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The many faces of spThe many faces of sp22--bonded carbonbonded carbon

carbon carbon nanotubesnanotubes ((CNTsCNTs))
graphitegraphite

fullerenesfullerenes

graphenegraphene

A

B

deemed unstabledeemed unstable

Landau, Phys. Z. Landau, Phys. Z. SowjetunionSowjetunion 11 (1937) 54511 (1937) 545--555555
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Zero band gap Zero band gap 
semiconductorsemiconductor

Electronic structure of grapheneElectronic structure of graphene

A
B

TightTight bindingbinding ππ--
band band structurestructure:  :  

Γ M
K`

K

D.P. D.P. DiVincenzoDiVincenzo and E.J. and E.J. MeleMele: : SelfSelf--consistent effective mass theory for consistent effective mass theory for intralayerintralayer--
screening in graphite intercalation compounds. screening in graphite intercalation compounds. Phys. Rev. B 29, 1685(1984)Phys. Rev. B 29, 1685(1984)

E(E(kk) linear near K) linear near K
((rest)masslessrest)massless

““DiracDirac FermionsFermions””



PD. Dr. Thomas SeyllerPD. Dr. Thomas Seyller
Lehrstuhl fLehrstuhl füür Technische Physikr Technische Physik
Institut fInstitut füür Physik der Kondensierten Materier Physik der Kondensierten Materie

The discovery of grapheneThe discovery of graphene

K.S. Novoselov et al.: K.S. Novoselov et al.: Electric Field Effect in Atomically Thin Electric Field Effect in Atomically Thin 
Carbon FilmsCarbon Films, Science 306, 666 (2004), Science 306, 666 (2004)

microscopymicroscopy AFMAFM graphenegraphene

Graphene obtainedGraphene obtained
by exfoliationby exfoliation

70K

5K

300K

Key properties of graphene*:Key properties of graphene*:
•• High High mobilitiesmobilities µµ
•• Little dependence of Little dependence of µµ on carrier concentrationon carrier concentration
•• Little effect of chemical doping on Little effect of chemical doping on µµ
•• Good contactsGood contacts

*A.K. *A.K. GeimGeim and K.S. Novoselov: and K.S. Novoselov: 
The Rise Of GrapheneThe Rise Of Graphene,,
Nature Materials 6 (2007) 183.Nature Materials 6 (2007) 183.
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Graphene and Few Layer GrapheneGraphene and Few Layer Graphene
by solid state phase separation of SiCby solid state phase separation of SiC

Silicon Carbide

T T ≥≥ 11501150°°C in vacuumC in vacuum
•• A.J. van A.J. van BommelBommel et al.: et al.: LEED and Auger electron LEED and Auger electron 

observations of the SiC(0001) surfaceobservations of the SiC(0001) surface, Surf. , Surf. SciSci. . 
48 (1975) 463.48 (1975) 463.

•• I. I. ForbeauxForbeaux et al.: et al.: HeteroepitaxialHeteroepitaxial graphite on 6Hgraphite on 6H--
SiC(0001): Interface formation through SiC(0001): Interface formation through 
conductionconduction--band electronic structureband electronic structure, Phys. Rev. , Phys. Rev. 
B 58 (1998) 16396.B 58 (1998) 16396.

•• I. I. ForbeauxForbeaux et al.: et al.: HighHigh--temperature graphitization temperature graphitization 
of the 6Hof the 6H--SiC(000SiC(00011) face) face, Surf. , Surf. SciSci. 442 (1999) 9.. 442 (1999) 9.

•• C. Berger et al.: C. Berger et al.: UltrathinUltrathin epitaxialepitaxial graphite: 2D graphite: 2D 
electron gas properties and a route towards electron gas properties and a route towards 
graphenegraphene--based based nanoelectronicsnanoelectronics, J. Phys. Chem. , J. Phys. Chem. 
B 108 (2004) 19912.B 108 (2004) 19912.

•• C. Berger et al.: C. Berger et al.: Electronic confinement and Electronic confinement and 
coherence in patterned coherence in patterned epitaxialepitaxial graphenegraphene, , 
Science 312 (2006) 1191.Science 312 (2006) 1191.•• Mobility Mobility µµ = 2.7 m= 2.7 m22/Vs/Vs

•• Coherence length 1Coherence length 1µµmm
•• SdHSdH--OszillationsOszillations
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What makes that combination interesting?What makes that combination interesting?

