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“Pencil’

Many undiscovered
allotropes for example
sp-sp-graphyne
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* CNT: S99 1 ZX2| Sheet?l =~ nanometer(10°m)2| HZ L= THUAE 3% + =4

* SWCNT, DWCNT, MWCNT, Carbon Nanohorn 0| A&

-

ShA SANO| WX YR TE 2

e
AprEH Z8

SWCNT DWCNT
(Single-Walled CNT) (Double-Walled CNT)

MWCNT Carbon Nanohorn
(Multi-Walled CNT)

Graphene




J1etE(Graphene)?
2004. 10. Graphene Discovery
~ Free Standing 2D Atomic Layer

2005. 11. Massless Dirac Particle |

© Quantum Hall Effect
© Relativistic Quantum Mechanics

¢ High Mobility

¢ High Conductivity

¢ High Heat Conductor

¢ High Stability

¢ New Quantum Mechanics

¢ Device Based on 2D plane




CNT vs. Graphene

¢ T2 2F ST HIH, 7IAH 28 Ew
¢ CNTE X = E'_"Ei'll EME HO|L}, graphene2 =1

k=1
® CNTOj 1|3} B2 X9l graphene CHHTsiet HxH 2 M 80| R2l

- = CNT Graphene
20| ~100,000 cm?/V-s ~200,000 cm?/V-s
H| X &t 1.6x10-°* Ohm-cm 1.0x10-°* Ohm-cm
HH = 74 0.5 ~10eV 0eV
FCNEL S 10 A/cm? 108 A/cm? \
Young's Modulus 1~ 2Tpa 1 Tpa |
Tensile Strength 30 ~ 180 GPa 130 GPa
Surface Area 1500 m?/g 2630 m?/g
+= 1D 2D

—
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Mechanical Propertyies
Estimated physical constants of CNTs, CNFs, and NGPs.

Property | Single-Walled | Carbon Nano- NGPs

CNTs Fibers Pty
Specific |0.8 g/em’ 1.8 (AG)-2.1 (HT) |2.2 g/cm’
gravity g/cm’® AG = as

grown; HT = heat-
treated (graphitic)

Elastic |~ 1TPa(axial [0.4 (AG)-0.6 (HT) |~ 1 TPa (in-
modulus | direction) TPa plane)

Strength | 50-100 GPa 2.7 (AG)-7.0 (HT) |~ 130 GPa
GPa




Mechanical Properties of Si and Okide Materials Bendabilty of current electronic materials

.

Silicon ~0.7% Poly- Zn0) 0.03%
10 0.58~1.15% Polyiuds 4%
Au 0.46% Graphene >15%

Wicrocracks Channeling
(ﬂO strain) o= Tenslle Strain = Debonding

S0/ I




Nanoparticle Properties

Exfoliated Clay Carbon Graphite
Nanotube Nanoplatelets
Physical Platelet Cylinder Platelet
Structure ~1nm x 100 nm ~1nm x 100 nm ~1nm x 100 nm
Chemical Si02,Al20s5,MgO Graphene Graphene
structure K20, Fez20s3
Tensile ~ 1 GPa ~ 180 GPa ~10 — 20 GPa
Strength
Electrical 1010 — 1018 ~50x10 - ~ 50x10-
Resistivity Ohm cm Ohm cm Ohm cm
Thermal 6.7x10 .1« W/mK 3000 W/im K 3000 W/m K
conductivity
CTE 8 —-16x10- -1x10 = -1x10 -
Density, g/cms 2.8 -3.0 1.2-1.4 ~2.0
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Fullerene
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Transparent Electrodes in Mode

Electronics
Indium Tin Oxides (ITO)

Plat Panel Display
LCD

PDP

OLED

Touch Screen :rla’: C:II gan?p angs Flexible
ectrodes Isplay . 1
For Poly Si Disp S
Dye-sensitized

CIGS




( Bxme 2s )

=

Pen or finger tip

Connecting member \4/ Film
|
/ Connector tail
AT
o -
e
\ N

‘\ A ITO
\ Glass or film S 400 2/sa
Dot spacer ENtE 85% 0|4

SEIEEE

superydrophobic supertydrophilic:

YR .

SWONT films

T Subsirste (GlassPET)




ESD
(Electrosiatic dissipation)

Flexible OLED
Solarcell




ITO

Graphene

Remark

1907 Invention

Indium( rare-earth

1950s~ . First generation, 2004 :Discovery material) will not be
History Monopolizing market of Scale up is being performed supplied to market
transparent conducting layer sufficiently
Modulus(GPa) 119 500 Graphene ) ITO
Thickness 100~200nm 0.34nm( 3 layers) Graphene ) ITO
Transparency > 90%(t=100nm) 85% ITO ) Graphene
. ductl:fietjt(w ) 1~12 5000 Graphene ) 10
Failure Strain 1.15% ) 20% Graphene ) ITO
2 times stronger than diamond,
Hardness - 20~300 times stronger than Graphene ) ITO
steel
Chemical Resistance 0.K 0.K Same
Mobility(cm?/V - s) 41.4~46.4 10,000 Graphene ) ITO
Sheet Resistance(Q/sq) ¢ 50 280(Present level) Toueh Screen - 500

E-paper @ 10°~10°

Production technique for scale

Productivity In Production up is needed ITO ) Graphene
ITOCHH] “1 2Bl &= & E= O TR
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CVD (Chemical Vapor Deposition)
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KS. Kim et a/l Nature 457, 706 (2009)__
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Cu foil 0|2 2 Film M &
¢ EoimA dE UE M
- MBS T, AMEDA0M 30" DT EHHI XY=

- Cu foil AF2 7|= Wafer 7|=t CjH| X7} X CHHESof| Q2.

