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2:00pm  GR+AS+NS+SP+SS-TuA1  High Resolution Real and 
Reciprocal Space Photoelectron Emission Microscocopy on 
Heterogeneous Graphene/SiC(000-1), K. Winkler, B. Kroemker, 
1Omicron NanoTechnology, Germany, N. Barrett, IRAMIS, Saclay, 
France, E. Conrad, GeorgiaTech 
We present energy filtered electron emission spectromicroscopy with high 
spatial and wave-vector resolution on few-layer epitaxial graphene on 
SiC(000-1) grown by furnace annealing. 

Conventional electron spectroscopy methods are limited in providing 
simultaneous real and reciprocal or k-space information from small areas 
under laboratory conditions. Therefore, the characterization of materials 
with only micron scale sample homogeneity such as epitaxially grown 
graphene requires new instrumentation. Recent improvements in aberration 
compensated energy-filtered photoelectron emission microscopy (PEEM) 
can overcome the known limitations in both synchrotron and laboratory 
environments. Here we report 2D maps of the k-parallel π-π ∗ band 
dispersion in micron-scale regions and correlate them with spatially 
resolved chemical information on the same regions. Only the combination 
of high lateral, high energy, high k-resolution and controlled switching 
between real space and k-space allows detailed understanding of micron 
size sample sites with 1–3 layers graphene. The experiments underline the 
importance of simultaneous lateral, wave vector and spectroscopic 
resolution on the scale of future electronic devices in order to precisely 
characterize the transport properties and band alignments. 

2:20pm  GR+AS+NS+SP+SS-TuA2  Evidence of Nanocrystalline 
Semiconducting Graphene Monoxide during Thermal Reduction of 
Graphene Oxide in Vacuum, C. Hirschmugl, E. Mattson, H. Pu, S. Cui, 
M. Schofield, S. Rhim, G. Lu, M. Nasse, University of Wisconsin 
Milwaukee, R.S. Ruoff, University of Texas at Austin, M. Weinert, M. 
Gajdardziska-Josifovska, J. Chen, University of Wisconsin Milwaukee 
As silicon-based electronics are reaching the nanosize limits of the 
semiconductor roadmap, carbon-based nanoelectronics has become a 
rapidly growing field, with great interest in tuning the properties of carbon-
based materials. Chemical functionalization is a proposed route, but 
syntheses of graphene oxide (G-O) produce disordered, nonstoichiometric 
materials with poor electronic properties. We report synthesis of an ordered, 
stoichiometric, solid-state carbon oxide that has never been observed in 
nature and coexists with graphene. Formation of this material, graphene 
monoxide (GMO)[1], is achieved by annealing multilayered G-O. A 
combination of transmission electron microscopy and infrared 
microspectroscopy have provided critical experimental evidence to identify 
the novel structure. These results indicate that the resulting thermally 
reduced G-O (TRG-O) consists of a two-dimensional nanocrystalline phase 
segregation: unoxidized graphitic regions are separated from highly 
oxidized regions of GMO. GMO has a quasi-hexagonal unit cell, an 
unusually high 1:1 O:C ratio, and a calculated direct band gap of 
approximately 0.9 eV. 

This work was supported by the NSF (CMMI-0856753 and CMMI-
0900509). This work is based upon experiments performed at the 
Synchrotron Radiation Center. The SRC is funded by the University of 
Wisconsin-Madison and the University of Wisconsin-Milwaukee. Work 
performed at the SRC IRENI beamline been done with support from an 
NSF Major Research Instrumentation grant (DMR-0619759). The authors 
thank Bruker Technologies for the Grazing Angle Objective used for this 
work. 

[1] Mattson, E.C. et al., ACSNano (2011) 5 (2011) 9710-9717. 

