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Driving Motivation
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Outline/Menu

CVD of Graphene

Implementation of CVD by H, plasma
CVD of TMDs, i.e., WS,

Doping of Graphene
Functionalization of Graphene

- Hydrogenation

- Fluorination

- Oxidation

......... finally play with graphene!!!
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The “Simple” CVD

‘m CH, —) Cgraphene+ 2H,

Cu + Graphene

‘ C) annealing
1000%C °
Ml Waaoc
T cooling TV

o~ ! 700°C

2 £

© l g v

2 2

@ 11
Need e
ecatalyst (Cu, Ni), 1 o
ecarrier gas (Ar, H, ), l. Clgan copper foil by heating up to 1000°C with H, flowing
ecarbon source (CH, ) Il. Add gas flow of CH, (~170 sccm)
* fast heating/cooling 1. Cool down with gas flowing
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CVD Graphene Chemistry: Prehistory & Antiques

“Everything that old is new again”

NATURE  November 4. 1961 .o 1o Karu & Beer, J. Appl. Phys. (1966)

Irving & Walker Jr, Carbon (1967
Pyrolytlc arbon Formation from Carbon Ffirérr;?and E? W.-arlkér: Jr. Ca?bfhn “g,ﬁg}

SUbOXIde _.and many others from these times

NATURE, VOL. 221, MARCH [5, 1269

U, Graphite Formation from Low
2CO Temperature Pyrolysis of Methane over
some Transition Metal Surfaces

| . S. D. RoBErTsoN* (Pt, Mo, W, Ti, Ta, Ni), @ 1000 °C
wgh-go'm";n,nn lm ubstrate :Mmgu('lmfajoo) I—I2 _I_ 2=+: {__} 2H=+:

CH, + 2* — CHs* + H*
CH3* + * — CHy* + H*
CH,* + * — CH* + H*

CH* + * — C* 4+ H*
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Renaissance (after 2004-2005)...and Industrial Revolution

What is new about that?
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Graphene CVD Growth: Kinetics
L

The graphene growth occurs via a topochemical reaction:

The rate of graphene formation depends on the free surface area (humber of free sites O)
of the Cu catalyst
_ de

Fgraphene = d—tG =k- (1—®_G) ‘PcH,

Graphene gradually
expand on the surface
of the copper catalyst,
causing the reduction in
its activity
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Graphene coverage
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CH, Dehydrogenation on Copper

CH, dehydrogenation on Cu (100)

CH—C+H

F.S. I
Atomic Electron Configurations

4% row elements... The [Ar] 4s' 3d'° full d configuration o o
of Cu is more stable than [Ar] 4s2 3d® (expected) C mobility /diffuion very unfavorable

HSCu[Aff NN NN T [Ar]4s' 3d" on the Cu surface
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Energy profile of the dehydrogenation processes of
CH, onCu (111) and (100) surfaces

All four dehydrogenation steps are endothermic, and the There are possibly more favorable reaction
corresponding activation energy barriers are about 1.02.0 eV. paths to grow graphene compared to a

The final product C+4H is already 3.60 eV higher in energy than complete dehydrogenation of CH,

the adsorbed CH,, which suggests that atomic carbon is

energetically very unfavorable on Cu surface CH(s) + CHi(s) — (S)CZC(S) + H>1

J
>
2
g
w
o
£
3
x

CH. CHy#H CH,*#2H CH+3H C+4H

since the Cu coordination number C—C dimers are more stable on
of C is higher on the (100) surface all sites of a Cu surface
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CVD Graphene on Copper foil: Polycrystallinity!

Controlling the structure of graphene is needed

¢ |n all growth methods, defects are generated in the honeycomb lattice
~ ¢ The generation of grain boundaries drives to poly-crystalline graphene
* GBs deeply affects transport properties (as well as mechanical and
electronic ones)

; i _J.v"" - 3 . g
T habr { \ Graphene GB

P.Y. Huang et al. Nature 469, 389-392 (2011

~ |Cu grain boundaries

¥ .
i
4
L /
¢
-
y

.

