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Co-Chair — Emerging Research Materials Working Group
International Technology Roadmap for Semiconductors
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Audience Poll

Who Are You?

48
A. K-12 Educator

B. Community College Educator
C. 4-year College/University Educator/Researcher

D. Industry scientist, engineer or technologist
E. Interested member of the community

10



Overview

o

Q What’s the big deal about nanotechnology?
Q Current device trends and challenges

Q What can we learn from Nature?

Q Emerging high-impact opportunities

Q Inspiring the next generation of innovators

11



What’s the Big Deal About Nanotechnology:
Orders of Magnitude in Length
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What’s the Big Deal About Nanotechnology:
Orders of Magnitude in Length
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Benefit Unusual Properties Emerge at the Nanoscale:
Ex. Metal Nanoparticles as Pb Solder Replacements
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K. J. Klabunde, “Nanoscale Materials in Chemistry”, Wiley/Interscience publishers, New York (2001).
D. Huang, F. Liao, S. Molesa, D. Redinger, and V. Subramanian, J. Electrochemical Soc., 150, G412-G417 (2003).

Ex. Droplet on Demand patterning of organically coated Cu
nanoparticles enables low temperature [130 C] sintering,
enhanced conductivity, i.e. better than lead.
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Ex. Droplet on Demand patterning of organically coated Cu
nanoparticles enables low temperature [130 C] sintering,
enhanced conductivity, i.e. better than lead.

What is the ESH impact of organically coated 3 nm Cu particles? y



Scaling : The Benefits and the Costs -

Ex. Moore’s 15t Law [Benefits]

Over the past 35
years, prices for

Imost everything
/’:mve increased by
5 - 10 fold.
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15412 Over the past 35 Nano-IC /
years, prices for Integrated Circuit ™"

almost everything -
)(1&4 have increased by Discrete Transistor s
||

”
1E+3 Vacuum Tube -:i'- m

L [ | !"i’-- °
]\E+0 Electro-mechanical ;i.'-I - Semiconductor

unit prices have
1e-3 Mechancal = _—= decreased by a
|| ogge
e B factor of a million.

1900 1920 1940 1960 1980 2000 2020

1E+9

tations per second

$1000 Buys: Compu




Scaling: The Benefits and the Costs -

Ex. Moore’s 15t Law [Benefits]

J. E. Kelly Ill = IBM adapted from Kurzweil 1999 and Moravec 1998; D. Herr, SRC 2011

18412 oyer the past 35 Nano-IC /

years, prices for Integrated Circuit ™"
almost everything 3
%6 have increased by Discrete Transistor -
||
P
5 - 10 fold. -

1E+3 Vacuum Tube ol .

L [ | !"i’-- °
]\E+0 Electro-mechanical ;i.'-I - Semiconductor

unit prices have
1e-3 Mechancal = _—= decreased by a
|| ogge
e B factor of a million.

1900 1920 1940 1960 1980 2000 2020

1E+9

$1000 Buys: Computations per second

> 25,000 X cost 126 IBM 3350’s @
reduction 635MB/Machine in 1976

iPOD (5G)
80GB in 2006

3TB Today
[80GB~$3.73]

80 GB Storage ~$9,000,000

$349

<$140




The Impact of Scaled Nanotechnology

Scaling has allowed product and systems
manufacturers to dramatically increase performance,
while dropping costs in:

/D/Cgmputers & information systems

a TVs, radios & audio systems

a Defense/Aerospace electronics




University research often fuels options,
but rarely predicts, market success.

~ 20 Years Later

Precise Control of Atoms

in Semiconductor
Materials (Stanford)

"
"

Single Crystals of SiC and
GaN (NCSU)

Laser Crystallization of
Amorphous Silicon
(Cornell, MIT, CalTech,
Columbia)

Hot-electron Injection in
Thin Films of Insulators
(Berkeley)

Microchips
with > 1 Billion
Transistors

Cell-phone
BINEVAS
Traffic Lights,
LEDs

Flat Panel
Displays

Digital
Cameras,

Memory
Sticks, iPod




Scaling : The Benefits and the Costs -
Ex. Moore’s 1° [Benefits] and 2" Laws [Cost]
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Basic Semiconductor Switch Mechanism
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Fully Depleted Device Challenges:

Channel and interface variability

10nm

10nm

[Interface Dopant] ~
1 X 108 atoms/cm?3
From D. Herr, with data from the 2005 ITRS, in 2007 ITRS, ERM, pp 21-22

Natural Dopant Wavefront

Source Channel
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O
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T
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Interface

D. Herr, The Potential Impact of Natural Dopant Wavefront (NDW) Roughness On High Frequency Line Edge Future Fab (09/06).



