
GRAPHENE:GRAPHENE:
status and progressstatus and progress

•• basic introductionbasic introduction
for complete outsiders for complete outsiders 

•• examples of new physics & applicationsexamples of new physics & applications
for both outsiders & experts for both outsiders & experts 



All Natural Object/Materials Are 3DAll Natural Object/Materials Are 3D
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400 carbon atoms at 2000 K

Fasolino (Nijmegen)

growth of macroscopic 2D objects is growth of macroscopic 2D objects is strictlystrictly forbidden forbidden 
PeierlsPeierls; Landau; ; Landau; MerminMermin--Wagner; Wagner; ……

((only nmonly nm--scale flat crystals possible to grow in isolationscale flat crystals possible to grow in isolation))

growth
means

temperature
causes
violent

vibrations
destroys

order in 2D

NO BottomNO Bottom--Up ApproachUp Approach



graphene:
least stable configuration
for <24,000 atoms (Don Brenner 2002)(Don Brenner 2002)

largest known 
flat hydrocarbon:
222atoms/37rings

(Klaus (Klaus MMüüllenllen 2002)2002)

No BottomNo Bottom--Up for 2D CrystalsUp for 2D Crystals

above this number (~20 nm), scrolls are most stable



just extract one atomic plane just extract one atomic plane 

TopTop--Down ApproachDown Approach

would it be stable?would it be stable?
would it survive ambient environment?would it survive ambient environment?



22½½ WAYS OF MAKINGWAYS OF MAKING
GRAPHENE GRAPHENE 

(& OTHER 2D CRYSTALS)(& OTHER 2D CRYSTALS)



extract individualextract individual
atomic planesatomic planes

1. MECHANICAL EXTRACTION1. MECHANICAL EXTRACTION
Manchester, Manchester, ScienceScience 2004; 2004; PNASPNAS 20052005



start with graphitestart with graphite Also: Kurtz 1990; Also: Kurtz 1990; Ebbesen 1995Ebbesen 1995; ; Ohashi 1997Ohashi 1997
Ruoff 1999; Ruoff 1999; Kim 2005Kim 2005; McEuen 2005; McEuen 2005

split into increasingly split into increasingly 
thinner thinner ““pancakespancakes””

SEMSEM: down to : down to 
~30~30--100 layers100 layers

1 mm1 mm

until we found until we found 
a single layera single layer

called GRAPHENEcalled GRAPHENE

one atomic plane deposited on Si waferone atomic plane deposited on Si wafer

Manchester, Manchester, ScienceScience 2004; 2004; PNASPNAS 20052005



1b. MECHANICAL EXTRACTION EN MASSE1b. MECHANICAL EXTRACTION EN MASSE
split into individual atomic planessplit into individual atomic planes

graphenegraphene
suspensionsuspension

““powderpowder””

RuoffRuoff, , NatureNature 20062006
ManchesterManchester, , NanolettNanolett ’’0808

Coleman et alColeman et al, Nature Nano , Nature Nano ’’0808

sonication + centrifugationsonication + centrifugation
often intercalationoften intercalation

WHEN YOU KNOW THAT WHEN YOU KNOW THAT 
ISOLATED ATOMIC PLANES ARE REALLY INTERESTINGISOLATED ATOMIC PLANES ARE REALLY INTERESTING



chemically remove the substratechemically remove the substrate

starting idea well before 2004starting idea well before 2004
first suggestedfirst suggested,, Nature Mat Nature Mat 20072007

2. CHEMICAL EXTRACTION2. CHEMICAL EXTRACTION

Kong Kong ‘‘0909

FIRST DEMONSTRATEDFIRST DEMONSTRATED
Kong et al, Kong et al, NanolettNanolett 2009 on Ni 2009 on Ni 

Hong, Hong, AhnAhn et al, et al, NatureNature 2009 on Ni2009 on Ni
RuoffRuoff et al, et al, ScienceScience 2009 on Cu2009 on Cu

epitaxially grown monolayersepitaxially grown monolayers

graphenegraphene--onon--Si wafersSi wafers
uniform; no multilayer regions; uniform; no multilayer regions; 
few cracks; few cracks; μμ >5,000 >5,000 cmcm22/Vs/Vs

