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Two-Dimensional Form of Carbon
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http://www.stanford.edu/group/GGG/1D.html

“Buckyball”
A Nanotube

.W. Kroto .
R. E Smalley 1985 Multi-wall 1991 Graphene Graphite
Nobel prize 1996 Single-wall 1993 1564
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Carbon Allotropes
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Graphene

“Buckyball” Carbon Nanotube Graphite




All Natural Materials Are 3D

height

largest known
flat hydrocarbon:

222 atoms or 37 benzene rings
(K. Miillen 2002)




Can We Cheat Nature?
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Into The Pencil Trace

1-5 layers Manchester 2004

10 to 30 layers
Kim 200

first 2D material demonstrated
| -_Manchester, Science 04

graphite trace
~100 layers

on oxidized Si wafer «urt 1991
Dujardin 1997

Ohashi 1997

Ruoff 1999




Into The Pencil Trace

1 um

first 2D material demonstrated
- Manchester, Science ‘04

graphite trace
on oxidized Si wafer




Other 2D Crystals

2D boron nitride in optics 2D NbSe, in AFM

From 3D systems

£

Novoselov et al PNAS (2005)
High Quality

-y - Different From 3D Precursor
\@msisy 2D Bi,Sr,CaCu,0, in SEM 2D MoS, in optics
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New Class of Crystalline Materials

2-DIMENSIONAL
ATOMIC CRYSTALS

Studied (777): Lightly Touched: Unexplored:
~ Boron-Nitride NbSe,
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Back From The FLATLAND

A Dream

Materials on Demand
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What kind of properties
would this material possess?



2D-Crystals-Based Heterostructures
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2D-Crystals-Based Heterostructures

New Material.
Graphene  Bilayer Graphene  Graphite
ultimately thin two layers — can slide cleaves easily
linear gapless spectrum  parabolic gapless spectrum semimetal
(chiral massive particles)
GAP CAN BE OPENED
chemically active chemically less active inert

(new materials:
graphane, flurographene)
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Manchester, Nature Phys. (2007)
Zhang et al, Nature (2009)
Kuzmenko et al, PRB (2009)
Young et al arXiv:1004.5556v2
Oostinga et al, Nature Mat (2007)




2D-Crystals-Based Heterostructures

Coupling
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Three Key-Points

Unusual Electronic Properties



New Types of Quasiparticles

.
“Schrédinger fermions” massless massive
H=p*2m _Dirac fermions  chiral fermions
H=v.&.p Semenoff [ _ = 52 /9om* Falko
Electron metal Hole metal FO P 4984 P 2006
& &

% monolayer graphene bilayer graphene
neutron stars

& accelerators
365 L2 1773 e,
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124 Yellow Sea e ¥ 1z \ 130 =




Graphene Field Effect Transistors

carrier mobility currently:
up to ~50,000 cm?/V's at 300K
even when strongly doped

~1,000,000 cm?/V's at 4K
(Andrei, Kim & Manchester group)

intrinsic (phonon-limited):
>200,000 cm?/V's at 300K
(higher than in any other material)

Massless particles in 2D:

O i ; : f
-100 -50 0 50 100
Au contacts V. (V) )
' g u
Sio,

Si Klein par adox NEVER %Komglzqfvlﬁylszsgg (1929); 41, 407 (1927)

M.I.Katsnelson et al Nature Physics (2006)
g r ap h ene Young et al Nature Physics (2009)




Graphene Transistors

Graphene
Quantum Dots g8
and Single i
Electron
Transistors

Ponomarenko et al Science (2008)

Ozyilmaz, et al. APL (2007)
Geim & Novoselov Nature Mat (2007)

ballistic transport between Bunch et al Nano Lett (2005)

Sm

source & drain: THz range Sanpr e o AL (2006 “‘0“‘.0“‘
ultra high-F analogue transistors: :
HEMT design; B M
SaR0EPONESS, our smallest QD~1nm
33';';,?322 gﬂ,’g 8 100 Top-Down Molecular Electronics
100GHz @ 240nm channel *Only few benzene rings

— better than Si *Remarkably stable

even with very modest mobility of 1.500cm?/V-s *Sustains Ial‘ge currents



Paper Cutting vs Paper Painting

Nanoribbons, Quantum Point Contacts, Quantum Dots

Reactive Plasma Etching drogenation




Visualisation of Fine Structure Constant

number of layers
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Graphene-based Liquid Crystal Display

V=0V V=15V V=30V V=100V
High Transparency
zame  High Conductivity %, ¥
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Three Key-Points

Promising For Applications



What Has Graphene Ever Done For Us?
-Crfate Workplaces -Provide Enten‘ain
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Mass Production of Graphene
CVD growth on Ni, Cu... as part of 3D structure

to quench flexural phonons: o

Bommel 1975 (SiC) o Sl D \\\“\\\\\\\\\\
McConville 1986 (on Ni B " cu\
Land 1992 (on Pt) 1
Nagashima 1993 (on TiC) —_
Forbeaux 1998 (SiC) (gx’«(:>,<;:\j<:>
de Heer 2004 (s/g)l 4 S 5.3
...... éieasé 4 fish by TEM grid
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First Graphene Products are Already There

&« C M | ® vww.grapheneresearch.com/Category/9-graphene-membranes.aspx v A
B3 Register Log in @) Shopping Cart (0} u O or
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HOME ONLINE SHOP SEAR!

MY ACCOUNT ABOUT US

Biomolecules
e (il in TEM:
UltraStrong

UltraThin
Crystalline

Graphene membranes on TEM grids are available as shown in the pictures belove. The grids is 3.05mm in
diameter and 2000 mesh which means the size of individual cell is about Zumx7um.

If you have any questions or requirements, please feel free to contact us.

r

€ = C i |3 htps://graphene-supermarket.com/CVD-Graphene-TEM-grids/ ixdi

& 43 # ContactUs * Services * Submit order

- # Home * Shopping Cart
GRAPHENE
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Advanced sszrch o

. . L
e CVD Graphene™ TEM grids A
g

Mew Products Transmission Electron Microscopy (TEM) CVD Graphene™ grids s =

Kish Graphite

Graphene Wafers: Products Sort by: Product Price  Defaul

CWDGrapheNE oo aen =

CVD Graphene™

TEM grids 25 pack: CVDGraphene TEM 25 pack: CVDGraphene TEM 5 pack: CVDGraphene TEM

Graphene Grid on Copper 2000 Grid on Lacey Carbon Grid on Copper 2000

Manopowder support Support support

Graphene Oxide

Q-graphene

Wafers

Accessories
Graphene Value Kits
Graphene Flakes in
Solutions

Mosaic Virus

on graphene
Manchester 2010

Qur price: $350.00 Qur price: $350.00

Quantity Quantity

Quantity

Your cart




Mass Production of Graphene
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p~4042o transparency ~90%
1 ~5,000 cm?/V's Kim, et al Nature (2009); Li et al Science(2009)




All Major Applications are Realistic

Photovoltaics
(Samsung roadmap. 2012)
Photodetectors .
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‘Gas Sensor

Composite Materials
Mechanically Strong; Conductive; Optically Active

Variable Capacitor
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