15 25 30 35

The problem is not the graln of Cu smcegraphene can grow over it
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http://www.nature.com/nature/journal/v469/n7330/full/nature09718.html
http://www.nature.com/nature/journal/v469/n7330/full/nature09718.html

Defects drive Grain Boundaries in Graphene

The changes of the lattice orientation are accommodated by the presence of topological defects. There are
three types of topological defect relevant to 2D materials — disclinations, dislocations and GBs

° Grain boundaries GBs are characterized by a sequence
of pentagon-heptagon rings

. . -
Dislocations

Disclinations

GBs results in highly non-planar structures_out of plane currugation
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Grain Boundaries

@

Grain boundaries can be regarded as a connection in series of resistances

b ' e W

grain

GB
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Grain Boundaries Resistivity
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Intensity ma

IEATN

0 20 40 60 80 100 120

0

I AL 2 %
S

— Q. Yu et al. Nature Material 10, 443 (2011
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Density of Grin Boundaries relates to Cu Orientation

' . ‘

(111) planes symmetry matched
with the graphene structure with
single orientation

the graphene on Cu(100) exhibits a clear
multidomain structure with two preferential
domain orientations rotated by 30°, reflecting
the mismatch of the lattice symmetry of
graphene (6-fold symmetry) and the Cu(100)
lattice (4-fold) symmetry.
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Effects of Polycrystalline Cu Substrate on Graphene
CVD Growth

The challenge is the different orientation of Cu grains OO Cu(d10) T ——

Cu(310)

Cu(632) Nano Lett. 2011, 11, 4547—4554
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Shape of Graphene Nucleation and Density of GBs
_ Grain boumdaries/area graphene LOWEST _

..... the optimized
growth conditions are
still high temperature
and low pressure.......

However, ..... the
copper substrate pre-
treatment serves
several important
functions that ensure
high quality graphene
deposition

Adv. Mater. 2016, 28, 6247-6252
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Hexagonal Graphene Nucleation

as-grown, mostly hexagonally shaped graphene grains on Cu

as-grown grains whose edge orientations are
approximately aligned with each other

hexagonally-shaped graphene grains can be grown
continuously across Cu crystal grain boundaries

Q. Yu et al. Nature Material 10, 443 (2011)
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The role of Oxygen in CVD of Graphene

O-Free Cu: hexagonal

C .AS1010] A

Arrhenius plot_
Growth rate of graphene domain
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The role of Oxygen in CVD of Graphene

O-Free Cu: hexagonal O-Rich Cu: multibranched and dendritic

oY
= B -
;-L.-_s.)

~N
.

Hon Cu
-1.2{H @ G edge ™
Reaction coordinate -8 -
oC 0 °*H Cu OF-Cu (O)
The H-terminated graphene edge on Cu is Preadsorbed O on the Cu surface can
more energetically favorable than the bare enhance the dissociation of hydrocarbons
graphene edge on Cu through the reaction

Thus, C species edge attachment and lattice CHx + 0 ->Cu CHx-1+OH (x=4, 3, 2, 1)

incorporation require dehydrogenation e.g., DFTcaIcuIati(?ns have shown that the
CHX >Cu CHx-1+H (x=4, 3,2, 1) energy of H in the form of an OH group on

Cu is lower than that of H-on-Cu by 0.6
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Cu foil pretreatment: role of Cu morphology

The morphology of the copper surface strongly influence the dynamics of the growth:
lamination lines, stripes structures and microporisity of the copper foil induce the formation of

IWC.
IwcC

§ Stripes structures

Mag= 1008 KX EHT = 2.00 kV Signal A = InLen Date :19 Jul 2013  Nanoscience (@ Cambridge

e NANOTEC Apulian Wme Lad

INSTITUTE of NANOTECHNOLOGY



Cu foil pre-treatment: wet cleaning & annealing

The pre-treatment of the copper foils has been found to be important in obtaining
large graphene domains in the as-deposited product.