S. S. SeoSeo ((Samsung Samsung 2010)2010)



2b. EXTRACTION ONTO SAME SUBSTRATE2b. EXTRACTION ONTO SAME SUBSTRATE
atomic planes decouple during cooling and/or intercalated atomic planes decouple during cooling and/or intercalated 

RELATIVELY WEAK INTERACTION RELATIVELY WEAK INTERACTION 
WITH THE GROWTH SUBSTRATEWITH THE GROWTH SUBSTRATE

BommelBommel 1975; 1975; ForbeauxForbeaux 19981998
de de HeerHeer 2004; Rotenberg 2006; 2004; Rotenberg 2006; SeyllerSeyller 20082008

DECOUPLED FURTHER BY PASSIVATIONDECOUPLED FURTHER BY PASSIVATION
Starke 2010; Starke 2010; YakimovaYakimova 20102010

Mallet et al 2007Mallet et al 2007

special case:special case:
SiC as an insulatorSiC as an insulator



MESSAGE TO TAKE AWAYMESSAGE TO TAKE AWAY

MATERIALS OF A NEW KINDMATERIALS OF A NEW KIND: : 
ONE ATOM THICKONE ATOM THICK

atomic planesatomic planes
were KNOWN before as constituents of 3D systemswere KNOWN before as constituents of 3D systems

now  we can now  we can ISOLATE, STUDY ISOLATE, STUDY andand USEUSE themthem
-- and mostly importantly and mostly importantly -- they are worth of it!they are worth of it!



WHAT SO SPECIAL WHAT SO SPECIAL 
ABOUT GRAPHENE?ABOUT GRAPHENE?



GRAPHENEGRAPHENE’’S SUPERLATIVESS SUPERLATIVES
thinnest imaginable material thinnest imaginable material 

largest surface area largest surface area (~2,700 m(~2,700 m22 per gram) per gram) 

strongest material strongest material ‘‘ever measuredever measured’’ (theoretical limit)(theoretical limit)

stiffest known materialstiffest known material (stiffer than diamond)(stiffer than diamond)

most stretchable crystal most stretchable crystal (up to 20% elastically)(up to 20% elastically)

record thermal conductivity record thermal conductivity (outperforming diamond)(outperforming diamond)

highest current density at room T highest current density at room T (10(1066 times of copper)times of copper)

completely impermeable completely impermeable (even He atoms cannot squeeze through)(even He atoms cannot squeeze through)

highest intrinsic mobility highest intrinsic mobility (100 times more than in Si)(100 times more than in Si)

conducts electricity in the limit of no electronsconducts electricity in the limit of no electrons
lightest charge carriers lightest charge carriers (zero rest mass)(zero rest mass)

longest mean free path at room T longest mean free path at room T (micron range)(micron range)



EXCEPTIONAL EXCEPTIONAL 
ELECTRONICELECTRONIC

QUALITY & QUALITY & TUNABILITYTUNABILITY



AMBIPOLAR ELECTRIC FIELD EFFECTAMBIPOLAR ELECTRIC FIELD EFFECT

CONTROL ELECTRONIC PROPERTIESCONTROL ELECTRONIC PROPERTIES

-100 -50 0 10050
gate voltage (V)

re
si

st
iv

ity
(k
Ω

)

0

2

4

6

SiOSiO22

Si graphene

Manchester, Science 2004

ASTONISHING ELECTRONIC QUALITYASTONISHING ELECTRONIC QUALITY

carrier mobility at 300Kcarrier mobility at 300K
routinelyroutinely: ~15,000 : ~15,000 cmcm22/V/V··ss

ballistic transport ballistic transport 
on submicron scaleon submicron scale

under ambient conditionsunder ambient conditions

weak eweak e--ph scatteringph scattering
POSSIBLE  ROOMPOSSIBLE  ROOM--TT MOBILITYMOBILITY

above 200,000 above 200,000 cmcm22/V/V··ss
Manchester, PRL 2008

Fuhrer’s group, Nature Nano 2008

electronselectrons
~10~101313 cmcm--22

holesholes
~10~101313 cmcm--22

homogenous electric doping homogenous electric doping 
from  ~10from  ~1088 to ~10to ~101414 cmcm--22



