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Before 2004 almost anyone (both theorists and experimentalists)
was sceptic about the existence of a truly 2D (i.e. one atom thick)
system (mainly because of atomic vibrations)

BUT

in 2004, a group from the University of Manchester succeeded in
isolating GRAPHENE -a single-layer sheet of graphite- on an
insulating substrate
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... and, this year, the leaders of that Research Group (A. Geim and
K. Novoselov) have been awarded the Nobel Prize in Physics by

the Royal Swedish Academy of Sciences
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Why graphene?

Because it exhibits peculiar properties:

near ballistic-transport at room temperature

high charge carriers mobility µ ' 2 · 105 cm2V−1s−1

high Fermi velocity vF ' c/300 ' 106 m/s

a minimum conductivity σmin = 4e2/(πh), independent of
impurity concentration, at the Dirac point

a specific anomalous Integer and Fractional Quantum Hall
Effect

⇓

Optimal material for future nano-electronics and nano-devices
(transistors, spin valves, etc.)

A promising Si substitute
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The development of Si technology - Moore’s Law

G. Amato, M. Piazzi GRAPHENE PRODUCTION



Outline
Motivations and theoretical review

Growth Methods and Techniques
Conclusions

Introduction and motivations
Brief review of theoretical properties

The potential substitutes of Si
Typical values for c-Si: indirect gap, bandgap = 1.1242 eV, µ ∼ 500− 1200 cm2V−1s−1, ρ = 105 Ωcm,

thermal conductivity = 1.48 Wcm−1K−1

YES NO

GaAs
Direct gap

µ ∼ 4000− 9000 cm2V−1s−1

ρ = 109 Ωcm
Technology

SiC Bandgap ∼ 2-3 eV
High temperature operation

Price (> 400 $/wafer)

a-Si:H

Direct gap
Bandgap = 1.75 eV

High absorption coefficient
Cheap

Degradation

Diamond
Bandgap = 5.47 eV
µ = 2800 cm2V−1s−1

Thermal conductivity = 25 Wcm−1K−1

Price
Technology

Graphene

Direct gap
µ ∼ 2 · 105 cm2V−1s−1

vF ' 106 m/s
Electric-Field Effect at GHz frequencies

Electron concentration ∼ 1013/cm2

??
(to be discussed now)
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Graphene is NOT the first material that ”tries” to supply silicon.

There are a lot of examples of materials with transport properties
better than Si: Amorphous-Si, SiC, GaAs, diamond, . . .
All of them failed to be good competitors of Si-based commercial
devices

A CHALLENGE ARISES
Produce graphene on large-scale area substrates using high
reproducible techniques (without affecting its remarkable

properties)

only in this way graphene can be thought of as a real Si substitute
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Brief review of theoretical properties

Graphene is the 2D allotropic form of carbon (from which the
other dD -d = 0, 1, 3- allotropic forms can be derived)

Carbon atoms (electronic configuration 1s2 2s2 2p2) in graphene
are arranged in a honeycomb lattice (with carbon-carbon dis-
tance a ' 1.42 Å) because of sp2 hybridization of the n = 2
orbitals

3 of the 4 valence electrons per atom fill this hybrid orbitals
and are involved in σ-bond (thus explaining the robustness of
graphene lattice structure) - the electron left in 2pz orbital is
responsible for π-bond and conductivity in graphene
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The hexagonal lattice is equivalent to two inter-penetrating
triangular Bravais lattices ⇒ the basis of the crystal structure
contains 2 inequivalent carbon atoms A and B

A and B correspond to 2 special points in the first Brillouin
zone, called Dirac points: K and K′
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The tight-binding Hamiltonian for π-electrons in graphene is
given by (considering only nearest-neighbors hopping and
~ = 1):

Ĥ = −t
∑
〈i ,j〉,σ

(
â†σ,i b̂σ,j + b̂†σ,j âσ,i

)
where t ≈ 2.8 eV is the hopping energy, 〈i , j〉 are nearest-neighbors

sites and âσ,i (â†σ,i ) annihilates (creates) an electron of spin σ
(σ =↑, ↓) at position Ri on sublattice A (an equivalent definition

holds for b̂σ,j , b̂
†
σ,j on sublattice B)

The energy bands deriving from it are1:

E±(k) = ±
√

3 + f (k)

with f (k) = 2 cos
(√

3kya
)

+ 4 cos
(√

3
2 kya

)
cos
(

3
2 kxa

)
1Wallace, Phys. Rev. 71, 622(1947); Castro Neto et al., Rev. Mod. Phys.

