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ABSTRACT

Interfacial interactions at graphene/metal and grapheneldielectric

interfaces are likely to profoundly influence the electronic structure of graphene.
We present here the first angle-resolved near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy study of single- and bilayered graphene grown by chemical
vapor deposition on Cu and Ni substrates. The spectra indicate the presence of new
electronic states in the conduction band derived from hybridization of the C—m
network with Cu and Ni d-orbitals. In conjunction with Raman data demonstrating
charge transfer, the NEXAFS data illustrate that the uniquely accessible interfaces
of two-dimensional graphene are significantly perturbed by surface coatings and
the underlying substrate. NEXAFS data have also been acquired after transfer of
graphene onto SiO,/Si substrates and indicate that substantial surface corrugation
and misalignment of graphene is induced during the transfer process. The rippling
and corrugation of graphene, studied here by NEXAFS spectroscopy, is thought to

deleteriously impact electrical transport in graphene.

SECTION  Surfaces, Interfaces, Catalysis
raphene, a one-atom-thick, two-dimensional (2D)
G electronic system exhibiting a cornucopia of quantum
transport phenomena, is constituted from a single
layer of carbon atoms tightly packed within a honeycomb
lattice.' > Recent advances in the wafer-scale fabrication of
graphene by chemical vapor deposition (CVD) methods
inspire confidence that it may be possible to harness the re-
markable electronic structure of graphene for applications in
microelectronics and quantum logic devices.*”” In particular,
the massive room-temperature mobilities of charge carriers in
graphene®? portends the possible use of this material in
ultrahigh frequency transistors with an operational regime
extending to the terahertz range.” The large phase coherence
length and room-temperature ballistic conduction observed
across micrometer-scale dimensions further tantalizes with
possibilities for applications in spin-logic architectures.'®""!
Much of the novel transport phenomena observed for
graphene is derived from its unique electronic structure
wherein electrons propagating through the honeycomb lattice
behave as massless and chiral Dirac fermions, and the valence
and conduction bands touch at conical Dirac points with a
remarkable linear energy dispersion within £1 eV of the
Fermi energy.
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As graphene transitions from being merely an object of
academic curiosity to real device applications, there is con-
siderable interest regarding modifications of the characteristic
graphene electronic spectrum when graphene is interfaced
with other materials including metals and dielectrics.'*™'*
There is a growing body of evidence that the strong bonding
of graphene layers to substrates during epitaxial or CVD
growth significantly alters the electronic structure of
graphene.'*™'® A dead “buffer” interfacial layer exhibiting
strong substrate hybridization has been reported upon the
epitaxial growth of graphene on SiC and Ru substrates with
only the subsequent electronically decoupled second layer
exhibiting properties analogous to single-layered graphene
(SLG).'*'> We present here a systematic angle-resolved near-
edge X-ray absorption fine structure (NEXAFS) spectro-
scopy study of graphene layers grown by CVD on Cu and Ni
substrates and transferred subsequently onto SiO,/Si sub-
strates.
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Figure 1. (A) Raman spectra acquired using 514.5 nm laser
excitation for four samples: SLG on Cu, BLG graphene on Cu,
SLG on Cu after transfer to a SiO,/Si substrate, and SLG on Cu after
transfer to a SiO,/Si substrate and sputtering of a 0.8 nm Al,O5
dielectric layer. (B) C K-edge NEXAFS data acquired for the same
four samples at normal incidence of the X-ray beam. Peak assign-
ments of the major peaks are noted in the figure. The inset shows
the relative orientation of the incident X-ray beam and its electric
field vector with respect to the graphene surface.

