture

Learning objectives

*Develop an atomic picture of plastic deformation in metals

*Understand the orientation of the active slip system with respect to

the tensile axis U

*Estimate the strength of perfect crystals a Expeﬁmenta| tensile testing
polycrystalline samples

=Strain hardening: difference between anng
nanoscale samples

N

------------------- ll What is molecular dynamics?

aepne
TTIYELRL]
TILEE LR L)
TILLLE L LN
T YT I L
Y TT I L
sammaRaRRs
samaBeRBAR
Y YT LR
TITLELLE L)

*Follow the motion (dynamics) of every atom

*Force acting on each atom
*Depend on the location of other atoms
*Interactions are determined by electrons (quantum mechanics);
these methods are computationally very intensive
Inter-atomic potential (this is what we will use here)

V({z}) -V . V{})=F,

«Integrate Newton’s equation of motion

Eng. Stress (MPa)

Keith Bowman
“An Introduction to Mechanical Behavior of Materials|

eLearning objectives F,=mga,
e|ntroduce topic and MD simulations

16 PURUE




Atomic View of Plasticity: background lecture

Introductory and background lecture

Nanoscale tensile tests: MD results

Nanoscale specimens: larger strains

Eng. Stress (MPa)

Platinum nanowire ; o e X Stral:.O‘.}?_'S
Radius 1.3 nm et ey une s +

0.04 0.06 0.08

Engineering strain

Platinum nanowire
Radius 1.3 nm

0.1 0.2 0.3 0.4

Engineering strain

eShow some key results

17
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Atomic View of Plasticity: tutorial

Pre-lab lecture

Nanoscale vs. macroscopic specimens

Diameter: 2.6 nm Periodic length: 4.1 nm

_____

...................

e ettt Determine initial model for

simulation

il e ars: Ml mna « View - nane-Mimeriaks Simulatien Tealkt

*Select a model from menu _ V|ew|ng results with nanoMATERIALS

Click on Pt nanowire r13
Some possible operations

*Create supercell ____

Modify the lattice parameters __

eStep by step tutorial on how to run
and analyze the MD simulations

Molecular view

UNIWVEZRSITY



Hands-on activities

O 5 v "o Coo Yo i s 1 o Stress vs strain from MD

Annealed
worked (30 mins. @ 500° C)
< -
L3 |
Work hardening

Annealed
(30 mins. @ 650° €)

Eng. Stress (MPa)

0.2 0.3 0.4 0.5 0.6

Engineering strain




nanoHub User Behavior

Users

Time (days)

2010-06-30

yRDUE

6 users 1 days of historygess




Formal Education vs. Research

~ A Soph. Materials Engineering

B Snbh. Mechanical éngineeﬁng

C . Senior Electrical Engiﬁeering

L]

») Freshman Chemistry

E o 7| Graduate Electrical Eng.

Users

o |

Soph. Materials Engineering B

|G| | Experimentalist Researchers ]
| H . | Computational Researchers T T o L T P
...... J 0 Self-Study Users B

July 1,2009 ° June 30, 2010}
|

Time (Days)




lleave

Formal Education vs. Research

Validated Subset Shown

Tools and Usage Pattern Classes Total
Like This | Users
A | Single Tool, Single Use Soph. Materials Engineering 96 1392
B | Single Tool, Semester Use Soph. Mechanical Engineering 5 253
C | Multiple Tools, Periodic and Senior Electrical Engineering 1 84
Repeated Use
D | Multiple Tools, Periodic Single | Freshman Chemistry 41 803
Use
E | Single Tool, Intensive Use Graduate Electrical Eng. 6 142
F | Multiple Use in 3 Classes, Soph. Materials Engineering 1 35
Transformation to Research
G | Experimentalist Researchers 18 users 31
H | Computational Researchers 22 94
I Self-Study Users 33 (not validated) 5,685




Assessing students learning

L,H- Sﬂn,

E!E
Advances in Engineering Education Eﬂ

!"Nu ot

".r
5
’n,., -]

WINTER 2013

Lectures and Simulation Laboratories to Improve
Learners’ Conceptual Understanding