81, 109(2009)
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Expanding the dispersion relation around the Dirac points we
obtain the following fundamental linear relation (k = K + q
with ‖q‖ � ‖K‖):

E±q ≈ ±vF ‖q‖+ O
[
(‖q‖ / ‖K‖)2

]
with vF = 3ta/2 ' c/300 ' 106 m/s independent from
momentum or energy (as opposed to the behaviour in metals)

The bands meet each other at the Dirac points in a linear way
⇒ graphene is a zero-gap semiconductor
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The same spectrum is obtained diagonalizing the following 2D
Dirac Hamiltonian for massless fermions (holding around
K and K′):

ĤK/K′ = ±vF(σ̂ · κ̂)

where κ̂ = −i∇ is the momentum operator and σ̂ = (σx , σy )
are Pauli matrices representing pseudo-spin

⇓

This fact:

1 makes the electronic behaviour of graphene quite unique
(electrons behave like massless Dirac fermions with v 6= c)

2 explains the remarkable properties of this material

3 makes possible to investigate relativistic effects in
condensed-matter systems
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Main production methods of graphene

A lot of techniques have been developed since 2004 up to now:

I micromechanical exfoliation of graphite, by using
adhesive tape

I liquid-phase chemical exfoliation

I carbon nanotubes unzipping

I Chemical Vapor Deposition, by thermal
decomposition of a Carbon precursor, on a catalyst
substrate

I epitaxial growth, by thermal decomposition, on SiC
(or on Ni/SiC, its improved version)

I C-Si Superlattices synthesis (until now developed
only in a theoretical framework)
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CVD Method

CVD method is known from ’70s and it’s based on C-atoms solid
solubility in the metallic catalyst used as substrate (usually
deposited over a SiO2/Si sample2)

Thermal decomposition of an hydrocarbon (usually methane or
ethylene, although acetylene -allowing for lower temperature
synthesis on Ni- has been recently proposed3) or carbon oxide
precursor provides C-atoms that freely diffuse inside the catalyst

2Lander et al., Jour. Appl. Phys. 23, 1305(1952)
3Nandamuri et al., Nanotech. 21, 145604(2010)
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During the subsequent cooling-down process of the sample,
C-atoms exceeding their solid solubility in the catalyst start to
segregate on the sample surface forming graphene

Graphene can be transfered to other substrates using chemical
etching (tipically using HCl solutions)

It’s important that graphene grows during the cooling-down
process and not during the CVD heating (to avoid formation of

bad quality graphene)

G. Amato, M. Piazzi GRAPHENE PRODUCTION



Outline
Motivations and theoretical review

Growth Methods and Techniques
Conclusions

Chemical Vapor Deposition
Epitaxial growth on SiC
C-Si Superlattices Synthesis
Graphene at I.N.Ri.M./applications

The use of CVD method applied to many different catalysts has
been reported in literature:

1 Ru(0 0 0 1): Martoccia et al., Phys. Rev. Lett. 101, 126102(2008), Sutter
et al., Nat. Mater. 7, 406(2008)

2 Pt(1 1 1): Sasaki et al., Phys. Rev. B 61, 15653(2000), Nakagoe et al.,
Surf. Sci. 514, 414(2002), Starr et al., Surf. Sci. 600, 2688(2006)

3 Ir(1 1 1): Coraux et al., Nano Lett. 8, 565(2008)

4 Co(0 0 0 1): Vaari et al., Catal. Lett. 44, 43(1997)

5 Ni(1 1 1): Gamo et al., Surf. Sci. 374, 61(1997), Tanaka et al., Surf. Rev.
Lett. 10, 697(2003), Obraztsov et al., Carbon 45, 2017(2007), Reina et al.,
Nano Lett. 9, 30(2009), Kim et al., Nature 457, 706(2009), Nandamuri et
al., Nanotech. 21, 145604(2010), Liu et al., Thin Sol. Films 518, S128(2010)
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. . . and, on August 2010, graphene conquered the cover of Nature
Nanotechnology thanks to a Korean Research Group4 that succeeded in
producing a 30-inch ≈ 75 cm sheet by means of CVD growth on Copper
sample and roll-to-roll transfer on a target substrate

4Bae et al., Nature Nanotech. 5, 574(2010)
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An example: graphene on Ni/SiO2/Si substrate

3 key parameters control growth and number of graphene layers:

? CVD growth temperature;

? growth-exposure time;

? post-growth cooling-down rate

recent experiments show that the last one is the most important
factor in determining the final quality of the layer; the product of the
first two parameters determines the supply rate of C-atoms in Ni

CHALLENGE: optimize the parameters for a fixed experimental setup
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We report the results of a recent experiment described in “Liu et al., Thin Sol. Films
518, S128(2010)” - it’s a good example of a standard experimental setup and
procedure for a CVD growth on Ni

a longer Ni-annealing time enhances the crystallization degree and the size of Ni grains
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RESULTS
Best choice of the parameters:

growth temperature: 900 ◦C

growth time: 50 s

cooling rate: 25 ◦C/min (fastest possible in an hot-wall
system as the one used in this experiment - presumibly
BETTER if faster)

