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2D Materials Engineering: Our activities
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2D-ME @ IIT: labs
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2 Synthesis Labs: 2
commercial PE-CVD reactors; 2
horizontal furnaces; 1 service
furnace for oven’s parts
cleaning; optical microscope;
bench for preparation of TMDs;
transfer setup for assembling
vdW heterostructures; 1
evaporator
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Matenal charactenzatlon and modlf catlon -
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Device characterization &

Characterisation
Labs: LT-STM soon
to be equipped with
ARPES; LEED
equipment; AFM;
Raman spectroscopy

N ' 1SO7 Cleanroom: 2 SEM, 1 EBL, 1
| EDX, 2 evaporators, 1 RIE, wet
benches, spinners.

Device measurement lab: RT 4 point
probe measurements with magnet; van
der Pauw station; photocurrent
measurement system under different
ambient conditions.

Class ISO7 Cleanroom
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CVD-grown 2D materials: from fundamentals to
applications
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Fundamentals Synthesis pplications
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Epitaxial graphene on silicon carbide (SiC)
ARPES XPS
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Hydrogen Intercalation

Graphene ZL
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v/ Charge neutral large area quasi free-standing
ML, BL, TL

v/ BL and TL with electric field unable BG
v'Higher mobilities (5000 cm?2/Vs )

v'Limited flexibility: SiC substrate and difficult
scalable transfer

v Playground to synthesis novel 2D materials!

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



Semiconducting 2D gold underneath EG on SiC [[]#

SEEERE

Substrate @&
Au deposited in UHV from a Y4 P9
Knudsen cell and sample \ ‘ e
annealed at about 850 °C ' .

« Monolayer of Au intercalated at the heterointerface between
SiC(0001) and graphene in UHV

« Every Au atom bound to Si atom at the interface: Au ordered in a
(1x1) registry with respect to SiC

« Average 2D Au VBM at -67 meV with respect to EF:
semiconducting material

* A 225 meV spin-orbit splitting in the sp Au bands, and a -400
meV van Hove singularity

» The electronic properties of 2D Au are layer dependent. A
double layer becomes metallic

ARTICLE ") Check for updates
OPEN

Semiconductor to metal transition in two-
dimensional gold and its van der Waals heterostack
with graphene

Stiven Forti® 2™ Stefan Link?, Alexander Stéhr2, Yuran Niu3, Alexei A. Zakharov® 3, Camilla Coletti® 4® &
Ulrich Starke® 2
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CVD graphene on Cu: growth

Cu substrate:
CH4—2H2g)+Cys) Large-Area Synthesis of High-Quality
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Science

- acts as catalyst and Uniform Graphene Films on
- surface mediated growth Copper Foils
° COSt effective Xuesong Li,* Weiwei Cai,* Jinho An,* Seyoung Kim,? Junghyo Nah,? Dongxing Yang,*

Richard Piner, Aruna Velamakanni,* Inhwa Jung,* Emanuel Tutuc,? Sanjay K. Banerjee,2
Luigi Colombo,>* Rodney S. Ruoff'*

graphene easily transferred
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CVD graphene on Cu: growth
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Cu substrate: Science

Large-Area Synthesis of High-Quality
CH4—ZHy+Cos) acts as catalyst and Uniform Graphene Films on
surface mediated growth Copper Foils

Cost effective Xuesong Li,* Weiwei Cai,* Jinho An, Seyoung Kim,? Junghyo Nah,? Dongxing Yang,*
Richard Piner,* Aruna Velamakanni,* Inhwa Jung,* Emanuel Tutuc,? Sanjay K. Banerjee,?

graphene easily transferred g ColpmhdeiRodaey . Kt =
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13CH, 12CH,
Al

st
’ ,
Fomro—s > ey
e ] B | ISP
‘\\\ . e \\‘\ e
\\‘\/// \\

//




w
4
w
ac
o
<<
[~ 4
o

Our approach: seeded growth of graphene
single-crystals e

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

b) Cr seed deposition

 Implemented in a commercial system:
AIXTRON BM Pro

« Single-crystal nature confirmed via
SAED

2D Materials

Deterministic patterned growth of high-mobility large-crystal

graphene: a path towards wafer scale integration * No Cr residuals as per chemical

Vaidotas Miseikis"*', Federica Bianco’, Jérémy David', Mauro Gemmi', Vittorio Pellegrini’, a n a IyS i S
Marco Romagnoli’ and Camilla Coletti'’