Top down fabrication wall:
Ex. Channel interface variability

Source
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Fully Depleted Channel Length
Variation ~ 66.6 % by 2021




Ultimate Semiconductor Device Components?

CMOS switch Nanoscopic and atomic gold

B. Doris ot al,, JEDM , 2002,
) Doris et al. (2002) Dai et al.

Sing

M. Simmons et al. 2012 30


4 Nanowires.avi

Towards Macromolecular Scale Devices:
The trend in atoms per bit and material complexit
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Towards Macromolecular Scale Devices:
The trend in atoms per bit and material complexit

Macromolecular Scale Components:
1.00E+26 tow dimensionalnanomaterials ——
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Directed self-assembly
Complex metal oxides
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Beyond Scaling: Pursuing the race for added value for the end
customer by combining on-chip ULSI and off-chip integration

—— -

— Perhaps one technology
cannot do it all alone.

- . There may be synergistic
computational benefits
from leveraging the

[E—

collective action of several
functional elements.

A key challenge is to
develop nanoscale
fabrication methods for
enabling heterogeneous
integration on CMOS.




Beyond Scaling: Pursuing the race for added value for the end
customer by combining on-chip ULSI and off-chip integration

More than Moore: Diversification

Sensors . .
i -

130nm Interacting jwith people
and environment

Non-digital content
System-in-package
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Information
Processing
2005 edition
Digital content
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(SoC)
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More Moore: Miniaturization

Baseline CMOS: CPU, Memory, Logic
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Invention and Innovation are Needed

Beyond ~ 2020, a completely different approach to
information processing will be needed.

36



Residents of the Nanoworld Community
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Residents of the Nanoworld Community
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Residents of the Nanoworld Community
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Invention and Innovation are Needed

Beyond ~ 2020, a completely different approach to
information processing will be needed.

We are likely to see a revolution in convergent technologies
comparable to the monolithic integration of transistors more
than fifty years ago.

41



Question Break
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What can we learn from Nature?
We need new ways to make small stuff

Subtractive  Regular Self  Field Assisted Directed Self Serial Deterministic Programmed
Patterning Assembly Assembly Assembly Patterning Assembly Self Assembly
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Subtractive  Regular Self  Field Assisted Directed Self Serial Deterministic Programmed
Patterning Assembly Assembly Assembly Patterning Assembly Self Assembly
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Nature offers a hierarchy
of fabrication options.
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What can we learn from Nature?
We need new ways to make small stuff

Subtractive  Regular Self  Field Assisted Directed Self Serial Deterministic Programmed
Patternlng Assembly Assembly Assembly Patterning Assembly Self Assembly
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Increasing material
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Semiconductor
Manufacturing

Nature offers a hierarchy
of fabrication options.
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What can we learn from Nature?
We need new ways to make small stuff

Subtractive  Regular Self  Field Assisted Directed Self Serial
Patternlng Assembly Assembly Assembly Patterning

s

Deterministic Programmed
Assembly Self Assembly
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, 2 £
r , ' . .
5 -~ g Ko

Increasing material t

information content ' e
Living

Systems

Semiconductor
Manufacturing

Nature offers a hierarchy
of fabrication options.
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Subtractive Versus Assisted/Additive Assembly

Complex Matter = Energy + Information + Material

IC Chip

e-beam
10001100110010 == |INFORMATION
Mask

VAV
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Subtractive Versus Assisted/Additive Assembly

Complex Matter = Energy + Information + Material

|IC Chip . Living Organism
Light, sanll ENERGY [ Food

e-beam \Oxygem/
DNA
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Subtractive Versus Assisted/Additive Assembly

Complex Matter = Energy + Information + Material

|IC Chip ' Living Organism
Light, sanll ENERGY [ Food

e-beam \Oxygem/
DNA

10001100110010 — INFORMATION G 71| 132442424241
Mask . | 423234132423

234122431142

351423232323

D000 i

Ne= e et o Proteins
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Top-down vs bottoms-up fabrication:
Ex. Comparing computer chips and babies