2:40pm  GR+AS+NS+SP+SS-TuA3  Scanning Tunneling Spectroscopy 
of Epitaxial Graphene: Local Band Mapping and Wavefunction 
Engineering, P.N. First, Georgia Tech INVITED 
Because the crystalline orientation is determined prior to growth, epitaxial 
graphene (EG) on silicon carbide is an excellent material to consider for 2D 
wavefunction engineering, where device properties are designed through 
wavefunction confinement and material strain. In pursuit of this goal, we 
use scanning tunneling microscopy (STM) and spectroscopy (STS) to 
characterize the local structural and electronic properties of EG and a 

simple EG nanostructure. With some care, STS can be used to measure the 
full energy-momentum dispersion of both filled and empty states, on length 
scales determined by the coherence of the graphene wavefunctions. 
Applying a magnetic field introduces a field-tunable comb of discrete 
Landau level energies that we use to obtain high momentum resolution, to 
characterize the tip-induced surface potential, and to detect subtle interlayer 
interactions in a multilayer graphene stack. * Work performed in 
collaboration with NIST Center for Nanoscale Science and Technology ** 
Funded in part by NSF and by NRI-INDEX. 

4:00pm  GR+AS+NS+SP+SS-TuA7  Intercalation of O2 an CO 
Controlled by the Mesoscopic Structure of Graphene, E. Grånäs, J. 
Knudsen, Lund University, Sweden, U. Schröder, T. Gerber, C. Busse, 
Universität zu Köln, Germany, M.A. Arman, K. Schulte, J.N. Andersen, 
Lund University, Sweden, T.W. Michely, Universität zu Köln, Germany 
Intercalation of gases between epitaxial graphene and its substrate has 
become a topic of interest for studies due to, for example, the unique 
opportunities to modify the graphene-substrate interaction and the 
possibilities to perform chemistry under the graphene layer. Further, a 
profound knowledge about graphenes stability in gases at elevated 
temperatures and pressures is essential for, among other things, the correct 
interpretation of gas adsorption studies on graphene supported metal cluster 
arrays. 

We have studied intercalation and etching of Ir(111) supported graphene 
upon gas exposure to common gasses such as O2 and CO in the entire 
pressure interval from 10-8 to 0.1 mbar. Comparing perfect graphene layers 
without holes with graphene films, that only covers a fraction of the Ir(111) 
surface, we reveal that the holes - or more specific the graphene edges - are 
essential for intercalation. 

For oxygen exposed graphene we develop a coherent picture of temperature 
dependent oxygen etching and intercalation. Using X-ray photoemission 
spectroscopy (XPS) and scanning tunnelling microscopy (STM) we show 
that a perfect graphene layer is stable against etching and intercalation up to 
700 K, whereas at higher temperatures etching, but no intercalation, takes 
place. In contrast, a partial graphene coverage on Ir(111) enables 
dissociative oxygen adsorption on the bare Ir and subsequent intercalation 
underneath graphene flakes at 355 K and above. Intercalated oxygen 
remains stable up to a temperature of 600 K, above this temperature it 
desorbs in the form of CO or CO2. We have determined XPS and STM 
fingerprints for the intercalated oxygen structure and we unambiguous 
assign it to a p(2x1)-O structure similar to the one observed on clean 
Ir(111). The decoupling of the intercalated graphene film from the metal 
substrate is directly visualized through the inability to form well-ordered Pt 
cluster arrays on the O-intercalated areas of graphene on Ir(111). Further, 
we have identified the rate limiting step for oxygen intercalation to be 
unlocking of the graphene edge and propose that this takes place through 
bond breaking between graphene edge bonds and the Ir substrate. 

Using a combination of high pressure X-ray photoemission spectroscopy 
(HP-XPS) and STM we also show that CO intercalation takes place at room 
temperature and pressures in the 1 mbar range. The adsorption structure of 
intercalated CO is determined to be (3√3 × 3√3)R30o, identical to the 
structure observed on clean Ir(111) upon high pressure CO exposure. 

