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In 1959 Richard Feynman
Delivered a now famous lecture,
“There is Plenty of Room at

the Bottom.”

He predicted new discoveries

if one could fabricate materials
and devices at the atomic scale

For this to happen, he pointed out the necessity of a
new class of miniaturized instrumentation to manipulate

and measure the properties of these small structures—
nanostructures.



Nano = one billionth = 10



One nano-Earth

Is @ marble!




Nanotechnology

Nanotechnology will build devices with structural
features at the nanometer level.

Why?

Because
Nano is different than bulk
Nano is different than atomic.
Nano is something in between

Nano allows us to control the physical and chemical
properties by varying the size of the structure.



Nanogold is not golden!

Single 5nm Particles Aggregates



Nanotechnology will
build from the bottom
up, rather than the top

down.




The canonical example of top down:
The computer



Electronic Numerical Integrator And Computer

The ENIAC, 1946

Vacuum tube technol_ogy
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Electronic desktop calculator ca. 1950




The transistor

John Bardeen, William Shockley and Walter Brattain at Bell Labs, 1948




Magnetic core computer memory ca. 1970
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Jack Kilby and the integrated circuit




Transistor count

Moore’s Law

Microprocessor Transistor Counts 1971-2011 & Moore’s Law

16-Core SPARC T3

2,600,000,000- A D One transistor

CualCore harium 2@ @ 8-care POWER?

AMD K10, +—Quad-core 2106
1,000,000,000 0. AR Tt
1;

o ’ 200nm nm
Itanum 2 with M8 cache @ /%, Sx-Core Opteron 2400 y
AMD K108 Core 17 |Quad)

tankm 2@ ‘ESFE .

100,000,000 - & AMD KB . . . .
s’ Atomic dimensions in 20 years
Y ip e
10,000,000 1 comdoubimgovery /gl g
two years ’

&= Transistors/integrated circuit
1,000.000- m doubles every 2 years (speed

doubles every 18 months).
100,000 wone /o
s on Intel co-founder Gordon Moore
10,000 - x>y aumn

described this trend in a 1965 paper.

g0oee OMOS 6502

2,300~ «00e e ez

I 1 I 1
1971 1980 1990 2000 2011

Date of introduction

wikipedia




Lithography
photons (light, UV, X-rays)

Light

R EIRTIIY!

Photoresist application Exposure

Development Etching Resist removal
A-Silicon+Wafer+Patterned

Using photons or electrons to draw a pattern in an etching resist
either:

1. directly with a projected image, or

2. using an optical mask.

Extremely small patterns can be made, ~ 100 nanometers



Logic/memory device made via Lithography
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physicsworld



er important device

Kaito, SIl Nanotechnology Inc



“Bottom up” Example
Dip-Pen Nanolithography (DPN)

Molecular transport\
‘ Au substrate

Water meniscus

g

C A Mirkin et al.



Dip-Pen Nanolithography (DPN)

Surfactant

STM/AFM
molecules :

tip

Resolution to ca. 30 nm



Dip-Pen Nanolithography (DPN)

Science 283 661 (1999)



Multiplexing DPN

(A) Photograph of a 4-inch the Polymer-Pen Lithography
(PPL) array with 11 million pens.

(B) A scanning electron micrograph image of the

nanometer-scale pen tips within the array.

(C) A schematic representation of multiplexed protein

printing by PPL. ] . nAN i

o A
v S 9

(D) A fluorescence — , AAR ‘5,‘
optical micrograph , AAAARARARN
image of the !

MARAANRRARARN
AARAARARARARN

resultant multiplexed
PPL patterns.



