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Graphene: Mother of all graphitic form o

Graphene is a flat monolayer of C atoms tightly packed into a 2D honeycomb lattice. It can be wrapped up
into OD fullerenes, rolled into 1D nanotubes or stacked into 3D graphite. The Nobel Prize in Physics 2010

Andre Geim, Konstantin Novoselov
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K. 5. Novoselov, A. K. Geim,"* S. V. Morozov,? D. Jiang,’
Y. Zhang,'I S. V. Dubonos,? I. V. C-rigorieva,'I A. A. Firsov®
,lf ‘We describe monocrystalline graphitic films, which are a few atoms thick but are
" nonetheless stable under ambient conditions, metallic, and of remarkably high
"‘.g 4 quality. The films are found to be a two-dimensional semimetal with a tiny overlap
y between valence and conductance bands, and they exhibit a strong ambipolar
” electric field effect such that electrons and holes in concentrations up to 1072 per
e
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16 LETTERS TONATURE NATURE VOL. 318 14 NOVEMBER 1985 LETTERS TO NATURE (1991) LETTERS TO NATURE (1993)

Ce: Buckminsterfullerene Fig. 1 A football {in the

United States, a soccerball)

H. W. Kroto', J. R. Heath, S. C. O’Brien, R. F. Curl on Texas grass. The Cy
molecule featured in this

Helical microtubules of

Sranhitic cartion Single-shell carbon nanotubes of

& R. E. Smalley letter is suggested to have 1-nm diameter
- ’ . . the truncated icosahedral Sumio lijima
mcg Quqntum ‘Insmu.le un_d De: of CI y and El 1 structure formed by
Engineering, Rice University, Houston, Texas 77251, USA replacing each vertex on the NEC Corporation, Fundamental Research Laboratories, Sumio “"ma & Toshinari Ichihashi
seams of such a ball by a 34 Miyukigaoka, Tsukuba, lbaraki 305, Japan
carbon atom. . .
During experiments aimed at und ding the hani by THE sy of molecular carbon in the form o  Fundamental Research Laborator!es, NEC Corporation,
which long-chain carbon molecules are formed in interstellar space and other fullerenes' has stimulated intense interest in the s 34 Miyukigaoka, Tsukuba, Ibaraki 305, Japan
and ci lar shells’, hite has been vaporized by laser tures accessible to graphitic carbon sheets. Here I repor
irradiati producing a r kably stable cluster consisting of prepant.lon of a new type of ﬁn.i(t carbon structure consisti/ . B
60 carbon atomis. Concerning the question of what kind of 60-  graphite fused six-membered ring structure. We believe that the needle-like tubes. Produced using an arc-discharge evapor  CARBON are expected to have a wide variety of

method similar to that used for fullerene synthesis. the ne  jnteresting properties. Capillarity in open tubes has already been
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H pakpd 1otopia Tou ypa@eviou

For a nice Review of the history of graphene see D. R. Dreyer et al, Angew. Chem. Int. Ed. 49, 9336 (2010)

: - : Blakely and co-workers Ruoff and co-workers
Graphile oxide Morgan and Somorjai prepare monolayer Boehm and co-warkers micromechanically Geim and co-warkers
prepared by obtain LEED patterns graphite hy segregating recommend that the term exfoliate graphite inta prepare graphene via
Schafhaeutl, Brodie, oroduced by small- carbon on the surface of "graphene” be used to thin lamellae micromechanical
Staudenmaier, malecule adsorption Ni{100}; several describe single layers of comprised of multiple exfoliation; numerous
Hummers, and others anto P{100) subsequent reports follaw graphite-like carbon layers of graphene reports follow
+ Wallﬁce (1947) \ | / | \
1840-1958 1962 1968 1969 1970 1975 1986 1997 1999 2004
Boghm and co-workers May interprets the data van Bommel and IUPAC formalizes the definitien of
prepare reduced graphene collected by Mergan and co-workers prepare graphene: "The term graphene should
oxide (r-GQ) by the chemical Somorjai as the presence monalayer graphite by be used only when the reactions,
and thermal reduction of of a monolayer of graphite subliming silicon from structural relations or other properties
graphite oxide on the Pt surface sillcon carbide of individual layers are discussed”

b

..in.my opinion, stand as the first
observation of graphene because
monolayers should have been present
among the residue, and the idea was

correct...
A. Geim, Nobel Lecture: Random walk

to graphene, Rev. Mod. Phys. (2011)

[H. P. Boehm et al, Z. Anorg. Allg. Chem. 316, 119 (1962)]

