McMillan, 2004

NANOSCALE SCIENCE AND ENGINEERING EDUCATION
M.C. Roco

National Science and Foundation and
National Nanotechnology Initiative
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Context: A transforming word underlying
the importance of nanotechnology

» Knowledge has exponential growth,
and so the potential of emerging technologies

» Education, science and technology shift
In content , numbers and societal importance

> Last decade trend: transfer of wealth from "West to East”

» Demographics of discord: growing, declining, diversifying at once

» Earth resources limited: need of radically new technologies

» Global governance; chances for collaboration and conflict

M.C. Roco, 4/26/2009




Converging New Technologies transforming tools
(overview in 2000)
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Benchmark with experts in over 20 countries

“Nanostructure Science and Technology”
/ Book Springer, 1999

y

Nanotechnology

IS creation of materials, devices and systems
by control and restructuring of matter at
dimensions of roughly 1 to 100 nanometers,
—> at the transition from individual to collective
behavior of atoms and molecules
—> where new phenomena
—> enable new applications

M.C. Roco, 4/26/2009




“Vision for nanotechnology In
the next decade” (2001-2010)

Systematic control of matter on the nanoscale
will lead to a revolution in technology and industry

Change the foundations from micro to nano
Create a general purpose technology (similar IT)

More important than miniaturization itself:

» Novel properties/ phenomena/ processes

» Unity and generality of principles

» Most efficient length scale for manufacturing

» Show transition from basic phenomena and components to
system applications in 10 areas and 10 scientific targets

M.C. Roco, 4/26/2009



Generations of Products and Productive Processes

Timeline for beginning of industrial prototyping and
nanotechnology commercialization (2000-2020)

1 (8
Ex: coatings, nanoparticles, nanostructured metals, polymers, ceramics
<

Passive nanostructures

(15t generation products

)

2nd- - Active nanostructures Ex: 3D transistors,

amplifiers, targeted drugs, actuators, adaptive structures

>

3rd: Systems of nanosystems

Ex: guided assembling; 3D networking and new
hierarchical architectures, robotics, evolutionary

>

B ¢
2010 4t Molecular nanosystems

Ex: molecular devices ‘by design’,
atomic design, emerging functions

o

~ 2015-
2020

Reference: AIChE Journal, Vol. 50 (5), 2004

Bth: Converging technologies

EX: nano-bio-info from nanoscale,
cognitive technolofq|es; large
complex systems from nanoscale

Increased Complexity
Dynamics, Transdisciplinarity




National investment
FY 2009 NNI Budget - $1,527 million

Fiscal Year

2000
2001

2002
2003
2004
2005
2006
2007

2008
2009

NNI

$270M
$464M
$697M
$862M
$989M
$1,200M
$1,303M
$1,425M

$1,491M
$1,527M

1600+
1400+
1200+
1000+
800
600
400
200

0

NNI / R&D ~ 1/4 of the world R&D

2000 2002 2004 2006 2008

@ NNI ($ million)

M.C. Roco, 4/26/2009




i NSF —discovery, innovation and education
L’ In Nanoscale Science and Engineering (NSE)
www.nsf.gov/nano , www.nano.qoVv

FY 2009 Budget $397M ~1/4 of Federal
— Fundamental research

— Establishing the infrastructure ~5,000 active projects
24 large centers, 2 user facilities (NNIN, NCN), multidisciplinary teams