Wet chemical pre-treatment by dipping in acetic acid partially remove Cu,0
(K. L. Chavez and D. W. J. Hess, J. Electrochem. Soc., 2001, 148 )

2 eCH,COOH + Cu,0 =2 2¢Cu*CH,COO™ + 2¢H,0

Annealing in a H, reducing atmosphere @ 1000°C remove CuO
(CY. N. Z Trehan, Z. Anorg. Allg. Chem., 1962, 318, 107 )

CuO + H, =2 Cu + H,0

Annealing stage (1000°C, 30 min) prior to deposition is also important for
increasing the Cu grain size and rearranging the surface morphology

(J.D. Wood et al, Nano Lett. 2011, 11, 4547—-4554, Chem. Mater. 2013, 25, 871)
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H, Plasma Implementation of CVD of Graphene

Reduction of Cu-oxides and ablation of C-co-

Cu0,Cu,0 + H = Cu + H,0 ! l

amorph-C+ H ==CH, ., |

Cooling from 1000°C to RT




H-plasma vs H, Annealing
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»Cis soluble in Niand not in Cu

»H,/H is soluble in Cu and not in Ni [*]
= The equilibrium solubility of hydrogen in copper
increases with increasing temperature.

= Hydrogen is stored in the material in two forms:
- atomic hydrogen, H, in solid solution and
- molecular hydrogen, H, in bubbles

*The amount of H, in bubbles from annealing is
several orders of magnitude higher than H-atoms from
plasma in solid solution.

=This bubbles also have a role during Cu
dissolution forming wrinkles in graphene

= H-plasma results in a less incorporation of
hydrogen into Cu

T LM



H-Plasma and H, Annealing: Impact on Graphene
Growth

—_— : —_—
Graphene-on-Cu foils

Graphene on Cu foil * Residual Carbon-
H, annealed but still | contamination from
with C-contamination annealing results in
mainly in Csp3
deposition

Graphene on Cu foil H, annealed

foil * Residual oxide-
- Cu foils - contamination from
L —— Cu foil as received Contaminants ] annealing results in
- — Cu foil after H, plasma defective graphene
I A
I ] 2D
|~ ] * H-plasma passivating
=]
'S Cu-oxides and reducing all
= y Graphene on Cu foil treated by H, plasma impurities and defects
I N i
5 Cu foil #B/ make possible growth
= of grapheneonany Cu
i i foil
i H, Plasma ]
1 1 1 1 L 1 L - I‘ L 1 L 1 L \
0 250 500 750 1000 1250 1500 1750 2000 500 1000 1500 2000 2500 3000

Raman shift (cm") Raman Shift (cm)
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Cu foil H, plasma pretreatment: Cu reflow by H-
atoms

IWC growth along
| lamination lines

Treated copper

NANOTEC /4,@4&4@ Wéene Zad
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Cu foil pretreatment: growth morphology

Typlcal graphene hexagonal/square structures on H, —plasma treated Cu-foil
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Rewinding the Story

Redo challenges and change the story from this point on

Graphene Flake

MoS,/Graphene WS,/Mos,

CVD precursor:
ammonium
thiomolybdate

C Molecular beam epitaxy:
MoSe2/graphene

<— Graphene

§l Graphene
wrinkles

* MoS, 1um

2.1 mm — N V
| / MoS; flakes SR
Black Posphorus/h-BN [Chem. Soc. Rev., 2015, 44, 2664]

WS: Domains

25 pm

[Wang et al. ACS Nano 9, 5246 (2015)] 4
WS,-PL
[H. Zeng et al. Chem. Soc. Rev., 2015, 44, 2629] [Chem. Soc. Rev., 2015, 44, 2664]
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From Graphene to TMDs

Lattice constant, a=2.46 A Lattice constant, a=3.09 A
Bond length, b=1.42 A Bond length, b=2.39 A

P W W%
. 0. 6. 6 6. 6.6 ¢ 6
&zlzlzi LLLLELL;
s W W -

IR

A

g

* Chemical bonds are made of s, p, and d-orbitals.

* No out-of plane bonds = No dangling bonds > Low chance of interface traps.
* Interfaces are ‘pristine’, no strain as in 3D heteroepitaxial materials.