■■ commercially availablecommercially available
■■ technology establishedtechnology established
■■ high thermal stability and thermal conductivityhigh thermal stability and thermal conductivity
■■ chemically inertchemically inert
■■ wide band gap (insulating or conducting)wide band gap (insulating or conducting)

Well known in Well known in ErlangenErlangen
■■ SFB 292 SFB 292 ““Mehrkomponentige Mehrkomponentige SchichtsystemeSchichtsysteme””
■■ ForschergruppeForschergruppe ““SiC SiC alsals HalbleitermaterialHalbleitermaterial: Alternative : Alternative WegeWege in in ZZüüchtungchtung und und DotierungDotierung”
>15 years experience: growth, defects, devices, surfaces, interfaces

bilayer

Silicon CarbideSilicon Carbide

EEgg=3.0eV=3.0eV

EEgg=2.4eV=2.4eV

EEgg=3.3eV=3.3eV
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TopicsTopics

■■ GrowthGrowth
■■ InterfaceInterface
■■ Electronic structureElectronic structure

Graphene and FLG on Graphene and FLG on SiC(0001)SiC(0001) Si-face

C-face
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PeoplePeople

■■ J. RileyJ. Riley
■■ E. HuwaldE. Huwald

■■ K.V. K.V. EmtsevEmtsev
■■ F. SpeckF. Speck
■■ Th. Seyller Th. Seyller 
■■ L. L. LeyLey

■■ A. A. BostwickBostwick
■■ J.L. J.L. McChesneyMcChesney
■■ E. RotenbergE. Rotenberg

■■ T. T. OhtaOhta
■■ K. HornK. Horn
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Photoelectron spectroscopyPhotoelectron spectroscopy

■■ Surface sensitiveSurface sensitive
■■ Element specific and quantitativeElement specific and quantitative
■■ Bond configurationsBond configurations
■■ kk--resolved: band structureresolved: band structure

N
F
O
C
Si

1
11
13
39
36
%Element
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important

FLG growth by solid state graphitizationFLG growth by solid state graphitization

((√√33××√√3)R303)R30°°
(3(3××3)3)

(6(6√√33××66√√3)R303)R30°°
(1(1××1)1)graphgraph

70eV

64eV

59eV

68eV

Th. Seyller, K.V. Th. Seyller, K.V. EmstevEmstev, et al.: , et al.: 
Structural and electronic properties of graphite layers grown onStructural and electronic properties of graphite layers grown on SiC(0001),SiC(0001),
Surf. Surf. SciSci. 600 (2006) 3906.. 600 (2006) 3906.

Starting point:Starting point:
well ordered and clean well ordered and clean 
SiSi--rich (3rich (3××3)3)

LEEDLEED
imagesimages

temperature
temperature

950°C

1150°C
1050°C

1400°C

also possible to start herealso possible to start here
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FLG growth by solid state graphitizationFLG growth by solid state graphitization
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Electronic structure of the Electronic structure of the (6(6√√33××66√√3) reconstruction3) reconstruction

K.V. K.V. EmtsevEmtsev, T. Seyller, F. Speck, L. , T. Seyller, F. Speck, L. LeyLey, , 
P. Stojanov, J.D. Riley, R.C.G. P. Stojanov, J.D. Riley, R.C.G. LeckeyLeckey: : 
Initial stages of the graphiteInitial stages of the graphite--SiC(0001)SiC(0001)
interface formation studied by photoelectron interface formation studied by photoelectron 
spectroscopyspectroscopy, cond, cond--mat/0609660 mat/0609660 

Characteristic σ-bands of graphene!
Deformed π-band!

CharacteristicCharacteristic σσ--bands of graphene!bands of graphene!
DeformedDeformed ππ--band!band!

graphenegraphene(6(6√√33××66√√3)3)

Calculation: R. Calculation: R. AhujaAhuja, et al.: , et al.: Electronic structure of graphite:Electronic structure of graphite:
Effect of hydrostatic pressureEffect of hydrostatic pressure, Phys. Rev. B 51 (1995) 4813., Phys. Rev. B 51 (1995) 4813.
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Models for the (6Models for the (6√√33××66√√3) reconstruction3) reconstruction

SelfSelf--organized graphitic islandsorganized graphitic islands
arranged in  (6arranged in  (6××6) structure 6) structure 

W. Chen et al.; W. Chen et al.; Atomic structure of Atomic structure of 
the 6Hthe 6H––SiC(0001) SiC(0001) nanomeshnanomesh, , Surf. Surf. 