®» In fact, the term “graphene” grew out of the chemistry of GICs as the need for language to
describe the decoupled layers became apparent. The term graphene was first coined by Boehm et

al. in 1986 [H. P. Boehm, R. Setton, E. Stumpp, Carbon 24, 241 (1986)]
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KpuoTaAAikn Aoy Tou Fpoupawou e e

O
—H kpuotaAAikny doun tou ypadeviou mapouctalel €€aywvikl CUHUMETPpLA Kal TiEplypAdETAL Ao Eva

g€aywvikd Sloblaotato mAEyua Bravais pe Baon 6vo atopwv avbpaka A kat B, ta omoia dev eival
KpuoTtaAloypadikd Looduvapua.
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Graphene properties

Avtoxn Bpauvong tou ypa@eviou (6,,~42N/m). {llapakdatw OIKA pag amoteAeopatas

- @ewpwVTag To MAX0G ToU Ypageviou wg 0.335nm n avtoxn Bpavong sivat o 4~130GPa.

-NMa éva umoBetikd povoatoplko upévio Fe (250-1200 MPa) n avtoxni Opauong eival
0,p~0.084-0.4N/m.

- To ypagévio sivat 100 @opéEg mo avBekTiko amo tov Fe. \

2TV umoBetik pog ocwwpa (1Im?2) 6a propouvcs va VTtV BEDN
pLa yata Bapoucg ~4kg xwpeic va cupBel kamoto atuxnua...

HAEKTPIKN AYWYIHOTNTA TOU YPAPEVIoU.

- H eukivnoia tou ypageviou eivat 200,000 cm2V-'s' yia n=10"2cm2. H 2D aywylyotnta tou
ypapeviou divetal amd o=eny. H 2D 1dkn avtiotaon tou ypageviou mpokUmtel 31Q.

- OEWPWVTAG TO TAX0G Tou ypageviou wg 0.335nm n "bulk" aywydtnta Tou ypageviou eival
0.96x10° Q-'cm-! Aityo peyaAutepn tou Cu (0.6x106 Q'cm').

OgpUIKN AywWYIHOTNTA Tou Ypageviou (~5000Wm-1K-1).
- OpeiAetal ota Ywvovia Kat £xet 10 Popeg peyaAutepn amo auth tou Cu oe T=300K ~400Wm-1K1).
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— high e mobility (~10°> cm?V-1s! at T=300K) and resilience to high
. The opacity of suspended graphene is defined
current densities (~108 A/cm?) [Nat. Nanotechnol. 3, 491 (2008)] solely by the fine structure o=e?/hc=1/137
— ballistic transport even at room temperature Universal parameter, does not depended on
materials parameters [Science 320, 1308 (2008)].
[Nat. Mater. 6, 183 (2007)]
— Superior thermal conductivity (~5x103 WmK at T=300K)
[ Nano Lett. 8, 902 (2008)]
— Extreme strength (~130 GPa) and modulus (~1TPa).
[Science 321, 385 (2008)]
— Each graphene layer absorbs na (=2.3%)
of the incident light
[Science 320, 1308 (2008)]

. Measurement of the mechanical properties of
— Novel quantum Hall physics monolayer graphene suspended over open holes

[Nature 438, 197 (2005)] onto SiO, substrate using AFM nanoidentation
[Science 321, 385 (2008)]. 7

— and much more ...



Graphene production (1/

I. Mnxavikn amo@Aoiwon (Scotch tape method)

-Evépyela aAAnAemidpaong van der Waals energy: 2 eV/nm?
-Amaitoupevn ouvapn amo@Aoiwong ~ 300 nN/mm?

-Emapkel n kKowvr) KOAANTIKA tatvia
- KatdAAnAo umootpwpa yla dnuoupyia avtifsong (OnA.
Si0,(300nm)/Si or SU8/PMMA)

- Napaywyn Ypageviou xwpiG ATEAELEG PE EMUPAVELA
- HEPIKEG EKATOVTAOEG pm?

white light

monolayer

)

bilayer

X!

Si0,/Si

peel off a few layers
from the HOPG crystal

1. fold the tape a few times
l to decrease the number of layers

2. press the tape firmly but gently,
onto the substrate

l slowly peel off the tape

os===g

|

Carefully scan SiO, surface with
optical microscope (see below),



Graphene production: Overview

Micromechanical : CVD or PE-CVD e
o Reduction of _ Direct
exfoliation of growth on Desorption* of .
Method ) graphene ) ) exfoliation of
graphite : metal Si from SiC _
oxide graphite
substrates
, Not pristine
Quality Good P Good Good ‘Good’
graphene
Size 10~100 um nm to um o0 SiC wafer size nm to ym
Transfer Yes Yes Yes (Ni and Cu) No Yes
Scalability No Yes Yes Yes Yes
*epitaxial growth ** tip sonication of natural
>1300 °C Si evaporation graphite in aqueous or
— polar organic media
i
v
Ciraphite flakes Crrapiiente SISpenston

250 ﬁ Cu + Graphene
VINED LLALALAAAANY
( / ‘ MM\ 1\cu\




Graphene production (2/2)

Bae et al.,

CVD reactor for graphene productidn on Transparent ultra large-area graphene film Graphene-based touch-screen panel
Cu substrates. transferred on a 35-inch PET sheet. connected to a PC with control
Il. Epitaxial growth by CVD software.

