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CUTTING IT DOWN TO NANO

A
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Ag Nanoprisms Au Sphere Au Sphere  Ag Sphere Ag Spheres Ag Spheres
~100 nm ~100 nm ~50 nm ~80 nm ~40 nm
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/ John Bardeen

— Walter Brattain

Bell Laboratories, 1947

William Shockley
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The silicon revolution
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250 MB hard disk drive from 1979 The first hard drive 2.52 GB.
IBM 3380 in 1980
250 kg, price ~ $100,000.
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IBM Areal Density Perspective
45 Years of Technology Progress
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Scanning Tunneling Microscope (STM)
Lgobo@gdgmo Gybgmydo 8ogdemblim3o

Heinrich Rohrer and Gerd Binnig (IBM, Riischlikon)
NOBEL PRIZE 1986

:'—I‘ Control voltages for piezotube

Tunneling Distance control
current amplifier  and scanning unit

with electrodes

Piezoelectric tube

14

Sample

Tunneling
voltage
\ \

Data processing
and display
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A energy (c)

- S0

tunneling

- g - eV

By applying a bias voltage to the sample with respect to the tip, we effectively raise the Fermi
level of the sample with respect to the tip. Now we have empty states available for tunneling into.
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First STM Image

* Binnig et al. 1982, Physical Review Letters

 First atomic resolution image of the Si (111) 7x7
reconstruction
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« Resolution of STM is
determined by the sharpness
of the tip

« Tungsten tips are etched
electrochemically

 Practical STMs’ lateral
resolution — 2 Angstroms

e This resolution is more than
1000 times better than the
diffraction limit of optical
systems

http://meso.phys.northwestern.edu/research
/low-temperature-scanning-probe-
microscopy
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Eigler and Schweizer (1990)



Atomic Force Microscope (AFM)
SG®IYH dosgoy@o dogOmbizm3o

Detector | aser

Cantilever

Mirror

Sample

« Major extension of STM — Atomic Force Microscope (AFM) can be
used on conducting or insulating surfaces

* Invented in 1986 by Gerd Binnig, Christoph Gerber, and Calvin F.
Quate

* The first commercial AFM was build in 1989.
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Nanotechnology
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K. Brunner et al.

R. Adelung et al. Courtesy of F. Ernst

CASESCHOOL OF ENGINEERING
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Fulleren (1985)

\/800@833@0 @0083@)6000 d=0.7 nm.
v bogaénqm 03005380b, dogboo Boéoa@o.
v 606300{]360[) 360[}@)0@[}.

Fulleren crystal Cg,
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Yao et al 1999
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High resolution transm
microscope images

STM image of graphene
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Andrey Geim Konstantin Novoselov
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ANDRE K. GEIM
Nobel Lecture, December 8, 2010
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Graphite 2D G D OMNIC
Raman
. Spectroscopy
-———k graphite Software
Single Layer Graphene

0g=1581.6 + 11/(1 + n'8)

1587.94
1584.16
1581.72

Double Layer

Single Layer\

+«— Graphite

Raman shift {crm™)

"1620 1610 1600 1580 1580 1570 1560 1550
Raman shift (cm)

Hui; Gao, Xuewei; Feng, Min; and Lan, Guoxian
rosc. 2009, 40, 1791-1796
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Material

Glass

Soil
Concrete,

Ice

Sandstone
Stainless steel

ead
Aluminium

Gold

Copper
Silver

Diamond
Graphene

Thermal conductivity
W/(m-K)