4:20pm  GR+AS+NS+SP+SS-TuA8  Long-range Atomic Ordering and 
Variable Interlayer Interactions in Two Overlapping Graphene 
Lattices with Stacking Misorientations, T. Ohta, T.E. Beechem, Sandia 
National Laboratories, J.T. Robinson, Naval Research Laboratory, G.L. 
Kellogg, Sandia National Laboratories 
We report a method to examine the effect of stacking misorientation in 
bilayer graphene by transferring chemical vapor deposited (CVD) graphene 
onto monolithic graphene epitaxially grown on silicon carbide (SiC) (0001). 
The resulting hybrid bilayer graphene displays long-range Moiré diffraction 
patterns having various misorientations even as it exhibits electron 
reflectivity spectra nearly identical to epitaxial bilayer graphene grown 
directly on SiC. These varying twist angles affect the 2D (G’)-band shape of 
the Raman spectrum indicating regions of both a monolayer-like single π 
state and Bernal-like split π states brought about by the differing interlayer 
interactions. This hybrid bilayer graphene fabricated via a transfer process 
therefore offers a means to systematically study the electronic properties of 
bilayer graphene films as a function of stacking misorientation angle.  

The work at Sandia National Laboratories was supported by LDRD and by 
the US DOE Office of Basic Energy Sciences, Division of Materials 
Science and Engineering. Sandia National Laboratories is a multi-program 
laboratory managed and operated by Sandia Corporation, a wholly owned 
subsidiary of Lockheed Martin Corporation, for the U.S. Department of 
Energy's National Nuclear Security Administration under contract DE-
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AC04-94AL85000. The work at NRL was funded by the Office of Naval 
Research. 

4:40pm  GR+AS+NS+SP+SS-TuA9  Chemically-resolved Interface 
Structure of Epitaxial Graphene on SiC(0001), J.D. Emery, 
Northwestern Univ., B. Detslefs, European Synchrotron Radiation Fac., 
France, H.J. Karmel, Northwestern Univ., V.D. Wheeler, U.S. Naval 
Research Lab, J.M.P. Alaboson, Northwestern Univ., L.O. Nyakiti, R.L. 
Myers-Ward, C.R. Eddy, Jr., D.K. Gaskill, U.S. Naval Research Lab, M.C. 
Hersam, Northwestern Univ., J. Zegenhagen, European Synchrotron 
Radiation Fac., France, M.J. Bedzyk, Northwestern Univ. 
The implementation of graphene into next-generation electronics will 
require production high-quality graphene at the wafer scale. One promising 
route for the production of wafer-scale graphene is to grow epitaxial 
graphene (EG) via thermal decomposition of Si-terminated SiC 
(SiC(0001)). This method produces high-quality EG, but is accompanied by 
the formation of the so-called "buffer layer" at the interface, which is 
known to affect the electronic properties of the graphene. Despite numerous 
efforts to determine the nature of the buffer layer, debate persists 
concerning its atomic and chemical structure. Here, we use the X-ray 
Standing Wave (XSW) technique to create a precise chemically-sensitive 
description of the distributions of Si and C at the interface. This technique, 
which combines X-ray scattering and X-ray Photoelectron Spectroscopy 
(XPS), is capable of locating coherent distributions of chemically distinct 
species above a single crystal surface. This allows for a more detailed 
description of the interface than those afforded by scattering or XPS alone. 
Our analysis shows that the buffer layer, which is present in both UHV and 
furnace-grown EG/SiC(0001), contains no substantial non-bulk or oxide 
silicon component, and is thus purely carbon. We identify two chemically 
distinct carbon species within the interface layer, each with a distinct 
location above the Si-terminated surface, and report their positions and 
distributions with sub-angstrom precision. These results help to clarify 
long-standing uncertainties about the interfacial structure of 
graphene/SiC(0001). Further, we also highlight the potential for XSW with 
XPS as a valuable tool in the structural determination of complex interfaces, 
such as functionalized, doped, or intercalated epitaxial graphene. 

5:00pm  GR+AS+NS+SP+SS-TuA10  Formation of Graphene on SiC( 
000-1 ) in Disilane and Neon Environments, G. He, N. Srivastava, R. 
Feenstra, Carnegie Mellon University 
We have prepared graphene on the SiC(000-1) surface (the so-called C-face 
of the {0001} surfaces), by heating the SiC in a Si-rich environment 
produced either by using disilane (≈10-4 Torr) or cryogenically-purified 
neon (1 atm). With the Si-rich environments, we obtain considerably better 
uniformity in the thickness for thin, ≈ML-thick graphene on the C-face 
compared to that observed in samples prepared in vacuum or in an argon 
environment. We also find that different interface structures occur in these 
environments. In particular, we find a graphene-like buffer layer forming at 
the interface, analogous to the well known behavior of the SiC(0001) 
surface (the Si-face).  

