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carbon in all tts forms

DNA - Cell - Human
The CNO cycle

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

Carbown Ls very 'qusorta nt L Nature

1- it s the 4% wmost abundant element (after H, He and O),

2- it is part of the very Lmportant natural processes (PNA, Cells,
photosywnthesis, CNO cycle for the formation of stars...)




carbon in all tts forms
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Courtesy Scientific American April 2008

The tdea of studying carbon in its 2D form s not new. n fact it has beew
used for decades as a building block to carbon based wmaterials for
decades. Graphene has been extensively studied in theory.




Background - Theory

The successful isolation of a stngle sheet of graphene contradicts the
theory of Landau, Peierles and Mermin who argued that 2B erystals
were thermodynamically unstable.

They formulated a wmodel in which the thermal fluctuntions were
caleulated to have a divergent contribution in the Lower dimensional
system. The resulting displacement would approach tnteractomie
distances at finite temperature and thus push the system to change its
state (to oD, 1D or 2D structure).

Most potentials one is likely to consider will
satisfy (21) for A =0, so the pertinent conditions
for the absence of crystalline ordering in two di-
men#ions are

vep~ 1/ 4 1€l i (22)

B(F) -2 V2o (F) 1> 1Al /2 1€l

r=~0, for some x = 0 .




Backgrouna - Expertmental

+ Chemical Exfoliation

It consists n tnserting 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.




Backgrouna - Expertmental

MARK OF THE NANOPENCIL
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In 2004 Novoselov et al. veport the successtul isolation and characterization

of graphene.

“A fresh surface of a layered crystal was

rubbed against another surface (virtually any solid surface is
suitable), which left a variety of flakes attached to it (the
rubbing process can be described as similar to “drawing by
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)

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

why did it take so long to Lsolate andl
chavacterize Graphene?

1- this technigue forms all kinds of flakes, it is
difficult to find the monolayers ,
2- qraphene has wo clear signature in TEM,

3- Graphene is transparent to vistble Light on most
substrate (glass, wmetals...) : 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,
n addition, AFM has to be operated to its
maximum capac’utg (atomle resolution), which Ls
very diffieult.

NOTE: This discovery is not Limited to Graphene.
BN, MoS,, NbSe,, Bi,Sr,CaCu,0,, were also
reported.




Fabricatlon

—{1

The obstacles encountered for carbon nanotubes were a
goodl Learning to Ldentify the upcoming challenges that
graphene will face.

1- mechanical cleavage Ls a vesearch grade procedure, need
for a Llarge scale production (high throughput)

2- Ldemt’ufg to what extend the structure can be controlled
(ex: edge effects, number of Layers, sizes...)

2- appt’watlows

NOTE: qraphene is a strong waterial




Possible routes

Chemieal exfoliation of graphite through oxidation and then dispersion tm water
down to single graphene sheets

Thermal 8)({ oliation of graphite oxide.

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

- 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

Liguid-phase exfoliation of graphite

Expandable graphite powders




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

a Patterned Ni layer (300 nm) Ni/C layer
CH,/H,/Ar

~1,000 °C

Ni

Si SiO, (300 nm)

b PDMS/graphene/MNi/SiO,/Si PDMS/graphene Graphene on a substrate

FeCl,(aq)
or acids
Ni-layer
etching
Downside contact
(scooping up)
c Floating graphene

HF/BOE HF/BOE

S SiO.-layer Mi-layer

N etching etching

(short) (long)

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




Metallie or Sewnlconductor ?
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Figure 4 | Comparison of a zigzag- and mixed-edge GQD using spatially resolved tunnelling spectroscopy. a, Predominantly zigzag-edge GQD from the = |
E;-L plotin Fig. 2, which exhibits metallic character. The fraction of zigzag edges (rsg) is 0.65.b, STM topograph of a 5nm GQD with a mixture of both g ;_ F]
zigzag and armchair edges (ryy = 0.44). Although zigzag edges are present, they are shorter than the sample in a. ¢, di/dV -V spectra, obtained with = : .
0.42 A spatial resolution, plotted as a function of position across the green line in a. d, difdV — V spectra, obtained with 0.60 A spatial resolution, plotted N :, m

as afunction of position across the green line in b. e, Constant voltage, di /dV versus position contours corresponding with the three numbered lines in a. In
general, we observe an increase in the differential conductance at the edges oriented along the zigzag direction. The spatial decay of the zigzag edge states
into the graphene interior prevents the observation of the expected 015 eV energy gap for this =8nmsample. Line (2) is plotted along the solid green line
inaand does not include the dotted green line, which delineates the low conductance region at the left edge of the spectra map in €. f, Constant voltage,
di /dV versus position contours recorded along the three lines in b. In contrast to the zigzag GQD, the differential conductivity does not increase nearthe
edges of the mixed-edge GOD and the magnitude of the differential conductivity is substantially lower than the zigzag GQO. The scale bars inaand b
represent 2nm. STS setpoint: =2V, 01 nA.
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Figure 2 | Atomic and electronic structure of ex-situ-grown monolayer graphene. a, LEED pattern at 74 eV showing the diffraction spots due