Figure 1A shows Raman data acquired using 514.5 nm
laser excitation for four graphene samples: SLG on Cu, bila-
yered graphene (BLG) on Cu, SLG transferred onto a SiO»/Si
substrate, and SLG on SiO,/Si with a sputtered 0.8 nm Al,O5
dielectric layer. Raman spectroscopy is a powerful probe of
both phonon dispersion and electron—phonon coupling, and
indeed serves as a sensitive probe of both the number of
graphene layers as well as the extent of the chemical/electrical
doping of graphene.'”~?° Raman spectra of graphene (and
graphite) are characterized by a 2-fold-degenerate in-plane
E,g phonon mode at the zone center, denoted as the G-band,
observed at ~1580 cm ™' and an energy-dispersive 2D (or G')
mode at ~2700 cm ™" arising from a double resonance pro-
cess involving the scattering of two phonons with opposite
moments adjacent to the K point of the graphene Brillouin
zone (BZ).'? A characteristic feature of SLG is that the double-
resonance 2D band is much stronger in intensity than the E,g
G-band.'® This enhanced intensity of the 2D mode is clearly
noted for the purported SLG sample on Cu (Figure 1A).
Further verification of the single-layered nature of the sample
comes from the line shape of the 2D band:'? the 2D band for
SLG can be fitted with a single Lorentzian, although the full
width at half-maximum (fwhm) is appreciably broader than
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reported for micromechanically cleaved graphene.'”?° The
predominantly BLG sample shows slightly greater asymmetry
of the 2D band. Notably, the G-bands for both SLG and BLG
graphene are shifted to higher frequencies and are also
significantly broadened relative to undoped micromechani-
cally cleaved graphene.'”*® The origin of these spectral
changes is likely the doping of graphene due to interactions
with the underlying Cu substrate. Specifically, for metals,
phonons are somewhat screened by electronic states at
certain points of the BZ, as dictated by the shape of the Fermi
surface. This gives rise to the Kohn anomaly, which softens the
graphene modes, especially the E»g mode.'”*® Upon chemi-
cal doping, the Fermi surface is altered, and the Kohn
anomaly departs from g = 0 because of the change in carrier
concentration, resulting in stiffening of the G-mode to higher
frequencies, as is clearly noted for the graphene samples on
Cu in Figure 1A."7?° Significantly, doping also induces a
decrease in the I(2D)/I(G) ratios.'>'? The observed frequen-
cies, lineshapes, and intensity ratios are thus indicative of
charge transfer between the graphene layers and the under-
lying Cu substrate. Other factors such as temperature, stress,
pressure, and deformation can also give rise to pronounced
shifts in the Raman spectral features of graphene. The Raman
spectroscopy results are consistent with recent density funct-
ional theory (DFT) predictions that the adsorption of Cu onto
graphene substantially preserves the intrinsic graphene elect-
ronic structure but shifts the Fermi level.'* Notably, upon
transfer to SiO,/Si, the G-band shifts from ~1592 to 1590 cm™ !
and subsequently to ~1586 cm™ ' after coating with the di-
electric. The fwhm of the peak is also narrowed by ~3.0 cm™"
upon transfer to SiO,/Si and deposition of the dielectric layer
likely due to changes in the extent of doping. Residual metal
ions from the etching process along with contamination from
poly(methyl methacrylate) (PMMA) could account for the
persistence of some doping even upon transfer. Dielectric
deposition also likely induces appreciable stress that could be
responsible for altering the lineshapes and peak positions of
the transferred graphene samples coated with 0.8 nm Al O5.

Notably, the intensity of the weak D-band is not signifi-
cantly altered upon transfer, suggesting that the transfer
process does not significantly increase the defect density or
cause fragmentation of graphene domains. However, upon
deposition of the Al,O5 gate dielectric layer, a sharp increase
in the intensity of the D-band is noted. Since this spectral
feature originates from a double-resonant intravalley process
involving electron scattering at a defect site,'* the activation of
this mode suggests that the deposition of Al,O5 induces sym-
metry breaking of graphene with the probable incorporation
of defect sites."” A new feature also appears at ~2930 cm™ '
and can be attributed to a combination D-+D’ mode, which is
also activated by scattering at defect sites.