Studies are performed using atomic force microscopy (AFM), low-energy 
electron diffraction (LEED), and low-energy electron microscopy (LEEM). 
For graphene prepared in vacuum, LEED patterns show a characteristic 3X3 
pattern together with graphene streaks. In contrast, for the graphene 
produced in either the disilane environment (≈10-4 Torr) or 1 atm of neon, 
LEED patterns reveals a complex √43X√43-R±7.6° arrangement along with 
graphene spots. This structure is somewhat similar to the well known 
6√3X6√3-R30° “buffer layer” of the Si-face, with satellite spots 
surrounding the primary Si spots, and is interpreted as arising from a C-rich 
buffer layer on the SiC. Selected area diffraction on those surface areas 
reveals a wavevector magnitude precisely equal to that of graphene, thus 
proving that the buffer layer does indeed have structure very close to that of 
graphene (the pattern is interpreted as a distortion of the buffer-layer 
graphene due to bonding to the underlying SiC). Using LEEM, 
measurements from the buffer layer of the reflected intensity of the 
electrons as a function of their energy reveal a new characteristic 
reflectivity curve, not seen for vacuum-prepared graphene.  

After oxidation of the samples, the √43X√43-R±7.6° spots disappear and 
√3X√3-R30° spots appear on the surface. This latter behavior is interpreted 
as oxidation of the SiC surface beneath the buffer layer. Selected area 
diffraction on portions of the surface that were previously identified as 
buffer layer still reveal a wavevector magnitude precisely equal to that of 
graphene. However, LEEM reflectivity curves on those areas reveal a 
completely new spectrum, indicative of a "decoupling" of the buffer from 
the SiC. This decoupling is consistent with our interpretation of this new 
interface structure as being a graphene buffer layer on C-face SiC.  

This work is supported by NSF. 

5:20pm  GR+AS+NS+SP+SS-TuA11  Characterization of Few Layer 
Graphene Films Grown on Cu-N i and SiC Substrates, P. Tyagi, J.D. 
McNeilan, J. Abel, F.J. Nelson, Z.R. Robinson, R. Moore, A.C. Diebold, 
V.P. LaBella, C.A. Ventrice, Jr., University at Albany - SUNY, A.A. Sandin, 
D.B. Dougherty, J.E. Rowe, North Carolina State Univ., C. 
Dimitrakopoulos, A. Grill, C.Y. Sung, IBM T.J. Watson Res. Center, S. 
Chen, A. Munson, Y. Hao, C.W. Magnuson, R.S. Ruoff, Univ. of Texas at 
Austin 
The electronic structure of graphene depends on the number of graphene 
layers and the stacking sequence between the layers. Therefore, it is 
important to have a non-destructive technique for analyzing the overlayer 
coverage of graphene directly on the growth substrate. We have developed a 
technique using angle-resolved XPS to determine the average graphene 
thickness directly on metal foil substrates and SiC substrates. Since 
monolayer graphene films can be grown on Cu substrates, these samples are 
used as a standard reference for a monolayer of graphene. HOPG is used as 
a standard reference for bulk graphite. The electron mean free path of the C-
1s photoelectron is determined by analyzing the areas under the C-1s peaks 
of monolayer graphene/Cu and bulk graphite and results in a value of 12.3 
±0.8 Å. With this electron mean free path, the graphene coverage of a film 
of arbitrary thickness can be determined from the areas under the C-1s 
peaks of the sample of interest, the monolayer graphene/Cu, and HOPG 
samples. Analysis of graphene coverages for graphene films grown on Cu-
Ni substrates shows that a uniform monolayer is first formed before the 
growth of a second layer. The thickness of both the graphene overlayer and 
intermediate buffer layer has been determined on 6H-SiC substrates. Raman 
spectroscopy data have also been taken on these samples and compared to 
the overlayer coverages determined with XPS. This research was supported 
in part by the National Science Foundation (grant no. 1006350/1006411).  

