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& NASA Mission
Needs

@ Onboard computing systems for future
autonomous intelligent vehicles

N\

- powerful, compact, low
power
consumption, radiation
hard
@ High performance computing
{Tera— and Peta-flops)
- processing satellite data
- integrated space vehicle engineering
- climate modeling

Revolutionary computing technologies

Smart, compact sensors, ultrasmall probes
Advanced miniaturization of all systems
Microspacecraft

*Thinking’ spacecraft

Micro-, nano-rovers for planetary exploration

© € © 660 ©
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CARBON NANOTUBES

Carbon nanotulie (CNT) is & new form
of carbon, confi tionadly equisalent
to two dimensional graphene sheet
rolled into a tube [t 1s crown n
several techniques in the laboruto

is just a tew nanometers 1n chameter
and several microns lony

CUNT ean be metallic of
semiconducting and ollers
amazng possibilitiey
tuture nanoelectroni
circuits, and computers

CNT exhibits extraordinary mechanical
properties: the Youms's moduius is over
1 Tera Pascal. It is stiff as diunond.
The estimated tensile strength is 260
Gira Pascal. These propertics arce ideal
for reinforced composites,
nancelectromechanical systems (NEMS).

http://www.ipt.arc.nasa.gov at Ames Research Center

\

@ Simulation Techniques

» Large-scale Classical Molecular Dynamics Simulations on a Shared
Memory Architecture Computer

* Tersoff-Brenner reactive many-body potential for hydrocarbons
with long range L.J(6-12) Van der Walls interactions

* Parallel implementation on a shared memory Origin2000

+ Quantum Molecular Dynamics Simulations
* Tight-binding MD in a non-orthogonal atomic basis.

* Previous parametrization: silicon and carbon (M. Menon and K.
R Subbaswami, Phys. Rev. B 1993-94).

+ Extended to heteroatomic systems including C, B, N, H
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@ Experimental Nanotechnology at Ames Research Center

CVD Carbon Nanotube SEM Images

http://www.ipt.arc.nasa.gov at Ames Research Center

@ Nanomechanics of Nanomaterials: Characterization

N

* Nanotubes are extremely strong, highly elastic nanofibers.

~ High value of Young’s modulus (1.2 -1.3 T Pa for SWNTs)

~ Elastic limit up to 10-15% strain

* Dynamic response under axial compression, bending and torsion.

1

* Redistribution of strain
» Sharp buckling leading to bond rupture
* SWNT is stiffer than MWNT
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Application: Nanotubes in Composites

» Experiment: Buckling and collapse of nanotubes embedded
in polymer composites.

& Experiment : Buckling and Caollapse of Embedded
Carbon Nanotubes % pee
Q. Lonrde ¢8. sl Phys. Rev. Lect. Vel 51, 1638 (1998).

Buckle, bend and Local collapse or
loops of thick fracture of thin
tubes. tubes.

Stiffness and Plasticity of Compressed
C Nanotubes

©® Emergetics of collapee~plasticity of 39) CNT
L 12% compression strain,
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Shows the same collapse as observed in experiment.
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Plastic Collapse by Design

« Tube plastically collapses at the location of the defect.
» New types of hetero-junctions can be created.

* Quantum dot effect in one-dimensional system.
 Application: Molecular electronics.

N\

Heteroatomic CxByNz Nanotubes

» Band gap engineering over a larger range is possible

« BN ~5eV
*BC2N ~2eV
«C ~0-1eV
*BC3 ~05eV
0.34 eViatom 0.38 eViatom
2

reconstruction duc to
polar BN bond

N\
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@ BN Nanotubes - Structural Characteristics

N\

* BN bond buckling effect to minimize the energy
@ BN bond buckling effect

-

@‘ BN Nanotubes: Nanomechanics and Plasticity %
NAS

» Comparison of Young’s modulus and elastic limit
with carbon nanotubes

1
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® Y(BN)=12TPa ~BNk92% asswongus CNT!
Y(C) =13 TP

@ BN be plastically colimpses st even higher strain
than C manotube.

D. Srivastava, M. Menon and K. Cho, submitted (2000)
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@’ Anisotropic Plasticity of Compressed BN Nanotube

N\

+ Plastic collapse at 14.75% strain — damage is limited to
only one side of the material.

