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4....".. NASA Ames Nanotechnology Program -
R,

. Bio-Sensors, Bacteriorhodopsin based Data-Storage

Started in FY 97, currently abour 25 FTEs on site working on narotechnology
research: additional 15 FTEs involved in simulation, process modeling, and
computational chemistry

Research focus ranges from carbon and protein nanotubes, quantum device
physics, quantum computing, data storage to optoelectrenics, DNA electronics,

Largest carbon nanotube effort in the Federal government and also one of the
largest in the world

- About ~60 refereed publications in the fickd

- Over 100 talks in National/Intemational Meetings

- Two Feynmann Awands
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» Advanced miniaturization, a key thrust area to enable new science and
exploration missions
- Ultrasmall sensors, power sources, communication, navigation,
and propulsion systems with very low mass, volume and power
consumption are needed

/ Why Nanotechnology at NASA?

« Revolutions in electronics and computing will allow reconfigurabie,
autonomous, “thinking” spacecraft

+ Nanotechnology presents a whole new spectrum of opportunities to build
device components and systems for entirely new space architectures
- Networks of ul If probes on § y surfaces
- Micro-rovers that drive, hop, fly, and burow
- Collection of microspacecraft making a variety of measurements

+ Chomial Storage of Data
+ Atomic Chain Elcctionics

/1 What is Expected from Alternative

Electronic Technologies?

*  Must be ensier and cheaper to manulacture than CMOS

¢ Need high cusrent drive: should be sble to drive capacitances of interconnects
ol any length

+ Highlevel of i

gration (107 . Jeircuit)

= High reproducibility (betier than + 5% )

Reliubility (operoting time > 10 years)
*  Very low cost (< 1 peent/trunsistor)

»  Everything uboul the new technology must be compelling und simultaneously
CMOS scaling should fail. 1T these two together do not happen, the enormous
infrastructure built around silicon will make it difficult for alternatives to
emerge.

Nanowbes + Bacteriothdapin based holographic data
aorage
Contralled. pontemed growth of CNT
- Large «e production of CNT Comprrionsl Elecewonkcs,
- Hydrogen dorage In nanotubes Compumtlonel Dpsockcwanics

- CNT-based biosensot for cancer diagnosics

- Functionalization of nanotubes

- APM study of Mars dust

- AFM 1mudy of Mars meteorite

- CNT-based sensors for wtrobiology

- Prolein nanotubes: growth and applications

- Reactoe/Process Modeling of CNT growth

- Computaional investigation of electronic.
mechanical and other poperiies of CNT

- Transport in CNT. Nanoclectronics
BN nanotubes. structure and propesties

- Design of CNT-based mechanical
componcTits

- Development of muldmensional
Jaanmum simulators 10 design
" ulasmall semiconductor devices

N Development of serniclassicsl

methods with quanmum correction lerms

- Iavestigation of device lechnalogics
suitable for petaflop computert

- Miodeling of aptoclectronics devices,
VCSEL. THz modulaiion

+ Optical interconnect modefing
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Carbon Nanotube

CNT is configurationally equivalent 1o a
two dimensional graphene sheet
rolled into a tube,

~ 200 GPa

CNT exhibits extraordinary
mechanical properties:
Young's modulus over

1 Tera Pascal, as stiff as
diamond, and tensile strength

Awes Nseared Coviw

CNT is a tubular form of carbon with
diameter as small as § nm.
Length: few nm 1o microns.

CNT can he metailic or serniconducting,
depending on chirality.




Potential CNT Applications .
o Beserd o and Challenges

Source:  Workshup Report - SRC/NASA Ames Workshop on Emerging
Opportunities and Issues in Nanotubes and Nanoelectronics
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A,,,,M Carbon Nanotubes at Ames
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A...  C(NTBasedBiosensos |

« Ourinterest s 1 develop semsors For astrobiology 1o study origins of Tife. CNT, though inert,
can he functionalized at the tip with a probe molecule  Current study ases APM as an
experimental platform

= The technology is ko being used in collaboration with NCT to develop
sensors for cancer diagnostics
- Idemtilied probe molecule that will serve as signature of leukemia
cells, 1o be atached 10 ONT
Current flow due 1o hybridization will be through ONT electrode to
an IC chip
- Pratotype Mosensors catheter development

... CNT Synthesis B
|

e ONT has heen grown by laser sblation
(pioneering st Rice) and carbon arc process
(NEC. Japan) - earty 90s.