5:40pm  GR+AS+NS+SP+SS-TuA12  Thickness-related Electronic 
Properties of Single-layer and Few-layer Graphene Revealed by Single-
pass Kelvin Force Microscopy and dC/dZ Measurements, J. Yu, S. Wu, 
Agilent Technologies, Inc. 
Graphene has attracted much attention recently due to their exotic electronic 
properties. Potential applications of graphene sheets as ultrathin transistors, 
sensors and other nanoelectronic devices require them supported on an 
insulating substrate. Therefore, a quantitative understanding of charge 
exchange at the interface and spatial distribution of the charge carriers is 
critical for the device design. Here, we demonstrate that atomic force 
microscopy (AFM)-based technique Kelvin force microscopy (KFM) can 
be applied as an experimental means to quantitatively investigate the local 
electrical properties of both single-layer and few-layer graphene films on 
silicon dioxide. Our measurements indicate that the surface potential of 
single-layer grapheme is 60 mV higher than that of the silica interfacial 
layer. The effect of film thickness on the surface potential of few-layer 
grapheme is observed. For example, a 66 mV increase in the surface 
potential is detected for an eleven-layered film with respect to a nine-layer 
film. Furthermore, with the introduction of multiple lock-in amplifiers 
(LIAs) in the electronics for scanning probe microscopes, single-pass kelvin 
force microcopy and probing of the other electric property such as local 
dielectric permittivity via the capacitance gradient dC/dZ measurements are 
allowed by the simultaneous use of the probe flexural resonance frequency 
ωmech in the first LIA targeting the mechanical tip-sample interactions for 
surface profiling, and a much lower frequency ωelec (both in the second 
LIA and its second harmonic in the third LIA) for sample surface potential 
and dC/dZ measurements, respectively. In contrast to surface potentials, the 
dC/dZ measurements show that local dielectric permittivity of few-layer 
grapheme films maintain at the same level regardless of the film thickness. 
Such simultaneous monitoring of multiple electronic properties that exhibit 
different behaviors in response to the grapheme layers provides us a way to 
achieve both a comprehensive characterization and a better understanding 
of grapheme materials. 



 3 Author Index 

Authors Index 
Bold page numbers indicate the presenter 

—	A	— 
Abel, J.: GR+AS+NS+SP+SS-TuA11, 2 
Alaboson, J.M.P.: GR+AS+NS+SP+SS-TuA9, 2 
Andersen, J.N.: GR+AS+NS+SP+SS-TuA7, 1 
Arman, M.A.: GR+AS+NS+SP+SS-TuA7, 1 

—	B	— 
Barrett, N.: GR+AS+NS+SP+SS-TuA1, 1 
Bedzyk, M.J.: GR+AS+NS+SP+SS-TuA9, 2 
Beechem, T.E.: GR+AS+NS+SP+SS-TuA8, 1 
Busse, C.: GR+AS+NS+SP+SS-TuA7, 1 

—	C	— 
Chen, J.: GR+AS+NS+SP+SS-TuA2, 1 
Chen, S.: GR+AS+NS+SP+SS-TuA11, 2 
Conrad, E.: GR+AS+NS+SP+SS-TuA1, 1 
Cui, S.: GR+AS+NS+SP+SS-TuA2, 1 

—	D	— 
Detslefs, B.: GR+AS+NS+SP+SS-TuA9, 2 
Diebold, A.C.: GR+AS+NS+SP+SS-TuA11, 2 
Dimitrakopoulos, C.: GR+AS+NS+SP+SS-TuA11, 

2 
Dougherty, D.B.: GR+AS+NS+SP+SS-TuA11, 2 

—	E	— 
Eddy, Jr., C.R.: GR+AS+NS+SP+SS-TuA9, 2 
Emery, J.D.: GR+AS+NS+SP+SS-TuA9, 2 

—	F	— 
Feenstra, R.: GR+AS+NS+SP+SS-TuA10, 2 
First, P.N.: GR+AS+NS+SP+SS-TuA3, 1 

—	G	— 
Gajdardziska-Josifovska, M.: 