Average dimension of graphene flakes: 100 µm2 → the usual
size obtained by means of this method is in fact 1 ∼ 20µm
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ADVANTAGES (same for all metallic catalysts employed as substrates)

easy transfer of graphene to other substrates (a
transfer-independent low temperature -∼ 650 ◦C- CVD growth
on patterned Fe films has also been proposed5, in order to
obtain top-gated Field Effect graphene-based Transistors);

not very high temperatures (i.e. ∼ 1000 ◦C) needed during
the process;

possibility of growing quite large single-layer graphene flakes
with high reproducibility;

possibility of a direct optical investigation of the sample
during the growth process.

5Kondo et al., Appl. Phys. Exp. 3, 025102(2010)
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DISADVANTAGES
interfacial interactions and presence of substrate changing graphene
properties w.r.t. the free-standing case (in particular electronic and
magnetic properties: induced magnetism of C-atoms of graphene layer
grown over Ni has been experimentally observed6 - this effect is less
pronounced for graphene grown on Ir(1 1 1) and is expected to be more
pronounced on Fe/Ni(1 1 1) surfaces7);

best reported sheet resistance of graphene grown on Ni (∼ 280 Ωcm−2)8

not as low as in commercial ITO transparent transistors (. 100 Ωcm−2) -
a great improvement has been observed in graphene sheet grown on Cu
(∼ 125 Ωcm−2)9;

difficulty to obtain truly single-layer graphene flakes.

6Weser et al., Appl. Phys. Lett. 96, 012504(2010)
7a theoretical study of structural and magnetic properties of the

graphene/Fe/Ni(1 1 1) system, based upon DFT ab initio calculations within the
GGA-PBE framework, has been made by Sun et al., Jour. Phys. D 43, 385002(2010)

8Kim et al., Nature 457, 706(2009)
9Bae et al., Nature Nanotech. 5, 574(2010)
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Brief digression: the role of interfacial interactions

The presence of the substrate changes substantially the
structural and magnetic properties of graphene → need for a
transfer of graphene in order to plenty exploit its properties

In particular interactions’ strength and graphene electronic
properties depend on metallic substrate: the last one changes
graphene EF level or, equivalently, graphene doping level (p-
or n-type). Moreover, different bonding distances d between
graphene and metallic substrate have been theoretically
evaluated and experimentally measured:

Ni: d ≈ 2.01 Å
Pt: d ≈ 3.31 Å (for θ = 30◦)
Ru: 2.13 Å ≤ d ≤ 3.78 Å (surface corrugation)
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As an example, a dependence between the thermoelectric potential
(i.e. the offset voltage Vt(I = 0) observed in I − V curves of
graphene/metal system) and the substrate properties has been
reported10

⇓

the values of the Seebeck coefficient S ≡ Vt/∆T are different for
free-standing and on metallic substrate grown graphene

the largest value of S for free-standing in-plane graphene measured up to now

and reported in “Dragoman et al., Appl. Phys. Lett. 91, 203116(2007)”, is:

S ∼ 30 mV/K

10Gao et al., Appl. Phys. Lett. 96, 053109(2010)
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Epitaxial growth by thermal decomposition on SiC

The Epitaxial Growth of graphene on SiC(0 0 0 1) is the most
used, first developed and best known method in order to
produce graphene11

Graphene flakes grow on top of a SiC substrate heated up to
an annealing temperature Ta > 1000 ◦C: at Ta surface Si
coverage start to decrease ⇒ surface changes from Si-rich to
C-rich

Graphene do NOT grow directly on top of the bulk-truncated
SiC(0 0 0 1) surface BUT on a 6

√
3× 6

√
3R30◦ reconstructed

buffer layer

11Berger et al., Jour. Phys. Chem. B 108, 19912(2004), Berger et al., Science
312, 1191(2006), de Heer et al., Sol. State Commun. 143, 92(2007), for a theoretical

study Kageshima et al., Appl. Phys. Exp. 2, 065502(2009)
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Quality and number of layers controlled by:

1 time used for the heating process

2 heating temperature

3 SiC face used for the growth (Si-truncated⇔several
layers, C-truncated⇔few layers)
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PROBLEMS

graphene difficult to transfer (strong cohesive strength and
high chemical stability of graphene/SiC structures)

high temperatures needed for the process (∼ 1300 ◦C in UHV
conditions, ∼ 1650 ◦C in 900 mbar-Ar atmosphere)

strong metallic character shown by graphene (due to an
heavily doping from the substrate)

⇓

Better to deposit a thin metallic film over SiC samples (allowing
lower graphitization temperature and higher possibility of transfer)
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Example: EG on Ni/SiC