- SWNT, high purity, purification methods

«  CVDis ideal lor patterned growth
(electronics, sensor applications)
- Well known technique from
microelectronics
Hyidrocarbon fredstock
Growth neads catulyst
(transition metal)
Multiwall ubes at
500-800° deg. C.
Numerous parameters
influence CNT growth

41,,..,_ CNT in Microscopy
-

Atomic Force Microscopy is a powerful technique for imaging, nanornanipalation,
as platform for sensor work, nanolithography... -

Conventional silicon o tungsten tips wear out quickly. CNT tip is robust,
offers amazing resolution.

Simulated Mars Jusit

W s il |
nanotibe probe |

8
i
|

A

Amas esdareh Zoutoe

Computational Nanotechnology .

« Large scale computer simulations based on ab initio
methods enable understanding nanotube characteristics
and serve as design tool

- Evaluarion of mechanical properties

Evaluation of electronic properties

Electron transport in CNT devices

Functionalization of the nanotubes

- Design of electrical and mechanical devices

- Evaluation of storage potential (H,, Li)

www.nas.nasa.gov/~deepak/home htmi
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AMM Computational Nanotechnology .

L Combination of fhe above twe ~ fota
fhe prodable device charactcristies

4”,“ Computational Nanotechnology .
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Protein Nanotubes B

Heat shock protein (HSP 60) in organisms fiving at high temperartures
(“extremwphiles™) is of interest in astrobiology

HSP 60 can be purified from cells as a double-ring
structure consisting of 16-18 subunits. The
double rings can be induced to self-assemble
into nanotubes.

AMM Computational Nanotechnology .
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Experiments: Nanotube based Devices ciae o Delfty
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ot b s Ouamtain Molcoalar Wire (Nature 1997)
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Sanotube Field Effect T ransistor (Nature 1998)

e e .

Nanotube Hetero-Junctions (Natare 1999)
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Electronic Tramsport in Y-Juactiea Carboa Nasotubes

C. Papadopouios,' A. Rakitin,' J. Li,' A.S. Vedencev,'” and J. M. Xu'”
' Department of Electrical & Compuier Engincering, University of Forouto, 10 King's College Road, Jorvato,
Owsario, Camadn M3S 3G4
2 Ruxsican Acadesvy of Sciences, Instiinte of Radioengincering amd Electronics, Fryazino, Moscow dstrict 141120, Russia
Provideace, Rhode blead 02912
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{' CNT in Microscopy .

Ryvearch Cpder

Atomic Force Microscopy is a powerful lechnigue for imaging, nanomanipulation,
as platform for sensor work, nanolithography ..

Convenlional silicon of tungsten tips wear out quickly
CNT tip is robust, offers amazing resolulion.
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NASA Ames Research Center

Ramsey Stevens, Lance Delzeit, Cattian Nguyen

280 nm Line/Space Array of Polymeric Resist on silicon Substrate

Silicon Tip Multi-Walled Carbon
Nanotube Tip

AFM Imaging with
Single Wall
Nanotube Tips

$ man diick fr on Vbea 5i,N, on Silicon substrac




® Based on Phosphate bridges acting as tunnel junctions and H acting
as capacitive element.

® DNA coated with metals can act as interconnects

®  DNA has self-assembly properties
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Lopologically Connectod DNA Sepments

Double Cross—-Over
Molecules

DNA
Nano-mechanical
Device




DNA as Electronics Elements:

Conthictmy Claims about DNA as metal or semiconductor ?.

Indirect measurements in the beginning led to this
controversy?

Transport measirements-on single DNA molecyles C. Dekker (Delft)

Nature, 2000
s} |
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A 10.4 nm long, double-stranded poly(G)-poly(C) DNA molecule
Metal nanoelectrodes that are separated by 8 nm

~miall gap semiconductor

® Metal coated DNA serve as conductor.



‘Bacteriorhodopsin for Optical
Data Storage

Ann Hermone and Richard Jaffe
ahermone @mail.arc.nasa.gov

e Bacteriorhodopsin (BR) contains the
chromophore retinal |n an all-trans
conformation.

e on photoexcitation retinal isomerizes
from all-trans to mainly 13-cis.

« Changes in BR’s optical properties in the
excited state, such as refractive index,
make it a candidate for optical data storage.



All-trans Retinal




e The lifetime of 13-cis retinal is short
and when retinal returns to the all-trans
form any data stored is lost.

Mutant BR molecules have been prepared,
in which retinal isomerizes to the 9-cis form
with a long lifetime, making long-term data
storage possible.

*Therefore, we are trying to characterize the
9-cis isomerization pathway.