* Heterostructures are formed by ‘stacking’ or ‘van-der-Waal’ epitaxy.
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WS,
e

The 2H-WS2 polytype crystalline structure has the hexagonal space group P63/mmc with lattice
parameters of a = 3.1532 Aand c = 12.323 A

top view b cross-section view ¢
S
AY A Y Y\ Y\ Y\ P
NS -
\ Y r.’lt:~_ o
T \\\'ra'
OO0 &
d WS, Bulk Total DOS e WS, Monolayer Total DOS
5 17 N 3 5[F 3 \ <
4 > 4 é >
3 2% 3 U
~2 I —~2 \/\ :
> = z
21 21 E,
B 0 i ] 0" N i~ .
: s N N
=-1 ‘5 -1
Fe 2 2 /
. e ;.é
4 4 _,-\/74 ’ i
5 N S Pos X e

M K T T r M K T r

—

bulk WS, is an indirect-gap semiconductor; it has a gap of 1.3 eV
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Two Options for Crystal Growth of 2D Materials

Vs

1. Deposition/Growth on a substrate Direct Growth of 2D material on desirable and
while allowing interaction and/or suitable (flat) substrate by Van-der Waals Epitaxy
chemical bonds with substrates NO chemical bonds to any substrate or layer!

2. Isolation of 2D materials by VdW epitaxy on layered material VdW heteroepitaxy
disconnecting from substrate <<<<’<

3. Transfer to a supporting substrate vdW gap

+
i(r?:elzlacciit;p:ll)ed by van der Waals {ZZZ,Z?\: >>>>E
22> S ETEA

vdW gap

)b bl

HeteroEpitaxy: deposition of a crystalline B
layer on a crystalline substrate (registry
between layer and substrate)

vdW Gap

Peccass RRRN

e.g. graphene, (T)MDC, In2Se3, Bi2Se3, e.g. NbSe2, GaSe, InSe, ...
on, hBN, graphene, sapphire ... on H-terminated Si (111)
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Primary Growth Techniques for 2D-Materials

Metal
transformation

Soft chalcogenization

XyH2X g

Metal film
|
Substrate =)

MX;
Substrate

Solid-state reactions
M(S) + XZ(S) —_— MXZ
)

reat
Substrate

crystals

Chemical/mechanical ‘

exfoliation

Chemical vapor
transport

Bulk crystal formation
M, + 2X, + transport agent,, —> MX; +TA,
(Bryorly)

Chemical vapor
deposition

V? MO(CO)6 + HZS ‘\'[:;:‘:35 '.:Et"‘l?':"
S MoCls +Hys 3
MoCls + S, Metal-organic

precursors

W(CO)s + (CHa),Se

<
£ WCls + H,Se

QOO

2 W(CO)g + H,S

Heating elements

T=200-1,100°C

- P=1-760Torr

o

MX,
Substrate

Transition metal
dichalcogenide
(MX;)

» Molecular beam epitaxy

- Electrochemical synthesis
« Pulsed laser deposition

- Spray pyrolysis

Other

((F_‘ CNENANOTECQC Apaltian Grapliene Lab
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Powder
vaporization
&4 MoO3 +H,S Furnace
S Modls+S _
MoO,; + 5
Al'/Nz § y ) :i
&' WO5+Se — =
= Wse; \
o A powder Substrate

w WO3+S M-based powder
= W03+ st

T=600-950°C

P=1-760Torr

l Natural bulk l
=
- =




MoS, growth: Sputtering + Sulfurization

Sulfurization on substrate with thin deposited Mo film

A gas carries evaporated sulfur and Mo atoms that are deposited on substrate surface

i S
Mp Target) — PG o\ o(layer)—>2 s M oS,
quartz tube

furnace

Mo samples




Wafer-scale MoS, thin layers prepared by MoO,

sulfurization
D

the one-step direct sulfurization of MoO3 with sulfur at 1000 C, where the obtained
MoS2 films exhibited semiconductor properties, but the electrical carrier mobility was at
least one order of magnitude lower than that from the two-step thermal process. The
chemical equations for the two-step reaction are proposed in eqn (1) and (2).

