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A. K. Geim and K. S. Novoselov, Nature Mater. 6, 183 (2007).
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Electric Field Effect in Atomically
Thin Carbon Films

K. S. Novoselov,' A. K. Geim,'* S. V. Morozov,” D. Jiang,’
Y. Zhang,' S. V. Dubonos,” I. V. Grigorieva,' A. A. Firsov”

We describel monocrystalline graphitic films, which are a few atoms thick but are
nonetheless stable under ambient conditions, metallic, and of remarkably high
quality. The films are found to be a two-dimensional semimetal with a tiny overlap
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
square centimeter and with| room-temperature mobilities of ~ 10,000 |square
centimeters per volt-second can be induced by applying gate voltage.

'Department of Physics, University of Manchester,
Manchester M13 9PL, UK. °Institute for Microelec-
tronics Technology, 142432 Chernogolovka, Russia.
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How to Make One-Atom-Thick Carbon Layers With Sticky Tape

http://www.sciam.com/article.cfm?id=diy-graphene-how-to-make-carbon-layers-with-sticky-tape
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K. S. Novoselov et al., Nature 438, 197 (2005). 5
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For groundbreaking experiments

Richard Van Noorden, Nature 469, 14-16 (2011).

;i ;“?*':. regarding the two-dimensional material
8 e graphene
¥ ... Playfulness is one of their hallmarks.

http://nobelprize.org/nobel_prizes/physics/laureates/2010/
http://nobelprize.org/nobel_prizes/physics/laureates/2010/press.html 6
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A. H. C. Neto, Nature Mater. 6, 176 (2007). A. K. Geim and K. S. Novoselov, Nature Mater. 6, 183 (2007). 7
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T. Ohta et al., Science 313, 951 (2006).
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Silicene, the graphene equivalent for silicon
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STM-assembled molecular graphene
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J. Simon et al., Nature 483, 282 (2012).
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K. K. Gomes et al., Nature 483, 306 (2012).
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K. K. Gomes et al., Nature 483, 306 (2012).
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http://physicsbuzz.physicscentral.com/2010/10/2010-physics-nobel-prize-for-invisible.html Nair RR, et al., Science 320, 1308 (2008).13
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Graphene flakes on SiO,/Si Suspended graphene flakes
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M. Yankowitz et al., Nature Phys. 8, 382 (2012).
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Low-energy electron microscopy (LEEM)
Photoelectron emission microscopy (PEEM)
Thermionic electron emission microscopy (TEEM)
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LEEM

LEEM ~10 nm

H. Hibino et al., Phys. Rev. B 77, 075413 (2008); e-J. Surf. Sci. Nanotechnol. 6, 107 (2008).
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Multilayer graphene grown
v’on C-face SiC

H. Hibino et al., J. Phys. D: Appl. Phys. 45, 154008 (2012). 29
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H. Hibino et al., Phys. Rev. B 80, 085406 (2009).



2

DF LEEM using (1,0)

Intensity (arb. units)

H. Hibino et al., Phys. Rev. B 80, 085406 (2009).
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Electrical measurement

AFM indentation

| l | I I |
20 40 60 80 100 120

V(mV)
Q. Yu et al., Nature Mater. 10, 443 (2011).

P. Y. Huang et al., Nature 469, 389 (2011).
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(a) Nucleation of defect lines on step edges between Ni terraces

| . | Formation of defect

® Carbon -1 line within the same

3 'f.‘..i.:m- Lajadafadelas
Poly - Ni substrate Carburization

(b)Thermal stress-induced formation of wrinkles

Poly - Ni substrate

S. J. Chae et al., Adv. Mater. 21, 2328 (2009).
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Surface Method of Main experimental
preparation technique
Co(0001) Segregation AES
Ni(111)  Segregation AES
Decomposition ELS
Decomposition uprs
Decomposition HREELS
Decomposition ARUPS
Decomposition ST™M
Decomposition LEED
Decomposition ICISS
Ni(100) Segregation LEED
Decomposition ARUPS
Ru(0001) Segregation LEED
Segregation 5T™
Segregation LEEM
Decompaosition ARUPS
Decomposition XPS
Decomposition ST™M
Decomposition SXRD
Rh(111)  Segregation LEED
Rh(100)  Decomposition LEED
Pd(111)  Segregation AES
Pd(100)  Segregation AES
If111) Decomposition LEED
Decomposition sT™M
Decomposition ARUPS
Pt(111) Segregation LEED
Decomposition LEED
Decomposition HREELS
Decomposition ST™M
Pt(100) Segregation LEED
Decomposition LEED
Pt(110) Segregation LEED

Lattice constant:

v'Graphite=0.246 nm

Conditions
Substrates  Gases, temperatures,
TiC(111)  C>Hy, 1400 K, 200 L v'Ni(111)=0.249 nm
TaC(100)  C,Hs, 1400 K, 2000 I -
TaC(111)  C>Hj, 1100-1500 K, ] ‘/Rh(1")'°'269 A
HfC(100)  C,H, 1100-1800 K, v'Ru(0001)=0.271 nm
HfC(111)  C)Hy, 1400 K, 500 L _
WC(0001)  Hydrocarbon, 1800-2( \/Ir(111)-0.272 L
LaBg(100) Segregation v'Pt(111)=0.277 nm
Ni(100) CO, C;H;