®» Development of methods capable of producing large and defect-free monolayers.
® Different substrates — Cu, Ni, Pt, Ru, Ir, TiC, TaC.

®» Formation of graphene either by catalytic decomposition of the hydrocarbon gas at the
substrate (e.g. Cu), or by dissolution of carbon in the substrate and precipitation of graphene
layers upon cooling (e.g. Ni).

®» CVD on centimeter-scale Cu substrates opening a new route to large-scale production of high

qguality graphene films for practical applications. Also, the combination with standard

lithographic methods, might be suitable for chip fabrication.
lll. Epitaxial growth on SiC

IV. Chemical Exfoliation (e.g. GO reduction)
V. Unzipping carbon nanotubes 10
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Ravani et al. Thin Solid Films (in press)




Growth of Graphene from Food, Insects, :

Copper Foil

Graphene

Cockroach leg before Cross view of the growth of graphene
conversion to graphene on the backside of the Cu foil

Other precursor materials for graphene production
cookies, chocolate, grass, plastics, roaches, and dog feces

Gedeng Ruan, et al., Growth of Graphene from Food, Insects, and Waste, ACS Nano 2011 5 (9), 7601-7607




MeTapopd ypageviou

Grzphenson

W support Releazed
/ \ polymer support

_-~ Polymer support

Target substrate . 4
Graphzneontargst o

[Bae et al., Nature Nanotech. 5, 574 (2010)]
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Heating for 10 min

. Transfer

Graphene on Cu
Substrate Other —

substrate

Thermal release tape

Cu etchant

Partly etched Cu

In a few minutes
etching has been competed




< |6Laitepo evoladeEpov yla
epapUoyeEC TapouolAlel n HEAETN
NG aAAnAemidpaong tou ypadeviou
HE SladopETIKA UTIOOTPWHATA TL.X.
TLOAU LEPLKA KOl LETAAALKAL.
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Exfoliation in Binary S

Y

DCB with

‘MU

Iso- Acetic Iso-
propanol acid butanol

*Tasis et al , Chemistry of Materials, 2012 (in press)



Graphite Oxide and its ‘exfoliation’ to yield ‘grap!
platelets’ thus a colloidal dispersion-

Graphite Oxidant

Graphite oxide (GO)

e

Graphite oxide exfoliated/suspended in water as
individual platelets of ‘graphene oxide’



Exfoliation/Reduction Approach

e Graphene oxide sheets are not electrically conductive

e Reduction (de-oxygenation) can be employed to partially restore the
graphene network

S ——
—_—— e e

Graphene oxide ‘Graphene’

: Hydrazine

>

Reduction of graphene oxide with, e.g., hydrazine



‘Graphene oxide paper’

» Prepared by filtering a GO dispersion
— Forms a layered film that can be peeled away from filter

»  Sheets interact through van der Waals interactions and
hydrogen bonding

— Very large surface area

~20 um thick

~1 um thick

~5 um thick

Helix | 5.00 kV

pressure | Lens Mode
25000 x 4.3 mm_ 0.378 Torr| Immersion




“Visibility” of Graphe

— optical microscopy (hard work but effective)
[Blake et al, APL 91, 063124(2007) ]

White light
l . _(8)\.;!00“1];
graphene [
Si0, ! 300nm
Si

15 | {b) 200nm

air: n,=1
|graphene: n,=2.6-1.3i| Id,=0.34nm |

2 = 560nm 0

L10%

Fresnel Theory

Contrast

. . . . 2
I(nl)_ rlel(q)l"'q)z)+r2e_|(cp1_q)2)+rae_|(q)1+¢)2) +r1r2rse|(¢)l_q)2)
ei((Dl'H:DZ) +r1r2e_|(q)1_q)2)+r1r3e_|(q)1+¢)2)+r2r3€|(q)l_q)2)
n —n n —n n,—n d d
r=—-+= rp==-—*% =—%-—2 ®=27n-2 ©,=27n,-%
n,+n n +n, n, +n, A A
I(n, =1 —1(n
Contrast = (n=1)-1(n)

I(n, =1)

SO, n,A) J d,

- o experiment |
o —— model, n,=2.6-1.3i
- - - - model, n,=2.6

410 440 470 500 530 560 590 620 650 680 710 740
Filter peak transmission i {nm)

= The contrast can be maximized for any SiO, thickness by using narrow band filters!