Complex Matter = Energy + Information + Material

bits/s

amino acid/s

Fab Baby Nature’s
output growth advantage
Rate <1.3E+9 | > 1.5E+17 S1E+8

D. Herr (2000/Revised 2010)

52




Top-down vs bottoms-up fabrication:
Ex. Comparing computer chips and babies

Complex Matter = Energy + Information + Material

J/bit

J/amino acid

Fab Baby Nature’s
output growth advantage
L
<1.3E+ > 1.5E+
Rate 1.3E i .1 ok .17 >1E+8
\ bits/s | amino acid/s
>>2.1E- <6.6E-1
Energy : ©.0E8 >3E+8

D. Herr (2000/Revised 2010)
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JSNN'’s Interdisciplinary Research Platforms

i 3

= Nanomaterials (\

=" Nanobiology

= Nanobioelectronics

" Nanometrology D. LaJeunesse, JSNN

= Nanoenergy

= Computational

Nanotechnology
He lon Etched

DNA Structure

r-..-\ J. Yang, Carl Zeiss
i




What can we learn from Nature?
Ex. Alternative assembly methods

Subtractive  Regular Self Field Assisted Directed Self Serial Deterministic Programmed
Patterning Assembly Assembly Assembly Patterning Assembly Self Assembly
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Field and surface assisted assembly

Coupling sequential delivery with a field o
directed assembly directs different nanowire —
populations to different regions of the chip and
then preferentially aligns individual nanowires
within lithographically-defined microwells. g _% -

Morrow, Mayer, Keating et al. Science, 323, 352 (2009). -



What can we learn from Nature?
Ex. Alternative assembly methods

Subtractive  Regular Self  Field Assisted Directed Self Serial Deterministic Programmed
Patternmg Assembly Assembly Assembly Patternmg Assembly Self Assembly

1

Semiconductor
Manufacturing

Biomimetic and Directed Self Assembly
D. Herr, D. LalJeunesse, and A. Hung




Directed Self Assembly
Resolution and complexity
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Directed Self Assembly
Resolution and complexity

Complex circuits
(IBM)




Directed Self Assembly
Resolution and complexity
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Nature Leverages Functional Nanostructures

Field Of View - [Detector " |Mag (4x5 Polaroid)
35.00 um . PrimaryETDetector  |3,265.66 X
Working Dist ‘Blanker Current Image Size
5.2 mm 30.0 kV [0.3 pA 1024x1024

Fruit Fly Foot Gekko Foot
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Structural Nanocomposite Materials

Smart/Protective Skin, Fuel Cell
Powered, Nano-Composite Vehicles

Spun Nanoglass Fiber Matrix
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Structural Nanocomposite Materials

Smart/Protective Skin, Fuel Cell
Powered, Nano-Composite Vehicles

'fight and Strong Nanocom

Pane! 2-4
s

T8
32 Plies
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Nanobiology
Nanotheranostics (C. Kepley)

Atherosclerosis e

Empty cage C70 Metallo-fullerene Ca n Ce r

Targeted GTTN

2" MRI 3% MRI 4" MRI
15 MRI 1 week post 2 week post 3 week post
Prescan treatment treatment treatment

| e PBS Treated
1 eetes TGA Treated
} Non-sensitized Control

* Indicates significant improvement

120 min

Atherosclerotic-plaque
targeting contrast agents
(ATCA) can detect plaque

o . PBS 10mg/mi  25mg/ml 50mg/mi 100 mg/ml
Iin VIVO. Methacholine

Glioblastoma targeting
theranostics (GTTN)
shrink brain tumors.

)
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4
(o]
™
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i
-
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Fullerenes improve
asthma symptoms.
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Nanobioelectronics
Integrated Nerve Stimulation Device (J. Starobin and S. Aravamudhan)

3D high-density peripheral nerve-
electrode interface in order to

re-establish nerve conductivity

4

(Regenerative Microchannel-
based Electrode Interface - ReME)

. : o
. High-density Embedded
microchannels

{?‘ for nerve
3 . .

interfacing

electrodes

\ 3D micro-channel array
\} w - y. 1 embedded with electrodes for

\, - stimulation of nerve fibers

Image of stamed neuronal
cells on electrodes 67



Emerging Functionality: Bioelectronics
Ex. Portable platform for detecting moderate traumatic brain injury