— Training and education >10,000 students and teachers/y; ~ $30M/y

Fiscal Year NSF

2000 $97M 4007

2001 $150M 350

2002 $199M 3001

2003 $221M 250

2004  $254M 2001 m NSE ($M)
2005  $338M 1507

2006 $344M 100

2007 $373M 501

2008 $389M 0

2009 $3 O/M ;000 2002 2004 2006 2008

M.C. Roco, 4/26/2009


http://www.nsf.gov/nano
http://www.nano.gov/

Total Award Amounts by State for NEW NS&E Awards FY 2008

Total NEW Amount = $620,369,274 Nano NEW Amount = $564,957,199

AK-0; AL-185; AR-2; AZ-118;, CA-92; CO-335; CT-7.8, DC-6.5, DE-2.8; FL-14.1; GA-9.3; HI-0.8; IA-2.9; ID-14; IL-39.3; IN-9.6; KS-2.2; KY -
15.5; LA-2.8; MA-52.6; MD-9.8; ME - 1.6; MI-7.3; MN - 23.6; MO -4.1; MS-9.3; MT - 0.7, NC-31.6; ND-16.3; NE-8.1; NH-2; NJ-22.5; NM-1.8; NV-1.4;

NY -31.2; OH-14.6; OK-1.8; OR-5.2; PA-38; PR-56; RI-4.7, SC-49; SD-0.8; TN-4.3; TX-15.9; UT-3.1; VA-81;, VT-13; WA-7.1, WI-7, WV-13;
WY -0.1

FY 08 NEW Awd. Amt. ($10"6))
<=1.438 | ]1.438-2.758
| ]2.758 - 7.007 | |7.007 - 9.649

9.649 - 22.54 2254 -91.97
L L M.C. Roco, 4/26/2009



@ Per Capita Annual Average Nano Amount by State
FY 2001-2008
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Per Cap

$397 M in FY 2009 NSF budget for discovery, innovation and education
$108 M additional funding from ARRA (stimulus) fund in FYs 2009-2010




FY 2008 NSF New Awards to California

Leading institutions receiving NSF 'nano’ funding

XX

$25,000,000 @ University of California-Berkeley
SV 2008 $20,000,000-
$15,000,000 m California Institute of
NSF awards
9 $10,000,000- Technology
$5,000,000- m University of California-Los
$0- Angeles

M.C. Roco, 4/26/2009




Expanding nanotechnology domains since 2000

2000-2001: nano expanding in almost all disciplines;
by 2009: 10% of NSF awards; 5% papers; 1-2% patents

2002-2003: Industry moves behind nano development
by 2009: ~ $80B products incorporating nano in US

2003-2004: medical field sets up new goals

2004-2005: media, NGQs, public, organizations -involved

2006-2007: new focus on common Earth resources -
water, food, environment, energy, materials

2008-2009: Increased relevance to
economy — policies - sustainability

.C. Roco, 4/26/2009



Changing research frontier focus

2000-2002
Nanoparticles, nanotubes, quantum dots, coatings

2003-2005
Self- and guided molecular assembling Expands
nanobio technology and medicine

2006-2008
Focus on nanodevices and components of nanosystems

> 2008 from COMPONENT to SYSTEM NANOTECHNOLOGY

M.C. Roco, 4/26/2009



Education Challenges
In the governance of converging technologies

TRANSFORMATIVE

Earlier transdisciplinary, global education for NBIC; “breath and depth”;
“T- shape”; “multi-discip.”, “platform” innovation; incl. system complexity

VISIONARY

Reverse pyramid of learning; Virtual reality; Networking; Cognitive
technologies (sensors, brain-machine interface, brain to learning, ..)

INCLUSIVE and COLLABORATIVE

For diverse cultural and knowledge backgrounds; Interdisciplinary teams
& projects; Increased role engineering; International & ind. collaboration

RESPONSIBLE DEVELOPMENT

Equitable access to public education; R&D ethics; Risk governance

Aoproaches for sustainable develooment M.C. Roco, 412612009
Reference: “Global Governance of Converging Technologies”, MC Roco, J. Nanoparticle Res., 2008, 10 11



THE TRANSFORMATIVE CHALLENGE

Key objectives for nanotechnology education

Fundamental understanding from the nanoscale:
moving the foundation of learning
from “microscale” to “nanoscale”

Sharing similar concepts in various disciplines
and relevance areas:

unifying concepts earlier in education

Developing coherent, longitudinal program with p
bridges between K-12, UG, G, postdoctoral, continuing and informal ed
and encouraging earlier nanotechnology education

Combine “depth” with “breadth”
Broader accessibility and motivation to S&T

Engineering has an increased role because of its
interdisciplinary, integrative, system approach and transforming
characteristics. Nanotechnology deals with systems.

