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CVD-grown 2D materials: from fundamentals to
applications



Graphene on Silicon Carbide



• ARPES: delocalized states - no 
linearly dispersing bands

• XPS: S1- C atoms bonded to Si 
atoms of the substrate; S2 - sp2 
bonded C atoms of interface layer; 
Graphene peak located at ~284.9 eV

Buffer Layer

ARPES XPS
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Epitaxial graphene on silicon carbide (SiC)

C1s

Monolayer

Bilayer

Limitations:

• High doping level  
• Small bandgap in BL
• Reduced charge carrier 
mobility ca. 1000 cm2/Vs

Riedl, Coletti et al., PRL 103, 246804 (2009)
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Hydrogen Intercalation

p ≈ 
7·1011

cm-2

✓ Charge neutral large area quasi free-standing 
ML, BL, TL
✓ BL and TL with electric field unable BG
✓Higher mobilities (5000 cm2/Vs )
✓Limited flexibility: SiC substrate and difficult 
scalable transfer
✓Playground to synthesis novel 2D materials!

Method:
annealing at 600°C – 1000°C in an 
atmosphere of ultra-pure H2 gas

Riedl, Coletti et al., PRL 103, 246804 (2009)

TL





CVD Graphene on Copper: 
photonics & sensing



Cu substrate: 

• acts as catalyst
• surface mediated growth
• cost effective
• graphene easily transferred

CVD graphene on Cu: growth

CH4→2H2(g)+C(s)



Cu substrate: 

• acts as catalyst
• surface mediated growth
• cost effective
• graphene easily transferred

CVD graphene on Cu: growth

CH4→2H2(g)+C(s)

Polycrystalline graphene                      Large single-crystal graphene

• Typical grain size tens of µm
• RT carrier mobility on SiO2 

~1000 cm2/ Vs

• Grain size tens up to several cm
• Easy transfer
• Higher RT carrier mobility

Cu foil Cu film

Continuous single-crystal 
graphene

• High crystallinity 
• Transfer not always easy
• Higher RT carrier mobility



Our approach: seeded growth of graphene 
single-crystals

• Flexible growth as per target wafer 
layout: graphene is only where is 
needed

• Implemented in a commercial system: 
AIXTRON BM Pro

• Single-crystal nature confirmed via 
SAED

• No Cr residuals as per chemical 
analysis

• Arrays with up to 1mm periodicity, 
hundreds of micrometers large 
crystals

• Rapid process: entire process time 
for array with 350 µm crystals is 2 h

Miseikis et al., 2D Materials 2017



Deterministic transfer of graphene matrixes

• Deterministic transfer with micro mechanical stage: reduces issues linked to transfer of large-area graphene 
(strain, wrinkles, adhesion)

• Precise locations can be targeted, demonstrated over wafer-scale for photonics

• Wafer population (now manual) being automatised by Aixtron (WP10)

Giambra et al., ACS Nano 2021



Scalable high-quality graphene

• Ideal electric transport in CVD graphene (LT µD > 
6×105 cm2/Vs at ~1011 cm-2 ) and visualisation of 
FQHE (Pezzini et al., 2D Materials 2020)

quality of CVD graphene now comparable to that of exfoliated material!
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• Demonstration of graphene integration over 150
mm wafers: over 12 000 crystals to match final
modulator geometry; demonstration of double
SLG electro-absorption modulators with data
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and phootodetectors (Miseikis et al., ACS Nano
2020; Marconi et al. Nature Communications
2021)
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Scalable high-quality graphene

• Ideal electric transport in CVD graphene (LT µD > 
6×105 cm2/Vs at ~1011 cm-2 ) and visualisation of 
FQHE (Pezzini et al., 2D Materials 2020)

• Demonstration of graphene integration over 150
mm wafers: over 12 000 crystals to match final
modulator geometry; demonstration of double
SLG electro-absorption modulators with data
rate 20 Gbps (Giambra et al., ACS Nano 2021)
and phootodetectors (Miseikis et al., ACS Nano
2020; Marconi et al. Nature Communications
2021)

• CVD 2D graphene quasi-crystals - 30 TBLG
allowing investigation of low temperature
magneto transport (Pezzini et al., Nano Letters
2020; Piccinini et al. PRB 104 2021)

• Demonstration of up to 9 layers CVD-grown ABC
stacked graphene with device compatible size
(Bouhafs et al., Carbon 2021)

• Twistronics: vdW assembly of CVD bilayer
graphene with controlled angle and study of
magnetotransport (Piccinini et al., Nano Letters
2022)



Stable, highly-sensitive graphene Hall sensors

• How: graphene arrays and polymer (PMMA) capping

• Hall resistance (RXY), current related sensitivity (SI) significantly 
decrease (>50% in 15 days) for bare graphene Hall-sensors in air, 
while noise increases