Misalignment and alterations to the graphene electronic
spectrum due to interfacial phenomena have been further
probed by carbon K-edge NEXAFS spectroscopy. NEXAFS
spectroscopy involves the use of low-energy X-rays to pro-
mote electrons from core levels to partially filled and unoccu-
pied states and is thus a powerful local probe of the electronic
structure above the Fermi level.”' ~*” The peak positions and
lineshapes of the observed NEXAFS resonances represent, to
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first approximation, a distorted replica of the unoccupied
density of states (UDOS). The dipole selection rules opera-
tional for NEXAFS (change in the angular momentum quan-
tum number, Al = =£1; change in spin disallowed) enable
frontier orbital states to be examined depending on their sym-
metry by varying the incident angle of the linearly polarized
synchrotron X-ray beam.**

Figure 1B shows NEXAFS data acquired for the same four
graphene samples studied by Raman spectroscopy. The
spectra have been acquired at 85° incidence of the X-ray
beam (6 represents the angle between the incident beam and
the substrate surface, inset to Figure 1B) and are presented
after pre- and post-edge normalization. The acquired partial-
electron-yield signals, acquired with an energy resolution of
~0.1 eV, have been normalized by the incident beam inten-
sity obtained from the photoemission yield of a Au grid with
90% transmittance located along the beam path. A carbon
mesh (with a C=C s* resonance at 285.1 eV), also located
along the beam path, is used for energy calibration. The
lowest-energy feature in Figure 1B is the peak (envelope of
peaks) centered at ca. 285.5—285.9 eV, corresponding to
transitions from C1s core levels to graphene conduction band
7* states in the vicinity of the M and L points of the BZ.**~7
The most prominent features in the spectra presented in
Figure 1B are the resonances at ~292.2 eV corresponding to
transitions to dispersionless o* states at the I'-point of the
graphene BZ.>*?°2” At normal incidence of the polarized
X-ray beam (6@ = 90°, as per Figure 1B, inset), the electric-field
vector E lies within the graphene plane, and thus transitions to
states of o symmetry are enhanced, accounting for the strong
intensity of these features in Figure 1B.

The normal incidence spectrum for the SLG sample on Cu
indicates the curious splitting of the 7t* peak into two distinct
resonances centered at ~285.3 and 286.1 eV. Interestingly,
this peak splitting with the appearance of the distinctive low-
energy feature is visible but less pronounced for BLG on Cu
and completely disappears upon transfer to the SiO,/Si sub-
strate (Figure 1B, inset). The said low-energy feature is most
pronounced at normal incidence when the contribution from
the r* peak is at its minimum, but is also discernible at other
polarization angles and indeed even at glancing incidence at
least two Voight functions including a low-energy component
are required to accurately fit the envelope of &* peaks. We
attribute this resonance to states arising from the hybridiza-
tion of graphene with the underlying Cu substrate. Consistent
with this assignment, this spectral feature is attenuated in BLG
since the second layer is likely to be electronically decoupled
from the Cu substrate to a greater extent. Furthermore, upon
transfer to the SiO,/Si substrate, the low-energy feature
completely disappears (since there is no significant hybridiza-
tion of amorphous SiO, with graphene 7 states).' > Indeed, it is
not surprising that a new electronic state appears in the
conduction band from the hybridization of out-of-plane gra-
phene C2p, orbitals, which have the correct symmetry for
overlap with Cu d-orbitals. In this context, the strong hybridi-
zation of graphene with underlying SiC and Ru substrates
have been reported,'®'*'® and for the former substrate,
photoemission measurements indicate that covalent bonding
of the first graphene layer with the SiC substrate completely
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disrupts the delocalized hexagonal s-electron network but
retains the o network with sp® hybridization.'* Unlike epitax-
ial samples with strongly bound buffer layers, the substrate—
graphene separation for CVD-grown samples on Cu is expec-
ted to be much larger (predicted to be ~3.3 A),'* and indeed
the Raman data and facile transfer onto other substrates
indicates relatively weaker covalent bonding of graphene to
the Cu substrate. The assignment of the low-energy compo-
nent of the #* peak to substrate hybridization is further
corroborated by Figure S1 in the Supporting Information,
which shows the C K-edge NEXAFS spectrum of graphene
grown by CVD on Ni substrates.* The low-energy split-off
feature attributed to hybridization of C2p, with Ni d-orbitals is
more pronounced in intensity than in the Cu case, likely
because of stronger substrate hybridization. Indeed, theore-
tical predictions suggest an equilibrium separation of only
2.05 A for graphene on Ni (as compared to ~3.3 A for
graphene on Cu).'® Substrate hybridization is clearly less
pronounced on Cu and Ni as compared to Ru and SiC (note
that equilibrium separations have been measured to be on the
order of 1.45 A for Ru and 1.65 A for 4H-SiC(0001)),'” and,
consequently, the 7z network is still preserved, and, despite
appreciable covalent bonding, the graphene layers can be
transferred to other substrates and show distinctive Raman
spectra; consequently, SLG grown by CVD onto Cu and Ni
substrates do not show the dead “buffer” layers observed on
Ruand SiC. In other words, there appears to be a continuum of
covalent interactions for graphene on different substrates that
is reflected in the C K-edge NEXAFS spectra; the degree of
substrate hybridization (extent of covalent bonding), reflect-
ing perturbation of the graphene m-network, is smaller (but
still appreciable) for CVD-grown graphene on Cu and Ni as
compared to expitaxial graphene on Ru and SiC, which is
further consistent with the measured and predicted equilibri-
um separation distances.