1.1

1.5

1.7

2

2.4

12.11 ~ 45.0

35.3

237 (pure)
120—180 (alloys)
318

401

429

900 - 2320
(4840+440) - (5300+480)


http://en.wikipedia.org/wiki/Material
http://en.wikipedia.org/wiki/Watt
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Kelvin
http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/Soil
http://en.wikipedia.org/wiki/Concrete
http://en.wikipedia.org/wiki/Ice
http://en.wikipedia.org/wiki/Sandstone
http://en.wikipedia.org/wiki/Stainless_steel
http://en.wikipedia.org/wiki/Lead
http://en.wikipedia.org/wiki/Aluminium
http://en.wikipedia.org/wiki/Gold
http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Silver
http://en.wikipedia.org/wiki/Diamond
http://en.wikipedia.org/wiki/Graphene
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: Electrical
Material Conductivity (S-mt) Notes
Graphene ~ 108

Best electrical conductor of any

Silver 63.0 x 106
known metal
Commonly used in electrical wire
Copper 50.6 x 10 applications due to very good

conductivity and price compared to
silver.

Gold is commonly used in
old 45.2 x 10° electrical contacts because It does
not easily corrode.

Commonly used for high voltage
Aluminium 37.8 x 10° electricity distribution cablesleitation

needed]



http://en.wikipedia.org/wiki/Silver
http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Gold
http://en.wikipedia.org/wiki/Electrical_contact
http://en.wikipedia.org/wiki/Aluminium
http://en.wikipedia.org/wiki/Wikipedia:Citation_needed
http://en.wikipedia.org/wiki/Wikipedia:Citation_needed
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High electron mobility (at room temperature ~ 200.000 cm?/(V-s), ex. Si
at RT ~ 1400 cm?/(V-s), carbon nanotube: ~ 100.000 cm?/(V-s), organic
semiconductors (polymer, oligomer): <10 cm?/(V-s)
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Silicon
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Optical transmittance control: transparent electrode
Reduction of single layer: 2.3%

Fine structure constant
o= 1/137 (x2%)

100
(0]
e 5 white |Ight ideal ol
2 < —_ Dirac fermions eiec 43
~ g' 32 R~
3 =) ©
=
< e
= 8
5 ______ ’é‘ : 00 number of Ia}/ers
© % theory: 1 2 3 4 5
= = graphene R . T o e ki
E NS 96 — ;\3\ 96: ______ - EAEERA P A S
2 £ ) S e ]
= 92-
SESTSS——— S —
B , =
88 --------------------------
94 | |
0 : 25 50 400 500 600 700
distance (um) wavelength A (nm)

F. Bonaccorso et al. Nat Photon. 4, 611 (2010)
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In graphene, sp? hybridized orbitals
are responsible for bonding in the x-
v plane, while the remaining 2p
orbital exists perpendicular to the
plane, contributing 1 conduction
electron per C atom.
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Translational Lattice Vectors — 2D

Point D(n1, n2) = (0,2)
Point F (n1, n2) = (0,-1)

dgbg@ol  aoosaomgdbol 39JBm™0
M@ 35bbmdogngdsdo.

R,=n;a+n,b

Translational symmetry. 39J4@m® 9ol
a, b gfmwgdsm dgbgdols g39d@mmgdo.
(N4, N,) dmgeno Goibggdoo.

Crystal Structure 10
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dgdénbgdneme dgbgon: The reciprocal lattice

Q'[n = 21m

Q:hgl+k92+I93
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The basis vectors J.,0._,0_ of the reciprocal lattice are determined by:

I1'9,79;
* a, Xa
glzgl =27 =2_=3
- a,-(a, xa,)
% a, Xa
QZZQZ =2n ———
- a, -(a, xa,)
# a Xa
93:§-3 =21 ————=*
- a,-(a, xay)

These g fulfill the condition|d. - @; = 270

‘ c_;-[n:2nm holds, where §:h91+k92+|93
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The reciprocal lattice

example 1: in two dimensions

R = ma; + nas

|az|

b

G = mhl T ﬂbg
|ai|=a
C—
il
i

a;b; = 2md,;.