MDG::,[SJ + HEEH] — MDGEI{SJ + HEDEE}

MDU‘E[EJ + Es[gj - MDSE[S} + GE(EJ

,\-G sulldb —y MoO, O MoS,

H2/Ar DG -
a3
(1T, 500°C, 1hr) sulfurization

(6007, 1000°C, 30min)

MoO, evaporation MoO, \2)

=

MoS: on 2 inch sapphire
Y. C. Lin et al Nanoscale, 2012, 4, 6637
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Powder Vaporisation

M oS, (solid ) —22C s MoS,_, (gas) + x/2S, (gas) —2> s MoS,(solid)

Quartz tube
= 300 =C, 20 Torr ',i'

Ar I|r
—
Steel gas tube |

VW W W
A A A A A
PO VWS
A A A A S
A A A AL
LA L A S

® Mo ® S

ACS nano, 7 (3) 2768-2772 (2013)
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VdW Epitaxy of MoS, CVD reactor
S

(NH,),MoS, + H, - 2NH; + 2H,S +MoS,

(NH,),MoS, MoS,,, MoS
Sa Mol

On sapphire On SiO,/Si

1cm
I

N

-~

50 nm

Stage 1: Isolated MoS, flakes formation

Stage 2: loosely packed MoS, flakes

0 nm with MoS, thin film in between

Stage 3: closely packed Mos, flakes

Graphene
Wrinkles
“

w MoS,Flakes  wm Graphene == Cu Foil

0 5pUm Y. Shi et al. Nano Lett. 2012, 12, 2784-2791
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CVD of dichalcogenides (MoS,, WS, )
e
75+ 2WO3 — 2WS; + 350,

WOQO3 partially reduced by XS + 2WO-> — XSO - + 2 WO
sulfur vapor to form volatile 3 2 3X
suboxide species WO, ,, (7-X)S + 2WO3_y —>(3—X)SO, +2 WS,

which is further sulfurized

b LPCVD
Sulfur WO;

Sapplilie Quartz tube

Carrying
gas Ar L \ T DA
inflow

Y. Zhang et al., Controlled Growth of....., ACS Nano 7(10) 8963 (2013)
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Direct Epitaxial CVD Synthesis of WS, on Graphene

W(CO), + S, > WS, + 6CO

sulfur

[G. V. Bianco et al. RSC Adv., 2015,5, 98700-98708] WS,/Graphene/SiC

@ \C\ENANOTEC sulian Graphene Lab
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Unstrained WS,/Graphene/SiC

— WS, /epi-G/SiC

MNaser = 473nM

—  epi-G/SiC \

SiC

2700

2800
Raman shift (cm™)

r————-‘
1

| Ws,
ELy Ay
0 7/

30 400

1600

2000

Raman shift (cm™)

2400

2800

e=(w-wo)/2ywo

€ = graphene strain
w= 2D wavenumber
vy = Gruneisen parameter

' | WS, deposition induces a

neglible compressive
strain (€) on graphene of

0.02%

JINSTITUTE of NANOTECHNOLOGY
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Thickness of WS, by Raman Spectroscopy

(d) |- ? E),  A=532
:\. > o+ | A, )

N . v\, .w
< 1
2| By A7 J/J
g V ~
£ |buk B 71 e\ N
E, /A, >4
nanoplate 2/ A1g

o2 ad

250 300 350 400 450 500
Raman shift (cm™)
The intensity ratio Ezg/Alg (also depending on the laser frequency) decreases with the

increase of WS2 layers
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WS, growth on graphene/SIC
e

300

250

200

150

Intensity (cnt/sec)

100

50

SiC -s:rlbstrate
| |

'y -1
A, g-41 8cm

| |
A

200 300 4 500 600 700 800 900 1 000 1 100 1200
Raman Shift (cn?)

The ratio Ezg/Alg >4 (with 532 nm laser) is typical for a single layer WS,

Av = 418-353= 65 nm

This value is in agreement with the value reported by F. Withers
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The Thickness of a 2D Substrate is Crucial in Modulating
the Light Emission

DQpOSition time: S min — 10 mMin —_—

FWHM Msser W5, deposition time

532 nm - I
27 meV - S min
R — 10 min
33 mEv .____- I 15 I"I"Iil'l
— 20 min

=40 meV -

800 810 820 630 640 50 g80 *
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WS, deposited on CVD-G supported on SiO,/Si

Localized WS, film
deposition on Bernal-
stacked bilayer graphene
islands

The favored WS, nucleation
derives from the higher
surface energy of multilayer
graphene rather than the
monolayer one.

