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FIG. 3. (Color online) (a) The initial adsorption sites of C,H, on (100) and
step-edge of MgO surface and corresponding calculated adsorption energies
for the different sites and dissociative energies of C,H, to C,H and H. (b)
Different configurations of carbon adsorption on a MgO surface with an
existing graphene flake.

and the step-edge of MgO. The dissociative adsorption ener-
gies indicate exothermic reactions on the step-edge surface.
Thus, according to our calculations, the presence of the step-
edge on the MgO surface is essential for the decomposition
of C,H,. In addition, we have calculated the adsorption of
single carbon atoms on several surface positions. For each
adsorption position, the lateral position of carbon is fixed to
avoid the diffusion of the atom to favorable adsorption sites.
The most favorable adsorption site of carbon on an MgO
(100) surface is the step-edge adsorption position. In addi-
tion, the diffusion barrier of a carbon atom on MgO (100)
has been calculated. The total energy of the initial and final
configurations have been obtained using geometry optimiza-
tion. The diffusion barrier is about 0.38 eV. The diffusion
barrier of a hydrogen atom on the surface from on-top of one
oxygen atom to the next is 0.2 eV. Thus, the hydrogen atoms
simply diffuse away while the carbon remains on the surface.

The importance of step sites to the growth of carbon
nanotubes is already well established for some metal cata-
lysts. It has been argued elsewhere®*? that the crystalline
state of nickel catalyst particles evidences a surface growth
mechanism which can divided into four distinct
subprocesses—the adsorbtion of carbon feedstock molecules
on the catalyst, dissociation of hydrogen from the precursor,
surface diffusion, and addition of carbon atoms to the net-
work. Our theoretical investigations, while still preliminary,
clearly show each of these subprocesses on MgO (100) step
sites (cf. Fig. 3). The experimental data show graphene
nanoflakes anchored at step sites. Questions remain though,
for example, what are the effects of the edges of the
nanoflakes, their possible interaction with the substrate and
the effect of defects in the dielectric. Nonetheless, the dem-
onstrated catalytic potential of high-« dielectrics for the cata-
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lytic formation of graphene via thermal CVD at low tem-
peratures is an advance.

F.B. acknowledges the DFG (Grant No. RU 1540/8-1),
A.B. the A.-v.-Humboldt Stiftung and the BMBF, S.Z. the
IMPRS “Dynamical Processes in Atoms, Molecules and Sol-
ids,” G.C. the South Korean Ministry of Education, Science,
and Technology Program, Project WCU ITCE No. R31-
2008-000-10100-0, and M.H.R. the EU (ECEMP) and the
Freistaat Sachsen.

'A. K. Geim, Science 324, 1530 (2009).

2y.-w. Son, M. L. Cohen, and S. G. Louie, Phys. Rev. Lett. 97, 216803
(2006).

3P. Shemella, Y. Zhang, M. Mailman, P. M. Ajayan, and S. K. Nayak, Appl.
Phys. Lett. 91, 042101 (2007).

“B. Sahu, H. Min, A. H. MacDonald, and S. K. Banerjee, Phys. Rev. B 78,
045404 (2008).

M. P. Lima, A. Fazzio, and A. J. R. da Silva, Phys. Rev. B 79, 153401
(2009).

°B. Sahu, H. Min, and S. K. Banerjee, Phys. Rev. B 81, 045414 (2010).

"B. Sahu, H. Min, and S. K. Banerjee, Phys. Rev. B 82, 115426 (2010).

8FE. Xia, D. B. Farmer, Y.-M. Lin, and P. Avouris, Nano Lett. 10, 715
(2010).

°B. Lee, S.-Y. Park, H.-C. Kim, K. Cho, E. M. Vogel, M. J. Kim, R. M.
Wallace, and J. Kim, Appl. Phys. Lett. 92, 203102 (2008).

M. C. Lemme, T. J. Echtermeyer, M. Baus, and H. Kurz, IEEE Electron
Device Lett. 28, 282 (2007).

P W. Sutter, J.-I. Flege, and E. A. Sutter, Nature Mater. 7, 406 (2008).