M.C. Roco, 4/26/2009



Nanotechnology university education
- examples of activities supported by NSF-

— Nanotechnology curriculum development (G, UG)

— Integration of research and education (ex: IGERT, CRCD, REU, RET)

— Local and long-distance outreach education (G, UG, 12)

— Technological education

— Education and training in centers and networks

— Modules for individual training

— Informal science education, including for public, non-technical audiences
— Courses and tutorials offered by professional societies

— International activities

FY 2009 NSF investment in NSE (incl. fellowships) ~ $397 M

FY 2009 NSF investment specific in nano education ~ $28.8 M
(three education and S| networks: NCLT, NISE, and NIS)

M.C. Roco, 4/26/2009



Introducing earlier nanotechnology education
(NSF: Nanoscale Science and Engineering Education)

2002
NSF/NSE

2003
NSF/NSEE

2004
N S F/N I S E M.C. Roco, 4/26/2009




Combining “depth with breadth” in NBIC
education and research

|r Another academic group ! : Sphere of knowledge of |
""" S =< | _ anacademicgroup _ !
\\/ S 7 -
I \
\ \
: \ /
Depth from advancing /

the frontier of knowledge

Breadth from associating with
counterparts in other disciplines

I
I
I A s P
I
I

: Expertise”

I
I
: I
P “Get Deep | .
| “Communicate”
I

Similar Tools, Similar Materials
I_ Different Objectives

v
A common tie M.C. Roco, 4/26/2009

Approach towards “T-shape” education; EX. NUE  weicrepory



Nanotechnology Undergraduate Education
- NUE -

NUE was included in the 2003 NSF Nanoscale Science and
Engineering

+ Introductory undergraduate courses presented through the
development of text, software, laboratory and demonstration
experiments, and web-based resources;

+ Development and dissemination of new teaching modules for
nanoscale science and engineering that can be used in existing
undergraduate courses, particularly during first and second year
studies.

FY 2009: NSF 09-533 deadline April 29, 2009, Mary Poats mpoat@nsf.gov

116 NUE awards in FYs 2003-2008 (www.nsf.gov/nano)
Reviewed by the NSF workshops in 2002, 2005 and 2008 at NSF

M.C. Roco, 4/26/2009



Nanotechnology education
to an ecology of innovation

Connecting

+ Creativity: new ideas by | -
NT "multidisciplinary” education and motivation

+ Invention: novel results by
using the NT tools

+ Innovation: better commercialization
when multiple opportunities via "NT platforms"

llustrations: IGERT program at NSF
secondary NT degrees in universities
multi-domain research & industry internships

M.C. Roco, 4/26/2009



Nanotechnology In IGERT

(Integrative Graduate Education, Research and Training)

+ 23 awards directly focused on Nano (incl. 3 renewals)
+ Nano™*

Biology

Devices and machines
Electronics
Fabrication

Laminates

Materials; Biomaterials
Medical

Particles
Pharmaceutical
Photonics

Probes

—

F

M.C. Roco, 4/26/2009



Examples of Nano* Courses

Fundamental Physics and Chemistry of Nanomaterials;
Interfacial Phenomena in Nanostructured Materials (Johns
Hopkins U.)

Nanosystems Design for Biology and Medicine (Northeastern U.)
Nanotechnology: From Lab to Product (U. Mass Amherst)
Nanotechnology-Based Drug Delivery (Rutgers U.)

Frontiers in Nanotechnology (U. Washington)

Quantum Engineering of Nanostructures (U. Texas at Austin)

Nanoscale Materials; Molecular Modeling of Polymers and
Nanocomposites (Tuskegee U.)

