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DExtracting a Single Plane
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not just flakes _S
buT gr'aphene crystallite
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Graphene Devices

»optical image




Exceptional Quality

Si

resistivity

Au contacts

weysta PAlliSTiC Transport

on submicron scale
under ambient conditions

graphene: carrier mobility at 300K
currently: up to 15,000 cm?/V-s
intrinsic: >200,000 cm?2/V-s




Intrinsic Mobility

p = p + const

50

0 25
V, (V)

resistivity consists of
long (0 «n) and short (const p)

range contributions



Intrinsic Mobility

p = p + const

o(1/

50 Vgé(V) 50
resistivity consists of phonons are short-range scatterers
long (o «n) and short (const &p) contributing dp <50€2 at 300 K
range contributions (maybe, “extrinsic” phonons)

phonon-limited mobility >200,000 cm?/V-s at 300K



"~ .
anges | mthg
Sing acceptor co ntratub

i\

] [ |

1 | |
|I ,‘ ||I
| 3 J
i | ¥
i | ] 'y

ff@ gesbny<m ,
'.’. |

" ?‘”. nSPOI"T url #' fw .
;»'1'-;\.¢ ﬂ’?rs ur'l'l'IeS '" },lh Q C

Manches




hJ % - |

lecule tion

i : annealed |
<adsorption - ; pa 1}

10

5

1

2ar Z ncentration
ste u

C ALLY QUIETEF 1 CTS






Chira 'ji'?,;' ions i *’." aphene




Band Structure of Graphene

cyclotron mass strongly

depends on concentration —
P E=pvp 4E
0.06 |- 3 »
o SR,
§o 0.04 |- [ k
X
0.02 |
0 | | | |
-6 -3 0 3 6
n {197 em) effective mass
Be =(h/21e)S and m_=(h%/21)0S/0E FE=m VF2
C
experimental dependences Ve = 10° m/s 5%

B~ nand m_ ~ n'?
necessitates S ~ E(k)? or E ~k






half-integer guan‘rum Hall effect

0. (kQ) ( e?/h)
_______ A 35

12T
______ -+ 25
10} N | R S - 1.5
___ -4 o5

I 05 relativistic analogue
Af- g --15  of the integer QHE

S 11 I 1 - 25
0 0 2 4
n (10'2cm-2)
An =B/ 0 n  Manchester, Nature 438, 197 ('05)

©, also, Philip Kim's group ibid 201 ('05)
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majoriobservations
) (‘“af these very early days)

conduc‘rivi‘ry Without' charge carriers
chlr'al QHE in its bllayer' e

mndom vector & scalar flelds
microscopic corrugations

suppression of weak localiza’rion
Iong range spin transport at,room T
aquantum:chaos in arapbhene dots






Minimum Quantum Conductivity

zero-gap
semiconductor

Prmax

10K

-80

-40 0
V (V)

40

80

no temperature
dependence
in the peak

from 3 to 300K

NO
metal-insulator
transition



Pmax (KL2)

Minimum Quantum Conductivity

most theories predict

n-times larger value
Fradkin 1986
Lee 1993

h/ Ludwig 1994
462 Morita 1997
4l / Ziegler 1998
annealing Peres 2005
Gusynin 2005

| | | Katsnelson 2006
0 4,000 8,000 12,000 Tworzydlo 2006
u (cm?2/Vs) Cserti 2006
Ostrovsky 2006

50 devices

quantized resistivity NOT resistance
(h/e* per spin and valley)



Minimum Quantum Conductivity

Mott's argument: [z Ay

NO LOCALIZATION
NO METAL-INSULATOR
TRANSITION

Geim & MacDonald_ Phys. Today.07
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HE in bilayer graphene

Pyy & Pyx (KL2)

0 |

0 10

B (T)

Nature Phys 2, 177 (2006)










