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Controlling graphene corrugation on lattice-mismatched substrates
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By means of synchrotron-radiation-based core-level spectroscopies we demonstrate that the degree of cor-
rugation in graphene nanomesh on lattice-mismatched transition-metal substrates critically depends on the
strength of chemical bonding at the interface. The degree of interfacial orbital hybridization between graphene
and metal states is rising in the series Pt(111)-Ir(111)-Rh(111)-Ru(0001). This growing strength of hybridiza-
tion is accompanied by a gradual change in graphene morphology from nearly flat to strongly corrugated. We
provide a comparison of the pore size and period for the cases of graphene and 2-BN nanomesh on Rh(111).
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Self-assembly of atoms and molecules on atomically
well-defined surfaces becomes an increasingly attractive
route to mass production in modern nanotechnology due to
the ease of fabrication and good control over the size, shape,
and lateral distribution of the resulting nanostructures.! One
of the most fascinating and technologically promising ways
toward mass production of well-ordered quantum dot assem-
blies in two dimensions is based on the use of self-assembled
templates from layered materials, e.g., graphite and hexago-
nal boron nitride (2-BN).>7 These templates (often called
“nanomesh”) represent highly perfect monatomic layers of
graphite or #-BN, considerably corrugated with a period of
several nanometers. The most prominent examples of such
templates are #2-BN nanomeshes on Rh(111) (Refs. 4, 8, and
9) and Ru(0001).> The h-BN nanomesh can be prepared by
thermal decomposition of vaporized borazine on a transition-
metal (TM) substrate with threefold or sixfold symmetry and
suitable (a few percent) lattice mismatch to #2-BN. However,
a significant corrugation of the 2-BN monolayer can be ob-
tained only at interfaces with considerable orbital mixing
between TM d states and h-BN 7 states, resulting in consid-
erable covalent bonding.! Thus, while the period of the
h-BN nanomesh is determined by the lattice mismatch, the
diameter and the depth of the nanomesh pores depend on the
strength of interfacial bonding.!!

As regards monolayer graphite (MG) (or graphene), de-
spite decades of intense studies of its adsorption on TM sub-
strates, there is a lack of systematic information about the
structure and chemistry of graphitic nanotemplates based on
lattice-mismatched MG/TM interfaces. Only recently, atomi-
cally resolved scanning tunneling microscopy (STM) studies
of MG on Ir(111) (Ref. 3) and Ru(0001) (Ref. 12) have dem-
onstrated that single-domain moiré patterns with very high
degree of structural perfection and periodicity of ~3 nm can
be formed, thus being very promising as templates for nano-
technology. Moreover, an unusually high STM contrast was
observed at the MG/Ru(0001) interface, which was associ-
ated with possibly stronger chemical bonding as compared to
other mismatched MG/TM interfaces.'? Therefore, it is plau-
sible to suggest that there is a dependence between the
strength of chemical interaction and the degree of graphene
corrugation at the mismatched MG/TM interfaces, much as
in the ~-BN/TM systems.!! The validity of this assumption
can be verified by spectroscopic techniques since they yield
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direct information about the strength of interfacial chemical
bonds.

In this Brief Report we present a systematic study of
chemical versus structural effects at the MG/Pt(111), MG/
Ir(111), MG/Rh(111), and MG/Ru(0001) interfaces using
near-edge x-ray absorption fine structure (NEXAFS) and
photoelectron spectroscopy (PES). We report on the ob-
served correlation between chemical bonding at the lattice-
mismatched MG/TM interfaces and the corrugation of
graphene. Furthermore, we propose a clear definition to the
concept of “graphene nanomesh” and compare its structure
with that of the 2-BN nanomesh.

The experiments were carried out at beamline D1011 at
MAX-Laboratory (Lund, Sweden) with a photon energy res-
olution of 80 meV at the C K edge and a total-energy reso-
lution of 150 meV for the C Is PE spectra. The NEXAFS
spectra were recorded in the partial electron yield mode (re-
pulsive potential U=—100 V) by a multichannel-plate detec-
tor and normalized to the background curves recorded in the
same mode from the same substrates but without graphene.
The base pressure during the measurements did not exceed
2X107'° mbar.