Graphene 1L 2L 3L
y (mJ m32) 47 99 103

...possibility of localizing WS, deposition by tailoring the graphene surface energy

[G. V. Bianco et al. RSC Adv., 2015,5, 98700-98708]
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Our findings highlight the importance of substrate engineering
when constructing atomically thin-layered heterostructures

[quote adapted from J. Milton]

» Through Love all that is copper will be gold”
“Through Science all that is copper will be graphene“
.. And all that is graphene will be TMDs"

@\ CNENANOTEC Aputian Graplicne Lab TIPS Y M



AHOAL )

‘ LN
s =
Touch screen el ¥ e A Stylishg o
O T B

(Qsq™)
Smart window
Flexible LCD

Flexible OLED

Solar cell




State-of-the-art:

7’5{ HNO, doped graphene (30Q/sq)

10 — ] T [ T —]
/ B.H. Hong’s group [Nat. Nanotechnol., 2010, 5, 574-578]
- O Seoul National University-
I n * | 4 AuCl, doped graphene (54Q/sq)
| . 4L 4 [ACS Nano, 2010, 4, 4595]
—_ i a1 ’% 3
on - .
9 100 E s @a _-jf{ HNO, doped graphene (63Q/sq)
9/ 5| * AuCl;-CH;NO, doped graphene (43Q/sq)
&3 i 4L i [Nano Lett. 2011, 11, 5154-5158]
u 3L -
_ CVD 1 M\ FeCl, doped graphene (72Q/sq)
- 2L . [Nanotechnology, 2014, 25, 395701]
1000 £ graphene =
from our lab. m @ CL, doped graphene (70Q/sq)
l L l L [Nanoscale, 2014, 6, 15301-15308]
80 90 100
Optical transmittance (%)
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Chemical modification: Wet Chemical Doping

[
’6160' --@- AuCI3
t\é 140 1 \*\ --A- HNO3
5 - Sis --w- TFSA
C 1204 Woooeeeiiiq o -
@ .. e &Z:-\_
2 100 . ~ellls-A
o *-.\:\,_ v
g %01 Ao
o) Sseellzgee...
X 60 Teesiiig
ko]
% 40
20— . , : 80 -
1 2 3 4
Layers
7]
o —
- 5
o N o
Q = =] =
2 SIS -
0= E q -+ p— 1]
- [==] -_—
E A = 3 a E c =
Q ] (£ @ - < JE
a O Slcgs gg O
- < : w
] <= T =

1 2 3 4 5 6 7 8 9 10
Wet Doping Agent (p-type) n-type
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REDOX Graphene Doping
e

REDOX POTENTIAL

Fe3*+ e

Fe2*

+0.77

NO;s(aq) + 2H* + e NO,(g) + H,0 +0.80
[AuCl,]-+3e” Au(s) + 4ClI- +0.93
)
Graphene === p-Graphene® + e V" 404 eV
2H,0 + 2 e H, + OH- -0.8277
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https://en.wikipedia.org/wiki/Hydron_(chemistry)
https://en.wikipedia.org/wiki/Hydron_(chemistry)
https://en.wikipedia.org/wiki/Nitrogen_dioxide
https://en.wikipedia.org/wiki/Nitrogen_dioxide
https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Water

State-of-the-art: Chemical Treatment forLowering R
of CVD Graphene: HNO, p-Doping

10HNOs + 50C = (6HNO3)2NO3CLy + 2NO, + 2H >

Redox: C oxidizes and N reduces

Increasing the graphene carrier
o=hel density (holes) without introducing
charge trapping center (C-sp3)

1200 [
i .
N"1000 IR .
5 800 4
S Q o8
not stable upon g 600 _
air exposure 400 ’
.-v ....
HNO;, NO;™ and NO, oo o° -
200 F Pristine 1L CVD-G
adsorbed on graphenefby P R I ST
1 10 100 1000  1000(

non covalent interactions
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Problem/Challenge: Stability of Wet Doping
e

