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Carbon materials
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Carbon Family
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Bonding in Carbon Materials
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Bonding in Graphite

* One of the 2s electrons hybridizes with two of the 2p electrons to give

' sp? orbitals to each other in a plane, with the remaining orbital having
a p, configuration, at 90° to this plane.

« The sp? orbitals form the strong bonds between carbon atoms in the
graphite planes.

« The p, orbitals (p orbitals) provide the weak van der Waals bonds
between the planes.

 The overlap of orbitals on adjacent atoms in a given plane provides
the electron bond network which gives graphite its relatively high

electrical conductivity.
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Bonding in Diamond

Each carbon atom is joined to 4 neighbors in a tetrahedral structure.

The bonding in this structure is sp® and results from the mixing of one
2s and three 2p orbitals.

Diamond is less stable than graphite, and is converted to graphite at
a temperature of 1700°C at normal pressures.

four sp> hybrids




How does thermodynamics different from kinetics?

Thermodynamics There is no time variable.

says which process is possible or not and never says how lonq it will take.

The existence of a thermodynamic driving force does not mean that
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i\ i & the reaction will necessarily occur!!!

Allotrope (BE £1%): any of two or more physical forms in which an element can exist
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There is a driving force for diamond to convert to graphite
but there is (huge) nucleation barrier.

How long it will take is the problem of kinetics.
The time variable is a key parameter. 5



In the Cg, molecules, the carbon atoms are bonded in an icosahedral
structure made up of 20 hexagons and 12 pentagons (20 x 6 x 1/3 +
12 x 5 x 1/3 = 60).

Each of the carbon atoms in C;; molecules is joined to three
neighbors, so the bonding is essentially sp?, although there may be a
small amount of sp3 character due to the curvature.

The bonding in carbon nanotube is also primarily sp?, although once
there may be some sp3 character in regions of high curvature

In the graphene, the bonding is sp?.




Nano Milestones

if‘* 1985: Robert F. Curl, Jr., Harold W. Kroto and Richard E.
Smalley discover buckminsterfullerenes (buckyballs),
which measure 0.7 nanometer in diameter.

1991: Sumio lijima of NEC discovers carbon nanotubes.
1998. Cees Dekker’s research group at the Delft University
of Technology creates a transistor from a single

molecule (carbon nanotube).

2004: Geim and Novoselov discover graphene.



Carbon Nanotube

Sumio lijima (1991)



What is the CNT?

+ Et4A ULEH (Carbon nanotube, CNT)
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Various forms - by depending on number

(3) Multi-walled Nanotube(MWCNT)




Basic Properties of CNT
-

. Relative Specific Strength
Tensile strength = 30 ~ 180 GPa
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Strong Covalent bonding between Carbon atoms




Basic Properties of CNT

Young's Modulus [GPal]
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v' Extremely High Young™s modulus

v' Thermal stability in 2800°C in

vacuum.

v' Similar value of Tensile strength
of Diamond (60GPa) but, light

material



Basic Properties of CNT

B > Electrical Property

Electrical conductivity

Conducting
Polymer

v" High electrical/thermal conductivity
v" High Sensitivity of external change of electric Field



Carbon Nanotube Transistor

1998: Cees Dekker’s research group at the Delft University of Technology
creates a transistor from a single molecule (carbon nanotube).
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Basic Properties of CNT
-
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Carbon NanoTube. ......
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Application - Electronic Paper




Heller, Daniel A, multimodal optical sensing and analyte specificity using
single walled carbon nanotubes, Nature techonology, 2008




Science Fiction or Not????7?
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Application - Space Elevator
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Discovery of graphene

" What is the thinnest substance in the world? ’

‘Friday night's quirky experiment’

In 2004, Professor Andrew Gam of Manchester
found a way to separate the graphene layer
from graphite and published it in “Science”.

< Dr. Constantin Novoselov >




Discovery of graphene




Discovery of graphene

In 2005, “Nature”
Demonstration of a semi-quantum Hall effect

Because of the spin effect of the electron, it
should show the same half-life (n + 1/2) as if
the electron split.

The effective mass of electrons and holes
approaches zero and the charge carrier
moves closer to the speed of light

Graphene has the potential to be used as a
new concept device that overcomes
limitations of conventional semiconductors.




« 2-D mater. is thermodynamically unstable

% ' » Can not exist in a natural form Before 2004

e It has a low melting point.

« Single layer graphene is very stable.

 Superior crystallinity

« amazing properties of graphene

After 2004

 Increased interest in graphene research



Characteristics of graphene

High electron Mobility

At room temp.
100 times more current than Cu
Delivery 100 times faster tha Si

 afa®a0o0o0o0s
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High thermal conductivity
- More than double the diamonds

Mechanical Strength
- More than 200 times of steel

High Flexibility

- Honeycomb structure connected
like a net / Spacious space
improves elasticity

< A 10x10cm graphene made by Prof. Hong
Byung-hee's group >



Structural Edges :
g . zigzag edge
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Zigzag shape — metallic - electron withdrawing

Armrest chair shape — semiconductor - electron donating




How do we use
graphene for what

we want?

Need graphene mass production technology

& multi-layer graphene control technology!



Graphene Synthesis

, Chemical exfoliation of graphite through oxidation and
then dispersion in water down to single graphene sheets

Thermal exfoliation of graphite.