Substrates were cleaned by repeated cycles of Ar*
sputtering, annealing in oxygen (p=5X10"% mbar at
T~900-1100 K), and subsequent flashing in UHV to 1400
K. Graphene was prepared by thermal decomposition of pro-
pene gas at 7=920 K for all substrates. In order to reduce
the nucleation rate and the density of grain boundaries we
preserved low propene pressure [(2—3)X 1078 mbar] and
used long preparation time (up to 1 h) to ensure saturated
coverage. The formation of exactly one graphite monolayer
(no multilayers) was confirmed by PES. The reference highly
oriented pyrolytic graphite (HOPG) sample was cleaved in
UHV.

The C 1s NEXAFS spectra for all studied interfaces are
compared in Fig. 1 along with the corresponding low-energy
electron-diffraction (LEED) patterns. In the reference HOPG
spectrum peaks A, B, and C result from the promotion of
core electrons into 7, UT, and 0'; orbitals, respectively, with
essential influence of excitonic effects (poor core-hole
screening) on the shape of peaks A and B.!'>!* In going from
HOPG to MG/Pt(111) the overall spectral shape remains
nearly unchanged, thus indicating a lack of orbital hybridiza-
tion between carbon and platinum states. This results in a
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FIG. 1. (Color online) (a) C 1s NEXAFS spectra from mono-
layer graphite adsorbed on several lattice-mismatched TM surfaces.
The C 1s spectrum from HOPG is shown for comparison. [(b)—(e)]
Corresponding LEED patterns (E=60 eV); substrate-related spots
are marked with crosses.

very weak chemical bonding of graphene to Pt(111), which is
even not strong enough to uniquely force the overlayer in
registry with the substrate, as can be judged from the incom-
mensurate structure in the LEED pattern [Fig. 1(b)]. Similar
LEED patterns were observed in the earlier studies,'>!¢ in-
dicating a variety of preferred orientations, as proved later by
observation of a variety of moirélike superstructures in
STM.!7-!° The only difference in the C 1s NEXAFS of MG/
Pt(111) as compared to bulk graphite is the emergence of
weak shoulder A’ at ~284 eV. This shoulder was observed
before for graphite and carbon nanotubes intercalated with
FeCl; and associated with the lowering of the Fermi level
(Ey) induced by the charge transfer.’*?! Besides, weak or-
bital mixing may contribute to some modification of the bulk
band structure in the vicinity of Ey. The latter effect becomes
more important for interfaces with stronger chemical bond-
ing.

Small but visible changes occur further in going to the
C 1s NEXAFS in the MG/Ir(111) system [Fig. 1(a)]. Here
shoulder A’ is growing in relative intensity, and a new fea-
ture (denoted A”) starts to appear in the energy range be-
tween the 7 and o) resonances, thus indicating some
(though weak) increase in the degree of orbital mixing in
comparison with the MG/Pt interface. This increase is re-
flected also in the coincidence lattice structure with just one
single domain observed in LEED [Fig. 1(c)]. A reduction in
the 5d occupancy in going from Pt (d°) to Ir (d’) is probably
the main reason for the growing covalent bonding (5d shell
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contribution to the bonds is higher for Ir). In general, how-
ever, the bonding of graphene to the 5d metal surfaces is
weak.

In going from 5d (Ir, Pt) to 4d (Rh, Ru) metals the C 1s
NEXAFS spectrum of adsorbed graphene changes drastically
indicating strong chemisorption [Fig. 1(a)]. The 7*-derived
band A’ can now be associated mainly with the continuum
of the hybridization-induced gap states of graphene, similar
to the states recently observed for monolayer 4-BN on TM
surfaces.?”> Not only the chemisorption-induced 7* bands A’
and A" continue to develop but also the ¢ bands. Indeed, the
entire o™ manifold is shifted by ~0.5 eV to lower photon
energies, and the o resonance is smeared out into a shoul-
der. A reduction in the 7-0 energy separation is a signature
of the 7 bond softening in graphene on Rh(111) and
Ru(0001) due to the electron sharing with the substrates.
Similar effects were observed by other techniques in
graphene chemisorbed on TM carbides*® and Ni(111).2* A
broadening of the o) resonance is another evidence for a
strong orbital hybridization and electron sharing at the
MG/Rh and MG/Ru interfaces because it indicates strong
delocalization of the corresponding core-excited state. The
overall spectral variation of the C 1s NEXAFS indicates a
growing strength of covalent interfacial bonding from top to
bottom in Fig. 1(a). Very similar variations were observed in
the B 1s NEXAFS spectra of 4-BN monolayers on the same
TM substrates with the degree of orbital hybridization grow-
ing in the same sequence.'%!!