CURRENT STATUSCURRENT STATUS

also, Philip Kim’s group, arxiv 2010

graphene graphene 
on atomically flat boron nitrideon atomically flat boron nitride

roomroom--TT mobility mobility 
close to 100,000 close to 100,000 cmcm22/V/V··ss

10 um

BNBN

Si waferSi wafer

graphene graphene 
Hall barHall bar
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2 K

CURRENT STATUSCURRENT STATUS

2-terminal suspended devices: 
first reported by Andrei, Kim & Yacoby

(mobility up to 200,000cm2/V·s)

suspended graphenesuspended graphene lowlow--TT mobilities mobilities 
few millionfew million cmcm22/V/V··ss

2 2 μμmm

level degeneracy lifted ~ 500G
SdHSdH oscillations start ~50Goscillations start ~50G

Manchester, arxiv 2010



UNIQUEUNIQUE
ELECTRONIC STRUCTUREELECTRONIC STRUCTURE

VERY SPECIAL ELECTRON WAVESVERY SPECIAL ELECTRON WAVES
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““SchrSchröödingerdinger
fermionsfermions””

metals metals 
and and 

semiconductorssemiconductors

ultraultra--relativistic relativistic 
particlesparticles

neutron starsneutron stars
and and 

acceleratorsaccelerators

pcH ˆˆ ⋅σ=
r∗= mpH 2/ˆˆ 2

massivemassive
chiral fermionschiral fermions

bilayer graphenebilayer graphene

∗⋅σ= mpH 2/ˆˆ 2r

masslessmassless
Dirac fermionsDirac fermions

monolayer graphenemonolayer graphene

pvH F ˆˆ ⋅σ=
r



NEW PHYSICSNEW PHYSICS
STUDY OF NEW QUANTUM WORLDSTUDY OF NEW QUANTUM WORLD



EXAMPLE #1:EXAMPLE #1:
““CERN ON A DESK TOPCERN ON A DESK TOP””

Misha Katsnelson, K. Misha Katsnelson, K. NovoselovNovoselov & AG, & AG, Nature PhysNature Phys 20062006



Gorbachev Gorbachev et alet al, , NanolettNanolett ’’08 08 
StanderStander et alet al, , PRLPRL ’’09 09 

Young Young et alet al, , Nature PhysNature Phys ‘‘0909

Klein TunnellingKlein Tunnelling

Klein 1929
Katsnelson + Manchester 2006



EXAMPLE #2:EXAMPLE #2:

visualization of visualization of 
fine structure constantfine structure constant

Rahul Nair et al, Rahul Nair et al, ScienceScience 20082008



100 100 µµmm
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ManchesterManchester, Science, Science ’’0808

GRAPHENE OPTICSGRAPHENE OPTICS

oneone--atomatom--thick single crystal thick single crystal 
visible by naked eye visible by naked eye 



coupling of light with coupling of light with 
relativisticrelativistic--like chargeslike charges
should be described by should be described by 

coupling constant coupling constant αα
a.k.a. fine structure constanta.k.a. fine structure constant

GRAPHENE OPTICSGRAPHENE OPTICS
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theory for  2Dtheory for  2D
Dirac fermions:Dirac fermions:

Peres Peres ‘‘0808
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EXAMPLE #3EXAMPLE #3

not only Physics:not only Physics:
Chemistry of Individual Chemistry of Individual 

GigaGiga--MoleculesMolecules

KostyaKostya NovoselovNovoselov et al, et al, ScienceScience 2009&arxiv2009&arxiv 20102010