SciSci. 596 (2005) 176.. 596 (2005) 176.

Incompatible with Incompatible with 
observed observed σσ--bandsbands

GrapheneGraphene on top of on top of 
(1(1××1)* 1)* or (or (√√33××√√3)** surface3)** surface

bound by Van bound by Van derder Waals forcesWaals forces

*Van *Van BommelBommel et al.: et al.: LEED and Auger electron observations LEED and Auger electron observations 
of the SiC(0001) surfaceof the SiC(0001) surface, Surf. , Surf. SciSci. 48 (1975) 463.. 48 (1975) 463.

****ForbeauxForbeaux et al.: et al.: HeteroepitaxialHeteroepitaxial graphite on 6Hgraphite on 6H--SiC(0001)SiC(0001), , 
Phys. Rev. B 58 (1998) 16396.Phys. Rev. B 58 (1998) 16396.

Incompatible with Incompatible with 
distorted distorted ππ--bandsbands



PD. Dr. Thomas SeyllerPD. Dr. Thomas Seyller
Lehrstuhl fLehrstuhl füür Technische Physikr Technische Physik
Institut fInstitut füür Physik der Kondensierten Materier Physik der Kondensierten Materie

Core level spectroscopyCore level spectroscopy

K.V. K.V. EmtsevEmtsev et al., condet al., cond--mat/0609660mat/0609660

intensity corresponds tointensity corresponds to
1ML sp1ML sp22--networked carbonnetworked carbon (6(6√√33××66√√3) structure3) structure

sticks aroundsticks around
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Band alignment between 6HBand alignment between 6H--SiC and FLGSiC and FLG

Th. Seyller et al., condTh. Seyller et al., cond--mat/0610220mat/0610220

FLG

ΦΦB,nB,n=0.3eV=0.3eVΦΦB,nB,n=1.4eV=1.4eV ΦΦB,pB,p=2.7eV=2.7eV

nn--typetype SiSi--facefacenn--typetype CC--faceface pp--typetype SiSi--faceface
FLGFLG

0.6eV0.6eV1.7eV1.7eV 2.7eV2.7eVPredictions for 4HPredictions for 4H--SiC:SiC:
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1 layer 2 layers 3 layers 4 layers

2π/d 2π/c

EB

k┴┴

k//

PurePure--2D to quasi2D to quasi--2D conversion with # of layers2D conversion with # of layers

■■ Possibility of different Possibility of different stackingsstackings: : Bernal (ABA)Bernal (ABA) and and rhombohedralrhombohedral (ABC)(ABC)
■■ Interlayer interaction changing the nature of wave function fromInterlayer interaction changing the nature of wave function from purepure--2D (single layer) to quasi2D (single layer) to quasi--

2D (2D (multilayersmultilayers) ) 
■■ Intensity oscillations correspond to outIntensity oscillations correspond to out--ofof--plane periodicity of graphene layers plane periodicity of graphene layers -- analogy to analogy to 

quantum well statesquantum well states
T. T. OhtaOhta et al., under reviewet al., under review

Γ
M
K`

K
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Evolution of tight binding parametersEvolution of tight binding parameters

Tight 
binding 

EE11: on: on--site Coulomb energysite Coulomb energy
ππ = = ppxx ++ipipyy
γγ11: nearest : nearest neighborneighbor hopping integral across the layerhopping integral across the layer
v band velocityv band velocity
s = 0 Bernal (ABA), 1 s = 0 Bernal (ABA), 1 rhombohedralrhombohedral (ABC) stacking(ABC) stacking
αα and and ββ operate on (A,B) operate on (A,B) sublatticessublattices

H =

α1 β0
β0

T α2 βs

βs
T α3 β0

β0
T α4 βs

βs
T ...