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

- 0.15

0.25

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

0.45

30 -
s cu(l)
350 C 0.5
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00 ;
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Energy (keV)

Miseikis et al., 2D Materials 2017
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Deterministic transfer of graphene matrixes
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Deterministic transfer with micro mechanical stage: reduces issues linked to transfer of large-area graphene
(strain, wrinkles, adhesion)

Patent PCT/1B2020/052501

Coletti, Giambra, Miseikis, Romagnoli

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

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

Deterministic growth
of graphene crystals

Multiple tile transfer over an

Delamination and semi-dry transfer _
entire wafer

Giambra et al., ACS Nano 2021



Scalable high-quality graphene

* Ideal electric transport in CVD graphene (LT up>
6x10° cm?/Vs at ~10"" cm2) and visualisation of
FQHE (Pezzini et al., 2D Materials 2020)
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2D Materials

LETTER

High-quality electrical transport using scalable CVD graphene

Sergio Pezzini">°(®, Vaidotas MiSeikis'*("), Simona Pace"*(®), Francesco Rossella’(®, Kenji Watanabe* (),
Takashi Taniguchi’ and Camilla Coletti"’

Center for Nanotechnology Innovation @NEST, Istituto Italiano di Tecnologia, Piazza San Silvestro 12, Pisa 56127, Italy

Graphene Labs, Istituto Italiano di Tecnologia, Via Morego 30, Genova 16163, Italy

NEST, Scuola Normale Superiore and Istituto Nanoscienze-CNR, Piazza San Silvestro 12, Pisa 56127, Italy

Research Center for Functional Materials, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
International Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japa
Present address: NEST, Istituto Nanoscienze-CNR and Scuola Normale Superiore, Piazza San Silvestro 12, Pisa 56127, Italy
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E-mail: sergio.pezzini@nano.cnr.it and camilla.coletti@iit.it
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quality of CVD graphene now comparable to that of exfoliated material!
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Scalable high-quality graphene
* Ideal electric transport in CVD graphene (LT up > ACSNA[\D

DITECNOLOGIA
6x10° cm?/Vs at ~10"" cm2) and visualisation of

FQHE (Pezzini et al., 2D Materials 2020 )
( ) Ultrafast, Zero-Bias, Graphene Photodetectors

« Demonstration of graphene integration over ‘.I5O with Polymeric Gate Dielectric on Passive
mm wafers: over 12 000 crystals to match final Photonic Waveguides

m Od u Iato r g eom etry’ d emon Stratl on Of d ou b I e Vaidotas M1'§eilu's,<> Simone Marconi,<> Marco A. Giambra, Alberto Montanaro, Leonardo Martini,

)RR

SLG electro-a bsorpt|0n mOd u Iato rs W|th data Filippo Fabbri, Sergio Pezzini, Giulia Piccinini, Stiven Forti, Bernat Terres, llya Goykhman,
) Louiza Hamidouche, Pierre Legagneux, Vito Sorianello, Andrea C. Ferrari, Frank H. L. Koppens,
rate 20 GbpS (G|ambra et al, ACS NanO 2021 ) Marco Romagnoli,* and Camiiglag(!;oletti*

and phootodetectors (Miseikis et al., ACS Nano

. . . Q Cite This: httpsy//dx.doi.org/10.1021/acsnano.0c02738 Read Online
2020; Marconi et al. Nature Communications = B
2021 ) ACCESS | [kl Metrics & More | Article Recommendations

nature

COMMUNICATIONS

OPEN
Photo thermal effect graphene detector featuring
105 Gbit s~ NRZ and 120 Gbit s—! PAM4 direct
detection

S. Marconi', M. A. Giambra® 2 A. Montanaro?, V. Migeikis3#, S. Soresi® 2'5, S. Tirelliz's, P. Galli®, F. Buchali7,
W. Templ’, C. Coletti® >4, V. Sorianello® ? & M. Romagnoli® —
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Scalable high-quality graphene
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* Ideal electric transport in CVD graphene (LT up>
6x10° cm?/Vs at ~10"" cm2) 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)

NANO. 15

pubs.acs.org/NanoLett

30°-Twisted Bilayer Graphene Quasicrystals from Chemical Vapor
Deposition

Sergio Pezzini,* Vaidotas Miseikis, Giulia Piccinini, Stiven Forti, Simona Pace, Rebecca Engelke,
Francesco Rossella, Kenji Watanabe, Takashi Taniguchi, Philip Kim, and Camilla Coletti*
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Scalable high-quality graphene it
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* Ideal electric transport in CVD graphene (LT up >

6x10° cm?/Vs at ~10" cm=) and visualisation of d ——

FQHE (Pezzini et al., 2D Materials 2020) R ﬁ N
- Demonstration of graphene integration over 150 .

mm wafers: over 12 000 crystals to match final e [

modulator geometry; demonstration of double = O ... ...