We report the results of the experiment described in “Juang et al., Carbon 47,

2026(2009)”

1 rapid heating up to Tr ≈ 750 ◦C

2 formation of Nickel Silicide/Carbon mixed solid phase and
diffusion of C atoms inside Ni bulk

3 graphitization during the cooling-down process
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The key parameter: HEATING RATE
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RESULTS

Average dimension of graphene flakes: . 1 mm
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Critical comparison of Raman spectra from different samples:
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ADVANTAGES

possibility of obtaining graphene flakes larger than in CVD
method;

increased possibilities of graphene transfer w.r.t. EG on SiC;

not so high temperatures needed during the process;

freedom of choosing SiC substrate (single-crystalline 6H-SiC
or 3C-SiC coated Si).
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DISADVANTAGES

interfacial interactions and presence of substrate changing
graphene properties w.r.t. the free-standing case (problem
reduced in the case of simple SiC substrate);

substrate quite expensive;

difficulty in obtaining truly single-layer and good quality
graphene domains.
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C-Si Superlattices Synthesis

Superlattices are man-made periodic solid structure (proposed
in ’70s12) exhibiting unique properties

Graphene/Silicon (C-Si) superlattices could be synthetized
stacking Si and graphene layers on top of each other, by
means of the Molecular Beam Epitaxy (MBE) technique ⇒
this type of growth improves the precision of the method

This kind of superlattice can both preserve intrinsic properties
of pristine graphene and be enough rigid for electronic device
applications

The structure has been only theoretically modelled13 using the
DFT/LDA framework

12Esaki et al., IBM Res. Dev. 14, 61(1970)
13Zhang et al., Nanoscale Res. Lett. 5, 805(2010)
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STRUCTURAL PROPERTIES
1 Chemical formula of the superlattice: SiC2 ⇒ Si atoms sit at the hollow

site of graphene in an equilater triangular lattice (configuration of highest
symmetry and lowest mismatch between in-plane lattice constants
possible)

2

aSi = 2.4271 Å (aAB = 2.4395 Å and aAA = 2.43927 Å)
agr = 2.43935 Å (mismatch: 0.5%)
agr/Si = 2.4363 Å

3 cgr/Si = 7.2662 Å (cAB = 6.6589 Å and cAA = 7.2324 Å)

4 binding energy of the superlattice: Eb = 35.1 meV/atom (stronger than
in AB graphite -Eb = 24.4 meV/atom- and AA graphite -Eb = 15.0
meV/atom)
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ELECTRONIC PROPERTIES

There are 3 important features in the band structure of the superlattice:

1
dispersion curves can be divided into 2 groups - from graphene-
and from Si-sheet ⇒ relatively weak coupling

2
dispersion curves of graphene-type are still linear near the
Dirac point K as in pristine graphene

3

EF level moves upward of 234 meV w.r.t. the Dirac point and
downward w.r.t. the Si Fermi level ⇒ electron transfer from
Si to graphene (nel.transf. ∼ 4× 10−3 e/Si)
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CONCLUSIONS

C-Si superlattices show enough mechanical robustness to
match the standards of nano-electronics (more than IGCs)

linear electronic band structure near Dirac points still present

no need for graphene transfer (as far as nano-electronic
applications are concerned)

C-Si superlattices show unique properties both in layer
thickness and chemical bonding

layer by layer growth makes possible to replace Si sheet with
other species (BN, SiO2, P, . . . ) and to improve the precision
of the method and the quality of graphene sheet

CHALLENGE

Prepare it experimentally and compare the results
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Graphene at I.N.Ri.M. - Turin

What we are trying to do in graphene research at I.N.Ri.M.:

CVD growth by means of a RT-CVD system (faster
cooling-rate⇒hopefully higher quality of graphene)

C-Si superlattice synthesis by means of an MBE system

theoretical and experimental investigation of optical properties
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Figure: Deposition of Ni-films system at I.N.Ri.M.
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Figure: RT-CVD system at I.N.Ri.M. - highest temperature reached: 1300 ◦C,
fastest cooling-rate: 300 ◦C/min
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Figure: MBE system at I.N.Ri.M.
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A possible application to Metrology
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Possible to use graphene for setting new Metrological Standards?
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Conclusions

Graphene is a new kind of material exhibiting remarkable,
really peculiar and astonishing properties

Because of these properties it is regarded as an optimal
candidate for future technological applications (touch screen,
photovoltaic cells, . . . ), in particular for nano-electronic
devices

In order to substitute Si-based devices, graphene production
techniques -allowing for the synthesis of large-scale area, high
reproducible and high transferable graphene flakes- must be
improved

CVD method and superlattice synthesis seem to be nowadays
the most promising techniques for reaching this aim

If this is the case, maybe we are entering a new transistors’
and nano-electronics’ era
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. . . thank you!
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