Although the covalent bonding at the MG/Rh and MG/Ru
interfaces is significantly stronger than at MG/Ir, all three
systems show similar moirélike patterns in LEED due to
similar lattice mismatch [Figs. 1(c)-1(e)] and cannot be re-
ally distinguished without an I-V curve analysis. However,
the C ls PES can help in revealing possible variations in
graphene morphology. In Fig. 2 we show the C 1s spectra for
HOPG and all four interfaces under study, along with the
results of our peak-fit analysis. The parameters used for the
peak fits are summarized in Table L.

At this point it is necessary to note that for the MG/
Ru(0001) system we had to subtract the Ru 3d;), signal at
284.2 eV, which was almost coinciding with C 1s. This pro-
cedure is not trivial and should be explained below in some
detail because Ru 3d line shape is also modified by the in-
teraction with MG, thus being unknown a priori. First, we
fitted the Ru 3d doublet from clean Ru(0001) into surface-
and bulk-related doublets, as shown in Fig. 3(a). Then we
fitted Ru 3d in MG/Ru with several of these (bulk-related)
functions until rather flat residual intensity was observed af-
ter subtraction in the region of Ru 3ds,, at 280.0 eV [Fig.
3(b)]. A complete subtraction of the 3ds,, component of the
Ru 3d doublet automatically results also in a complete sub-
traction of the second (3ds,) component. Finally, we
checked that the C 1s line shape for MG/Ru presented in Fig.
2 is correct by measuring this spectrum with lower photon
energy, thus reducing the Ru 3d contribution [Fig. 3(c)]. The
double-peak shape of the C s signal is evident in this case
even without any spectrum modification.

The C Ls photoelectron spectrum of HOPG (Fig. 2) con-
tains only one component with the Lorentzian full width at
half maximum (LFWHM) of 150 meV, in good agreement
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FIG. 2. (Color online) C 1s photoelectron spectra taken in nor-
mal emission from monolayer graphite adsorbed on several lattice-
mismatched TM surfaces. Photon energy is 400 eV. For MG/
Ru(0001) the Ru 3d signal is subtracted (see text and Fig. 3). The
C 1s photoelectron spectrum from HOPG is shown for comparison.
Schematics illustrate resulting graphene morphology.

with earlier studies.?>?® For graphene on Pt(111) and Ir(111)
the C 1s line is also single with the LFWHMs of 130 and
150 meV, respectively. Such a low value for the LFWHM
from MG/Pt is probably natural for an almost ideal “levitat-
ing” graphene, while in HOPG it may be broadened by
defects.?® For MG/Ir both the total and the Lorentzian widths
are slightly larger than at MG/Pt as a consequence of in-
creased orbital mixing. In going to MG/Rh and MG/Ru, the
C 1s line becomes split in two distinct components with en-
ergy separations of 0.53 and 0.60 eV on Rh and Ru, respec-
tively. We associate this double-peak shape with a significant
corrugation of graphene, as illustrated schematically in Fig.
2. The component with lower binding energy (C1) is due to
the elevated (nonbonding) parts of the graphene sheet, while
the high-energy peak (C2) results from the strongly bonded

TABLE 1. Fit parameters (in eV, except @) for the C 1s spectra
from Fig. 2 fitted with Doniach-Sunjic profiles (y is the Lorentzian
FWHM, «a is the asymmetry parameter, and o is the Gaussian
FWHM). “B” stands for bonding and “NB” for nonbonding.

Ep FWHM y a o

HOPG 284.23 0.35 0.15 0.10  0.23
MG/Pt(111)B

NB 283.97 0.34 0.13 0.09 0.24
MG/Ir(111)B

NB 284.16 0.40 0.15 0.10  0.27
MG/Rh(111)B 284.94 0.56 030 0.10 0.32
NB 284.41 0.46 0.16  0.18 0.29
MG/Ru(0001)B 285.12 0.61 0.33 0.15 0.30
NB 284.52 0.48 0.16  0.18 0.30
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FIG. 3. (Color online) (a) Ru 3d PES from clean Ru(0001) ex-
cited with hv=400 eV and decomposed in surface-related and
bulk-related contributions; (b) “raw” C ls and Ru 3d spectrum
from MG/Ru(0001) excited with hv=400 eV fitted with several
“bulk” Ru 3d shapes to model the substrate contribution (the result
of subtraction is shown below); (c) raw C ls and Ru 3d spectrum
from MG/Ru(0001) excited with hv=325 eV.