to the SIC{0001) substrate (blue arrows) and the graphene lattice (red arrows). The extra spots are due to the (6.3 = 6.3 ) interface layer. b, Cls
core-level spectrum measured at a photon energy of 700 eV. The spectrum contains contributions from the SiC substrate (marked SiC), the (6.3 = 6.,/3)
interface layer {marked 51 and 52} and from the graphene layer (G} residing on top of the interface laver. ¢, w-bands probed by ARPES in the vicinity of the
K-point of the hexagonal Brillouin zone measured along the T K-direction. The position of the Dirac energy (Ep) at 045 eV below the Fermi energy is
consistent with previcus reports on UHV-grown graphene on SiC{0001). Faint features marked by vellow arrows signal the presence of small regicns of
bilayer graphene in agreement with the LEEM results. d, Comparison of Raman spectra of Ar-grown (red) and UHV-grown (blue) epitaxial graphene on
GH=-5IC(0001). The spectra of the D- and G-line shown here are corrected for the emission of the substrate by subtraction of a reference spectrum®

(see Supplementary Information).




Propertles at voom temperature
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Graphene is a semi-metal or zero-gap semiconductor.
lts linear behavior at E<iev near the six carbow sites of the Brillouin Zowne is very

special.
At these particular points (Dlrac points) the charge carriers behave Like relativistic

particles.
They are massless Dirac fermions (1/300 of the speed of Light).




Electyrie tra nsport at room temperature

At the ambilent,
Ballistic BT
transportat B
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FOR FREE STANDING
Graphene:

—mob’LL’L’cg Ls nearly lndependent
of temperature between 10 K and
100 K

—mobLLLtg = 200,000 c2V 1g™t
at a carrier density of 102 cm ™2
-RﬁsistWLtg 107 Q-cm




Electric Fleld Effect - uantum Hall

.,
e’

F = 1/

fl ]
\ \ “filling factor”

Hall conductivity

etrrect

uantum Hall Effect requires to work at
suffictently strong B-fields.

n such a case, Landau Levels E, = hw.(n+ 1/2)
Are highly degenerated. As a consequence the

free electrons of the system occupy only a few
number of energy Levels.

(t can be measured at room teweperature 111
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LETTERS

Experimental observation of the quantum Hall effect
and Berry's phase in graphene

Yuanbo Zhang', Yan-Wen Tan', Horst L. Stormer*® & Philip Kim*

Figme 2 | Quantized magtietores ot e ahd Hall resictance of & grapbene
X device, 3, Hall resitane (Wack) and magrétrasitonce [md) méasund m
 § thedevicemBig. 1at T 30mb and Vy — 15 ¥ The vertialarrovs anal the
- mombem on them indicate the valoe of and the comasponding Hlmg
factir v of the qurantum Hall states. The horzon ta] lines correspora to Rie®s
- vahus, The GHE m the dlectron gas i hown by ot Jemst twit quamtmed
platéuy i &, with vanithing & in the cornisponding magnetic feld
nigime. The inset shiwz the GHE fora holegas at V= 4 mennured at
| LiK.The quantized phrtéms fir flling factor v — 255 vl definad, amd the
* socir anad thind platim with v — & and v — 10202 alsd ralved . b, Hall

réskttmet [bhack) and magnetorasktmes [omnge) 2 2 fanchion of gate
viltage ot fuved magnetic feld §— 37, memsured ot 16K, The same
comwention 2 I 3 & usd hem, The upper inset shows 3 detadled vew of
high-flling-factir plibemui minured ot 30 mk. &, 4 schematic dingram of
the Landau kvl denaty of states (D) and cormsponding quantum Hall
comductmet (7, 2 3 Ametitn of mérgy. Mots that, in the quanhum Hall
stads, 7, = ,?,L The LL inds e 32 shivwn resct 10 the D08 peak Indur
experiment the Fermi enezgy By cm be adjusted by thegate volage, and R,?}
changes by am aminmt ek & Syepisss allL.




Brief Overview of the Current
Research

© Grophene oxioe

Tunable electrical conductivity and optical transparency with the level of oxidation

Appleations: sensors, membrane based NEMS devices, transparent conductors for optoelectronic
new materials

Graphane

Sp'w»tro nLesS

Novel materials

Tyranslstors...

Courtesy Nature Magazines 2009




lmportant names L the curvent
researveh

A.K. Geim

Professor of Physics at the
University of Manchester (UK) -
Condensed Matter &
Manchester Center for
Mesoscience and
Nanotechnology

P. Kim

Associate Professor of
Physics at Columbia
University — Quantum thermal
and electrical transport
processes in nanoscale
materials.

K. Novoselov

Royal Society Research
Fellow in School of Physics &
Astronomy at

the University of Manchester




