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MITRE's Proposed
Molecular Electronic Half-Adder

XOR '_,'_'

1 million times smaller than

comparable circuit on Pentium II

• Present focus: Investigate and

develop architectures for
electronic nanocomputers--esp.
molecular electronic computers

• Full Range of Tasks:

- Nanocomputer technologies
and designs investigations

- Applying nanocomputers
to control micro-mechanisms

- Improved fabrication &
modeling of nanosystems

- Bio-nanotechnology R&D

- Economic analysis of
nanotechnology
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• Explains basic ideas of molecular electronics and shows
what a molecular-scale computer might "look" like

Architectures for Molecular Electronic

Computers: 1. Logic Structures and an Adder

Designed from Molecular Electronic Diodes

• Reviews recent experimental and theoretical results
in molecular electronics

• Proposes designs for molecular logic circuits and functions

MITRE

The BIG piclure lor a smatrworld

] What _re Nanotechnology and Nanoelectronics?

] Basic References on Nancelectron_cs and

Na_,ccompubng

] Cqhc S 'A'hO J_:N_znoelec_ronlcs and Nanocomputing

Overview articles
available on Web site

_[_ L_r'ks 7_ cmer WWW Sites Relevant to Nanoelectronics [] and much mere'

On the Internet at http://www.mitre.org/technology/nanotech
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Start by focusing on _
a grain of salt...

3 4" 5 6 7 8 9 10 11

~4 grains per millimeter

...To address the questions:

• What are nanotechnology and bio-nanotechnology?

• What are some key applications of bio-nanotechnology?

• Why is it of particular importance to NASA?

• What are some key challenges to fulfilling the promise

of nanotechnology?

Cells _ 'e the micron-scale building blocks of life, but their

function relies on complex nanometer-scale mechanisms

Micro-

Grain of Salt Micro-machine Cell

-0.25 mm -100 _m -15 p.m -1 _.m
250urn 100,000 nm 15,000 nm 1000 nm

250,0()0 nm !

Molecule ._ .___Q(

Molecules are at least 10,000 times shorter than cells

50,000 to 100,000 times shorter than a salt grain

electronic
Transistor
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Work of Eigler eta/. Source: IBM Almaden Rsch. Labs

• Sequence at right
shows the assembly of
a 2 nanometer (nm)
circle of iron atoms on a

copper surface

• 1 nm = 10 atomic
diameters

• Quantum effects are
ubiquitous

• "Quantum corral" is

assembled arduously,
atom-by-atom at very
low temperatures, using
a "nanoprobe"

• Nanoprobe both
manipulates and images
the atoms

• Putting molecules where you want them by clever use of

the "natural" physico-chemical properties of atoms,
molecules, and nanometer-scale metal clusters

• Highly parallel processes effective
for organizing many, many atoms or
molecules all at once

• Create structures much larger than
molecules with extended order over
hundreds or thousands of nanometers

__ Self-assembled biomolecular structures

bl_'___7-"-_-_- and monolayers

B_JWW__

Multi-wall carbon nanotubes

grown on nickel nano-dots
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• A nanometer is a billionth of a

meter (10 -9 m) and spans
approximately 10 atomic
diameters

• Nanotechnology is:

- Technology for designing, fabricating, and applying
nanometer-scale devices or systems ("nanosystems")

• Entire systems having dimensions < 100 nanometers

• Interdisciplinary technology (a synthesis of electrical
engineering, physics, chemistry, and biotechnology)

- Engineering on the nanometer scale

• Involving the exploration or integration of nanometer-scale
components in/into a nanometer-scale device or system

• Involving nanostructured materials, devices, or systems
"with every atom or molecule in its place" by design*

" Nanocom ......

"%,.
Ouantum DNA

Computer Computers

Nanometer-scale _ii

Mesoscopic

Physics

structured

i Electronic Com_ Molecular

Biology

Nanoprobes

Nanofabrication
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• Interdisciplinary effort-"Grand Challenges" to include
tinier computers, as well as dramatic advances in medicine

A Clinton Initiative in Science of Smallness

T(x._J:,'.in a _po..'d_.': :]:¢ C._h:b,"ni._ h:',::_uk: o.'- 1-c_hn_,lo-:_

• Explici-t :rnen'iic>'h0f _'moiec_ui'al;(_o_n_puters '' in Siate of Union

speech implicitly referred to R&D at MITRE and elsewhere

Over the next decade: Ascent of nanotechnology and

nanocomputers--esp., molecular electronic computers

- Investment essential to maintain the vigor of the
present information technology revolution*

• Over the next 20 years: Ascent of bio-nanotechnology

- Powerful combination of molecular biology with

physical methods for nanofabrication

- New vistas for both medicine and engineering--harness
mechanisms of the cell for medicine & manufacturing

• Ultimately. Matter as software

- e.g., distributed desktop manufacturing to make
objects "downloadable" from the Internet

- Bring the "information economy" to material goods--
desirable physical & economic properties like software
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to Nano_ ''
builds upon fast, but hard to

existing infrastructure scale down-short
for microelectronics;

devices
exist

Topic of a Following

Talk by

Warren & Martian;

also the Topic of
Review Articles

and Research

by MITRE

wavelengths of
light are too

energetic-Le.,
NOT a basis for

nanocomputation

"natural"

massively parallel
computer that takes

advantage of
quantum interference

among coherent
quantum states
-proven able to

crack existing codes;
very recent demonstration

Recent advance

by L. Adleman
at USC-DNA

computation
solves

combinatorially
hard problems.

by Chuang & Gershenstein.