Ib1|=211/a

i : —a @ i
Ib2|=2T1/b
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The reciprocal lattice in 3D

example 2: in three dimensions bcc and fcc lattice

E.E.-':{aﬂ

h1=f3‘.-‘il' bEZE'ﬂ_

ol x day day o dy
ajlaz x as) a (az x a;) a(az x ag)
The fcc lattice is the reciprocal of the bcc lattice and

vice versa.

h;:_; = 2T
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where the potential energy
IS Invariant under a lattice
translation vector il :

RO T = ua +Vvb +we
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Tight binding model
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Energy bands as an extension of atomic orbitals
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Tight binding model
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P.R. Wallace, Phys. Rev. 71, 622 (1947)

Antonio H. Castro Neto
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E.(P)=2Ve o/ PE+ P2 =2V,
E.(p, m)=i\/m2vF4+vF2p2 with m=0

ve =22 L ¢/300
2

“Ultra relativistic” Solid
State at low speed of light

Dirac Cone

Antonio H. Castro Neto
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Massive Particle (e.g. electron)
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Nonrelativistic limit (v<<c)
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ARPES
(Angle Resolved PhotoEmission Spectroscopy)

Scienta
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A Simple Example : Cu (111) Surface State

Y

~
X

Binding Energy (eV)

04 -02 00. 02 04
k, (A7)

F. Baumberger et al., PRB 64, 195411 (2001)



Binding Energy hw (eV)

B

ARPES measurement on epitaxial graphene on Si face of SiC
First measurements on a single layer of graphene.
ED at 450meV from the Fermi level.

by Bostwick et al Nature Physics 2007



Quantum mechanical tunneling in graphene

Electrans in Conventlonal Semicondunctor

K K

S —

Dirac Fermions in Graphene

Classical particles: cannot propagate
through potential barriers

Quantum particles: can propagate
(tunnelling) but probability decays

exponentially with barrier height and
width

Ultrarelativistic quantum particles: can
propagate with the probability of order
of unity (Klein paradox)

“Normal’ electrons:
mass = m
cannot reach the speed of light
kinetic energy =(1/2)mv-.

Massless elementary particles
(photon. neutrino):
mass =0, speed=c¢

Electrons in graphene
mass = 0
speed ¢, ~ 10° m/s (constant)
kinetic energy = c,p
- Mimicking relativistic behavior, but
at a much lower speed ¢, ~ ¢/300




quantum-mechanical properties of the Dirac Hamiltonian
revealed a peculiar feature—Dirac carriers could not be
confined by electrostatic potentials (Klein, 1929).

An electron facing such a barrier would transmute into a
hole and propagate through the barrier.

There 1s no analog of this type of quantum-limited
transport regime in two-dimensional semiconductors.



Dirac Hamiltonian allows for both positive energy states (called
electrons) and negative energy states (called holes). While a
positive potential barrier is repulsive for electrons, it Is
attractive for holes (and vice versa). For any potential barrier,
one needs to match the electron states outside the barrier with
the hole states inside the barrier. Since the larger the barrier

IS, the greater the mode matching between electron and hole
states Is, the transmission is also greater. For an infinite

barrier, the transmission becomes perfect. This is called

Klein tunneling (Klein, 1929).

graphene p-n junctions are essentially transparent.
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ballistic minimum conductivity (4e?/mh.

~ The gap problem

A gap is needed for digital electronics
(need of 0 and 1)




V,>0  V,=0 ¥,<0

0<n<(10°-10")em™

K.S. Novoselov et al., Science 306, 666 (2004)
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In 1954, Popular Mechanics showed its readers what a home computer might look
like in 2004.

¥ CéoEaa -

- LI ETY

e L L] LT
BRI L
M o000 can

Scientists from the RAND Corporation bave created this model to illustrate bow a “bome computer” could look like in the
year 2004, However the needed technology will not be ecomomically feasible for the average bome. Also the scientists readily
admit that the computer will require not yet invented technology to actually work, but 50 years from now scientific progress is
expected 1o solve these problems. With teletype interface and the Fortran language, the computer will be easy to use.
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