Initial Structure

Collapsed Structure

D. Srivastava, M. Menon and K. Cho, submitted (2000)
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Nanotube Electronics: Scheme

N\

Carbon-based Electronics

}—=- molecular wires

e topolagical defect mediated

heterg‘:imaims ~ switching
transisang
tunnding devices

- C nanotubes doped with B and N
BN nanotubes (insulator ~ 5eV gap)
heterojunctions

superlattices

Combination of the above two ~ to tailor
the probable deviee characteristics

b imerconnects - Carbon/metal junctions
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Hexagonal Lanice of & Graphene  First Britlouin zone for an anm -
Sheet — (2xunit cell) chair tube.

- B', -

Chenaemb  (chiral vector)
Boundry condition decide if nanotube is metalic or semiconducting

@’ Band Structure of Different Nanotubes

N\

Tlechon bepre 1116 ¢ ubuk HeTon bands 33098 T iubale eelron banis 2 (55 P tabge

Use rater

Srvr vectzr Fave eeclos

(9,0) tmbe (10,0) tube (S,5) tube

Arm chair mbes (n,n) ~ metal like

Otherwise m-n « 3! (I~ integer) metal Like
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Nanotube Heterojunctions: 2-point

2- point Nanotube Heterojunctions
Molacular Electronic Switches
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Semiconductor-Metal

Chico et. al. Phys. Rev, Lett, 96
Churlier et. al. Phys. Rev. B, 96
Lambire et of. Chem. Phys. Lew., 96
Saiw et. al. Phys. Rev. B, 96

Semimetal-Metal

We studied the effect of capping the tubes and relaxing the
junctions with & quantum GTBMD method.
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Nanotube Heterojunctions: 3-point
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Patherays © Two Dimenslonal Molecular *Netwerks”

"It tarns out that wll of our proposed satdsfy - Generalzed
Euler's Rule sb out the bydmﬂ

Nanotube Electronics with Doping

® Band gap engineering over & larger range shonld be

possblc:
BN ~$8eV
BC2 N ~20eV
[ ~B-1eV
BC 3 ~435eV
~ a variety of junctions, quantum dets and
superinttices should be possible
~ sheuld be more robast
Example: Compesite (16,0)
034 thon 038 cViatom 0.37¢Viatom

000
iiigsagus

reconstruction duc to
pelar BNbend

N\
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Nanotube Electronics with Doping

@ Bdoping of Carboa Nenotobe
lsland (BCY) Saperintdce (BC3)

oy

0.000 -0.013 0016 eViamm
5!:: sepration of m 'ml mndoped regions is

@ BN/C junctions

Interface Energy s 2BN/IC~ BN - C
Interface Energy = 0.33¢V/CB bond

Stable interfaces thewld be possible ¢

N\

Nanotube/Molecules Hybrid Electronics

Wires snd clips

i

Negative
"World-image
fsalse

posthle

® A bie o self bly through shape amd coler
interactions

@ Provision for moleculsr interconnects to the eutside
metallic contacts

N\
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@ Nano Electromechanical Effects (NEMS)

.
1CA comprazsed !8,0) tube 2 [T T T T

snergy (ev)

Mechanical deformation alters the electronic deformation
of nanotubes. Effect is chirality dependent.

A

® Predictdons of enhanced chemical reactivity in regions
of local conformational strains: Kinky Chemistry

M

Relative Energy (oV)
b X b oo = o

Kink on a bent tubule

Relative Evieryy (V)

Ridge on a twistad 3 3 s 7 8
tubule Atom Number

Reactivity is enhanced at the location of mechanical kinks

7

;

Cohesive
Energy
Binding
Energy
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Torsionally twisted SWNT equilibrated in an H bath

More Hydrogen is adsorbed at the sharp edges of a kink !

7

B

@ Mechano-Chemical Effects: Kinky Chemistry
SEM images of MWNTs dispersed on a V-ridged Formvar substrate

(n) Before Reaction

() Samec sample after exposure to aktric ackd vapor ntreom

emperacure
oy
.

Nanotube etching occurs
preferentially at the location

of a kink.

D. Srivastava, J. D. Schall, D. W. Brenner, K. D. Ausman, M. Feng
and R. Ruoff, J. Phys. Chem. Vol. 103, 4330 (1999).
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@ Molecular Machines and Laser Motor
J. Han, A Globus and R. Jaffe

N\

\;‘ .
NAsA Molecular Machines and Laser Motor

N\

204




@ Computational Nanotechnology: Future: PSE

N\

Nanomanipulation in Virtual World

Simulations .. .- ¢ N Experiments

st

ationof Technology

and Products
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