2A. Reina, X. Jia, J. Ho, D. Nezich, H. Son, V. Bulovic, M. S. Dresselhaus,
and J. Kong, Nano Lett. 9, 30 (2009).

3%, Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni,
I. Jung, E. Tutuc, S. K. Banerjee, L. Colombo, and R. S. Ruoff, Science
324, 1312 (2009).

KV Emtsev, A. Bostwick, K. Horn, J. Jobst, G. L. Kellogg, L. Ley, J. L.
McChesney, T. Ohta, S. A. Reshanov, J. Rohrl, E. Rotenberg, A. K.
Schmid, D. Waldmann, H. B. Weber, and T. Seyller, Nature Mater. 8, 203
(2009).

M. H. Riimmeli, F. Schiffel, A. Bachmatiuk, D. Adebimpe, G. Trotter, F.
Borrnert, A. Scott, E. Coric, M. Sparing, B. Rellinghaus, P. G. McCor-
mick, G. Cuniberti, M. Knupfer, L. Schultz, and B. Biichner, ACS Nano
4, 1146 (2010).

M. H. Riimmeli, A. Bachmatiuk, A. Scott, F. Borrnert, J. H. Warner, V.
Hoffmann, J. H. Lin, G. Cuniberti, and B. Biichner, ACS Nano 4, 4206
(2010).

7). P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
(1996).

'8p, E. Bléchl, Phys. Rev. B 50, 17953 (1994).

"G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169 (1996).

2a. Henkelman, A. Arnaldsson, and H. Jonsson, Comput. Mater. Sci. 36,
354 (2006).

*'H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).

M. H. Riimmeli, F. Schiffel, C. Kramberger, T. Gemming, A. Bachmatiuk,
R. J. Kalenczuk, B. Rellinghaus, B. Biichner, and T. Pichler, J. Am. Chem.
Soc. 129, 15772 (2007).

23, A. Steiner III, T. F. Baumann, B. C. Bayer, R. Blume, M. A. Worsley,
W. J. MoberlyChan, E. L. Shaw, R. Schlogl, A. J. Hart, S. Hofmann, and
B. L. Wardle, J. Am. Chem. Soc. 131, 12144 (2009).

g, Helveg, C. Lépez-Cartes, J. Sehested, P. L. Hansen, B. S. Clausen, J. R.
Rostrup-Nielsen, F. Abild-Pedersen, and J. K. Ngrskov, Nature (London)
427, 426 (2004).

2. Hofmann, G. Csanyi, A. C. Ferrari, M. C. Payne, and J. Robertson,
Phys. Rev. Lett. 95, 036101 (2005).

Downloaded 23 Feb 2011 to 141.30.233.21. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1126/science.1158877
http://dx.doi.org/10.1103/PhysRevLett.97.216803
http://dx.doi.org/10.1063/1.2761531
http://dx.doi.org/10.1063/1.2761531
http://dx.doi.org/10.1103/PhysRevB.78.045404
http://dx.doi.org/10.1103/PhysRevB.79.153401
http://dx.doi.org/10.1103/PhysRevB.81.045414
http://dx.doi.org/10.1103/PhysRevB.82.115426
http://dx.doi.org/10.1021/nl9039636
http://dx.doi.org/10.1063/1.2928228
http://dx.doi.org/10.1109/LED.2007.891668
http://dx.doi.org/10.1109/LED.2007.891668
http://dx.doi.org/10.1038/nmat2166
http://dx.doi.org/10.1021/nl801827v
http://dx.doi.org/10.1126/science.1171245
http://dx.doi.org/10.1038/nmat2382
http://dx.doi.org/10.1021/nn9016108
http://dx.doi.org/10.1021/nn100971s
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1016/j.commatsci.2005.04.010
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1021/ja0779405
http://dx.doi.org/10.1021/ja0779405
http://dx.doi.org/10.1021/ja902913r
http://dx.doi.org/10.1038/nature02278
http://dx.doi.org/10.1103/PhysRevLett.95.036101

