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Carbon Structures

single-walled carbon nanotube (1D) Ceo (OD)
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Carbon Modifications

Diamond

O carbon atoms on tetrahedral sites
Q sp3-hybridisation

Q very rigid carbon frame,
(bond length 1.54 A)

Q transparent

Q insolator
(5.5 eV band gap)




Graphite

O hexagonal layers
Q sp? - hybridisation
O strong C-C bond in plane (1.42 A)

O weak coupling of neighboring layers
(distance 3.35 A)

O lubricant

O half-metal, electron transport in plane

* sp2-hybridized carbon

* mother of graphitic
materials

warping

0-D fullerene 1-D carbon nanotube

3-D graphite




New Carbon Materials

O 1985: Kroto, Heath, O'Brien, Curl & Smalley a

O laser ablation of graphite

11
(| ~30 m] Nd:YAG

10 atm He

v1, — TOF-MS
P = 760 TorrmMMMMhAMM

<

Pe = 10 Torr MMMM

45 52 60 68 76 84

No. of carbon atoms per cluster

O carbon frame === soccer ball * masspectrometry

Kroto et al., Nature 318 (1985) 162

—> aggregates of 60 C

Fullerenes

0 Cg, and related structures
resemble the architecture
of Buckminster Fuller

0 — Buckminsterfullerenes,
‘Buckyballs’,
gen.: Fullerenes

Buckminster Fuller in front of the geodetic Dome
(US Pavillon, Montreal 1967)
June 1954 : U.S. Patent No. 2,682,235




(:m and related Species

Q Family of Fullerenes
CGOI C7OI CZSOI C960"'

0 1990 : Kratschmer und Huffmann
mass production of Cg in

arc discharge

<
P>
L _

' \ Van der Waals crystals of Cg (fcc structure)

Euler characteristic: edges (E)\ face (F)
C=V_E+F V - number of vertices vertex (V) Vf 8
E - number of edges E=12
F - number of faces F=6
For all simple polyhedra, C =2 8§-12+6=2

Cube
Ifa structure is made only from pentagons and hexagons, the number of faces is

F=P+H, P -number of pentagons, H - number of hexagons
Each edge is shared by two polygons: E= (5P + 6H)/2
At least three polygons share a vertex and that for a convex polyhedron the sum of the
internal angles of the polygons < 360 degrees. There must not be more than three polygons
sharing a vertex. Thus, there are exactly three polygons meeting at each vertex,so V=

(5P + 6H)/3
Using C =2, we end up with 12=P+0-H 8

A simple polyhedron made from pentagons and hexagons must contain exactly 12
pentagons! The number of hexagons can be arbitrarily given!

V =20+ 2H Thus, fullerenes must contain an even number of carbon atoms and must

contain at least 20 Carbons, making C,, the smallest fullerene!

V=20
E =30
F =12 (12 pentagons)
C 20-30+12=2
20

V=60

E=90

F =32 (12 pentagons + 20 hexagons)
60-90+32=2




The Fullerene Family

SRR AR

Cao (In) Cas Cae Cas (Ta) Cso Cs2
(Csq) (D3n) (Ca) (Dsp)
Cs4 (Cay) Ca6 (Den) Cs5(D3n) Cao(Ta) Csz
(D3)

Formation of the Fullerenes

=y

one single line

Cy
five lines




resistivity
carrier concentration
carrier mobility
band gap
charging energy

Graphene
* introduction
* synthesis
» electronic structure

* possible applications




Graphene - The point of a pencil

Graphite

4 valence electrons in carbon

- 3 bonds to neighbors (sp? o-bonds)
structural rigidity within planes
weak van-der-Waals attraction between planes

- 1 delocalized = electron
electrical conductivity

- =
- -

“Woidermaterial Gfaphene-

e, < - -
= - e

-— -

thinnest imaginable material (few A)
largest surface area (-2700 m/g)
strongest material (theoretical limit)

stiffest known material (stiffer than diamond)

most stretchable crystal (up to 20% elastically)

record thermal conductivity (outperforming diamond)
- highest current density at RT (106 times of copper)
/ Completely impermeable (even He atoms cannot squeeze through)
highest intrinsic carrier mobility (100x larger than Si)
lightest charge carriers (zero rest mass)
largest mean free path (micron range)