Imaging Nanostructures and Nanoparticles; Finite Element
Analysis for Nanostructures (modules, Cornell University)

Biomedical Applications of Colloidal Nanocrystals (U. of New
Mexico)

M.C. Roco, 4/26/2009



Nanotechnology education
to Include system complexity
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THE VISIONARY CHALLENGE
- “Reverse pyramid” of learning

 Learning first unifying concepts of
matter / biology/ information systems, and then
averaging techniques specific to each discipline

 Sharing similar concepts in various disciplines
and relevance areas: unifying concepts earlier in
education

M.C. Roco, 4/26/2009



Use of Virtual Reality enabled by NBIC

Portable virtual reality for education and training

e Learning tool

 Working environment

* Virtual laboratory experiments

« Soclal and economic observator
« Computer and information tool

 Advances In cognitive sciences & s

Effective implementation expected after 2010

(PR L gL L]

M.C. Roco and W.S. Bainbridge, Converging technologies for improving human performance,
Springer, 2003; W.S. Bainbridge, Science 27 July 2007: vol. 317. no. 5837, pp. 472 - 476


http://www.sciencemag.org/cgi/content/full/317/5837/472/FIG2

Role of Networking and Virtual Communities

Networking made possible by IT and nano

* Implications on research, education, and culture

» Remote work, collaboration and education — a fast
growing approach: Telepresence and Telecollaboration

The language barrier; more undergraduate and
graduate schools in a foreign language

Increased creativity and education exchanges (mixing
the waters)

M.C. Roco, 4/26/2009



Using cognitive technologies

lllustrations
 Connecting neurobiology to nanoelectronics
 Brain - machine interfaces; mind controlled prosthesis
« New sensorial capabilities using NBIC tools
 Neuromorphic engineering

o From brain research to
education methods
using NBIC tools

Doheny Retina Instltut .
Microelectronic Retinal Implant

M.C. Roco, 4/26/2009



INCLUSIVE: industry, academe, government,
S= | pon-government and international organizations,
*  communication institutions, public at large.

EX: S&T agencies participants in the NNI

NIST NIST

NASA@’
DOD =~  |c ®
DOTr @E €
—r 1; "'
DOE Q) oot f(jﬁ uspAUSDA
%352 N7 |

nsF @ era SEPA 0OY (S

2001: Six 2002: Seven 2003-4: Four 2005: Six New 2006: Three
Agencies New Agencies New Agencies Agencies New Agencies

DOS

i




Nine Nanoscale Science and Engineering
networks with national outreach

TOOLS

Network for Computational Nanotechnology (2002-) > 90,000 users/ 2008
National Nanotechnology Infrastructure Network (2003-) 4,600 users/ 2007

| Cx"

_ : mEER
Nationwide Impact

| A
TOPICAL |

Nanotechnology Center Learning and Teaching (2004-) 1 million students/ Syr
Center for Nanotechnology Informal Science Education (2005-) 100 sites/ 5yr
Network for Nanotechnology in Society (2005-) Involve academia, public, industry
National Nanomanufacturing Network (2006-) 4 NSETs, DOD centers, and NIST
Environmental Implications of Nanotechnology (2008-) with EPA

GENERAL RESEARCH AND EDUCATION

NSEC Network (2001-) 17 research & education centers
MRSEC Network (2001-) 6 new research & education centers since 2000

MC Roco,
4/26/2009




National Nanotechnology  NNIN

AL

Infrastructure Network (NNIN) ===

| —
|

LIl B

2000

=
2
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.