— Electron microscopy SEM, TEM (very low throughput)

— AFM (very low throughput)
— Raman (powerful)

20



AViXveusn TOU Ypa@e

e

Fpadévio oe Si/Sio,

1 layer  2lavers 3 lavers 4 lavers 7T layers 9 layers




RS a unigue characterization tool for N

— Non destructive, high throughput, quick and
substrate independent

— can identify the number of layers in a sample

— Evolution of Raman lines is directly connected
to electronic structure

— can determine the amount of doping and the
presence of disorder

— can determine the crystallographic orientation
of graphene (polarisation measurements)

— study graphene’s edges and ribbons
— quantify anharmonic process and thermal
conductivity

— revealed novel physics such as Kohn anomalies
and the breakdown of Born-Oppenheimer
approximation

—have successfully partnered with first
principles calculations to provide microscopic
insight and understanding

A_.=488nm . 3 (monolayer)

b (bilayer)

(multilayer)

Intensity (a. u.)

2580 28'00 26'50 27IUJ 27'50 28:‘!3 2850
Raman Shift (cm)

22



Typical Raman spectra (A

pespes

exc

=514.5 nir

~ M

Graphite

_ A

Carbon fibre 2D Energy dispersive mdde
(~100cm/eV).

lp=4-1, JJ Graphene _
A

1 i ] 1 | 1 |
1500 2000 2500 3000
Raman shift (cm1)

O
-~

Raman In&ensity (a.u.)
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[Griineis PRB 80, 085423
(2009)]

Fhonon enargy (maV)
=

50

®» The proper inclusion of the electron-electron correlation (through the GW approach) in the calculation of
the EPC is crucial to obtain a good agreement with the experiment. GW calculations are in almost perfect
agreement with measurements while DFT calculations severely underestimate the phonon slope of the TO
branch and thus the EPC at K and overestimate the phonon energy.

®» |t is thus impossible to derive the phonon branches at I and K by force constant approaches based on a
finite number of force constants. 24



Double Resonance Mechanism for D and 2D m
Double resonance

Non-resonant Single-resonance E
- E s 1 M
E.. K
w(G) v A w(G) E\- K
K " Virtual state !
W || e X ' A
e/ N ey
\4
AVAVAVA = TR
r K M
The activation process for the D peak( )
is a 4t order transition as follows:
1. Laserinduced e/h excitation
2. e-phonon scattering k
3. defect scattering
4. e/h recombination
Raman Matrix element for the D-mode

M fcMchbaMai

Kzf,lozz

M fcMchbaMai
+Z . e e
a,b,c (Elaser - Eaei - |7/)(Elaser - Ebi - IJ/)(EIaser _ha)ph - Eci - I}/)

ane (Baer = Eai —17)(Ejger _hwph — By —17)(Ejper _ha)ph —Eg —iy) M,,: is the matrix element for the

scattering over electr. states x, y.
x- s the energy defference
between electronic states x,y. ¢

E



Quantum Interference between graphene Re

lon gel
] S

Si0,

2E=1.8 eV — n=6x10'3 cm?

1(G)=> C,R,

1

=2 E

laser Ek _iy)(Elaser _ha)G o Ek _|7/)

2|Ed (eV) exc=785nm (1.58eV)
0.0 0.5 10 1.5 2.0
Al {1,620 =~ i _
i 11610 § i
sl {1600 & | w(G)~0.2 eV
{1,580

0.0 05 1.0 15 2.0
2 2lEd V)

I (a0.)

2.0

Chi-Fan Chen et al, Nature 471, 617 (2011)

< This study reveals quantum interference between
different Raman pathways in graphene: when some of
the pathways are blocked, the one-phonon Raman
intensity does not diminish, as commonly expected, but
increases dramatically!!
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Why strain in graphene?

— Can significantly affect device performance (e.g. to improve carrier mobility as in the s-silicon microelectronic
technology).

— “Strain engineering” electronics by patterning not graphene, but the substrate on which it rests.

Graphene nanobubbles Graphene drumheads Strain engineering

A/ iBa2e Gah e 4
s N F 5
10nm
Levy et al., Science 329, 544 (2010); Klimov et al. Science 336,1557(2012) [V. M. Pereira, PRL 103, 046801 (2009)]

— Certain configurations of strain induce strong gauge fields that effectively act as a uniform magnetic field
exceeding 300 T.

—Strained superlattices can be used to open significant energy gaps in graphene’s electronic spectrum [F.
Guinea et al, Nature Physics (2010)].

—Revealing the physics of high strains in graphene (high deformation/breaking of C-C bonds, trace the
interatomic potentials etc).