CO, 600 K, 90000 L e =y
Ni(111) CyHy LEED, AES [25]

Segregation 1975 [26.27]
Pt(111) C;Hs, 1150 K, 13 L LEED, AES (28, 29]

CsHs 1100 K, 25 L

Segregation
Ir(100) CsHs, 1600 K, 150 L AES, TDS [30]
Ir(111) CgHg, 1600 K, 150 L AES, TDS [30]
Pd(100) Segregation LEED, AES [28]
Pd(111) Segregation LEED, AES [28]
Re(1010)  CgHg, 1500-1800 K AES, TDS [31]
Ru(001) Segregation UPS [32]

C. Oshima and A. Nagashima: J. Phys.: Condens. Matter 9 (1997) 1.

J. Wintterlin, M.-L. Bocquet / Surface Science 603 (2009) 1841-1852
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Cu, Ni, and Co(111)

Al, Au, Pd, and Pt(111)

E (eV)

E (V)

Gr Ni Co Pd Al Ag Cu Au Pt
deq (A) 2.05 2.05 2.30 341 3.33 3.26 331 3.30
AE (eV) 0.125 (0.160 0.084 0.027 0.043 0.033 0.030 (.038
Wy (eV) 5.47 544 5.67 4.22 492 522 5.54 6.13
W eV) 4.48 3.66 3.78 4.03 4.04 424 440 474 4.87
Wespr (€V) 46" 3.9* 4.3* 4.8°

G. Giovannetti et al., PRL 101, 026803 (2008).
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APCVD: 0. 5 scem CH4 and 500 sccm H2 Vapor Trapping Growth

— Vapor-trapping
tube

Yi Zhang et al., Nano Lett.
12, 2810 (2012).
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H. Wang etal., J. Am. Chem. Soc 134, 3627 (21))
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Q. Yu et al., Nature Mater. 10, 443 (2011).
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Thus we have shown that hydrogen plays a dual role
in the process of graphene growth by CVD on copper
foil with methane as a carbon source. It acts as a
cocatalyst in formation of active surface bound carbon
species (C,H,); required for graphene growth and
controls the grains shape and dimension by etching
away the "weak"” carbon—carbon bonds. Graphene
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Single-domain graphene grows continuously in a carpet like manner, not only

over steps on the substrate, but also over its grain boundaries.
G. Odahara et al., Appl. Phys. Exp. 5, 035501 (2012).
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F. Abild-Pedersen et al., PRB 73, 115419(2006).
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Ru(111), ~1000 K, C,H,~1x10°8 Torr

Ru(0001)
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Ru(0001)

graphene

E. Starodub et al., PRB 80, 235422 (2009).
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S. Lee et al., Nano Lett. 10, 4702 (2010).

v’ Segregation control

Growth on CuNi alloy © | @ 20
Ni at. 5.5% Ni at. 10.4% N S—-— - G k_
g " : ;. _L 1L (exf.)
ot =
i g A 2L (exf) A_
4 ;. = - LA 2L (CVD) j\_

1500 1800 2100 2400 2700
-15 -10 -5 [1] 5 Raman Shift em’)

X. Liu et al., J. Phys. Chem. C 115, 11976 (2011).




K. Hayashi et al., J. Am. Chem. Soc. 134, 12492 (2012).

Intensily (a .u,}

— } Twin crystal
— {111}=|.ufau
.ﬂ
1200 1400 1600 2400 2600 2800

Raman shift (cm™)

80



2

c-mu;mrm.rt:l.u".i

0

x=.LU2Vr—x=L2

CatH1 _Sideview i 3
] 1:1: H3 g | g
51 . £ ot
B T T T TR TR AT bo 20 a m 30 100
/N b Cu(D01) region
8 2 : P >
/ \ A E 1 '. :
VIR R e
80 e o - g i

0.04 —
0.0 0.5 1.0 1.5 2.0 2.5 3

.0
' Sites CfCu{Dﬂl] Path ‘i}
Table 1. Adsorption Energy (eV)
carbon monomer carbon dimer C,H,
Cu (111) —6.67 ~5.84 ~139
Cu (001) -7.42 -593 ~1.53
Table 2. Diffusion Barrier (eV)
carbon monomer carbon dimer C,H,
Cu (111) 094 0.48 037
Cu (001) 1.79 0.86 0.76

[ |
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K. Hayashi et al., J. Am. Chem. Soc. 134, 12492 (2012).

81



3-1
3-2
3-3 SiC

82



(0001) (1120) a-plane
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U. Starke, Phys. Sol. Stat. 246, 1569 (2009).
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P+ Po p

with pp=48%9 mbar. We assign this value to “effective

pressure” of Si vapor interacting with graphene layers and/or

graphene-SiC interface. It could be understand that Si atoms
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Deal-Grove model B.E. Deal and A. S. Grove, J. Appl. Phys. 36, 3770 (1965).
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