SLG electro-absorption modulators with data 5

rate 20 Gbps (Giambra et al., ACS Nano 2021) = :

and phootodetectors (Miseikis et al., ACS Nano i -

2020; Marconi et al. Nature Communications ™ b,

2021) MR 1500 1600 2600 2700 2800
« CVD 2D graphene quasi-crystals - 30 TBLG il Gl

allowing investigation of low temperature

magneto transport (Pezzini et al., Nano Letters ~ S Sy ) — B -

1
S i ’5<
vbg (V)

2020; Piccinini et al. PRB 104 2021) = \N\
» Twistronics: vdW assembly of CVD bilayer N \\\\\\%,.\

graphene with controlled angle and study of N \\3 v,
magnetotransport (Piccinini et al., Nano Letters e WON Y
2 T Eeses R c . |
2022) > \a- e , ERNGEE S e 08 e40‘ F=18=0T
L_"’""ﬁ""QWr Ty o \ =~ = 0.6 20/ Oy
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Scalable high-quality graphene

ISTITUTO ITALIANO
DITECNOLOGIA

* Ideal electric transport in CVD graphene (LT up>
6x10° cm?/Vs at ~10"" cm2) 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

Chamseddine Bouhafs **™ ", Sergio Pezzini **™, Fabian R. Geisenhof “, Neeraj Mishra ",

2020; Marconi et al. Nature Communications Vaidotas Miseikis  °, Yuran Niu ¢, Claudia Struzzi ¢, R. Thomas Weitz & "¢,
2021 ) Alexei A. Zakharov ©, Stiven Forti ¢, Camilla Coletti ™"

« CVD 2D graphene quasi-crystals - 30 TBLG
allowing investigation of low temperature

Contents lists available at ScienceDirect

Carbon

journal homepage: www.elsevier.com/locate/carbon

Synthesis of large-area rhombohedral few-layer graphene by chemical
vapor deposition on copper

magneto transport (Pezzini et al., Nano Letters =% N\ | [
2020; Piccinini et al. PRB 104 2021) S

s-SNOM phase [a.u.]

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

Normalized intensity [a.u.]

2500 2580 2660 2740 2820 1650 1690 1730 1770 1810

« Demonstration of up to 9 layers CVD-grown ABC Raman shift [cm ]
stacked graphene with device compatible size
(Bouhafs et al., Carbon 2021)
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Stable, highly-sensitive graphene Hall sensors
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« Graphene-based all sensors: enticing prospects for various 4
applications: from automotive to loT , Graphene Semi-dry

transfer
« Goal: Increase sensitivity with highly crystalline graphene and '
improve stability over time

Device
fabrication

« 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 ai
while noise increases

« Stable values for PMMA/graphene stable after 15 days with
current sensitivity S1=2422 V/AT, low noise and high Bmin values

i . . . C bias (I) = 1 pA,
observed for array of devices Tyagi et al., in preparation Azzlsit::;c:;;eert\itcf;:d(é):otfgﬂ

p T T i y : e Grap.hene " % As fabricated 00 Graph " % As fabricated
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Gaseous detectors
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Large area suspended graphene for low energy electron transparency
and gas separation measurements

Giorgio Orlandini ', Florian imili !, Camilla Coletti**, Domenica Convertino®, Michael Doser', Karl Jonathan Floethner'*, Djunes Janssens'®, Marta Lisowska'”7,

M M M Neera] Mishra®, Eraldo Oliveri!, Leszek Ropelewski!, Lucian Scharenberg!$, Ulrich Starke?, Miranda van Stenis', Antonija Utrobicic', Rob Veerhof!
O a O ra I O n WI ) O l I I a re ) a p I e n Z a ) O n I\CERN, Esplanade des particules 1, 1211 Geneva, Switzerland, Physics Depariment, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium,

*Friedrich-Alexander-Universit at Erlangen-N iurnberg, Schlofiplatz 4, 91054 Erlangen, Germany, 7 Physics Department, Ecole normale supérieure Paris-Saclay, 4 avenue des Sciences, 91190 Paris, France,