LOCK and
KEY MODEL

M Sandros and S. Aravamudhan




Bioinspired Functionality:
Convergent Integration Opportunities

Actuation

Typical Functionality Integrated Within a Cell

Generation
Conversion

Storage Communication
Utilization

Architectures

Physical

Chemical

Multimode Bioelectronics
Multiscale

Subsurface

Analog

Digital

Hybrid Approaches Adaptive Coatings
Hard and Soft/Adaptive Systems

Autonomous Emergent Behavior

Transmission

Filtering

Novel A/D Interconversions

Low Energy Approaches
Reception

Personalized Medical Diagnostics
Prosthetics and Implantable Devices
Biotic/Abiotic Interfaces
Multiproperty Imaging
Noninvasive [Tricorder-like]
Dynamic Local Mapping
Camouflage

Obscuration

Smart Physical Changes
Remotely Directed Adaptations

D. Herr, SRC SemiSynBio Workshop, February 2013
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Actuation

Typical Functionality Integrated Within a Cell

Generation
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Storage Communication
Utilization

Architectures

Physical

Chemical

Multimode Bioelectronics
Multiscale

Subsurface
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Digital

Hybrid Approaches Adaptive Coatings
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Autonomous Emergent Behavior

Transmission

Filtering

Novel A/D Interconversions

Low Energy Approaches
Reception

Personalized Medical Diagnostics
Prosthetics and Implantable Devices
Biotic/Abiotic Interfaces
Multiproperty Imaging
Noninvasive [Tricorder-like]
Dynamic Local Mapping
Camouflage

Obscuration

Smart Physical Changes
Remotely Directed Adaptations

D. Herr, SRC SemiSynBio Workshop, February 2013
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Emerging Opportunities:
Convergence between traditional and nano- technologies

_Ex. Bioelectronics - Lab-on-a-chip:
Selected lab test market opportunity

~ $10T per year



Question Break
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A Story: The Return of U.S. Manufacturing
U LET

As the Boston Consulting Group reported in May,

“Within the next five years, the United States is
_expected to experience a manufacturing renaissance
"~ as the wage gap with China shrinks and certain U.S.
states become some of the cheapest locations for
Ymanufacturing in the developed world. We expect
net labor costs for manufacturing in China and the
U.S. to converge by around 2015. As a result of the
changing economics, you’re going to see a lot more
products ‘Made in the USA’ in the next five years.”

Courtesy of S. Kinkaid (March 30, 2012)



Potential for Innovative Educational Networks

North Carolina Colleges and Universities
: , B ¥ P/sa/ Zﬂ S
5 A ]
; z 9% a_ il
31 $ ‘%ﬁ/ s-,-i',u.. 35/ s'rvgl 30 e S ¥
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"'11 | ey
52 e ﬁhf’ ¥ & Jéj ? 34\ 45 29 H"? £ 35,

Ashewﬂe Charlotte —

W|nstnn-salem

_.-'
Greenshoro — Durham —f

Raleigh —' i — Greenville
Legend Fayetteville— wilmingtc e — Jacksonville
~_ Interstate I —— Wilmington

* M. Proposad Intersiate

a1 - —‘;' i = ~
5 - Y —
FENSBOR
County Bourdaries (R LT NOD \_k( ) :

We need to nurture a collaborative and well leveraged

education, research, and development supply chain



ForsythTech Workforce Education and Training
More Than You Know with the gNano

Kevin Conley, Forsyth Tech, 2013



The Dynamic Innovation Infrastructure:
Nanoeducational-Entrepreneurial Pipeline

Formal Educational Pathways

Innovatlon, Entrepreneurship, and Careers
In Industry, Academia, and Government

Docs

/ /.

Garage Maker Trade
Shops Spaces Mentors

Informal Educational Pathways

Tinkerers

Undergraduate Masters Ph.D.
De ree Degree Degree Degree
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The Dynamic Innovation Infrastructure:
Nanoeducational-Entrepreneurial Pipeline

Formal Educational Pathways

De ree Degree Degree Degree Docs

a\ \ | [/

Innovat|on, Entrepreneurship, and Careers
In Industry, Academia, and Government

/ /.

Garage Maker Trade
Shops Spaces Mentors

Informal Educational Pathways

Tinkerers

Anyone can innovate, create value, and enhance our workforce.77



Invention and Innovation are Needed

Beyond ~ 2020, a completely different approach to
information processing will be needed.