-

i

-




Graphene

* introduction
* synthesis
* electronic structure

* possible applications

Overview of synthesis methods

Mechanical Exioliation

EpRItEXiaiPGrowti oSG

CVD growih




Mechanical exfoliation of HOPG

optical micrograph

e-beam marker
(80 pm distance)

flakes up to 20 pm

Mechanically exfoliated graphene

- crystal faces
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|dentifying graphene monolayers

optical micrograph

1.4-
1.2 SiO,
€ 1 300 nm
3 1.0
S 0.8+
o 1 5
o 0.6 ~0.8 nm g
= J 8
8 (4] (H;0o0rhydrocarbons =
[ "7 | between graphene/SiO,) g BLG
.................................................. €
0.2~_ J\SLG
0.0 - T . 2500 2625 2750

0.0 0.5 ' 1j0 l 115 ' 2.0 ‘ Raman shift (1/cm)
displacement (um)

S. Akcoltekin et al.; Nanotechnology 20 (2009), 155601.

Graphene

* introduction
* synthesis
* electronic structure

* possible applications
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Electronic band structure of graphene

Ak

Honeycomb Lattice Brillouin Zone

e The conduction band and valence band touch at two
“Fermi points” K and K’

« Near K and K’ the dispersion is “relativistic” (i.e., linear)

—\ — Fermi velocity
ER+@=2nve |G| 75105 mss=cr300

Relativistic quantum physics

Albert Einstein  Special relativity

E =mc? ¢y  Relativistic Quantum Mechanics
g{e\a Paul Dirac

. Dirac Equation (1928):

E. Schrodinger  gjyyodinger Equation:

(1926)
e = oy peyw k ("0 —m)yy =0
ot 2m (a8
V. Quat
v<<c v=c
m=0
particle
Py Spin // Momentum
Px anti-particle “Chirality”

P. Kim, Colombia University.
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Density of states

CNP 4

~1NE

~E

Vr
Experimental band structure - ARPES
soft x-ray photon
10-1000 eV
Energy Copper Experimental
A X T X Spectrum
-2 T T T 5
\f— --" - > o \ /\ ] Fermi
valence :: sp ]Level T
levels o0 .
N () 1 >
=T AN = d . D
qmF\ ol d } { g
N .CED -/ N
core Lo—o—>4 g 5[ ]
levels AR ] —
\\ 8 SP i Count Rate
O ~ E # electrons/sec
A b at detector
RT3 S BN B I AR
-1 0 1 2 3

momentum, k
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Graphene -ARPES

E

Spectrometer

X-ray photon
Photoelectron

4 Ekinelic

Electrical contacting of graphene sheets
First devices by Manchester group

optical micrograph

silver paint

K. Novoselov et al.; unpublished.




Sheet resistivity - Hall bar measurements

O, plasma

SiO,  graphene metal  PMMA

Sheet resistivity - Hall bar measurements

SEM image l
X

W Ves W
sheet resistivity 0., = Rj_46_5 - = 6-5

15



Resistivity vs. gate voltage

Au cgntacts

Sio,
Si « ambipolar field effect

graph?"e « finite minimum sheet

conductivity o,~ 4 e?/h
(ionized impurities near the
graphene plane 2>
electron-hole puddles)

Effective carrier mass

‘fictious’ relativistic mass:

2
Ep Th n,p 0.06

m, =

2
Vi VE

o
%0.04
&

0.02
vanishing (rest) mass —_—

at Dirac point

0

-6 -3 0 3 6
n (1012cm-2)

K. Novoselov et al.; Nature (2005).
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Determination of carrier mobility
Conductivity vs. gate voltage _ ] — ]

o =1/p=n(V,)eu |
Sio

thiczkness t,
dielectric constant ¢

parallel plate capacitor:

capacitance per area

g€V,

n(Vy)= . ?g=aV

g

a=~7210"cm2?v!