ThermoChemical Nanolithography (TCNL)

By locally heating a
polymer with a hot AFM
tip a chemical reaction is
induced and nano-lines == Topography EEEeseeres SN
can be drawn. ' P,

leeteace

horetrbere

Tip Movement
Direction

R e R e e e R

Fast writing speeds Topography

>1 mm/s
Sub-15 nm feature
size ¥ -

150 nm

friction (arb. units)
;3
—
— 3

O,

distance (nm)

R. Szoszkiewicz, et al., Nano Letters, 2007
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20nm

3D TCNL

D Pires et al., Science. 2010



Clever things from the lab

e

Ay

)}
\

LABORRTORY




Applications of Nanoparticles

(a small subset)



Invisible Sun Screen

“White is not white” Scat ~ NV2
~ NV-V

Transmissivity of Zn(O nanopowders

*
*

25 nm

J

Abs ~ NV

nce (%)
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=
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=
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e
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300 400 500 600 700 8008
Wavelength (nm) :
Courtesy Paul McCormick




Liguid phase
Si(OCH,), + H,O0 — SiO, particles

Particles randomly aggregate, gel forms.
Density ~ 0.01 g/cc,
surface area ~ 500 m?/g




Aerosol Gels
Gas Phase SiH, + O,— SiO,




Photocatalysis

H,O to H, and O,
with sunlight

Plasmonic light harvesting antennae
light

(#)




Plasmon resonance

lons electrons




Puppies!

y‘gu
¢ '8
With noses!






Artificial Dog Nose

Nanoparticles enhance light for spectroscop
Surface Enhanced Raman Spectroscopy
SERS

The aqueous microfluidic phase
flows from left

to right (blue arrows). The gas
phase flows from back to front
(green arrows). Analyte
molecules (red spheres) diffuse
from the gas into the liquid
(red arrows). Nanoparticles
(white spheres) in the agueous
phase adsorb analyte
molecules where 658 nm laser
light (red vertical beam) excites
SERS.

Piorek et al. Anal. Chem. 2012, 84, 9700-9705




Nanotruck

With STM nudging anthraguinone

molecules move in a straight line on 0
a copper surface, while carbon

dioxide moves randomly. But when

the two molecules get close

together, the anthraquinone picks up

the carbon dioxide and keeps O
walking. anthraquinone

Nanowalker S

9,10-Dithioanthracene has taken

as many as 10,000 spontaneous OOO
steps on a copper surface.

The thiol groups (SH) are its feet. SH

9,10-Dithioanthracene

Ludwig Bartels, University of California, Riverside



Plasmonic biosensor/biomolecular imprinting

1. Attach target proteins and polymer layer
around the nanorods.

2. Then remove target proteins to leave cavities,
which act as artificial antibodies.

c Polysiloxane co-polymer
1

i AN NE

K Gold Nanorod

i i b T
r<——Template C‘II‘AB Artificial
(protein) receptor

When exposed to a substance, such as urine, that contains the
target protein, those proteins settle into the cavities,
and the nanorOd Changes COIOr‘ Washington University School of Medicine



Two dimensional
Superlattice
Membranes

NATURE MATERIALS 5 265 (2006)

Xiao-min Lin




Ultra-Fast Synthesis
&

Ultra-Simple 2D Self-Assembly

of

Monolayer-Protected
Gold Nanoparticles




Films grow during evaporation

Time >

NATURE MATERIALS 5 265 (2006)



Tough, elastic films like drum heads

i IR

Sesas S

0 500 1000 1500 2000 2500 3000
Pesition {nm)

nature materials 6, 656 (2007)

Indent Retract

AFM captilever

600 nm

0nm

600 nm
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carbon




The allotropes of carbon
Diamond and Graphite
Before 1986

bonding




Graphite is a black conductor

1 2
H He
3 4 5 6 7 8 9 10
Li | Be B|C|N|O|F|Ne
" 12 13 14 15 16 17 18
Na | Mg Al |Si|P | S |Cl|Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K|{Ca|Sc|Ti|V |[Cr|{Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As]|Se|Br|Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|Sr| Y [Zr |[Nb|Mo|Tc |Ru|Rh|Pd|Ag|Cd|In |[Sn|Sb|Te| | |Xe
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs | Ba Hf [Ta| W |Re [Os | Ir | Pt |Au|Hg| Tl |Pb | Bi | Po| At |Rn
87 88 104 105 |106 [107 108 |109 |10 1 112 113 114 115 116
Fr | Ra Rf [Db | Sg |Bh |Hs |Mt |Ds |Rg | Cn |Uut| FI [Uup| Lv |Uus|Uuo
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La|Ce|Pr|Nd|Pm|Sm|Eu|Gd|Th|Dy|Ho|Er |[Tm|Yb |Lu
89 90 91 92 93 94 95 96 97 98 99 100 [101 102 |103
Ac|Th|Pa| U |Np|Pu|Am|Cm|Bk | Cf | Es |Fm|Md|No| Lr