—To quantify the amount of uniaxial or biaxial strain, providing a fundamental tool for graphene-based
nanoelectronics and nano/microelectronic mechanical systems.

— Stress/ strain sensing, stress transfer efficiency in graphene based nanocomposites

Thus, the precise determination and monitoring of stress and/or strain is a
key requirement for many graphene applications
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Eall Garcia-Sanchez, et al., Nano Lett., 8, 1399 (2008)
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Bare (just attached) flake
Graphene flake
|
Graphene t
o , -th PMMA
Graphite < b N

Embedded flake

100 nm- $51805 (785 nm)
mmm PMMA 495 (514.5 nm)
} SU8
200 nm )
L PMMA

I< b -

Mechanical strain at the top of the beam

_3to X

/ b 2 21° L

6: deflection of the beam neutral axis
L: span of the beam

Materials & Geometry t - beam thickness

e SUS8 photo resist epoxy-based polymer
¢ PMMA beam substrate (2.9x12.0x70) mm?3 The method is valid for:
e x=10.44mm
— L>>
e [=70mm L 106”‘3"

—-1.5%<e<1.5%

29




SLG - G mode vs strain (A,,.=785 nm)f

Raman intensity, a.u.

[

:r‘,

tension|(linear)

I 'G_I é+ I I I 4 I
|

TN e

< \\\M " 052%
\M O 041%

) \ = 72—

Yoo 0.31%

\\\# 0.21%

N AL

/ 0.00%

B2 { I\t -0.10%

) -0.21%

/; ) -0.31%

/ . e 0A1%

S -0.52%

, G" @ e 082%
ARENS ' B I B R
1560 1570 1580 1590 1600 1610 1620

Raman shift, cm’’

compression (nonlinear)

P e

The eigenvectors of G* and G- modes are perpendicular to
each other with G- polarized along the strain axis

— The E,, phonon at ~1580cm™ is doubly degenerate.

— The splitting is caused by lifting up the mode degeneracy is lifted
under uniaxial strain and the E,, splits into distinct components.

— The mode parallel (perpendicular) to the strain direction undergoes a
larger (smaller) shift and is therefore entitled G- (G*).

— The strain rate of the G- and G* is independent on the direction of
strain.

[ACS-NANO 4, 3131 (2010)]




Pos(G,G"), cm”

1590

1585

1580

1575

1570

1565

1560L

F1 in tension

0 G :-96+1.4cm /%
m G :-31.4+28cm /%

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
Strain, %

0w, | 0 =-31.4 cm™/%
Ow,, | 0c=-9.6 cm™/%

[ACS-NANO 4, 3131 (2010)]

32



Determination of graphene’s crystallographic or

[PRB 79, 205433 (2009)]

’g v N
G
>
x
(%]
c
Q
= J
— L: Laser I
D: Detector B
P: Polarizer
A: Analyzer
£ strain axis

3 » 0
1545 1550 1575 1500 1605 0=-18.7

Perran Shift (o)

| ocsin®(0, +6

out

+36)
|, occos®(6, +6,, +30)

Polarized Raman Spectroscopy: A purely optical method for the determination of the
crystallographic orientation of graphene.



Phonon deformation potentials of graphene —

For graphene the vibrational decomposition at =0 yields

r\(i[)aphene A2u + Elu + BZg + EZg (Déh) (P6/mmm)

z Kaﬂuﬁ = ma)zua (1) S. ngesan al., Annals in
Physics 56, 556 (1970)

where w is the phonon frequency in the presence of strain, m is the reduced mass of the two
carbon atoms in the unit cell, u, is the i-th component of the relative displacement of the two
carbon atoms and K, are the elements of the force constant of the £,, modes.

is the strain tensor
= KO /K'(Z)

«gim are the elements of a 4™ order

tensor (symmetric in its first and
KéO) — ma)05 second pair of indices). Represents
the change in the spring constant of
the E,, mode due to the applied
strain €,,. PHONON DEFORMATION
POTENTIALS.