Nonlocal Edge-State Transport

1ol LOCAL | 10K
geometry: 12T
current 1-4
voltage 2-3
Fr
o\ A ] . A/
NONLOCAL
10K
geometry:
0.4 current 2-6 0T&12T
~ | voltage 3-5
=
<
0.2+ x100
0 VRN Py \é

2 0 T 2
n (1012 cm-2)

in magnetic field,
current starts flowing
in classically
Inaccessible regions



Room-T Nonlocal Transport

slow decay with T slow decrease with B
_ | 1T
06} B=12T A 60K 300K e
— 115K 40
/\ —— 145K I Bl 0.5T
—— 175K | /T
—— 205K € | il . -
—— 270K x| T R SV
- ool —— 2T -04 0 04
n (10" cm-2)
0

n (1012 cm-2) n (10" cm=)

macroscopic-scale quantum effect
at 300K in fields < 1 Tesla

valley- or spin- polarized boundary states ?






) Graphene Membranes
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Graphene Is Not Flat

microscopic ripples visualized in TEM
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diffrdction.contrast: atomic resolution TEM

visible ripples > 10 nm ripples visible,in a bilayer;
down to 5 nm in size

Meyer, AKG, et al, Nature 2007
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ICro- Mechamcs
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wcales present )

\})}JT ‘rypm?ﬁ suz ~10 nm with helgh“r ~1 nm
)‘) I uc’éd?elashc strain ~1% N

2 0 Infr;}ngfc Property (7)




CONCLUSIONS

Inew class of materials:C

" -individlial atomic plane G
graphene\ hlgh quality system.. ..

y 3 r‘ela’rlws’rlc
condensed maﬁer physics
: g | .\ y
| APPLICATIONS '
“'carbon nanotubes serve as excellent qwde
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Graphene Wafers?

graphene on'Ni
. Obraztsov 2007

—-2’_\- g —m—— ‘3?:

epitaxial growth on top of bulk crystals



GRAPHENE BASED ELECTRONICS
\ v ) ballistic field-effect transistor) '

| (lar'.-'ge‘b_u’_r still low on=ff ratio ~100.@t room T; Scienéey04)

N T B z-fhequency operdtion
28 chemical sensors
(de’rec‘rion of a single gas moleculel)

Y mlcromechcmlcal devices (N\chens gr'oup)

. ‘/super'conduc’rmg FETs (Morpurgos gr'oup) |
Yeu room-T graphene 5pm’rronlcs
> | 0 (O ' Yaate confrol/™! |
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gosed beyd?\d Si‘ chﬂogles
fs plus cat:.bon nanc§ubgs
sonics (but: “rbﬂdow apb oach)






composite materials

graphene- based_.--'}
composﬁre
Ruoff 2006

i BnitTera? hyd rogen sTo mge

very, thin graphl’re flokes
(alt‘eady used PFE L’rd)

elec‘rrlcal batteries

GRAPHANE


http://www.pfe-ltd.com/Videos/Nemo.wmv
http://www.pfe-ltd.com/Videos/Nemo.wmv

) | BAppligd" Conclusions

' _SPOILING CHOTCE OF DIREGTIONS

(no choice: all must be investigared)

I TOO EARLY DAYS TOJUDGE
\(if yoWare ndt a nanotube believer):.
HOPEFULLY, NOT ANOTHER .
MUCH-ADO-ABOUT.NANOTHING






mechanlcal cleavage iin reTros ect

Ohash| (1997, ZOOO)
ha | from 1000 down 1050 Iayers

‘ Phullp Kim's & Paul Mchens groups, .

 _; (PRL 2005 & NanoleTTers 2005) down to 30 Iayer's | '
f | Munnpencli

AFM cantilever fOf‘ >10 |Clyer'S _
Graphite electromc str'uctur'e

el irucrystal of bulk graphl.'.e

Cleaved thin -=I
(Partoens 2006, Guinea 2006)»,

_ layer aa
Insulating substrate