D
@ 40
: S
® o 30
8 (o))
v c
95 c 20
Q R =
2 o
(0)) w1o i B S s _O-2|ayer3(LbL)
14 —=3 layers (LbL)
-—&— 2 layers (Top)
T~ OF & o, w3 ayers (Top)-
1 = L 0 7 12 21
Time (h) Time (days)

‘ ’ jingkong@mit.edu [get 123283 $72
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Our Approach: Graphene doping by thionyl chloride
(SOCl, )

Taking advantage of intrinsic chemical defects in CVD graphene

Covalent attachment of electron acceptor species (-Cl) without creating new C-sp?
charge scattering center

CI

“ SO, + HCI
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RAMAN spectra of single layer : pristine vs
SOCI,-doped- graphene

the |,/l; ratio changes from 2.2 to

> both G and 2D peaks shift to high energy (12 cm™ and 9 cm™)
> there is a significant narrowing of the G peaks from 12.8 cm™ to 9 cm™?

I
1 As-grown 2681 cm™
1 Doped 28 cm- 2690 cm?
25cm
300
250
3
3
5 200
z |
g ‘ 15 El(} 15 70 15 80 ]1190 th:()l) 1610 16‘20 l6|30 T T | | A N N e
E 150 e .
Lp/lg | FWHM (cm?)
G-peak
100
] Pr|st|ne 12.8 }
50 J/ \ Doped 0.9 9 p
1200 14‘00 1600 | 1 800 2 0‘00 22|00 2400 2600 2 860 | 3000 3200

Raman Shift (em
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Better than ITO!!! (The impossible made possible)

Conductive.........
@ 10f Doped
&}
)
&)
S : ...and stable!!
@ 100F ﬁ °
o °Loal ?Lﬁ 1200" Pristine 1L CVD-G
— Pristine iy l o
B graphene 2L W% 1000
2 1000F 104 1 : Py
“ | 1~ & 800 H g K4
IR B R B a S 8
80 85 90 95 100 = 560113
Transmittance (%) 14 ] HNO, .
400 | o® -
P -8~ socl, .-
20087 % o e
1 10 100 1000 1000C

Time (min)
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Functionalization of CVD Graphene

» Fluorination
» Oxidation

R, TS

Adsorption or chemisorption of e.g. atomic hydrogen, H (or F, OH, NH2,..)




Graphene Functionalization for...

Band gap engineering graphene C128F .c32F .C8F .CF
1.6-
A0.8-

Density of States

0 10 20 30 40

e - Atomic % Fluorine —
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Graphene Functionalization for...

Work function engineering .

Graphene doping and
Schottky barrier modulation
in graphene/semiconductors junctions

Work function (eV)
v r. n O OO
©C U ©O Un
—t—+—

ACS Nano, 2013, 7 (2 1638-1645
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Graphene Functionalization for...

Surtace energy engineerin

The low surface energy of ® O
graphene (47 mJ/m32) limits its *
integration with other materials «
in technological devices OO

Oxygen Carbon

P R - -
e.g., in metal contact deposition on top .
of graphene the process is not always n
successful (dewetting of the metal) ‘ ‘ ‘ A
=

Au evaporation on G WS. CVD on G O, time

D
N I
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Chemical modification by Hydrogen (H-atoms)

graphane

graphone | { ¥ | ¥ | i

(semi-hydrogenation) W
Bandgap of 0.46eV 9002 9% ,99,%00 %® o

ferromagnetic

graphene !}‘ | \i
Bandgap of 0 eV tb—ﬁ \
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Hydrogen induced band gap opening
Hydrogen induced confinement

Can atomic hydrogen be arranged in ordered structures on graphene and thereby facilitate gand

gap engineering?
a) Hydrogen atoms arranged in lines

I L1
O.Oﬁ "‘ni."it_ U‘-‘-"Jiii
o o JOO 0 CI”CJ” A
PHOSSOSS NS
900000800 0.8
o L&) o O 18 18 O O O -
- 1+2+3+4+5
Chernozatonskii et al., Jetp Lett, 85 (1), 77-81 (2007). 0.6F
= 1+2+3+4
b) periodic arrangement 2 [ "
5 04
g 1+2+3
02 1+2
1"
| |
D ...........
0 20 40 6l
Hydrogen coverage (%)