SEAN P. BROPHY
Engineering Education

ALEJANDRA J. MAGANA
Computer and Information Technology

AND

ALEJANDRO STRACHAN
Materials Engineering
Purdue University

West Lafayette, IN

23 PURD UE




Study details

Lectures Assessment 1 (Al) MD Simulation Lab Assessment 2 (A2)
Lecture (50 Prelab Pretest (Posttest of lectures) Simulation Posttest of entire sequence
minutes) (50 minutes) {10 minutes) {3 hours) {10 minutes)

Table 1. Sequence of treatments and measures of student learning during the learning process

Learning Activity

Group Lecture Prelab Simulation
1 (N=6) No No Yes
2 (N=16) Yes (or No) No (or Yes) Yes
3 (N=24) Yes Yes Yes

Table 2. Definition of groups

PURDUE

UNIWVEZRSITY



Assessment

Yield stress (Q1): Asked students to compare the yield stress of a defect-free nanowire
with that of a polycrystalline metal.

Plastic deformation in compression (Q2a) and plastic deformation in tension (Q2b):
Asked students to sketch the atomic displacement involved during compressive (part
a) and tensile (part b) plastic deformation of a nanowire.

Strain hardening (Q3): Asked students to compare the amount of strain hardening

expected in the nanowire and the macroscopic samples (a cold-worked specimen and
one that has been annealed)

2 PURDU




Results

000000000
[ WO TN T T T . R

Yield stress
(Q1) - factual recall

== No lecture,
no prelab

== Leclure or
prelab

Lecture and
prelab

pretest postiest

Plastic deformation in tension
(Q2b) - conceptual understanding

/n

—=MNo lecture,
no prelab

== Lecture or
prelab

Lecture and
prelab

posttest

coco00o0e
O bW BN G =] 00O =

Plastic deformation in compression
(Q2a) - transfer knowledge

=== N0 lecture,
no prelab

== Lecture or
prelab
Lecture and

prelab

pretest posttest

Strain hardening
(Q3) - factual recall

=== N0 lecture,
no prelab

== Lecture or
prelab

Lecture and
prelab

pretest posttest

UNIWVEZRSTI

T
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PURDUE

UNIVERSITY

Truly a fabulous learning experience.” — postranoliUst student
y g exp

__ www.nanoHUB.org/u

Welcome to nanoHUB-U

Transcending disciplines with short courses accessible to students in any branch of science or engineering

s distilled into short le

th quizzes, homework, practice exams.

SELF-PACED COURSES FOR FREE

Learn at your own pace. Nano-tuts

Short tutorials taught succinctly by our award-winning professars

LWE SHQQ? CGU QSE"; FOR g'ge Topics based on your suggestions!

Interact with nanoHUB-U profs
Coming Fall 2013: "Thermoelectric Science and Technology" and "Electronic Biosensors"
Lessons from Nanoscience

Low-cost lecture nates from World Scientific Publishing Co.

EDUCATORS
World Scientifi

Cannscting Graat Minds

Use nanoHUB-U on your campus

CERTIFICATES, BADGES, CREDIT

Learn more about receiving credit and/or recognition



LECTURES

A quick look at: ultimate limits, other transistors, and circuits

Posted

HOMEWQORK

L5.1: The Ultimate MOSFET and Beyond - Fundamental Limits
Play video » YouTube Download L5.1 Slides Cuiz

L5.2: The Ultimate MOSFET and Beyond - Heterostructure FETs
Play video » YouTube > Download »L5.2 Slides » Quiz

L5.3: The Ultimate MOSFET and Beyond - Heterostructure BJTs
Play video » YouTube Download L5.3 Slides Cuiz

L5.4: The Ultimate MOSFET and Beyond - The CMOS Inverter
Play video » YouTube > Download »L5.4 Slides » Quiz

L5.5: The Ultimate MOSFET and Beyond - CMOS Logic
Performance

Play video » YouTube Download L5.5 Slides Cuiz

L5.6: The Ultimate MOSFET and Beyond - Analog/RF CMOS
Play video » YouTube > Download » L5.6 Slides » Quiz

DISCUSSION FORUM

Week 5 homework
Submit Week 5 homework here

Load VSspice WS Model 45nm CMOS. txt

**Special Thanks to Professors Dimitri Antoniadis and Jacob White of
MIT for the HW exercises and and the SPICE like circuit simulation toal.