GR+AS+NS+SP+SS-TuA2, 1 
Gaskill, D.K.: GR+AS+NS+SP+SS-TuA9, 2 

Gerber, T.: GR+AS+NS+SP+SS-TuA7, 1 
Grånäs, E.: GR+AS+NS+SP+SS-TuA7, 1 
Grill, A.: GR+AS+NS+SP+SS-TuA11, 2 

—	H	— 
Hao, Y.: GR+AS+NS+SP+SS-TuA11, 2 
He, G.: GR+AS+NS+SP+SS-TuA10, 2 
Hersam, M.C.: GR+AS+NS+SP+SS-TuA9, 2 
Hirschmugl, C.: GR+AS+NS+SP+SS-TuA2, 1 

—	K	— 
Karmel, H.J.: GR+AS+NS+SP+SS-TuA9, 2 
Kellogg, G.L.: GR+AS+NS+SP+SS-TuA8, 1 
Knudsen, J.: GR+AS+NS+SP+SS-TuA7, 1 
Kroemker, B.: GR+AS+NS+SP+SS-TuA1, 1 

—	L	— 
LaBella, V.P.: GR+AS+NS+SP+SS-TuA11, 2 
Lu, G.: GR+AS+NS+SP+SS-TuA2, 1 

—	M	— 
Magnuson, C.W.: GR+AS+NS+SP+SS-TuA11, 2 
Mattson, E.: GR+AS+NS+SP+SS-TuA2, 1 
McNeilan, J.D.: GR+AS+NS+SP+SS-TuA11, 2 
Michely, T.W.: GR+AS+NS+SP+SS-TuA7, 1 
Moore, R.: GR+AS+NS+SP+SS-TuA11, 2 
Munson, A.: GR+AS+NS+SP+SS-TuA11, 2 
Myers-Ward, R.L.: GR+AS+NS+SP+SS-TuA9, 2 

—	N	— 
Nasse, M.: GR+AS+NS+SP+SS-TuA2, 1 
Nelson, F.J.: GR+AS+NS+SP+SS-TuA11, 2 
Nyakiti, L.O.: GR+AS+NS+SP+SS-TuA9, 2 

—	O	— 
Ohta, T.: GR+AS+NS+SP+SS-TuA8, 1 

—	P	— 
Pu, H.: GR+AS+NS+SP+SS-TuA2, 1 

—	R	— 
Rhim, S.: GR+AS+NS+SP+SS-TuA2, 1 
Robinson, J.T.: GR+AS+NS+SP+SS-TuA8, 1 
Robinson, Z.R.: GR+AS+NS+SP+SS-TuA11, 2 
Rowe, J.E.: GR+AS+NS+SP+SS-TuA11, 2 
Ruoff, R.S.: GR+AS+NS+SP+SS-TuA11, 2; 

GR+AS+NS+SP+SS-TuA2, 1 

—	S	— 
Sandin, A.A.: GR+AS+NS+SP+SS-TuA11, 2 
Schofield, M.: GR+AS+NS+SP+SS-TuA2, 1 
Schröder, U.: GR+AS+NS+SP+SS-TuA7, 1 
Schulte, K.: GR+AS+NS+SP+SS-TuA7, 1 
Srivastava, N.: GR+AS+NS+SP+SS-TuA10, 2 
Sung, C.Y.: GR+AS+NS+SP+SS-TuA11, 2 

—	T	— 
Tyagi, P.: GR+AS+NS+SP+SS-TuA11, 2 

—	V	— 
Ventrice, Jr., C.A.: GR+AS+NS+SP+SS-TuA11, 2 

—	W	— 
Weinert, M.: GR+AS+NS+SP+SS-TuA2, 1 
Wheeler, V.D.: GR+AS+NS+SP+SS-TuA9, 2 
Winkler, K.: GR+AS+NS+SP+SS-TuA1, 1 
Wu, S.: GR+AS+NS+SP+SS-TuA12, 2 

—	Y	— 
Yu, J.: GR+AS+NS+SP+SS-TuA12, 2 

—	Z	— 
Zegenhagen, J.: GR+AS+NS+SP+SS-TuA9, 2 

 