(1), (2) = ZK(‘”uwZ L g Uy = MU,
B am 08,

Z Kaﬁlmglmﬂ (a) a)o)u

pim M 34

is the spring constant in the absence of
strain) and w, the Raman frequency of
the unstrained crystal
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Phonon deformation potentials of graphene — E;; '3;

Z Koz,é'lm‘glm B (0) a)o )U (3)

plm
~ 1
Ka =—K has only 3 nonzero components due to the hexagonal symmetry of graphene
£lm m aglm

$ $ $ R, —(A-B

K =B K =Ky = A 1212 — E( - )
From the dynamical equations (3) a secular equation can be obtained

Kinéy + K1122522 -4 K€ + Kipi&x _0

K2112512 + K2121521 Konén K0 =4

or equivalently

Ag,+Be, -4 (A-B)g, _
(A-B)e, Be, +As, —4

where A= (0)2 — C()OZ) = 2a)OAa)

35
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Phonon deformation potentials of graphene — G

The secular equation for the E,, or G mode of graphene under strain is given by:
Ag, +Beg, -4 (A—B)eg, _
(A-B)e, Be, +As, — 4

Solving analytically and ignoring terms higher than &2 the frequency values for
uniaxial strain in x direction is given by:

50)G+ ZO)G+—COO :B—VA 8(06_ :a)G_—a)o ZA—VB
0g 2 20)0 o€ & 2(()0
0w ow ..
@y —+v—°
A o€ o€
- _ -1
1-v*® —{using v=0.33 (Matrix) AND Owy. | 0& =—31.4 cm~/%
O, | 0 =-9.6 cm™ /%
ow._.
B =20, —=+VvA !
o€

—

Phonon deformation potential coefficients:
A=-1.23x10"cm™
B=-7.16x10°cm™
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Extracted shift rates for graphene in air (A=}; 3

80)6+ _B—vA
o 2o, A=—1.23x10"cm™
B=-7.16x10°cm™
0w, _A-vB v=0.13 (for graphene)
o€ 20

J

Strain rates for graphene in air

0w, |0 =-36.0cm™/%| |0, 9 =—-17.5cm™"/%

First Principles calculations:
dw, 10e=-340cm™*/% O, /0s=-145cm" /%

[ACS-NANO 4, 3131 (2010)]
[PRB 80, 205410 (2009]

Obtained values for important thermomechanical parameters:

Grunneisen parameter Shear deformation potential
h S
_i@wG:_A+2B:2.O7 B, = 1 acoG:A B:O.97
0 O¢, 4wy 0, O, 204

Yo =

2
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For biaxial stress in graphene, the resulting strains are given by
-3 -1
Ex =&, =€=(S;+5,)0=0.82x10"GPa~c(GPa)

From the analysis earlier we obtain:

Scattered

. o
| ....... 3 " .- >
...... PN
...... R -
) IR AVAV\VAVAN 8
‘ fffff 3 oa%
.

Diamond—»\N\ |/ / /"

Steel

gasket O, _ (A+B) ~6L3em- /%
o€ 20,
(d) Monolayer _
; Bilayer 5 b1 ‘ 0% = 0% : 2 =5.0cm™ /GPa
5 l ; i 0o O¢ Oo
Trilayer {\J ' | ug

1400 T500 4400 2800 2800
. -1
Raman shift (cm™)

Nicolle et al, Nano Letters 11, 3564 (2011)
@ The extracted values are both in nice agreement with the experiments. High
pressure Raman data shows pressure slopes ranging between 5-10 cm™/GPa
depending on the sample and the pressure transmitting medium. 28
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2740

)

—
1
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(

2680

RaLnan Shift
2

2720

2700

 Graphene on Cu
(CVD grown)

Y= 2688.75+21.38*X

O , &\ 4:1 methanol-ethanol
< 1 1:1 FC70/FCT77 fluorinert
+ SLG/SiO,-Si (Nicolle et al, NanoLett 11, 3564, 201_;)

A\
\
A\

/
7

Pressure (GPa)

‘® Similar pressure rates of both the G and 2D
Raman bands for two different pressure
transmitting media (polar and non-polar).

‘® Pressure-induced charge transfer effects do
not contribute considerably in the pressure
response of graphene.

‘® In biaxial experiments, the adhesion
properties of graphene with the substrates
seems to play an important role and should
be further investigated.
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B®
First principles calculations on graphene - Basic

C
4b,
K
g@‘“
W
r
0 X

P
€ Ks
Relaxed (Dgy,) €=30% (6=0°) (D,4) €=30% (6=20°) (C,,)
— Calculations were performed with the QUANTUM ESPRESSO (plane wave basis, RRKJ pseudopotentials
and GGA). The dynamical matrices were calculated using the implemented linear response theory

xbz

— Tensile strain along the x- axis (zig-zag direction) can be expressed by the stain tensor

(6 )
E = T T T T T T T T T
0 -ve

— The stain tensor in arbitrary direction relative to the x0Oy coordinate system is

=
. a o
e cos’0—vsin® (1+v)cosOsin® = 0.164
e = L
(1+v)cosOsin® sin0—vcos” 0 l
— After applying a finite amount of strain we relax the coordinates of the basis L
atoms until the forces are below 0.001Ry/a.u. and minimize the total energy ~ ®'° 016 017 018 019
with respect to v

Poisson ratio, v
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Electronic DOS of relaxed and uniaxially st