Extended Homework Problem Set

Solutions
Extended Homework Problem Set Solutions

Tutorial: The Ultimate MOSFET and Beyond - Homework Solution
Play video » YouTube > Download

EXAM

Week & exam Retake

Week 5 discussion

REFERENCES AND SUPPLEMENTAL MATERIALS

Comments about Digital Circuits



nanoHUB-U curriculum

Learn at your own pace.

Interact with nanoh

Coming soon:

"Fundamentals of Batteri

Use nanoHUB-U on

Learn more about 1

101: Fundamentals of

Nanoelectronics,

Part |

Sunrive Datta
SUpMyo Lalla

104: Fundamentals of Atomic Force

Microscopy, Part Il

Arvind Raman

107: From Atoms to Materials:

Predictive Theory and Simulations

Alejandro Strachan

102: Fundamentals of

Nancelectronics,

Part Il

Sunrive Natia
Loy o Lalla

105: Nanoscale Transistors

Mark Lundstrom

103: Fundamentals of Atomic Force

Microscopy,

Part |

Ronald Reifenberger

106: Thermal Energy at the

Nanoscale

Timothy Fisher

PURDUE

UNIWVEZRSITY



nanoHUB-U for Educators

(il (el
NANOHUB| PURDUE nanoHUB.org HOME COURSES FAQS  FORINSTRUCTORS  ABOUT

lwl UNIVERSITY

For Educators

For instructors preparing nanoHUB-U courses:

The instructional materials usec

1 their ow
For universities wishing to offer nanoHUB-U courses on their own campus:

w nanoHUB-L : a unique nan Jrriculun

Contact
For g s about nanoHUB-U, contact the support

PURDUE




about nanoHUB-U

A forum for evolving, original viewpoints that should
become mainstream.

Short but not too short (5 weeks) and not superficial.

Designed to “transcend disciplines” and be
broadly accessible (no long list of prerequisites).

Focus on seniors, beginning grad students,
working engineers.

http://nanohub.org/u




nanoHUB-U numbers

Launched in Spring 2012
9 courses offered by 8 different instructors
More than 4000 registrations:
503 universities represented

/6 countries represented
93 companies represented

Increasing use on the Purdue campus in “blended courses”

PRD'




nanoHUB-U

FROM ATOMS TO MATERIALS

PREDICTIVE 'I'IIEIIIIY llHII SIMULATIONS

UNIVERSITY

THERMAL ENERGY

AT THE NANOSCALE

230 students
20+ from industry




nanoHUB — use In research

[ IX 1]

...00:*.

[
.......

® ’ -

L

'o‘. e

°

.... .
gPe000®

@ NCN-affiliated documents @ Non-NCN-affiliated documents

* Small dots represent papers with relatively low secondary citations, medium dots indicate papers with potential to influence h-index, large dots represent papers affecting the h-index

PURDUE



h-index: Research Quality Indicator

1,000
L Academy of
Engineering Year 2013
b 1,032 nanoHUB citations
100 “ey | 11,250 secondary citations
: h-index: 48
membor o WL
10 -3 575 nanoHUB citations
"I >3,200 secondary citations
h-index: 27
1 .

1 10 100 1,000

“deep Isegapnol resaanlh TP Wsibur



Compute intensive tools

NEMO/OMEN
nanoelectronics

PolymerModeler
Build structures & run MD

mmet e S

b ¥

2
>
z
z
m
v
©
o

gwalk

QWalk: Continuum electronic structure quantum Monte Carlo



nanoHUB.org enhancing research

Peide Ye: NMOSFET performance of Al,O, ALD oxide on GaAs
depends strongly on surface type

*DFT calculat
eStructures a

G. Hegde, G. Klimec

» : 4 1
; y( "t

£ 36

< 3
.. Lg=m

*Deploy research codes

*Store and disseminate research data "al. IEDM, 2009

*Make research data available and useful
*Reproduce results
ePerform further exploration

R ———

DOS (arb. uni

A. Strachan, APL (2011) 37

4




Measuring impact of contributors

Users of Simulation Tools Authored by Alejandro Strachan (3,739 Users)
180 [

1 3500
160

1 3000

1 2000
/u ’ .
1 1500

1000

140 |

M
a
o
=4

Cumulative Users

120

100

Monthly Users

Alejandro Strachan »

.

i

- 0
2007 2008 2009 2010 2011 2012 2013 2014
Months / Years

Table 1: Overview

| 500

Item

Contributions:

Total Simulation Users Served:
Total "and more" Users Served: 18,226
Rank by Contributions: 3371378
First Contribution: 16 Mov 2005
Last Contribution: 06 Feb 2014
Citations on Contributions: §

Usage in Courses/Classrooms: 694 users served in 61 courses from 7 institutions

PURDUE
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Materials modeling and simulations

e Uncover and characterize the molecular-level

mechanisms that govern materials
e Contribute to the design and certification of materials

e Quantify uncertainties and confidence in the predictions
for decision making

TEENERE]

4 Quantitative
lifetimel® Predictions
secondp
microsech
nanosec.

Quantify@hel
picosec. confidence@n®hel
predictionf
femtosec.lf -

PURDUE

nanometer micronl mm@ SRR



Application areas of interest

Nanoelectronics & energy




NNSA PSAAP Center: PRISM

Center for the prediction of reliability, integrity and survivability of microsystems

Goal: Predict performance and reliability of RF-MEMS device
*Multi-physics modeling from electrons to device

eFabrication and experimental testing for validation

eUncertainty quantification at all scales in models and experiments

PURDU

UNIWVEHRSITY




Multiscale, multiphysics w/ quantified uncertainties

deformation Magnitude

Exp_positive
Exp_negative
—e— Simulation

probability

60
pull-out voltage

" Contact distance (nm)

Contact hardness (GPa)

15

contact size (nm)

a-SigN, (112-atoms) BDGGA
HLDA

TEIFETIIY PURDUE




Nanoelectronics: electrometallization cells V

e Resistance switching devices
e Creation and dissolution of conductive metallic
bridges

Current | [pA]

 Applied Voltage V (Cu vs. Pt) [V]
: v

Tappertzhofen et al. ACS Nano (2013)




Atomic processes of switching

Forming

e Aggregation into small clusters

e Stabilization via reduction as they become
connected to inactive electrode

Reset

e Dissolution starts near inactive electrode

 Nanofilaments connected to active electrode
remains

Set

e Nanofilament dissolves

e Aggregation and reduction




Thermal transport at the nanoscale

Corrugated Si nanowires
. . . | Ak CSINWS
* Conductance smaller than straight wires wit 700 44 Comm: Praieied
inner core diameter

T m—m Outer Smoath NWs

Amplitude (nm)

14 d)
[V &

\ il
4
IL
L

m“ }’ﬁﬂ;\\

| 7
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Polymer composite projects

NSF: cyber-enabled predictive models for polymer nanocomposites: multiresolution
simulations and experiments

eUltimate mechanical properties of
nanocomposites

*Poly-imides and PMMA with CNTs and
graphne

damage propagation in epoxy formulations
eContinuous carbon fiber reinforced composites



Prediction of onset of permanent damage

=]
Micromechanics Onset d
Homogenized enhancement . :
strain fields ’ criteria Propagation
Molecular modeling
Rz
o
o \ / o
| Non_linear v
L viscoelastic model
el Physics-based — no
| fitting parameters
|2




Predicting failure under tension

Open hole tensile test

Quantity of interest:
angle of failure initiation

Work of Koslowski and Pipes groups

48 PURDUE




Fallure angle prediction vs. experiments

|
Volumetric failure Deviatoric failure

(maximum J,)  Theory 1maximum gd )

50 55 60 65 70 75 80 85 90 95 100

Failure angle

*Theoretical predictions agree in average with experiment
*We are interested in deviations around the average

- PURDUE




FEM simulations with
homogenized

oroperties RVE simulations

Variability in volume
fraction

Micro Mechanical enhanced solution

U

PURDU




Variability in failure angle

Acknowledging microstructural variability captures
distribution of experimental failure angles

Frequency
0.14 9

Prediction

Probability density distribution

50 55 60 65 70 75 80 85 90 95 100

Mendoza Jasso, Goodsell, Ritchey, Pipes' Koslowski, Composites Science and Technology,
71 (16) 1819-1825, 2011.

Mendoza Jasso, Goodsell, Pipes and Koslowski, JOM, 63 (9) 43-48, 2011.

Mendoza-Jasso and Koslowski, Composites Structures, 102, 148-153, 2013

: PURDUE




Thanks
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STARnet

Office of
Science
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Educacion y simulaciones en nanoHUB
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