4y
= @ =

“extra” electron in the p-orbital

Carbon

4 valence electrons

2 s-orbitals, 2 p-orbitals.
These can “hybridize” to

3 electrons in sp? hybrid, or
all 4 electrons in sp3 hybrid

All 4 electrons are busy

Diamond is a clear insulator
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Courtesy of NASA
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C60, Buckminsterfullerene

Source: Wikipedia



Synthesis via laser ablation of graphite
under low pressure He.
The discovery mass spec

g

7000
6000 7
2000 +
4000 - !
3000
2000

1000 b
0 b8

44 52 60 68 76 84
Number of atoms of mass 12.00




Kratschmer/Huffman Process

Gram quantities via the electric arc evaporation of
graphite in a helium atmosphere

C60 developments:

* doped solid can be made superconducting,
* large nonlinear optical effects

= ¢ room temperature conversion via non-
hydrostatic compression of C60 into
diamond powder.

|

|Each of these discoveries could lead to entire
: ‘,ﬁelds of commercial applications in the
future.







Carbon nanotubes (CNT)

Sumio lijima, 1991



Single-walled nanotubes (SWNT)
properties controlled by helicity

armchair zigzag

From metallic to semiconductor of various band gaps



Multi-walled nanotubes (MWNT)

Typically metallic

Wikipedia



Multi-walled nanotubes (MWNT)

ANL_ENIC S 06 £ Srvn 23 006 SE(U) 331106



CNT Synthesis

Arc discharge

Laser ablation

Chemical vapor
depostion (CVD)

All very high T.

CVD reactor to make
Carbon nanotubes

wikipedia



Arc Discharge Method

Nanotube material

/

| \ Carbon electrodes
| |

High voltage

High current




CNT Remarkable Properties

Variable band gap, it can be an insulator,
semiconductor or a metal.

Tensile strength 10 to 100 times and elastic
modulus 5 to 10 times that of steel at
1/5 the weight.

Harder than diamond, better thermal conductivity.

Black! Good absorber of electromagnetic radiation.



Airless bicycle tire

Britek tire and rubber



Stealth

CNT coatings totally absorb
and do not scatter any electromagnetic radiation
e.g. light and radar




Damascus Steel

Detail of the “damask”

tomastomas180.worldpress.com

¥ ] X

High-resolution transmission electron
microscopy image of carbon nanotubes in a
genuine Damascus sabre after dissolution in

hydrochloric acid. Scale bar 5 nm.
NATURE | Vol 444 |16 November 2006




Graphene. A single layer of graphite

Geim and Novoselov, 2004
Nobel Prize 2010.




A lump of graphite, a graphene transistor
and a tape dispenser. Donated to the

Nobel museum in Stockholm by Andre Geim
and Konstantin Novoselov.




Graphene Production
* micro-mechanical exfoliation
 Very small guantities
* Epitaxial growth on metal substrates
 E.g.Cu, Ni with hydrocarbons, T = 1000K
Large transparent sheets, but small
guantities
 Graphite oxide reduction
* Graphite (from mines), treat with
KMnO, + H,SO, to GO, then reduce
with N,H, to graphene. Large quantities,
but poor quality
 Detonation carbon



The KSU Detonator




Detonation Graphene

Low vol frac 1.tif

low vol frac 100 nm
Print Mag: 118000x @ 3. in HV=100kV
11:37 040405 Direct Mag: 92000x

AMT Camera System



Detonation Graphene

.

File Name = Ethelene soot 6.tif

Ethelene soot 20 nm

Ethelene soot HV=100kV

Print Mag = 311959x @ 3 in TEM Mag = 340000x



TEM picture of acetylene open flame soot.
T = 2000K

i
100 nm



Detonation Carbon

Pyrometer indicates T = 4000K

Simple, cheap precursors, e.g. acetylene

No catalyst needed

Eco-friendly

5 grams/detonation lab scale, easily scaled up

to metric tons.
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