0.1 00 50 0O 50 100 (for 300 nm Si0O, dielectric)
Vg (V slope
9 M) —) |y = stope
ae

Mobility from Hall measurements

S>> Hall mobility | g = —X ald

17



Mobility from Hall measurements
Comparison with field-effect mobility

12000 -

M (cm?2/Vs)
:

«— charge neutrality point

graphene monolayer
on Si/Si0, (1.5 K)

-30 0

gate voltage (V)

G. Ulbricht et al.; unpublished.

Mobility enhancement - Suspended sheets

dip of entire device into
buffered HF for 90 sec
(= removal of ~150 nm SiO,)

{

before current annealing:
g = 20,000 cm? V-1s-! (4 K)

after current annealing:
g = 200,000 cm? V-1s'! (4 K)

force between sheet and gate:

2 2
_ EoE LWVgate ~3-10°N

2(d0 +d15)2 (@t V.. = £5V)

gate

K.l. Bolotin et al.; Sol. State Commun. 146 (2008), 351.

sheet collapse for Vg,
>20V
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Graphene

* introduction

* synthesis

* electronic structure

* possible applications

Applications of graphene

Thin, light, strong and tough

C. Lee, X. Wei, J. W. Kysar, & ). Hone, Science 321, 385 (2008)

Young’s modulus: 1 TPa (Steel ~0.2 TPa)
Critical Strain: ~25%

Flexible and conducting

& -
- Ler o

K. S. Kim et al., Nature, 457, 706 (2009)

P. Kim, Colombia University.

Optically transparent (Nair et al, Sience 2008)

light transmittance (%)

25
distance (um) wavelength 4 (nm)

Large scale growth

SKKU. MIT, Austin, ...

19



Applications of graphene

Graphene Materials and Applications

’-

| fr—y—

- — Transparent
Flexible/Transparent Electrodes Conductivernk,
Electrodes/Touch Panels

Ultrafast Transistors,
RFIC,
Photo/Bio/Gas Sensors

Super Cap./Solar Cells
Secondary Batteries

Fuel Cells

EMI shields
Large-Scale
C\'D Graphene
Semi— +

conductors Graphene

Nanoplatelet
Composites

LED Lights, BLU
ECU, PC -

Cars,
Aerospace

Appliations

Carbon Nanotubes

* introduction

* synthesis

* electronic structure
* electrical transport

» mechanical properties
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Streptavidin —=

Biotin

CNTs — Types

single wall nanotubes double wall nanotubes multi wall nanotubes
(SWCNTs) (DWCNTs) (MWCNTs)




iscovery

CNTs-D

Japan)

b

O In 1991 by lijima (NEC

Electron beam

Transmission Electron
Mmicroscope (TEM) images

U Multiwall nanotubes (MWNTs)

lijima, Nature 354, 56, (1991)

armchair

CNTs — Physical Structure

SWNTs specified as

(<

tan”![V 3m/(2m+n)]

chiral angl

0=

22



Outstanding properties of CNTs

Attribute Comment
Thermal conductivity: 10* Wm™'K-! > that of diamond
Young’s modulus: 1TPa stiffer than any other

known material
Tensile strength: 150GPa ~600 times the strength/
weight of steel

Supports current density of 10°A/cm? ~100 times greater than
for copper wires

Carrier mobility: 10*-105cm?/Vs (at RT) > that of GaAs

Thermally stable up to 2800°C (vacuum)

Carbon Nanotubes

* introduction

* synthesis

* electronic structure
* electrical transport

» mechanical properties
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Arc discharge process

o
s S Helium atmosphere, 00
< 400 mbar 7
|

graphite anode

plasma (A
deposit %
——— deposi o&

\graphite cathode
i to pumps
@ DC current source

Multiwall nanotubes

Laser ablation method

Nd YAG l water cooled

Laser m Cu collector

A gos

S

§ graphite
target

-

* ~1.4nm average tube diameter
* NTs are formed as bundles

Ajayan et al., Carbon Nanotubes 80, 391, (2001)
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Chemical Vapor Deposition (CVD)

Cisi
Y = — — 2 s

» relatively low temperature (600°-1000°C)

* Fe, Ni, or Co nanoparticles as catalyst

* mostly isolated SWCNTs are obtained

* SWCNT diameter control through particle size

%}3&2@

Carbon Nanotubes

* introduction

* synthesis

* electronic structure
* electrical transport

» mechanical properties
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Electronic structure of CNTs derived from
graphene

(a) energy bands of

E(k, k,) /7,

periodic boundary
conditions:

C, ‘k=2mnq

energy contour (2D) plot
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CNTs — Electronic Structure

Bad structure of a
(5,5) SWCNT

2

< 1
a3
~

~ O
=
~

-1

-2

-3

Yo =2.5eV

a=144A°

armchair (n=m)
metallic

Band structure of a
(10,0) SWCNT

0 k n/a
zigzag (n,0) & chiral (n,m)
metallic if (n-m)=3i
semiconducting if (n-m)=31

