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Nanoscience and nanotechnology are “1101". Itis one of the most-talked about
topics among scientific and engineering communities. Government agencies and
industry are investing ~ per year directly on nanotechnology.

Nanotechnology is the understanding and control of matter at dimensions of roughly
1 to 100 nanometers, where unique phenomena enable novel applications.
Encompassing nanoscale science, engineering and technology, nanotechnology
involves imaging, measuring, modeling, and manipulating
matter at this length scale.

Many scientific disciplines, e.g. physics, chemistry, biology, medicine, and
materials etc., and almost all engineering fields. It expands over many industrial
areas such as electronic, health care, chemical, so on and so forth.



The Scale of Things - Nanometers and More
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Probably not.
... kilo-, meter, milli-, micro-, , pico-, femto-, atto-...

1. now we are able to image, make, and manipulate
materials on this scale;

2. there are needs and applications in the real world
(justified by the costs).
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1. the more traditional approach:

. " — starting from bulk materials to fabricate nanostructures
via patterning, etching, and deposition, etc.; more physical flavored.
Best represented by CMOS technology.

2. the novel approach:

. " — starting from basic elements to synthesize and
assemble more complicated nanostructures; more chemical flavored.
Nanocrystal, carbon nanotube, supramolecule, etc.



Top-down Approach
(best represented by CMOS fabrication)
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The challenge is to make a billion of them on a chip.
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There are over 200 processing steps in
CMOS IC fabrications.

To name a few:

Changes Future
Made Options
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Source: intel
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Optical Lithography
-sub micron technology

UV light radiation
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EUV LIThogr'aphy EUV system at ALS in LBL

-Deep sub-micron technology
-10's to ~100 eV incident light
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Electron Beam Lithography
High energy electrons (30-200 KeV) have

much shorter wavelength (~ pm). Beam size
can be sub-nanometer.

Primary beam
T~ secondary electrons
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Quanta 600 FEG (FEI Company)

JBX-9300FS Electron
Beam Lithography Systeny
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Electron Beam Lithography
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Muray, Isaacson, and Adesida, Appl.

K. Yamazaki and H. Namatsu, Jpn J. Phys. Lett., Vol 45, 589 (1984).
Appl Phys,Vol 43, 6B, 3767 (2004).

Wavelength is not an issue. Beam size can
be sub-nanometer.

Done here at CMU |

Advantage — small arbitrary patterns, no mask is needed.
Limits — serial process, slow.
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Nano-Imprint Lithography SB6e - Suss
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Techniques to make nanoscale patterns from
top-down - lithography with:

It is likely that the scaling of CMOS will continue down
to (~10nm channel length).




CMOS device scaling continues for > decade
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Bottom-up Approach



SPM - Microscopes that can "see” and move atoms
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Fe atom
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Atoms and molecules can be
precisely manipulated by STM tips
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“nano-abacus” formed by C,, molecule along
single atomic steps on copper surface.
(Jim Gimzewski, UCLA)

Development of One-Dimensional Band Structure
11/10/05 in Artificial Gold Chains, W. Ho Group, UC Irvine. 19



Nanocrystal / Nanoparticle
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A whole family of Bucky Balls
C28, ... C60, C70,... C240...

Carbon NanoTubes
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11/10/05  ntip://www.photon.t.u-tokyo.ac.jp/~maruyama/agallery/agallery.html




Carbon Nanotubes
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“Base’ Growth Iodel TE data showing particle-tube relation
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Carbon Nanotube sensor and transistor

C. Dekker Group, Delft Univ of Tech
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Semiconductor Nanomaterials

Chemical and biochemical sensing
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Guide Modulate Inject

Semiconductor Nanowires, Lieber Group, Harvard

Semiconductor Tetrapod
Alivisatos Group, Berkeley

Peidong Yang Group, Berkeley




Self-Assembled Molecular Monolayer

Oirganization
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DNA Nanotechnology
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DNA-Based Computation and Algorithmic Assembly
-a cool example:
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Supramolecules - advanced multifunctional molecules

M. FUJITA Group
Molecular Muscles University of Tokyo

J. Fraser Stoddart Group, UCLA
11/10/05
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Bi-stable molecules
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Science, December 21, 2001

In 2001, scientists assembled molecules into basic cireuits, raising hopes for a
new world of nanoelectronics
y
Molecules Get ered
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Device Structure
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single-molecule transistor " 7nm Ag nano-particle

o

Schematic energy diagram

Molecular states

source

gate

Molecular energy levels
can be tuned by gate potential.
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Break-junction with single molecule (gap + 4 5nm long molecule
size can be controlled between ~1 to 10 nm).
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Gate electrode
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Au or Pt electrode



Fabry-Perot measurement
for electron wave

Single Molecule Transistor
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A True Single Molecule Transistor

H H H H
Pt ST S MY s| Pt
L n
" . LUMO
source drain
HOMO

7 f X/ %
Tunneling Tunneling
barrier gate barrier

TiOZ/Ti gate

LUMO-lowest Unoccupied Molecular Orbital
HOMO-highest Occupied Molecular Orbital

* Built-in gate to increase gating efficiency
» Tunneling barriers to adjust coupling
» Anchoring groups to realize Selective-Self- Attachment

. . . eSS S
Conductive and Semiconductive ~ 7 7 7 7 acetylene

gt ~O—0O~C~O— pheny
* bandgap ~ 1-3 eV A Phenyiene

« polymer conductivity ~ 5x102 (S cm?)

« chemically or electrically doped — L L~ thiophene



Just in the world of electronics

In six decades, device features have
been reduced by x 10°!

1947, Shockley,
Bardeen, &
Brattain

1958, Kilby

1971, Intel 4004

Entering the world
where molecules and
chemistry work the
best!

current, Intel Xeon
(65nm generation,
36nm channel length

-10nm:

Number of transistors on a chip zgﬁ?";rgg’ﬁ?gn

app_r(_)achlng 1 billion vs. _100 billions to ioes
1 trillion neural networks in an average (< 10nm)
human brain. How to get there?
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