LETTERS nature

PUBLISHED ONUINE 20 JUNE 2070 | DOk 10,9030/ NHAKO 20M0.152 A )ICCI-“'I()I'{ LY

Roll-to-roll production of 30-inch graphene films
for transparent electrodes

Sukang Bae', Hyeongkeun Kim'?', Younghin Lee', Xiangfan Xu®, lae-Sung Park™, Yi Zheng®,
Jayakumar Balakrishnan®, Tian Lei', Hye Ri Kim?, Young Il Song%, Young-lin Kim'3, Kwang 5. Kim’,
Barbaros Ozyilmaz®, Jong-Hyun Ahn'4*, Byung Hee Hong'®* and Sumio lijima’®

Graphene on

polymer suppaort Released
polymer support

=l

- Target substrate
Graphene on Cu foil

o
Graphene an target

Rall-tn-Rall M AL 22X S. Bae et a/ Nature Nanotech. 5, 574 (2010)
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CVD Growth of Graph

© Step edges and thermal stress induce wrinkle formation

(a) Nucleation of defect lines on step edges between Ni terraces
® Carbon P w

| Formation of defect line
| within the same grain

33143 mmi‘ Miﬁéiﬂﬂﬁ
Pol} Ni substrate

Carburization
| Grain boundary

(b) Thermal stress-induced formation of wrinkles




Wrinkle Study of CVDIGIOWIIGIEAPHERE

© Different crystal orientation of Ni produces different graphene layers
& Step edge is attributable to the wrinkle formation

: 'tiinut.?us FLG growth in '3
batween crystal boundaries

-. (¢) 10 min

7 4
‘__:/_ 7

¥

s
wrinkley  » 7~
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Mechanical exfoliation

. J‘EII'" E’% J.El'lrl"_l EI_‘nx_ E!'EI [Novoselov et al. Science(2004)]
oyt eme - -: :-- r'-:
e v 'L| 2%a®,
i A LR !-._* 4 HM:H-E-M wa
P biom
SR 2.
.

A7Hx| BlYo| A2 0|83}0] HHEHOZ WAL T QW £2)
— AFMEZ 0|23} Single layer graphene =} =9I

o AlIH| EFE O 2=l X| X HFE| (p. kim etal. App. Phys. Lett.(2004)]
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Chemical Exfoliation

1 *"\Pﬁ} EE ozF E1 :IEH E' I‘” . [Wallace group, Nature Nanotech 3, 101 (2008)]

LI —

(1) SHo| Arsjol o|s) Z7+ Ha| St \
(2) X321 Ha|E S3f So|A 3t S¢io| uta) =, YHMI|N w0 o3 obyBtEl A3t JyuH
==

(3) StO|=2tEl =g Sofl PE/d e S20|E20| ZHE HE}




© N,H, reduction b,ut gives high resistance
& Needs more efficient reduction agent




©® NaBH, has no residual chemical groups in graphene after

reduction
NaBH, (10mM) N,H, (50mM)
XPS XPS
Sheet - ~  Sheet
lTotalt ] He‘em'caf?‘)? resistance |T°t3|‘ I Hetero-car?o? f NS peak : resistance
elemental component o Qs elemental componentof : Al .
sintensi : kidfs
ClOratio  C1s (%) (€sq) Clomtio  Clsgw) emskty(e); (dlsa)
28* 74.1 28* 74.1 P - \
4.3 27.9 . 3.9 26.4 S 69000 :
4.9 16.2 79 4.5 19.0 P21 12000
6.3 13.4 59 5.0 18.6 P 286 3460
6.2 14.5 P24

* Graphite oxide

780 w
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S0 Al |
Graphene Oxide(GO)
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| Heating

Hydrazine added

JEpm 2y T 3

Thermal treatment
under
N, flow condition
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& Previous methods need special solvent, dispersant and multi-step
& Developed simple and one step exfoliation process

‘ Graphite '

Intercaltion
(CIF;)

J Thermal EXpans2izzi s= 24t
‘ Intercalated G ' foanis

—

‘ Graphene '




® Large inter-plane distance and smaller thickness

O Intercalation
Graphite + CIF, > C,F-0.13CIF,

Q Thermal Expansion (600 °C)
C,F nCIF, (s) — C (s) + Cl, + C,F, + C,F CI,

Conventional ' This Process

. v
"T-ﬁ“‘-ﬂhh- v
B




10nm

5 layers

.ﬁj

10 layers 22 layers 37 layers
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6. ZEIEO AEHE L B

Graphene(CNT) 22! &8 O & AlY 0=
2500 BEY HEY A7)
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BEEXMXR M2
2000 OADIE HT L8 EE
H O™ gx =28
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Cost Comparison

SWCNT ~100$/ g

MWCNT ~ 300$/Kg

Milled VGCF — 80— 100 $ / Ib
Fibril VGCF — 40 —50 $ / Ib

xGnP (expected) ~10-20$/1b
T
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Thank You !

Optoelectonics
(touch screens,
L CDs, etc )

on plastic
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