A.,...._ Nanotechnology: Comments

¢ Various experimental and simulation aspects
of Nanoelectronics are currently in progress

* Individual devices and characteristics need to
be incorporated in NASA specific applications

« Blosensors and nanotubes for interconnects are
preliminary step in that direction
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2 .. WhyNanotechnology atNASA?

» Advanced miniaturization, a key thrust area to enable new science and

exploration missions
- Ultrasmall sensors, power sources, communication, navigation,
and propulsion systems with very low mass, volume and power

consumption are needed

* Revolutions in elecqéonics and computing will allow reconfigurable,
autonomous, “thinking” spacecraft

» Nanotechnology presents a whole new spectrum of opportunities to build
device components and systems for entirely new space architectures
- Networks of ultrasmall probes on planetary surfaces
- Micro-rovers that drive, hop, fly, and burrow
- Collection of microspacecraft making a variety of measurements



tarted in FY 97, currently about 25 FTEs on site working on nanotechnology
research: additional 15 FTEs mvolved in simulation, process modeling, and
computational chemistry 4

Research focus ranges from carbon and protein nanotubes, quantum device
physics, quantum computing, data storage to optoelectronics, DNA electronics,
Bio-Sensors, Bacteriorhodopsin based Data-Storage

Largest carbon nanotube effort in the Federal government and also one of the
largest in the world

- About ~60 refereed publications in the field

- Over 100 talks in National/Intemational Meetings

- Two Feynmann Awards



; purification methods

ideal for paﬁ@med growth
(electronics, sensor applications)
- Well known t@chmque from
microelectronics
- Hydrocarbon feed
- Growth needs catalyst
(transition metal)
- Muiuwaﬁ tubes at
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AFM Imaging with
Single Wall
Nanotube Tips
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280 nm Line/Space Array of Polymeric Resist on silicon Substrate
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/ sames Research Cealss

Our interest is to develop sensors for astrobiology to study origins of life. C
can be functionalized at the tip jwi&h a probe molecule. Current study uses A
experimental platform.

The technology is also being used in collaboration with NCI to develop
sensors for cancer diagnostics
- Identified probe molecule that will serve as signature of leukemia
cells, to be attached to CNT
- Current flow due to hybridization will be through CNT electrode
an IC chip.
- Prototype mosensors catheter development

I ‘4)’]" S ihrcaa

Chobast pospronsg

crstiy iy
modecule and

ral captur

qection



sss Mot Cenigr

* Heat shock protein (HSP 60) in organisms living at high temperature

(“extremophiles™) is of interest in astrobiology

be purified from cells as a double-ring
st C@mastmg of 16-18 subunits. The
double rings can be induced to self-assemble

_into nanotuf -
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IMPORTANCE

]

@

Conductivity of DNA has been controversiai for decades.

Electron transfer experiments (biochemistry) / Possible connection

to cancer
Transport experiments (physics)

DNA Electronics (Device / Lithography)

b




ELECTRON TRANSFER EXPERIMENTS

o Oxidative damage of DNA has been linked to cancer.

e How effective is long range electron transfer in causing
oxidative damage?

* Fluorescent analog of a base pair

* Ihtercalator

o Estimates of electron transfer rates span two orders of magnitude.

=N

; =N 111

Significant dependence

intrastra:..i & Interstrand
> on base pair mismatches.

Significant dependence
on intervening sequence




TRANSPORT EXPERIMENTS

Voltage

e L

-Trrr-
—th L.

4

' Porath et. al, Nature (2000) INSULATING Fink et. al, Sclence (1999)  NO GAP!

Current C{Vels Current

~1nA ~10nA

20mV

Voltage (V)

Voltage (mV)




DNA Junctions

Single Electron
Transistor




DNA as Electronics Elements:

‘about DNA as metal or semiconductor ?

Indirect measurements in the beginning led to this
controversy?

Transport measurements-on single DNA molecules  C. Dekker (Delft)

Nature, 2000
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A 10.4 nm long, double—stranded poly(G)-poly(C) DNA molecule
Metal nanoelectrodes that are separated by 8 nm |
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Metal coated DNA serve as conductor.






s Bosasrch Contr

o [arge scale computer simulations based on ab initio
methods enable understanding nanotube characteristics
and serve as design tool

- Evaluation of mechanical properties
- Evaluation of electronic properties
port in CNT devices
- Functionalization of the nanotube
Design of electrical and mechanical devi

" CNT Molecular Network - Evaluation of storage potential (H,, Li)
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A Andriotis, M. Menon, D. Srivastava and L. Chernozatonski,
tted, Appl. Phys. Lett. (2001)
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