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Il GRAFENE 

Birthdate 2004 
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Il GRAFENE 

Van-der-Waals 

Monoatomic ~0.4 nm thickness 
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0.142 nm base 

Vettori 

primitivi 

Reticolo reciproco 

Reticolo reale 

Dirac Points 
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0.142 nm base 

Vettori 

primitivi 

Reticolo reciproco 

Reticolo reale 

Dirac Points 

3 elettroni per atomo σ Bonds        robustezza 

 

1 elettrone per atomo condiviso 

 π  Bonds ⊥ alla struttura           delocalizzazione 

Carbonio (C)           1s2 2s2 2p2 

Ibridizzazione sp2 

Band gap nullo 

ZERO OVERLAP SEMIMETALLO 
1946 R.P. Wallace 
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E’ misurato rispetto al punto K 

e' praticamente la stessa relazione di 

dispersione dei fotoni che hanno velocita' 

indipendente dalla lunghezza d'onda 

Massless Dirac Fermions 

Equazione di Dirac  
Elettroni relativistici nella 

materia 
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16 A.BOSTWICK et al. Nature Physics 2007,3, 36 



Mobilita’ poco limitata dallo scattering di fononi 

Trasporto balistico bipolare 
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Graphene is zero band gap 2D 

carbon material 

Molecular doping is strategically used to induce gap 

opening and shift of the Fermi level for electronic 

devices application 

F. Mehmood et al. J. Phys. Chem. C 2013, 117, 10366-10374 

S.M. Hornett et al. Phys. Rev. B 2014, 90, 081401(R) 

OXYGEN molecular doping 
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Doping of graphene to reduce sheet resistance 

Modify from sp2 hybridization to sp3  

H. Liu, et al., J. Mater. Chem., 21, 2011, 3335 

Substitutional doping during Graphene growth 

•  p-type doping could be achieved by adding atoms 

with fewer valence electrons than carbon: e.g. 

boron (B) 

•  n-type doping by adding atoms with more valence 

electrons than carbon: e.g. nitrogen (N) 

C 

p-Type: B 

n-Type: N 

Post graphene growth doping by different treatments 

• Surface transfer doping can be obtained by exposure 

of graphene to NO2  gas for p-type doping or, for 

example, a ethanol gas for n-type doping.  

• Photochemical oxidation in presence of UV light and 

oxygen. 

• Thermal treatments in controlled 

atmosphere. 
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Same effects  

for p-type 

or n-type doping 

Different effects for p-type 

                    or n-type doping 

A. Das et al; Nature Nanot. 2008, 3, 210 
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Monolayer Graphene
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Thermally induced doping features 

stability criticalities 

that depend on atmosphere 

S. Ryu et al. Nano. Lett 2010, 10, 4944 

Tamb 
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Single layer 

 

Double layer 

 

3<n<10 layers 

Limite per considerare 2D-materials 

Zero gap 
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2D  Materials 

Molecular doping is strategically used to induce gap 

opening and shift of the Fermi level for electronics 

device application 
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MoS2�Transition metal dichalcogenides (TMDC) 

1.7 eV1.5 eV1.9 eV1.8 eVEg(1L), direct

1.2 eV1.1 eV1.4 eV1.2 eVEg(bulk), indirect

WSe2MoSe2WS2MoS2

1.7 eV1.5 eV1.9 eV1.8 eVEg(1L), direct

1.2 eV1.1 eV1.4 eV1.2 eVEg(bulk), indirect

WSe2MoSe2WS2MoS2

Class of layered materials with the formula MX2  

M transition metal: Mo, W,.. 

X chalcogen: S, Se,...  

MoS2 carrier mobility: 1 – 200 cm2V-1s-1 

Study of the mechanisms limiting mobility 

Scotch tape 

method 

Q.H.Wang, et al, Nature 

Nanotechnology , 7,  2012, 193 

H.Li , et al, Adv. Funct. Mater. , 22, 2012, 1385.  

Optical image Morphological image (AFM) 
μ-Raman Spectrum  

27 



N. Kang, et al., J. Phys. Chem. C 118 

(2014) 21258 

M. Yamamoto, et al.,  J. Phys. Chem. C 117 

(2013) 25643−25649  

Oxidation 

PLASMA THERMAL 

1L 
MULTI LAYER 
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> Proprieta’ strutturali ed elettroniche 

> Derivati 

> Preparativa  
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Scotch tape method 
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Scotch tape method 
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CVD Graphene + transfer 

Copper Copper 

Graphene on top H2, CH4 gas flux 

Δ ramp 

PMMA coating and chemical etching of copper in wet solution 

PMMA 
Spin coating and  

Thermal bake 

Spin, T 

 copper dissolution 

FeCl3 

 copper dissolution 

FeCl3 

Gr on SiO2/Si  
300 nm SiO2 

PMMA wet elimination 
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> Derivati 

> Preparativa  
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2D  Materials 

Molecular doping is strategically used to induce gap 

opening and shift of the Fermi level for electronics 

device application 
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Graphene oxide 

Interest in Graphene Oxide 

Graphene Oxide 

Graphene precursor 

Chemical 

Thermal 

Irradiation 
Total Reduction 

Partial Reduction 

Photoluminescence 

Tunable resistivity 

Solubility 

Surface Functionalization 

D. Chen et al.  

Specific surface 

~2600 m2/g 



Preparation 

GrO from graphite flakes by MARCANO 
modified Hummers method 
D.C. Marcano et al. ACS NANO (2010) 4, 4806 
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Si-GO    ≡   SiO2-GrO 
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> Il grafene e’ il primo materiale 2D  

CONCLUSIONI 

> I ‘’derivati’’ del grafene sono di ampio 

interesse applicativo  
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> Le proprieta’ fisiche dei materiali 2D sono di 

rilevante interesse teorico/sperimentale 