αn

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 

α i =
Ei vπ↑

vπ Ei

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

βs = γ1
0 s
1− s 0

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

withwith

andand

E. McCann, V. E. McCann, V. FalFal’’kko,o,
Phys. Rev. Phys. Rev. LettLett.. 9696, 086805 (2006)., 086805 (2006).
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Quantitative evaluation of band structureQuantitative evaluation of band structure

0.350.91inf

0.45-0.05-0.06-0.10-0.37-0.157.71.024

0.48-0.14-0.16-0.34-0.218.01.023

0.48-0.24-0.35-0.308.11.052

-0.44-0.446.01.11

γ1
(eV)

E4
(eV)

E3
(eV)

E2
(eV)

E1
(eV)

ED
(eV)

n
(1013 cm-2)

v 
(106m/sec)

N
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BilayerBilayerSingle layerSingle layer

Controlling Controlling ππ--ππ* * gap gap in in bilayerbilayer graphenegraphene

Theory:Theory: E.E. McCann, V.I. McCann, V.I. Fal'koFal'ko: : LandauLandau--level Degeneracy and Quantum Hall Effect in a Graphite level Degeneracy and Quantum Hall Effect in a Graphite BilayerBilayer. Phys. Rev. . Phys. Rev. LettLett., 96 (., 96 (2006)2006) 086805.086805.

Experiment:Experiment: T. T. OhtaOhta, A. , A. BostwickBostwick, T. Seyller, K. Horn, E. Rotenberg: , T. Seyller, K. Horn, E. Rotenberg: Controlling the Electronic Structure of Controlling the Electronic Structure of BilayerBilayer GrapheneGraphene. Science 313 (2006). Science 313 (2006) 951951..
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Evolution of Evolution of ππ bbands on surface dopingands on surface doping

■■ Deposition of potassium Deposition of potassium 
■■ Shift of Shift of ππ bband due to increased total carrier densityand due to increased total carrier density
■■ Continuous closing/reopening of the gapContinuous closing/reopening of the gap

0.005 
e-/unit cell

0.008 e- 0.010 e- 0.012 e- 0.017 e- 0.022 e- 0.027 e- 0.032 e-

Theory:Theory: E.E. McCann, V.I. McCann, V.I. Fal'koFal'ko: : LandauLandau--level Degeneracy and Quantum Hall Effect in a Graphite level Degeneracy and Quantum Hall Effect in a Graphite BilayerBilayer. Phys. Rev. . Phys. Rev. LettLett., 96 (., 96 (2006)2006) 086805.086805.

Experiment:Experiment: T. T. OhtaOhta, A. , A. BostwickBostwick, T. Seyller, K. Horn, E. Rotenberg: , T. Seyller, K. Horn, E. Rotenberg: Controlling the Electronic Structure of Controlling the Electronic Structure of BilayerBilayer GrapheneGraphene. Science 313 (2006). Science 313 (2006) 951951..
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Closing and reClosing and re--opendingopending of the of the ππ--ππ* * gapgap

SiCSiCSiCSiC
K K 

adsorption adsorption SiCSiCgraphene graphene 
bilayerbilayer

EEFF

potentialpotential

CBCB

VBVB

NonNon--equal charge equal charge 
distribution due to distribution due to 

short interlayer short interlayer 
screening lengthscreening length
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SummarySummary

Characterization of ultraCharacterization of ultra--thin graphitic layers on SiC by thin graphitic layers on SiC by 
photoelectron spectroscopy:photoelectron spectroscopy:

■■ Individual graphene layers can be countedIndividual graphene layers can be counted
■■ (6(6√√33××66√√3) is 3) is ‘‘0th0th’’ graphene layergraphene layer
■■ (6(6√√33××66√√3) makes up interface between SiC(0001) and FLG3) makes up interface between SiC(0001) and FLG
■■ (6(6√√33××66√√3) responsible for odering of graphene in Si3) responsible for odering of graphene in Si--faceface
■■ Barriers determinedBarriers determined
■■ ControllControll of of ππ--ππ* * gap gap in in bilayerbilayer graphenegraphene through relative potentialthrough relative potential
■■ ManyMany--body interactions: ebody interactions: e--ph, ph, ee--ee, el, el--pl lead to considerable pl lead to considerable 

renormalization of bandsrenormalization of bands

A. A. BostwickBostwick, T. , T. OhtaOhta, Th. Seyller, K. Horn, E. Rotenberg: , Th. Seyller, K. Horn, E. Rotenberg: 
QuasiparticleQuasiparticle dynamics in graphenedynamics in graphene, Nature Physics 3 (2007) 36., Nature Physics 3 (2007) 36.

O 29.1. Invited talk by E. Rotenberg: O 29.1. Invited talk by E. Rotenberg: ManyMany--body interactions in body interactions in 
clean and alkaliclean and alkali--adsorbed grapheneadsorbed graphene