Some DFT predictions of interfacial interactions of gra-
phene with metal surfaces and adsorbed metal adatoms also
generally validate the above assignment.'*'® For example,
a down-shift of the m-band by ~0.5 eV in energy in majority
spin and ~1.5 eV in minority spin is predicted upon the
hybridization of d-orbitals of Co adatoms with C2p, orbitals of
graphene.*® Hybertsen and co-workers also predicted signifi-
cant electronic coupling between the graphene s-network
and an underlying Co surface that depends strongly on the
registry of the two materials.'® These authors note strong
interactions at the K-point between d,, states on the Co sur-
face and 2p, orbitals on carbon atoms situated directly above
Co sites.

Features beyond 296 eV in the spectra in Figure 1B arise
from transitions to states of mostly ¢ symmetry?’ and are
seen to be more pronounced for BLG. This is consistent with a
multiple-scattering view of NEXAFS wherein the molecular
cage of surrounding C atoms for an absorbing atom in SLG is
smaller than in BLG.?® For the SLG samples transferred onto
SiO,, a prominent resonance attributable to —C=0 moieties
appears at ~288.6 eV between the w* and o* resonances,
originating from residual PMMA from the transfer process.
Notably, remnant PMMA and Fe impurities are detected
irrespective of the resist stripping process (the latter in Fe L
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Figure 2. (A) Angle-resolved C K-edge NEXAFS spectra measured
for SLG on Cu. (B) Angle-resolved C K-edge NEXAFS spectra
measured for the SLG after transfer to SiO,/Si. (C) Integrated
intensity of the 7* resonance versus the incident angle for four
samples: SLG on Cu, BLG graphene on Cu, SLG on Cu after transfer
to a SiO,/Si substrate, and SLG on Cu after transfer to a SiO,/Si
substrate and sputtering of a 0.8 nm Al,O5 dielectric layer.

NEXAFS spectra). Upon deposition of the dielectric, some
diminution of the graphene st* features is observed, likely as a
result of the dilution of the graphene contribution to the
spectrum by surface carbon contamination.

Nevertheless, for SLG on Cu without any chemical treat-
ment, two distinct peaks are discernible at ~287.6 and
~289.0 eV between the 7* and 0* resonances. The assign-
ment of these intermediate peaks has been a topic of endur-
ing contention over the past several decades.*>*®*° In
particular, controversy still swirls regarding the assignment
ofapeakin the 288—289 eVrange ascribed by some to be the
signature of a dispersionless interlayer state within the low-
symmetry region of the graphite BZ;*>*° others have vigor-
ously contested this assignment and have proposed alter-
nately that this feature arises from residual =COOH moieties
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present even in pristine graphite.**>° Given the strongly
reducing conditions and high temperatures (1000 °C) opera-
tional for graphene synthesis by CVD, the presence of a
sufficient density of carboxylic-acid moieties on the graphene
surface to give rise to a spectral feature of the observed
magnitude is quite unlikely. The relative constancy of the
intensity of this feature above the edge jump noted upon
varying the incident angle (Figure 2A) also suggests transi-
tions to a state that has neither o nor & symmetry. Conse-
quently, we ascribe this distinctive ~289.0 eV feature to
the interlayer state of SLG with charge density residing
primarily above and below the graphene basal plane. This
feature has been predicted to occur ~4—7.5 eV above the
Fermi level, and a recent theoretical study by Silkin and co-
workers ascribes its origin to intersheet hybridization with the
first even-numbered member of a series of image-potential
states.”’ Consistent with their prediction that the interaction
of graphene with a substrate will shift the interlayer state to
slightly higher energies, we note that our interlayer peak
appears to be shifted to higher energy by ~1.0 eV from
observations of Pacile for suspended graphene.®> Note that
a simple resolution to the longstanding interlayer controversy
can be based on the predication that NEXAFS resonances for
interlayer states are serendipitously closely overlapped with
the spectral signatures of —C=0O moieties. Consistent with
the assignment noted above, Figure S2 in the Supporting
Information shows C K-edge NEXAFS spectra acquired for
graphene samples on Cu at magic angle incidence after
annealing at temperatures up to 700 °C. No diminution of
the peak ascribed to the interlayer state is observed, further
corroborating that this feature does not arise from surface
functional groups or adsorbed species.** This leaves the
287.6 eV shoulder observed in NEXAFS spectra of SLG on
Cu as the sole feature requiring assignment. Given the
strongly reducing conditions used for graphene synthesis
by CVD, it would not be surprising if edge sites of graph-
ene domains were passivated with C—H bonds. Indeed, C—H
o* states for amorphous carbon films have been noted at
287.5 eV.*?