University of

Washington
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arvar
Mhieen  nversidig "
University of Univers
Stanfar Michigan w ®
anfor
University University of . Pennsylvanf®
o Colorado \Gvriit;'rr;gton State Universit@®
University of California ‘ University
‘at Santa Barbara
Arizona State Georgia Institute
‘Jniversity .of Technology
University of Texas
@ Continuing Sites %’*US“"

@ New Sites

Director Sandip Tiwari

An integrated national network of user facilities
providing researchers open access to resources, instrumentation and
expertise in all domains of nanoscale science, engineering and technology

http://www.NNIN.org; Est. 4600 users (691 or ~ 15% industry) in 2008

MC. Roco, 4/26/2009



A national resource for research, education and user-facility to accelerate
the transformation of nanoscience to nanotechnology through theory,
modeling, and simulation and collaboration enabled by cyberinfrastructure

Total Users

soo t 80,000
o 7000 [ Users/ 2008

Est. 90,000 users 2008 (~10%ihd)

Feb00  Feb02  Feb04  Feb06  Feb08

http://www.nanoHUB.org
Director Mark Lundstrom

MC. Roco, 4/26/2009



NCLT: Meeting at the Nanoscale

Tools to Image & Manipulate at the Nanoscale
« 1982 Scanning Tunneling Microscope

» 1986 Atomic Force Microscope Macro

« 1991 NSOM Scale

\e

2
09\06

C

e

e

Nano 100 nm
Scale

Engineering

Engineering

Physics

Tools to Fabricate at the Nanoscale

Sub-Atomic ° Lithography (optical, e-beam, print)
Scale * Focused lon Beam

* Vapor Deposition

» Self-Assembly

Director Robert Chang

Chemistry
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SCIENCE
EDUCATION

VI3E" & NanoDays 2009 March 28-April 5

Kits have been shipped to these locations in 2008 or 2009
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NSF nanotechnology centers -
educational pipeline for industry

Institution Graduate Students Postdoctoral
Researchers
Total number
Total number of | Graduates in | Percentin completed | Number in | Percentin
graduates industry industry appointment industry industry|
Totals NSEC 528 193 36.60% 270 99 36.70%
NCN 44 22 50.0% 20 0 0.0%
NNIN 2,600 2,080 80.0% 950 475 50.0%
NSECs +
2 Users

Networks 3,172 2,295 67.2% 1,240 574 44.6%

MC. Roco, 4/26/2009



RESPONSIBLE DEVELOPMEN CHALLENGE
21st Century Nanotechnology R&D Act

Public Law No: 108-153, Dec 3, 2003

Sec. 2.b.(9) providing effective education and
training for researchers and professionals
skilled in the interdisciplinary perspectives
necessary for nanotechnology so that a true
Interdisciplinary research culture for
nanoscale science, engineering, and
technology can emerge;

(10) ensuring that ethical, legal, environmental,
and other appropriate societal concerns... are
considered during the development of
nanotechnology

MC. Roco, 4/26/2009



NSF Investment in Societal Dimensions of NT

and $28.8 M (7.4%) for nano EHS

¥ Of FY 2008 NNI/NSF request of $390 M, $63 M or 16.1% is for SI,
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I Environmental, Health, and Safety
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—g#— Percentage Societal Dimensions

0.00

MC. Roco, 4/26/2009



Five possibilities for e_nhancing global education
for nanoscale science and engineering

1. Earlier education from nanoscale

2. Establish global — transdisciplinary communication system
(using cyber IT, informatics, virtual reality, etc.)

3. Create and leverage international education institutes,
courses, networks, etc.

4. Leverage education for common resources and soc. impl.

5. Commitment to long-term, priority driven, global view
using scenarios and anticipatory measures

Reference: “Global Governance of Converging Technologies”, M Roco, J. Nanoparticle Research, 2008, 10



This workshop on
“Partnership for Nanoscale Science and Engineering Education”

B Review status of nanotechnology (NS&E) education
methods, programs and infrastructure

B Connection between nanotechnology research and education
providers and users in the United States

E |dentify opportunities for new activities and networking

B Use exiting networks for formal and informal nanotechnology
education for strengthening the education community

www.nhsf.gov/nano or link www.nano.gov

MC. Roco, 4/26/2009
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