Nearer to Realization 1

I Further from Realizati_

work of Eric Drexler
and Ralph Merkle

proposes miniature

Babbage engines;
recent

discoveries
indicate cells

may rely upon
nano-mechanical

processes

Law

Trend

May End

I Alternatives for Nanometer-ScaleElectronic Switches

[
_L [

_,,_.ssively ,'vliniatu_,zec_ _1 ', [ Quantum-Effect"-.-_:,',-;,.ncuc_,orTr_nsistor_/ .......... Nanoelectronic Devices

esp.:

• 1996-97

MITRE Reports

• Packan,

Science, 1999

• Muller et al.,

Nature, 1999

L
Quantum Dots

(QDs)

"Hybrid" Micro-Nano- l_

Electronic Devices J

Solid-State Molecular ElectronicsNanoelectronic Devices

Carbon

Nanotubes

Small Conducti,

Molecules

esp., polyphenylene
Tour wires

67



• Individual small molecules: polyphenylene "Tour wires"

_-_...-= Q.._._o._o_o_o,o_lo_/
• Also, carbon nanotubes (CNTs) have been interfaced with

nanofabricated metal & silicon to make wires and switches

Single
jk_ Carbon

Nanotube
with

1.5 nm
diameter

"_ Gold contact
100 nm

wide

XOR

/
(10,10)

Carbon Nanotubes

AND

MITRE's Proposed
Molecular Electronic Half-Adder

v

\
(10,10)

Carbon Nanotubes

/
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• Stanley Williams & Phil Kuekes of H-P envision grid
of atom wires linking array of molecular diode switches

, -.. .. . Molecular

\ i - ! _ _, _ -,. _ /Diode

Wires

• Above, MITRE-designed molecular diodes are made from

substituted backbone of polyphenylene-based Tour wires

1997

e.g., transistor on Pentium I! Chip

I_1_ 1000 nanometers (nm) --_

: 250 nm

SlOEWEW I"_,

',iiii!ii
TOP VIEW

Memory Chips 256 Megabit

CPUs 3.7 M devices/cm 2

2011 or 2012

Projected
by 1997-98 SIA Roadmap,

if scaling can continue

200 nanometer transistor

100 nm

based upon 50 nm linewidth

B_eo_
_:: Reed-Tour Molecular Switch

(Demonstrated in 1997)

MITRE Molecular Electronic
Adder

(Proposed for 2003-2005)

_abit
180 M devices/cm 2
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Transistor in 2011 or 2012 ??
Projected by 1997-98 SIA Roadmap,

if scaling can continue

!_ql--- 200 nanometers (nm)

: 50 nm

sloeview :

TOP VIEW

:;::_;: J

y 64 Gigabit
CPUs 180 M devices/cm 2

Before 2010

_3 nm

~10 nm

Reed-Tour Molecular Switch

(Demonstrated in 1997)

MITRE Molecular Electronic

Adder

(Proposed for -2003)

Potential: A simple molecular
computer where the Roadmap
would p/ace only one switch

• Development of nanoelectronics

- Design, development, and fabrication
of nanometer-scale switches and wires

- Devising new designs and architectures for ultra-dense
nanoelectronic computers with trillions of components

- Fabrication and packaging

• Arranging trillions of nanometer-scale components

• Protecting tiny components

. Interface to micron-scale/macroscopic worlds

• Discovery, exploration, refinement, and mass production of

other nanostructured materials with novel, useful properties

• Application and integration of nanoelectronics and
nanotechnology--esp., into Space Systems
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• Much more densely integrated,
faster computers

- More powerful computers,
computationally

- Smaller, fighter computers
integrated with smaller
electrical & mechanical

devices

• Lower power consumption

• Denser memory--Terabyte mass
storage with no moving parts

• Nanocomputers integrated with
micro-electromechanical

systems (MEMS) and devices--
e.g., focal plane arrays (FPAs)

Nanometer-
Scale

Electronics

Micron-
Scale

Machines
& Sensors

I

Next-Generation,
Light-weight, Low-Power

Aerospace Systems

• Higher redundancy, more
reliability in the vehicle

• "Smart", instrumented, self-
repairing aerospace materials
and life-support systems

• Nano- & pico-scale robotic
planetary explorers

• etc.

• Improved Platforms: Lower launch costs & more capability

- Nanostructured materials--lighter, stronger, self-healing

- Lower Power Electronics

- New Fuels & Novel Fuel Storage

• Enhanced Endurance of Crew: Nanomedicine

- The 21st Century is/will be the "Biotech Century"

- Explosion of knowledge about life processes at the
molecular level

- Building a better human & keeping him/her well longer

• Maintenance of Crew and Systems in Space & On Planets

- Distributed manufacturing of necessities & luxuries

- "Downloading" spare parts, food, and medicine

• Conceptual blockbusting--e.g., the elevator to orbit??
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