Figure 2A shows angle-resolved C K-edge NEXAFS spectra
acquired for the SLG sample grown on Cu before and after
transfer to the SiO,/Si substrate. In the case of graphene, when
the electric-field vector E lies along the basal plane, transit-
ions to frontier orbital states of o symmetry are enhanced,
whereas when E is perpendicular to the graphene basal plane,
transitions to the out-of-plane s-network constituted from
C2p, orbitals are increased in intensity (Figure 1B, inset).**
This strong orientation dependence of transition probabilities
thus makes NEXAFS a sensitive probe of the alignment and
orientation of molecular monolayers, layered materials, and
thin films-21,23,24,27,32,33

The r* resonance of the SLG sample shown in Figure 2A
clearly shows very extensive dichroism. The intensity of the
m* peak monotonically decreases with increasing angle of
incidence as the projection of E onto the basal planes pro-
gressively increases. Analogous albeit less pronounced di-
chroism is also observed for the SLG sample after transfer to
SiO,/Si (Figure 2B). The latter set of spectra also show
pronounced C—0O ¢* and C=0 x* resonances arising from
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Table 1. DRs Indicating Extent of Corrugation and Misalignment
for Four Samples: SLG on Cu, BLG on Cu, SLG on Cu after Transfer
to a SiO,/Si Substrate, and SLG on Cu after Transfer to a SiO,/Si
Substrate and Sputtering of a 0.8 nm Al,O5 Dielectric Layer®

sample DR
SLG on Cu* —0.97 +§65
BLG on Cu* -0.98+ 508

SLG transferred to SiO,/Si —0.72+0.06
SLG transferred onto SiO,/Si with a 0.8 nm Al,O5 layer —0.80 =+ 0.06

“Note that the maximum possible value of |DR| is 1.

PMMA residues. Figure 2C depicts a plot of the integrated m*
intensities versus the incident angles.
As a quantitative measure of the extent of alignment or

corrugation, it is useful to define a dichroic ratio (DR):**>*
I —
DR = L= h) (1)
(IL+k)

