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Carbon in all its forms

Carbon

DNA - Cell - Human
The CNO cycle

The Carbon Cycle
Courtesy NASA. Source: http://earthobservatory.nasa.gov/Library/CarbonCycle/carbon_cycle4.html

Carbon is very important in Nature
1- it is the 4th most abundant element (after H, He and O),
2- it is part of the very important natural processes (DNA, Cells,
photosynthesis, CNO cycle for the formation of stars…
stars…)

Carbon in all its forms

Courtesy Scientific American April 2008

•

The idea of studying carbon in its 2D form is not new. In fact it has been
or
used for decades as a building block to carbon based materials ffor
decades. Graphene has been extensively studied in theory.

Background - Theory
•

•

The successful isolation of a single sheet of graphene contradicts the
theory of Landau, Peierles and Mermin who argued that 2D crystals
were thermodynamically unstable.
They formulated a model in which the thermal fluctuations were
dimensional
onal
calculated to have a divergent contribution in the lower dimensi
system. The resulting displacement would approach interactomic
change
ge its
distances at finite temperature and thus push the system to chan
state (to 0D, 1D or 3D structure).

Background - Experimental
• Chemical Exfoliation
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.

Background - Experimental

Courtesy Scientific American April 2008

Discovery
In 2004 Novoselov et al. report the successful isolation and characterization
of graphene.
graphene.
Why did it take so long to isolate and
“A fresh surface of a layered crystal was
rubbed against another surface (virtually any solid surface is
characterize Graphene?
Graphene?
suitable), which left a variety of flakes attached to it (the
rubbing process can be described as similar to ‘‘drawing by
1- this technique forms all kinds of flakes, it is
chalk on a blackboard’’). Unexpectedly, among the resulting
flakes we always found single layers. Their preliminary
identification amid thicker flakes and other residue was done
in an optical microscope. 2D crystallites become visible on
top of an oxidized Si wafer (Fig. 1d), because even a
monolayer adds up sufficiently to the optical path of reflected
light so that the interference color changes with respect to the
one of an empty substrate (phase contrast). The whole
procedure takes literally half an hour to implement and
identify probable 2D crystallites.” Novoselov et al., PNAS
(2005)

difficult to find the monolayers ,
2- Graphene has no clear signature in TEM ,

3- Graphene is transparent to visible light on most
substrate (glass, metals…
metals…) : Oxidized Si wafer is
the key,
4- For a long time, AFM was the only way to
determine the number of layers forming the flake,
In addition, AFM has to be operated to its
maximum capacity (atomic resolution), which is
very difficult.
NOTE: This discovery is not limited to Graphene.
Graphene.
BN, MoS2, NbSe2, Bi2Sr2CaCu2Ox, were also
reported.

Localization and Identification of graphene
layers
obtained
by
micromechanical
cleavage.
Optical
image
(horizontal
scale:300microns).

Fabrication
The obstacles encountered for carbon nanotubes were a
good learning to identify the upcoming challenges that
graphene will face.
1- mechanical cleavage is a research grade procedure, need
for a large scale production (high throughput)
2- identify to what extend the structure can be controlled
(ex: edge effects, number of layers, sizes…
sizes…)
3- applications

NOTE: Graphene is a strong material

Possible routes
• Chemical exfoliation

of graphite through oxidation and then dispersion in water

down to single graphene sheets

• Thermal exfoliation

of graphite oxide.

- chemical vapor deposition (CVD) of hydrocarbons deposited on a metal substrate
- thermal decomposition method : semiconducting SiC substrate heated to over
1200°
remaining
ining carbon on top of
1200°C until the silicon begins to evaporate, at which point the rema
the substrate nucleates into graphitic film

• LiquidLiquid-phase exfoliation

of graphite

• Expandable graphite powders

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

KS Kim et al. Nature 000, 1-5 (2009) doi:10.1038/nature07719

Metallic or Semiconductor ?

Characterization

Properties at room temperature

Graphene is a semi-metal or zero-gap semiconductor.
Its linear behavior at E<1ev near the six carbon sites of the Brillouin Zone is very
special.
At these particular points (Dirac points) the charge carriers behave like relativistic
particles.
They are massless Dirac fermions (1/300 of the speed of light).

Electric transport at room temperature
At the ambient,
Ballistic
transport at
submicron
scale

FOR FREE STANDING
Graphene:
Graphene:
-mobility
mobility is nearly independent
of temperature between 10 K and
100 K
-mobility
mobility = 200,000 cm2V−1s−1
at a carrier density of 1012 cm−2
-Resistivity
Resistivity : 10−6 Ω··cm

Au Electrodes

Si02
Si

Graphene

Electric Field Effect – Quantum Hall
effect

“filling factor”

Quantum Hall Effect requires to work at
sufficiently strong BB-fields.
In such a case, Landau levels
Are highly degenerated. As a consequence the
free electrons of the system occupy only a few
number of energy levels.

Hall conductivity
It can be measured at room temperature !!!

Brief Overview of the Current
Research
• Graphene oxide
Tunable electrical conductivity and optical transparency with the
the level of oxidation
Appications:
Appications: sensors, membrane based NEMS devices, transparent conductors for
for optoelectronic
new materials

• Graphane
• Spintronics
• Novel materials
• Transistors…
Transistors…
Courtesy Nature Magazines 2009
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