0.6

<
=

DOS (1/eV)

I
bo

— 2%
1%
2% (Theta=20 deg)
relaxed

I 1 I 1 |
-4 -2 0 2 4
Energy (eV)

—Graphene is gapless up to €=2%
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n
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1250

Phonon frequency[cm 1]

Strain (%)

1
|
| — TK_M_I"
— 2 2 N
| 3
: — unstrained —
i
TO :
I -
1
K M
%0 Experiment:
1580
7 [ G*: -14.5 cm /% G*:-17.5 cm™[%
£ 1570t
~ [ e _ -1/9
c L
8 1550}
O L
£ 1540t
S 1530} The strain rate of the G~ and
5 ' G: -34.0cmt/% G* modes is independent of
£ 1520+ . . .
o . the direction of strain
1510 |
0.0 0.5 10 15 2.0

[M. Mohr et al. PRB 2009, 80, 205410]



=-52cm™’ /%

FWHM(2D), cm"
w w w
N N (o))
T I I
—o—i
oo

Raman Intensity (a.u.)

514.5 nm
785 nm, flake F1
785 nm, flake F5

. )\'EXC
. }"exc
® ) XC

€]

| | | |

00 02 04

2560 2600 2640 2680 2720
Raman shift (cm-?)

0.6 0.8 1.0 1.2
Strain, %

< Even with 633 nm a single 2D peak is observed

|
2600
Raman shift, cm’”

polarization parallel to the strain axis

[ACS-NANO 5, 2231 (2011)]
[PRB 80, 205410 (2009]

» The 2D mode line-shape strongly depends on the excitation energy. 43
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Qualitative explanation of the 2D splitting in SLG (As

—Normally, only outer processes are considered due to the trigonal wrapping. First principles

calculations shows 2D peak broadening and not splitting for this case.
qout> ik

q1=q2

'21600 o) EEQm{ N
S N/ 1 s

5, Mz — unstrained -
% M, K3

3 1400

o

=

(o]

=

21200

a:




Why for 785nm inner/outer processes must be:i}- |

.
-

Equi-excitation-energy contour plots around the K and K’ points of & electrons involved i

n the scattering
process for 2.41eV (=514.5nm) and 1.58eV (=785nm) excitation energies.

¥ 2.41eV: the highest Raman intensity occurs for transitions between parallel parts of the contours (outer
processes). Much Iowgr signal is obtained for transitions between parts with the highest curvature (inner)

E-E,=2.41 eV Gose

@ 1.57eV: the equi-excitation-energy contours are notably more round and the trigonal wrapping effect
weaker. Both inner and outer process give comparable contribution to the Raman intensity. 48



Simulated Raman spectra for 6=20° (Aexcf‘;

Raman intensity, a.u.

. -1
Raman shift, cm

2500 2550 2600 2650 2500

2550 2600 2650

Raman shift, cm”

I 1 1
1.0%

=]
©
>
K7
C
g
£
= o on
E 47 N\ 0.4%
m - -~
©

1
2550 2600 2650 2700 2750 2600 2650 2700 2750

Raman shift, cm’”

Raman shift, cm’’

¥ The experimental shift
rates for 2.41 eV and 1.58
eV  excitations are in
excellent agreement with
first principles calculations.

[ACS-NANO 5, 2231 (2011)]
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Raman spectrum of free standing graphene REVISI

1

514.5 nm (2.41 eV) |Supported on SO,

Flake on SiO,

See also: Z. Luo et al, APL 100, 243107 (2012)]

2600 2640 2680 2720 2760 2800
Raman shift (cm™)

% The 2D band of free standing graphene is obviously asymmetric while the same
peak on SiO2/Si substrate appears as a broad symmetric peak.

% Coexistence of both outer and inner processes in the DR Raman signal.



Free Standing Graphene

Outer E =233eV
‘;:‘ 2D,
S| FWHM=155em’
>
K —
w
8 Inner
= T
c
n -
E FWHM = 23 em”
o

I v 1 v | v T . | y T ¥ T v AJ - 1 v | v 1
2580 2600 2620 2640 2660 2680 2700 2720 2740 2760 2780
Raman Shift (cm™)

% The 2D band of free standing graphene is obviously assymetric while the same
peak on SiO2/Si substrate appears as a broad symmetric peak.

¢ Coexistence of both outer and inner processes in the double resonance Raman
signal.
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Bending energy perring, V;"R [eV]

Bond Stretching Potential Energy, V (r) [eV]

(o
| St | ! | ! | ! |

0 | 1 | 1 | 1
08 06 04 02 0 02 04 06 08
x [rad]

Carbon-Carbon interatomic distance, » [A]
® D=5.7eV, a=1.96A-1, ro=1.42A, k=7eV/rad2, k'=4eV/rad3.