We are likely to see a revolution in convergent technologies
comparable to the monolithic integration of transistors more

than fifty years ago.

The seeds of the next wave of innovation have been
planted and nurtured in unexpected places all along the
formal and informal educational and entrepreneurial
supply chain.




Building Small Stuff
Ex. Some emerging high impact fabrication options

Role to role patterning
2D ink-jet printing
3D Fabrication

Electrospinning

Arrayed dip-pen patterning
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3D Fabrication:
Ex. MakerBot

MakerBot Replicator 2 Desktop 3D Printer

Price: $2,199.00 & FREE Shipping. Details
$ 0 leftin stock.

MohkerBot Repllcgggn:g

http://www.amazon.com/MakerBot-Replicator-Desktop-3D-

Printer/dp/BOOBFZOVGI/ref=sr_1 1?ie=UTF8&qid=1372867551&sr=8-1&keywords=replicator+2
80



The 3D Fabrication: Child’s play?

Ex. Falling Water: Lego and 3D printed version

These systems could use functional electronic materials.

http://www.robertsoninnovation.com/another-cool-way-to-generate-a-3d-model-minecraft/

Replace colors with functional materials.
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The 3D Fabrication: High impact
Ex. Robohand
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http://www.youtube.com/watch?v=A6isKsPWubA

Waves of Innovation

oth wave

www.naturaledgeproject.net

Waves of Innovation

4th wave
\‘ Sustainability
i Radical resource
i productivity
o —— Whole system design
i Yoy B‘ .‘ry
Green chemistry
Industrial ecology
Renewable energy

2ngd wave Green
nanotechnology

S
®
>
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=
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Electronics Software

Aviation Information
Space technology

1St wave

Water power
Mechanisation
Textlles
Commerce ' The Natural Edge Project 2004

1845 1990 2020
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Nontraditioanl Convergent Opportunities:
A Nanoart
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Key Messages

d Today’s nanomaterials and tools provide
unprecedented opportunities for today’s students,
scientists, engineers, innovators and entrepreneurs to
support each other and create high value products that

_-address emerging societal needs.

QA This is a good time for innovators to question some of

our basic assumptions about designing and building
Walue added products in the micro- and nano- domains.

A It is imperative that educators keep current with these
rapidly evolving technologies to ensure that workforce
entrants have the knowledge, skills and abilities they
will need.
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Have we reached the tipping point?

”

_
| welcome your thoughts and hearing

about the challenges that are
capturing our children’s imagination.
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How small can we go?
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How small can we go?

UItra-micro-bacgeriq (~200 nm)

5
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Extracted from a glaci5I ice core sample,
120,000 years old Miteva (2005) ss

%
B2



How small can we go? JSNN 7

Thank You
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UItra-micrg-bgcgeria (~200 nm)
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. Extracted from a glacial ice core sample,
djherr@uncg.edu 120,000 years old Miteva (2005) 89


http://www.animationlibrary.com/animation/30424/Benson_burner/
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Questions?
_ 3

rt o '.-;; T

Please type all questions into the Chat Box
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How Can We Better Serve You? \P

1 ; C 2l

Whether you are joining us live or watching

the recorded version of this webinar, please

take 1 minute to provide your feedback and
suggestions.

http://questionpro.com/t/ABKVKZOFENT



http://questionpro.com/t/ABkVkZQFNf

: e | W SR L |
Webinar Recordings \P
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To access this recording, slides, and handout visit

nano4dme.org/webinars.php



http://nano4me.org/webinars.php
http://nano4me.org/webinars.php
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_Certificate of Participation \P
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If you attended the live version of this
1.5 hour webinar and would like a

certificate of participation, please email:

sbarger@engr.psu.edu


mailto:sbarger@engr.psu.edu

2013 - 2014 Events Calendar \P

Nov. 12-14: Hands-on Introduction to Nano for Educators

Workshop

January 31: K-12 Resources in Nanotechnology

Webinar

March 28: RET Experience: Activities for the HS

Webinar Classroom

April 7-10: Nanotechnology Course Resources

Workshop Workshop 1: Safety, Processing, and
Materials

Want more events? Visit www.nano4dme.org/webinars for more
details about these and other upcoming workshops and webinars in
2014.
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Thank you for attending the
NACK Network webinar

Catching the Nanotechnology Wave:
Needs, Risks, and Opportunities