Graphene as Graphene as GigaMoleculeGigaMolecule

chemical reactions:chemical reactions:
CC∞∞ + + ∞∞X => X => CXCX∞∞

GRAPHENEGRAPHENE



Stoichiometric DerivativeStoichiometric Derivative
fluorographene (fluorographene (““2D Teflon2D Teflon”” ))

chemical reactions:chemical reactions:
CC∞∞ + + ∞∞F => (F => (CF)CF)∞∞

•• chemically & thermally stablechemically & thermally stable
(similar to Teflon)(similar to Teflon)

•• high quality insulatorhigh quality insulator
•• as strong as grapheneas strong as graphene

optical gap of optical gap of ≈≈3.0eV3.0eV

exposure to exposure to 
atomic fluorine, using XeFatomic fluorine, using XeF22



EXAMPLE #4EXAMPLE #4

not run out of steam:not run out of steam:
Giant Magnetic Fields Giant Magnetic Fields 

by Strainby Strain

PacoPaco Guinea, M. Katsnelson & AG Guinea, M. Katsnelson & AG 
Nature PhysNature Phys 20102010



nonnon--uniform strain uniform strain 
causes pseudocauses pseudo--magnetic fieldmagnetic field

Manchester, Manchester, PRLPRL 20062006

B+B+

BB--

NonNon--Uniform StrainUniform Strain



[100]

[010][001]

Creating Uniform PseudoCreating Uniform Pseudo--Magnetic FieldMagnetic Field

graphenegraphene
diskdisk

graphenegraphene
rectangularrectangular

UNIFORM FIELDUNIFORM FIELD

KK’insulating insulating 
bulkbulk

counter propagating counter propagating 
edge currentsedge currents

STRAIN ONLY STRAIN ONLY 

Nature Phys Nature Phys 2010; 2010; PRBPRB 20102010

field of 10T:field of 10T:
10% strain in 10% strain in μμm samplesm samples

spacing lattice size sample
strain

eff ⋅
⋅≈

e
hB



equivalent to magnetic fields of ~400T equivalent to magnetic fields of ~400T 

Giant PseudoGiant Pseudo--Magnetic FieldsMagnetic Fields
M. M. CrommieCrommie’’ss group, group, Science Science 20102010strained graphene bubblesstrained graphene bubbles

on Pt surfaceon Pt surface

fractional QHE by strain fractional QHE by strain ((BockrathBockrath’’ss group group arxiv2010arxiv2010))



MESSAGE TO TAKE AWAYMESSAGE TO TAKE AWAY

CORNUCOPIA OF NEW SCIENCECORNUCOPIA OF NEW SCIENCE
already there already there 

and and 
very far from being exhaustedvery far from being exhausted



WHAT ABOUTWHAT ABOUT
APPLICATIONS?APPLICATIONS?

EACH EACH ““SUPERLATIVESUPERLATIVE””
OFFERS SOMETHING NEW & COMPETITIVE OFFERS SOMETHING NEW & COMPETITIVE 



EXAMPLE #1:EXAMPLE #1:
Ultra High Frequency Ultra High Frequency 

TransistorsTransistors



ManchesterManchester, Science , Science ’’0404

-100 -50 0 10050
Vg (V)

ρ
(k
Ω

)

0

2

4

6

SiOSiO22

Si graphene

>$30M US military programs>$30M US military programs::
500 GHz transistors 500 GHz transistors 
on sale by 2013 yearson sale by 2013 years

Y. Lin (IBM)Y. Lin (IBM)

3 3 μμmm

ballistic transport ballistic transport 
high velocityhigh velocity
great electrostaticsgreat electrostatics
scales to nm sizesscales to nm sizes

““BALLISTICBALLISTIC”” TRANSISTORSTRANSISTORS

2009: 2009: 1OO1OO GHz (IBM & GHz (IBM & HRLHRL))

2010: 300 GHz (UCLA & Samsung) 2010: 300 GHz (UCLA & Samsung) 
scaling >scaling >1THz1THz