Balog et al., Nat. Mat. 9, 315 (2010)

Duplock, E.J.et al. Phys Rev Lett, 92, 225502 (2004).
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H on graphene/SiC

Hydrogen dose at 1600K, F=3x102 atoms/cm? s, t=5s Hydrogenated graphene
~“w -y

< e~
- % -
&
< 3 - »
3 & A
S -
N .
»
- & »

1 A 1 " 1 JL 1

1200 1400 1600 2800
Balog et al. JACS 131, 8741 (2009) Raman Shift (cm")
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Alternative Technology: Plasma Modulation

SE light beam

cathode ‘

anode
<<
S
m —
S 1
=
Grbphene
substrate

‘ Vacuum
pump

- O

|
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Graphene Processing by Modulated Plasmas

duty cycle
— period Square wave
g g modulated
=23 Q power impu
Plasma OFF L=
After glow region i
— I
2 |
= I
e HH,+e-D>H+H+e- |
I H,* I
[ | +
= H, +e-=» H,"+e- 1
= |

30 psec 100 psec
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Covalent Functionalization: Gap Opening by Fluorination

Calculated total density of states of single-side fluorinated graphene for several fluorine coverages
C graphene C1 28F C32F CgF C4F J. T. RobinsonNano Lett. 2010, 10,

1.6-
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State-of-the-Art of Fluorination of Graphene

a ﬂuorograghene >2 weeks
e 7 ity VNP RPN
30h
BM —
M B
N
= 9h
S -
o
=4 N i,
c — I%
& o
< & .
) 1h S ¥ optical transparency
2D R _
e parially of gr(.Jphe.zne due to
il 3 3 fluornated fluorination
G
.n ol
4y
ristine
0 T /| I
1200 1600 2600 3000

Raman shift(cm-1)

E(eV)
Nair RR “Fluorographene: A Two-Dimensional Counterpart of Teflon Small” 2010, 6, No. 24, 2877-2884
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Plasma modulated Fluorination by SF,

Control of damage (sp2—>sp3)

g™ e

600 s
__-/\_.'——N
2D 3005

D+D’

/AN
A 7205

40s
20s
N
10s
A
o . pystine -G

Raman Shift (cm™)

1200 1400 1600 ~ 2600 2800 3000
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Plasma modulated Fluorination by SF.:

(F/C<0.25) Raman spectroscopy reveals the formation of polyenes in
plasma-fluorinated graphene (low fluorine coverage)

trans-polyenes
A

Light irradiation | | Heating (T>150°C)

v
y ggggg -

cis-polyenes
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Polyenes in Graphene

cis-polyenes

hv IlA
(>150°C)

SN

Resistivity (10 Q*c

w

0 20 40 60 80 100 120 140

- Tme(mn
@\CIENANOTEC Azulian Graphene Lok FLHMF UG

—



In SF6 Plasma Modulated Graphene: opening a
transport gap of 25 meV

Arrhenius equation g=a, exp(-Ea/k,T)

500 K RT
EF—T——T——T—— T T .
4150£ % {>  pristine graphene <>
160
Ea =25meV
140
trans__ as grown trans-polyenes

G (Ohm'1*cm'1)

100 (O 1st heating °§ th
O cooling =2
O 2nd heating —
R e GG L
1000/T (K'1) cis-polyenes
The hybrid graphene-trans polyenes behaves as a semiconductor
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Plasma Oxidation of Graphene

5” 0,/He plasma

3” 0,/He plasma

1” O,/He plasma

Pristine graphene

N Hdofortcurfnro dbncity

There in not an univocal correlation
between the surface densities of C-sp?
and oxygen functional groups

A ROR

R R epoxy group

< ROH
R hydroxyl

?
R-COOH

R carboxyl

1500 2000 2500 3000

Raman shift (cm'1)
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Plasma Modulated Oxidation

TUNING OF THE SURFACE CHEMISTRY WITHOUT DRASTIC EFFECT

ON THE TRANSPORT PROPERTIES

-
o
o
o

100

Sheet resistance (€2/sq)

0 20 40 60 80 100 120 140 m
Plasma oxidation time (sec) -
O, plasma

” A

~— he
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