parts. This assignment is justified by evidently larger Lorent-
zian widths of C2 (300-330 meV) as compared to C1 (160
meV) and growing relative intensity of C2 in going from
MG/Rh to more reactive MG/Ru. Rather large LFWHM of
C2 mainly simulates the effect of gradually varying chemical
surrounding of the C atoms inside the pores, but in part it
may be also due to the shorter lifetime of the core-ionized
states caused by chemisorption. Note that in the N 1s photo-
electron spectrum of A-BN adsorbed on the same TM sub-
strates similar two components, N1 and N2, were observed
and assigned to the wires and pores of the 2-BN nanomesh,
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FIG. 4. (Color online) (a) Intensity evolution of CI and C2
components of the C 1s photoelectron spectrum from graphene na-
nomesh on Rh(111) as a function of kinetic energy; (b) the same for
N1 and N2 components of the N 1s spectrum from 4-BN nanomesh
on Rh(111) (from Ref. 10). All PES measurements performed at
normal emission.
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respectively.!! In principle, it is plausible to define the con-
cept of “nanomesh” for graphene (and also A-BN) on the
basis of core-level PES: only those monolayers which show
two strictly different chemical surroundings (i.e., two com-
ponents in the core-level spectra) should be called by this
term. In this sense, only MG/Rh and MG/Ru, but not MG/Pt
and MG/Ir, can be considered as “true” nanomeshes, as vis-
ible from Fig. 2, where only two last spectra show two com-
ponents each due to the pores (C2) and wires (C1) of the
corrugated graphene. It is well known that the substrate-
adsorbate distance for MG on TM surfaces depends on the
chemical bonding. For instance, for the strongly bonded MG/
Ni(111) interface the spacing between MG and the topmost
Ni layer is only 2.1 A,>” much smaller than at the weakly
bonded MG/Pt(111) interface [3.7 A (Ref. 16)]. Therefore,
we assume that the corrugation induced by strong chemical
bonding is significant. In contrast, only weak corrugation of
graphene is possible on Pt(111), as can be judged from the
chemical inertness of the corresponding interface. For the
MG/Ir(111) interface the corrugation should be slightly more
pronounced (up to 0.27 A, as calculated by N'Diaye et al.3).

It is interesting to compare the structure of 7-BN and
graphene nanomeshes on one and the same substrate. An
insight in the structure can be gained on the basis of photo-
electron diffraction (PED) data. In Fig. 4 we present a com-
parison of the C 1s and N 1s PED curves measured at nor-
mal emission as a function of kinetic energy from the MG/
Rh(111) and 2-BN/Rh(111) interfaces. Individual curves are
obtained for the two components of each spectrum by a con-
sistent peak-fit analysis of experimental data. It is remarkable
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that the PED curves from the corresponding components
(pairs C1-N1 and C2-N2) are similar even in minor details,
providing an evidence for considerable structural similarity
between graphene and #-BN nanomeshes. However, the in-
tensity ratio C1/C2 is systematically smaller than N1/N2 for
all kinetic energies. The average values are 0.98 +0.15 for
C1/C2 and 1.50*0.25 for N1/N2. For the graphene na-
nomesh this implies either larger pores or smaller period of
the pores as compared to A-BN/Rh(111). Based on the
analysis of the moiré pattern in LEED for MG/Rh(111) we
find the MG-to-Rh cell ratio very close to 12:11, resulting in
the moiré pattern periodicity of 2.96 nm. With this parameter
the calculated radius of the pore is 1.10+0.05 nm, very
close to the value of 1.07+0.05 nm obtained for
h-BN/Rh(111)." Therefore, we suggest that the pores of the
graphene nanomesh are of nearly the same size as for the
h-BN nanomesh, but their lateral density is slightly higher.

In conclusion, graphene chemisorbs strongly on 4d TM
surfaces such as Rh(111) and Ru(0001) and weakly on 5d
TM surfaces such as Pt(111) and Ir(111) with the strength of
covalent bonding growing in the series Pt-Ir-Rh-Ru. Strong
chemical bonding in combination with lattice mismatch re-
sults in the formation of highly corrugated graphene na-
nomeshes on Rh(111) and Ru(0001). The structure of
graphene nanomesh on Rh(111) is rather similar to that of the
h-BN nanomesh.
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