EXAMPLE #2:EXAMPLE #2:
OPTOELECTRONICSOPTOELECTRONICS



ULTRAFAST ULTRAFAST PHOTODETECTORSPHOTODETECTORS

eehh

n-type 
doping
metal

p-type 
doping
metal

graphenegraphene
Avouris, Nature Photo 2010

ballistic transport
of photo-generated carriers

in built-in electric field

transparent metaltransparent metal



EXAMPLE #3:EXAMPLE #3:
Graphene instead of ITOGraphene instead of ITO



WORKING 10 WORKING 10 μμmm
LCDLCD--GRAPHENEGRAPHENE PIXELPIXEL

graphene
electrodes

active
layer

transparent 
polymer film

GRAPHENE AS SUBSTITUTE FOR ITO
Manchester, Manchester, NanoLettNanoLett 20082008

liquid crystalliquid crystal
active layeractive layer

transparent:transparent: ~97%~97%
conductive: conductive: ρρ <100<100ΩΩ//□□

flexible:flexible: strain >15%strain >15%
chemically inertchemically inert



graphene
electrodes

transparent 
polymer film

liquid crystalliquid crystal
active layeractive layer

ρ down to 40Ω/□
transparency ~90% 

μ ~5,000 cm2/Vs
Hong+Ahn, Nature Nano 2010

reasonably cheap: reasonably cheap: 
~$50/m~$50/m22

transparent:transparent: ~97%~97%
conductive: conductive: ρρ <100<100ΩΩ//□□

flexible:flexible: strain >15%strain >15%
chemically inertchemically inert

GRAPHENE AS SUBSTITUTE FOR ITO



TOUCH SCREENS & OTHERS

graphene
electrodes

liquid crystalliquid crystal
active layeractive layer

transparent 
polymer film

bendable & wearablebendable & wearable

SamsungSamsung’’s Graphene Road Map: s Graphene Road Map: 
first products in 2012first products in 2012



Many Other Examples Many Other Examples 
TEM membranes & conductive ink (on sale)TEM membranes & conductive ink (on sale)
strain sensors (Samsungstrain sensors (Samsung’’s s GRGR map 2014)map 2014)

……
batteries & supercapacitorsbatteries & supercapacitors

sensors with singlesensors with single--molecule resolutionmolecule resolution
……

DNA sequencingDNA sequencing
……

drilling fluids for oil wellsdrilling fluids for oil wells



MESSAGE TO TAKE AWAYMESSAGE TO TAKE AWAY

AFTER ONLY 5 YEARSAFTER ONLY 5 YEARS
APPLICATIONSAPPLICATIONS

NO LONGER NO LONGER 
A WISHFUL THINKINGA WISHFUL THINKING

only their extent remains unclearonly their extent remains unclear

INCREDIBLY RAPID PROGRESS:INCREDIBLY RAPID PROGRESS:



Misha KatsnelsonMisha Katsnelson
(Nijmegen)(Nijmegen)Rahul NairRahul NairSergey MorozovSergey Morozov

(Chernogolovka)(Chernogolovka)

F. F. SchedinSchedinP. BlakeP. Blake

Andrea Ferrari (Cambridge), Andrea Ferrari (Cambridge), PacoPaco Guinea (Madrid), Leonid Guinea (Madrid), Leonid LevitovLevitov (MIT), Ernie Hill, (MIT), Ernie Hill, 
Roman Gorbachev, Alex Roman Gorbachev, Alex KuzmenkoKuzmenko (Geneva), Sasha Zhukov, Sasha (Geneva), Sasha Zhukov, Sasha GrigorenkoGrigorenko

KostyaKostya NovoselovNovoselov

D. EliasD. EliasL.PonomarenkoL.Ponomarenko A. Castro A. Castro NetoNeto
(Boston)(Boston)

Irina GrigorievaIrina Grigorieva

for graphene reviews, see: Nature Mat  for graphene reviews, see: Nature Mat  ‘‘0707; RMP ; RMP ’’09;09; Science Science ‘‘0909

NunoNuno PeresPeres
(Braga)(Braga)