where I, and [ are the extrapolates at 0 = 90° and 6 = 0°,
respectively, of the integrated intensity of the w* resonance.
The extrapolation procedure may lead to a slight error in
deducing the DR value reflected in the error bars. A DR value
of 0 is expected for a sample with completely random
alignment of sr-orbitals (such as a randomly coiled amorphous
polymer), and a DR value of —1 is expected for a perfectly flat
sample. Table 1 indicates the DR values determined for the
samples measured in this study. As a comparison, a DR value
of approximately —0.90 was measured for highly ordered
pyrolitic graphite (HOPG),”” whereas in previous studies of
chemically derived graphene within electrophoretically de-
posited films, we have measured DR values ranging from
—0.47 to —0.59.2>** Clearly, the DR values measured here
for the SLG and BLG graphene samples are remarkably high
(nearly —1), indicating the excellent local alignment and
crystallinity of the graphene domains. The atomic force
microscopy (AFM) images in Figure S3 of the Supporting
Information show that Cu foils present a rather smooth sur-
face (root-mean-square (rms) roughness of 0.17 nm), which is
likely a prerequisite for obtaining such high DR values. Note
that (azimuthal) angle-resolved measurements have not been
performed in the basal plane since individual graphene
domains on Cu are not expected to be oriented with respect
to one another. Based on Raman mapping and transmission
electron microscopy (TEM) images, very large domains are
known to be produced by the CVD process,” and, conse-
quently, the contributions from edge sites will be minimal.
The transfer process clearly introduces significant corruga-
tion/rippling and misalignment, likely because graphene on
soft PMMA (after etching away of the Cu substrate) may be
able to deform essentially as a flexible membrane.*> While
SLG and BLG graphene samples on Cu show uniformly high
DRvalues, considerable variability is observed from sample to
sample upon transfer to SiO,/Si, which is not surprising given
the variables involved in the transfer process. The highest DR
value obtained for transferred graphene on SiO,/Si is ~0.72,
which still indicates substantial in-plane alignment but is
significantly lower than the values observed on Cu. The
AFM images and rms roughness values deduced for SiO,/Si
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substrates (Figure S3, Supporting Information) do not show
appreciably increased roughness, suggesting that the lower
DR ratios observed after transfer are a consequence of the
poor fidelity of the transfer process rather than a reflection of
substrate roughness. The increased corrugation and rippling
of graphene have serious implications for the mobilities of
charge carriers since electrons propagating through graphene
are thought to be scattered by corrugations in the graph-
ene sheet through a potential approximately proportional to
the square of the local curvature.”>

In conclusion, we present the first NEXAFS measurements
of SLG and BLG supported on metal substrates and observe
clear evidence of substrate hybridization between C2p, orbi-
tals and d-orbitals on Cuand Ni. Adistinctive interlayer feature
is also observed for the as-grown sample and is attributed to
states originating from intersheet hybridization with the lowest
energy members of image potential states. Systematic angle-
resolved measurements of CVD-grown graphene before and
after transfer onto a SiO,/Si substrate evidence the induction
of increased rippling and corrugation during the transfer
process.

EXPERIMENTAL METHODS

Graphene was grown on Cu foils by a CVD process using a
CH./H,/Ar mixture as the feed gas under ambient pressure.®”
Samples that are predominantly SLG or BLG were obtained by
varying the concentration of CH,.”” The domain sizes for SLG
exceed several micrometers, as indicated by Raman mapping
and TEM experiments.” Apart from the Raman data pre-
sented in Figure 1A, evidence for the single- and bilayered
nature of graphene is derived from electrical transport mea-
surements, clearly demonstrating the ambipolar field effect
(with on/off ratio ~5 and carrier mobilities up to ~3000 cm?/
(Vs)) and the characteristic “half-integer” quantum Hall effect
for graphene samples transferred onto insulating substrates.”
Subsequent to graphene growth, a layer of PMMA was spun
onto the SLG sample, and the Cu interface was etched using an
aqueous solution of Fe(NO;);.7 The released graphene was
then stamped onto a SiO,(300 nm)/Si substrate. A gate di-
electric layer was deposited by sputtering 0.8 nm Al and
allowing it to oxidize in air to Al,Os.

Carbon K-edge NEXAFS data were acquired at NIST beam-
line U7A of the National Synchrotron Light Source at Broo-
khaven National Laboratory. A toroidal spherical grating mono-
chromator with 600 lines/mm was used to acquire the C
K-edge data. The slits were set at 30 um x 30 um. The
spectra were acquired in partial electron yield (PEY) mode
with a channeltron electron multiplier detector witha —150 V
entrance grid bias to enhance surface sensitivity. A charge-
compensating electron charge gun was used to eliminate the
effects of charging.

SUPPORTING INFORMATION AVAILABLE C K-edge data
acquired at normal incidence for SLG grown on a nickel substrate
and for few-layered graphene on Cu after annealing at temperatures
up to 700°C as well as AFM images of SiO»/Si and Cu foil showing the
very minimal surface roughness values measured for the two sub-
strates. This material is available free of charge via the Internet at
http://pubs.acs.org
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