• Stable values for PMMA/graphene stable after 15 days with 
current sensitivity SI =2422 V/AT, low noise and high Bmin values
observed for array of devices Tyagi et al., in preparation

• Graphene-based all sensors: enticing prospects for various 
applications: from automotive to IoT 

• Goal: Increase sensitivity with highly crystalline graphene and 
improve stability over time



Gaseous detectors
Large area suspended graphene for low energy electron transparency 

and gas separation measurements

Introduction

A gaseous detectors is composed by a chamber filled with gas mixture. The primary
electrons, in order to be readable, are drifted and multiplied via avalanches processes
(successive ionisation processes) in very high electric field regions. MPGD are the
most recent class of gaseous detectors, in which patterned structures are developed in
order to reach high electric field regions to start the electron multiplications.

A gaseous electron multiplier (GEM) is a 50 μm thick composite foil consisting of two
electrodes separated by an insulating polymide layer. These foils are lithographically
perforated with 50-70µm diameter holes with 140 μm pitch. Potential differences are
applied between the two electrodes to create high electric field gradients resulting in
electron avalanche multiplication in the holes. Ion back flow degrades the performance
of gaseous detectors, mostly in extreme operational conditions, distorting the drift field
lines limiting the resolution of the detector.

2D materials could play an important role in order to overcome this limitation. Thanks to
its delocalized orbitals a monolayer of graphene allows the electrons to pass through it
preventing the crossing of ions and atoms. For this purpose, the transfer of monolayer
or few layers of graphene on top of the GEMs foils should block the back flow of the
ions improving the detector resolution. Additionally, the drift and amplification regions
are physically separated, so that different gaseous mixtures could be used in order to
reach higher gains. Here we propose a wet transfer technique to integrate graphene
membranes in gaseous detectors, trying to overcome the challenges of having a free-
standing layer over millimeters square areas. The developed devices will be
implemented to test the electron transparency of graphene at low energies (i.e. <10 eV)
and gas separation.

Micro-pattern gaseous detectors (MPGD) are widely used in high energy physics thanks to their high gain factors, compatibility with harsh radiation and large area
coverage on the scale of hundreds of square meters. 2D materials are attractive candidates to enhance the performance of MPGD and overcome operational
limitation such as the backflow of positive ions, which negatively affects detector performance by distorting electric field lines and degrading sensitive
photocathode materials. Suspending a high-quality single or few layers of graphene on patterned foils with tens of micrometers diameter holes, the membrane
should act as a selective filter beeing transparent to low energy electrons while preventing the back flow of the ions.

GEM foils characterization

• Production foils with different coatings 
(gold and copper) have been 
characterized via AFM and contact 
angle measurements.

• Roughness of ~100 nm and contact 
angle of 55° and 90° for Au and Cu 
have been measured respectively.
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Graphene characterization

• The graphene quality and number of 
layer, are characterized via Raman 
spectroscopy by verifying the 
absence of D and evaluating the ratio 
between the 2D and G peaks 
respectively.

SEM imaging post transfer of bilayer membranes w/o and w/  inverted floating method 
approach respectively Conclusions

• Complete coverage of 25 mm2 area with a bilayer
graphene sheet.

• The technique has to be optimized for monolayer
membranes.

• An alternative to the thermal annealing has to be
developed in order to lower the polymeric residuals as
much as possible.

• The samples will be used to evaluate the low energy
electron transparency (i.e. <10 eV) typically obtained in
MPGD operating conditions.

• Gas separation tests will be performed in order to explore
the possibility to physically separate the drift and
amplification regions of the detector profiting from
additional flexibility in the choice of gas mixtures and
allowing optimizations of detector sensitivity and electron
multiplication processes.
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Inverted floating method approach

• The polymeric layer is dissolved by
keeping the PMMA side of the
sample in contact with the solvent,
instead of dipping the sample in it.

• Preventing the acetone to flow
through the holes.

• The two images clearly show how the inverted floating method could be a promising approach 
to cover mm2 areas with free standing membranes.

• Membranes have to be as clean as possible from any residual left by the transfer procedure. 
Polymeric residuals could be reduced by performing thermal annealing above 400°C. The 
presence of kapton limits the possibility of performing thermal annealing above 250 °C. 
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Integration of CVD graphene on GEM foils

• Wet transfer approach has been implemented via an inverted 
floating method or by using a critical point dryer in order to 
overcome the membrane rupture mostly caused by the surface 
tension of the acetone, trapped in the holes, during the drying 
procedure.

Collaboration with INFN, Roma Tre, Sapienza, CERN on 
the development of gas detector to study radation-
matter interaction
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