26



CNTs — Electronic Structure

A
metallic semiconducting

E,,p < 1/d

E. E,s® 04-13eV

energy

DOS DOS

Scanning Tunneling Microscopy (STM)

I ti eV

A%

I(V,x,z) < e ** fps (E,x)dE
0

dl
_(Vaxay) = /OS(eVaxay)

Bias [mV]

dv
Spectroscopy ,,dI/dV* (STS)

14— T
| ColAg(111) 7
g 1.2f gx
§ 1.4} ]
e 1.0t 1
Au(l 1 0) 40 20 0 20 40
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Scanning Tunneling Spectroscopy on
SWCNTs

b . 420
1%% 15
. fo 8 (14,-3) SWNT
05, {10 E "
Bias Voltage () & = semiconducting

-5

&t 05 04 02 o 02 04 05
Bias Voltage (V)

10~
Band gap as a function S 0s .\ibg;
of tube diameter f

0.7 0.8 0.9 10
Tuhe Diameter (nm)

Eg (V)

Carbon Nanotubes

* introduction

* synthesis

* electronic structure
* clectrical transport

» mechanical properties
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Ballistic transport in a 1D conductor
Carbon nanotubes (CNTs)

Allowed states

7 v metallic tube

Heater

Nanotubes

I

O MWCNT on a piezo-controlled tip (\% 5
—> quantised conductance 1 =
nGy=n (2¢*/h) =n ([12.9kQ]") % 2
QO Ballistic electron transport § 1
S
= resistance independent of tube length 'g 0 . .
= upto 25mA per nanotube ° oo 1000 2000
depth (nm)

Frank et al., Science 280, 1744, (1998)

3000
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Evaluation of mean free path in SWCNTs
Many contacts on long metallic tube:

T=250K

Y 8993

s

R (kQ)
VA ?V‘?i‘7$

0~ ..
o ballistic
3
5=

T T T Ty T T T Ty T T 71117
2 4 638 2 4 68 2 4 68

M.S. Purewal et al.; PRL 98 (2007), 186808.

Evaluation of mean free path in SWCNTs
Temperature dependence of resistance:

ballistic transport is

) limited by (acoustic)

phonon scattering

E 4 — -

2 3 458 | 2 3 45¢e | 2 3 4568 |
10

L (pm)

M.S. Purewal et al.; PRL 98 (2007), 186808.
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Carbon Nanotubes
for
electronic devices

- Nanotube

Silicon Dioxide

Silicon Wafer

Gate Oxide

Determination of carrier mobility
Electric field-effect on CNTs

Metallic nanotube Semiconducting nanotube

transfer curve transfer curve

V,,=10mV

1(nA)
1(nA)

1 |ON OFF
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Electronic Transport in SWCNT's

( room temperature )

Gate Dependence

of conductance Vas
10’ T T T T T 8 L
= I
R =
10k Metallic ] 3 ® §
_ (@)
@ 10" 3
e WN
3 S T
g Semiconducting Y — — _
o G T
3 10°E
5
10 Gate 1
- - : . . Conductance
Gate Voltage [V] Ids / Vds

CNT Field-Effect Transistor

IBM Research

Nanotube

Source (Au) \ \/ Drain (Au)

gate oxide (SiO,)

gate (Si)

ol 1 1 1-H

O FET with SWCNT or MWCNT
U Applying V.

=> Control of current I}, through NT

Martel et al., Appl. Phys. Lett. 73, 2447, (1998)
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Carbon Nanotube Logic

o] proveem——. Y i =
B e AV A ttaand’ B
' A5V 1 Nor B
1 1
0.5 1 1
nanotube
[nanotubo NN : v v,
> 1 1
. 1.0 ' 1 b
In: 1,1 1 1,0 1 0,1 1 0,0
Out: 0 I 0 1 0 1 1 -
' ' e grew] §
s VplSsy , . 8

3
3
®

Bachtold et al., Science 294, 1317, (2001)

Circuit built on Single Carbon Nanotube

Z. Chen et al., Science 5768, 1735 (2006)
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First Carbon Nanotube Computer

M. Shulaker et al., Nature 501, 526 (2013)
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