Fitting with analytical expressions

V(r)=D(e " 1) v =5(o- 2] -K[o-Z]
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Atomistic simulations of graphene’s mechanica

B The mechanical response of graphene is investigated using atomistic MD simulations and DFT

calculations.

3‘ T T T T | T T T T T T T T | I I I I | I I I I | I zg I I I -
L —aat® | | &-—e nonlinear potentials ﬂa'ﬁ |
| atomistic MD simulations 1 - o©--o linearized angle bending potential .
O DFT-GGA calculations 4~ &--¢ linearized potentials & —
- _ - @ —
1 o5 o o _ & i
l’r _:% _ I'\-;EJ:‘ : Jf@ |
=T 2l _ = F . 4
SRR = 3 * ———
v . — L # -
- 4 ~ o o™ il
'—,::n B T T T T T 71 T T T En : . = w-.’w‘ :
S 502 — 2,0 g _
- o= - 1 | — i & .- 5 . “" T T ] ]

3 £ [ § 3 & - 202 ]
=1 = B - s | & -' '.:{2 d 7]
o o O L, - | 1 4
[ w01 » m g — B c 4

7] | L Ol - 1
= L 1 201 ]
I:‘: : . : n - '; “I&_IE_ 1 4
| | ﬂ: - - ]

0|||||||||||||\|_- 0||||||||||||ﬂ:
0 10 20 30 | i 0 10 20 31]:

| | {'} | | 1 | | | | | | | | | | 1
.D l{] | | | | 2{} | | 1 | 30 {} ]_{] - 2{} 30
Strain [%] Strain [%]

E,p =320 N/m =» E_=E,;/0.335nm = 0.96 TPa

2D Intrinsic strength: o,, = 39-45 N/m = o = 6/0.335nm = 120-130 GPa
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Raman shift (cm™)

—4 DR processes predicted by group theory

[L. Malard et al, Phys. Rep. 51, 473 (2009)]

— 2 conduction and 2 valence bands and parabolic
dispersion relation near K/K'.

— If valence and conduction bands were mirror images
of one another then processes 12 and 21 would be
degenerate.

—Due to Kohn anomaly at K the highest (lowest)
frequency peak of the 2D is associated with g4, (q5,)-

I, n,
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Embedded 2L G under uniaxial ten'Q‘_f -.

Pos(G,G’), cm”

15556, . | : X

0.0 0.2 0.4 0.6
Strain, %

owg(2L)/0e=-9.9+4.9cm™ /%

Owg(2L)/0e=-31.3+5.4cm™ /%

[Nano Letters 12, 687 (2012)]
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Embedded graphene bilayer under uniaxial te

2620

£ 2580

Raman shift, cm™

2540 5
(14
>

2500 5
=
&
=
©

A=785 nm A=633 nm
W5p ow,p/0€ W,p ow,p/0€
[cm™] [cm™/%] [cm™] [cm™1/%]

2D, |2637.912.5| -32.3+6.7 | 2688.0+2.2 | -57.5+7.3

2400 2500 2600 2700
Raman shift, cm"

2D, |2621.3£2.7| -55.0£7.0 |2671.0+2.5| -57.618.4

2D,, |2596.812.8 | -51.7+6.2 | 2651.0+1.3 | -54.814.4

2D,, |2529.3£2.6 | -51.8£6.9 | 2603.1+1.6 | -45.61t5.4
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Strain-induced inversion symmetry breaki_f

0.74% nominal strain value

(b)

Raman intensity, a.u.

Strain, %

(c)

Raman intensity, a.u.

2400

2L

partially misoriented bilayer
(at the circle)

Bernal bilayer
(at the cross)

Bernal bilayer
(at the cross)

1540 1560 1580 1600 1620 1640
Raman shift, cm"

i Very recent theoretical
predictions shows that the
inversion symmetry breaking is
directly related to an electronic
gap opening in bilayer graphene.

M The removal of inversion
symmetry in bilayer graphene
due to unequal strain fields
between the 2 layers may have
important implications in the
band gap engineering, providing
an alternative route to induce the
formation of a band gap.

[Nano Letters 12, 687 (2012)]

The results suggest that in the marked region the 2 graphene layers experience
unequal strain field resulting in a local inversion symmetry breaking and the

activation of the E, mode.




Dual-gated bilayer g
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YB Zhang et al. Nature 459, 820-823 (2009) doi:10.1038/nature08105



Trilayer graphene

N o
X
Il

Bernal stacking Rhombohedral stacking
(ABA) (ABC)
b Multilayer graphene c

Yacoby, A. Graphene: Tri and tri again. Nature Physics 7, 925-926 (2011).
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