- thermal decomposition method : semiconducting SiC
substrate heated to over 1200°C until the silicon begins
to evaporate, at which point the remaining carbon on top
of the substrate nucleates into graphitic film

- chemical vapor deposition (CVD) of hydrocarbons
deposited on a metal substrate

Liquid-phase exfoliation of graphite

Expandable graphite powders




Graphene Synthesis: Mechanical Cleavage

* Mechanical cleavage is a research grade
procedure

» Can extract single-atom-thick graphene from bulk
graphite by using adhesive tape to repeatedly split
graphite crystals into increasingly thinner pieces

- No graphene of the desired size is possible.
- Difficulty adjusting thickness (d) Optical image
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Graphene Synthesis — Chemical Exfoliation

Exfoliation of graphene sheets from '
graphite powder by chemical oxidation

It consists in inserting molecules to graphite
by chemical treatment to modify the van der
Waals forces that hold the single
monolayers of carbon together.

NOT VERY SUCCESSFUL.: only restacked
and scrolled graphene sheets are obtained
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Graphene Synthesis — thermal decomposition

! SiC heat treatment .
I

Graphene TS
layer
SIC

Poor electrical properties
Relatively expensive costs

High vacuum
(2x 10-° Torr)
~1700K ~10 min
2um




Methane, hydrogen
High temp. heating >

Carbon

” . Formation of
Deposition Deposition

Graphene

etching

Ni
removal

Detach
Graphene



Chemical Vapor Deposition

Boundary layer

e =3 IR - HESOS OO
' H* + C* «2:3_ Surface !

Substrate
| Mass Transport controlled regime Il Surface reaction controlled regime
(diffusion through boundary layer) (substrate temperature)

1. Diffusion of methane through the 2. Adsorption of methane on surface
boundary layer 3. Decomposition of methane on surface

6. Diffusion of Hydrogen away from the 4. Diffusion of active carbon on the
surface through the boundary layer surface to form graphene/graphite

5. Desorption of hydrogen




Carbon Segregation from Nickel

Metal-Carbon

solution
CH, - 2H,+C

at. % Graphite formed from
carbon in the bulk

Transition metal composition
there is finite solubility (1-2%) of carbon inside the Ni

Singleton M.F., and Nash P., C-Ni (Carbon-Nickel), Binary Alloy Phase Diagrams, Il Ed., Ed. T.B. Massalski, Vol. 1, 1990, p 866



Graphene Synthesis — CVD Synthesis

Synthesis, etching and transfer processes
for the large-scale, patterned graphene films

a Patterned Ni layer (300 nm) Ni/C layer
o CH/H,/Ar T Ar
~1,000 °C Cooling
~RT
Si SiO, (300 nm)
b PDMS/graphene/Ni/SiO,/Si PDMS/graphene Graphene on a substrate

FeCl,(aq)

or acids
Ni-layer
etching
Downside contact
(scooping up)
c Graphene/Ni/SiO,/Si Floating graphene/Ni Floating graphene
HF/BOE HF/BOE
SiO,-layer |8 Ni-layer |
etching § etching B
(short) (long) *

K. Kim et al, Nature 2009, 457, 706
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Q. Yu et al, APL 2008, 93, (11) 113103-3

- Arbitrary
substrate

L. Gomez De Arco, et.al., IEEE Trans. Nano,
8, 135, (2009)



Controlling graphite precipitation on Ni

Cooling rate
Fast segregation (150 "C/min) Slow segregation (4-10 *C/min)

On SiO,/Si

n Ni On SiO,/Si

1-2 LG =1 to 2 graphene layers 3+ LG = 3 or more graphene layers

A. Reina et. al., Nano Research, 2009




Non-carbon segregation growth of graphene

by CVD on Cu

As grown on Cu Transferred to SiO,

X. Li et. al., Science, 324, 1312 2009

Process yields 95 % monolayer
coverage

As grown on Cu Foil etching Graphene on SiO,

H. Cao et. al., Appl. Phys. Lett 96, 122106 (2010)




Low solubility catalyst: Cu

Graphene growth is limited to surface of the catalyst

due to low carbon solubility
Saturated Copper

CH,~ 2H,+C

1326 °C

Cu solubility
curve

Metal+ graphite

<

80 90 100 Graphene grown from
Transition metal composition (at %) carbon on the surface

Carbon solubility @ 1000°C: < 0.0001 at.%

X. Li et al. Nano letter 9 (2009) 4268



3l of CNTs

biIity (higher than
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Can.be compatlble with-existing Si technology
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jiscovery of Graphene
. 2004 SCIENCE
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Quantum Hall Effect
2005 SCIENCE
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Gas Sensing
2007 NATURE

Graphene

High Conductivity
Ultra Stiffness
Quantum Hall Effect
Easier Nano-Fabrication
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Epitaxial Graphene
2006 SCIENCE

Bilayer Electronics
2006 SCIENCE
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Nano-Resonator
2007 SCIENCE

Elasticity
2008 SCIENCE
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Graphen, 2008

Nano-Composite
2006 NATURE

Contact regions

Quantum dot

Nano-Transistor
2008 SCIENCE
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Fullerenes Carbon Nanotubes <& Graphite
Andre K. Geim and K.S. Novoselov, “"The rise of graphene.” cond-mat/0702595



:allic Properties

allistic conductor: 1 defect in 102 C atoms
igh current density of 10° A/cm?
03 times higher than that of noble metals)

g fighly transparent & flexible: replacement for ITO

V. Perebeinos, et al., Phys. Rev. Lett. 2005
Wau et al., Science 2004
C.Y. Lee, M. S. Strano et. al, Langmuir 2005

Semma’odmetuﬁgrPropertlp&m Emission Device Tr:

- Phosphor
7 CNT cathode

Structural Properties

- High elastic modulus 1 TPa
- Highest strength to weight ratio

J. P. Salvetat, et. al. Phys. Rev. Lett. 1999
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