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Macro-Raman spectroscopy
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Pilot plant for mass-scale production of liquid-phase exfoliated graphene from natural graphite




Micro-Raman spectroscopy

:%\ 2,710 ‘ , — —
& (%) + /400 -
nature \- -

COMMUNICATIONS
2700
Received 2 May 2012 | Accepted 25 Jul 2012 | Published 28 Aug 2012 I

Optical separation of mechanical strain £ .. |
from charge doping in graphene 2| |
Ji Eun Lee!", Gwanghyun Ahn', Jihye Shim', Young Sik Lee! & Sunmin Ryu! 2 2,680 |- -
1Kyung Hee University, Republic of Korea I |

2670 ]

e . | |
1,580 1,590 1,600 1,610

G frequency (cm™)

—

g

(em™)

1,685
C 300 1f 1,580
> 2D 1,575
@
&
- 1x1 um? resolution

e e e e 1um? ~ 39.000.000 C atoms
1,800 1,400 1,500 1,600 2,600 2,700 2,800

Raman shift (cm™)



Micro- vs. Nano-Raman spectroscopy
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Optical separation of mechanical strain
from charge doping in graphene
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Distance among 1D defects
Crystallite sizes

2D Mater. 4, 025039 (2017)

OD & 1D defects — two parameters

Distance among 0D defects
Defect density
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0D & 1D defects — two parameters

2D Mater. 4, 025039 (2017)
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Two parameters: (1) Symmetry breaking

Activation of g # 0 and other
symmetry forbidden modes
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Two parameters: (1) Symmetry breaking

Jorio and Souza Filho ARMR (2016)

|
G
D Amorphous
.__ﬂ.n__..,_—f"'-
h"“ Mk htT 1,200 I

htT 1,800
snbapeia i i

Tt
TP
/\./\W

-l
<
+4
w
o
w
™
w
(=]
<
(@]
0
[+ 4
w
2
<
-

DE MINAS GERAIS

| | | | |
0 1,000 2,000 3,000
Raman shift (cm™)

| | Laboratorio de

NANO.ESPECTROSCOPIA



Two parameters: (2) Phonon confinement

J. Ribeiro Soares et al. Carbon 95 646-652 (2015)
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Raman phase diagram (micro)
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Raman phase diagram (micro)
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Characterizing CVD grown graphene from natural gas

Methane with varying level of CO,
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Raman Spectrum of Defective TMDs \ .

2-Dimensional and
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CROSSING THE DIFFRACTION LIMIT (nano)
Optical (D band) imaging of a graphene step
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Tip Enhanced (nhano)Raman Spectroscopy
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Important contributors to TERS development: Zenobi (ETH), Volker (Jena), Novotny
(ETH), Kawata (Japan), Hartschuh (Munich), Dong (China) and many others...




Tip up (micro) — Tip down (nano)
IN CARBONO NANOTUBES, FIRST MEASURED BY ACHIM HARTSCHUH, PRL 2003
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The problem of TERS on 2D - graphene

10,000 enhancement on a 10,000 smaller area gives basically no spectral enhancement
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TERS SYSTEM BR1020150112335
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Tip development  rw.iohnsonetal

Chemical etched Au-tips
NIGHTMARE!
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Tip up (micro) — Tip down (nano)
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Tip up (micro) — Tip down (nano)
Raman on transition metal dichalcogenide

Average spectral enhancement = 60 (far-field signal is negligible!)
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Tip up (micro) — Tip down (nano)

H Raman on transition metal monochalcogenide
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— Tip down (nano)
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Nano-Raman of liquid-phase exfoliated graphene (nanoflakes)
deposited on a glass coverslip

Confocal Gband = ; Near-field D band Near-field G band
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Nano-Raman of liquid-phase exfoliated graphene (nanoflakes)
deposited on a glass coverslip

Spectral Profile
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Spatially coherent near-field Raman
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Calculation for Raman Scattering
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Calculation for spatially coherent near-field Raman
S(ro) OC//E;* (71) 8 (r2) (p( T'J"ﬁ(’f'g))d37'1d37'2
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Calculation for spatially coherent near-field Raman

S(w) o [ [ GG @) ) i
//(” Q; >[G ) E(ry)]” G(U) 2 (ra)dPrid®ry

UNIVERSIDADE FEDERAL
DE MINAS GERAIS

G

UF

d
(c) ‘ (d) R
1 0 1
H(Eg ) =« G — t o Fowo) =
o< . 0 —1 (Ezg2) 1 0
o5
52 =
CBUQE, Eogt Eog2
5
=
=

yms et al. PRL 113, 186101 (2014) & Cancado et al. PRX 4, 031054 (2014)



Calculation for spatially coherent near-field Raman
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Phonon symmetry dependent spatial coherence
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TERS intensity

The future of nano-Raman
(reaching resolutions better than 1nm)

R. Zhang et al. Nature 498, 82—86 (2013)

Ultra high vacuum STM (gap mode)
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