3Center for Nanotechnology Innovation @NEST, Istituto Italiano di Tecnologia, Piazza San Silvestro 12, SPhysikalisches Institut, University of Bonn, Nufallee 12, 53115 Bonn, Germany,
36127 Pisa, Italy, Max-Planck-Institut fiir 1, 70569 Stutegart, Germany

t h e d eve I O p m e nt Of ga S d et e Ct O r to st u d y ra d at I O n - “Graphene Labs, Ittuto aliano di Tecnologi, Via Morego 30, 16163 Genova, Ity
SHelmholtz-Institut fr Strahlen- und Kernphysik, University of Bonn, Nufallee 14-16,53115 Bonn, Germany, Contact: giorgio.orlandini@cern.ch
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
m atte r i nte ra Ct i O n 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.

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 um thick composite foil consisting of two
electrodes separated by an insulating polymide layer. These foils are lithographically
perforated with 50-70pum diameter holes with 140 um pitch. Potential differences are
applied between the two electrodes to create high electric field gradients resulting in

. . . electron avalanche multiplication in the holes. lon back flow degrades the performance

Transmission through graphene of electrons in the 30 - 900 eV 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

range 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

Drift region

GEM foil Field lines inside the holes

) . . " - o . B n 5 A N 50/70
Alice Apponi*1*, Domenica Convertino?, Neeraj Mishra3, Camilla Coletti??, Mauro are physically separated, so that different gaseous mixtures could be used in order to 1 20
! reach higher gains. Here we propose a wet transfer technique to integrate graphene B - ] |
membranes in gaseous detectors, trying to overcome the challenges of having a free- - =

Todice*, Franco Frasconi®, Federico Pilo®, Gianluca Cavoto®, and Alessandro Ruocco'* 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.

L Universita di Roma Tre, Via della Vasca Navale 84, 00146 Rome, Italy

GEM foils characterization
2Center for Nanotechnology Innovation QNEST, + Production foils with different coatings

Integration of CVD graphene on GEM foils

Inverted floating method approach

» Wet transfer approach has been implemented via an inverted * The polymeric layer is dissolved by
(gold and copper) have been floating method or by using a critical point dryer in order to keeping the PMMA side of the
Istituto Italiano di Tecnologia, Pisa, Italy characterized via AFM and contact overcome the membrane rupture mostly caused by the surface sample in contact with the solvent,
o Ll 2 angle measurements. tension of the acetone, trapped in the holes, during the drying instead of dipping the sample in it.
3 2 i ¢ 3 3 * Roughness of ~100 nm and contact procedure. « Preventing the acetone to flow
Graphene Labs, Istituto italiano di tecnologia, angle of 55° and 90° for Au and Cu VD graphene - through the holes.

have been measured respectively.

PMMA coatm
Q - Inverted floating method schematic

PMMA removal Dl rinses Cu etching
Hot plate|
at 100°C
ACE

SEM imaging post sfer of bilayer memb s w/o and w/ inverted floating method c
6 Sapienza Universita di Roma and INFN Sezione di Roma, gperoachiespectively

Via Morego 30, I-16163 Genova, Italy N
4INFN Sezione di Roma Tre, Via della Vasca Navale 84, 00146 Rome, Italy E;lz graphene quality and number of
SINFN Sezione di Pisa, Edificio C,

spectroscopy by verifying the
Largo B. Pontecorvo, 3 - 56127 Pisa, Italy and

3
>
8

Side view

absence of D and evaluating the ratio
between the 2D and G peaks
respectively.

us

- - Complete coverage of 25 mm? 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

. L. i : the possibility to physically separate the drift and

A custom-made monochromatic electron gun has been employed to perform the transmission mea- & - & 2 & 8 0 = amplification regions of the detector profiing from

additional flexibility in the choice of gas mixtures and
The two images clearly show how the inverted floating method could be a promising approach allowing optimizati)(,)ns of detector sens?tivity and electron

Piazzale Aldo Moro 2, 00185 Rome, Italy

Abstract
We report on the transmission of low-energy electrons through monolayer and trilayer graphene.

Polycrystalline graphene was grown via chemical vapor deposition and transferred onto TEM grids.

surements in the 30 - 900 eV range in vacuum. The transmission of graphene layer(s) is obtained to cover mm? areas with free standing membranes. Etiplicatanlo oosscasy
+ Membranes have to be as clean as possible from any residual left by the transfer procedure.
from the absolute measurement of the direct beam current and the transmitted one, by means of a 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.
Faraday cup. In order to fully characterize the graphene, we performed spectroscopy with micro-
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