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The selective formation of large-scale graphene layers on a Rh-YSZ-Si(111)
multilayer substrate by a surface-induced chemical growth mechanism is
investigated using low-energy electron diffraction, X-ray photoelectron
spectroscopy, X-ray photoelectron diffraction, and scanning tunneling
microscopy. It is shown that well-ordered graphene layers can be grown
using simple and controllable procedures. In addition, temperature-
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dependent experiments provide insight into the details of the growth
mechanisms. A comparison of different precursors shows that a mobile
dicarbon species (e.g., CoH, or C;) acts as a common intermediate for
graphene formation. These new approaches offer scalable methods for the
large-scale production of high-quality graphene layers on silicon-based

multilayer substrates.
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1. Introduction

Graphite had its first strong impact on information
technology in the 18th century when the quill was replaced
by the pencil. Now, nearly three centuries later, attention is
focused on graphene, a2D network of carbon atoms arranged in
a honeycomb-type structure and also an individual building
block of the graphite structure, as a potential successor tosilicon
as the preferred material for the active region of nanostructured
electronic devices.'™ A graphene sheet is formed from a
hexagonal honeycomb-like array of threefold coordinated
carbon atoms with a thickness of only one monolayer.
Graphene nanosheets extracted from chemical solutions or
by using exfoliation have demonstrated the great promise of
this material for nanoscale engineering and the fabrication of
nanoscale electronic devices.!®”] However, for many applica-
tions it is desirable to avoid corrugations and control the
orientation of graphene over large areas, providing strong
motivation for epitaxial growth of graphene on a substrate
crystal.[’)

For the preparation of graphene-based materials, high-
quality graphene sheets consisting of a monolayer of carbon
atoms have to be generated in large quantities, and an ideal
method should also be selective regarding monolayer or
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multilayer graphene growth. Regarding the current methods
for the preparation of graphene layers such as mechanical or
chemical cleavage of graphite,[4’8’9] bottom-up approaches by
chemical synthesis,['! and epitaxial growth methods on silicon
carbide>™ or on metal substrates,">' these individual
approaches have to be considered with respect to the resulting
graphene sheet size and quality, since in some cases graphene
multilayer formation may also occur. A common aspect of
the experiments reported so far is that the graphene layers are
prepared using methods based on high-cost instruments or with
limited scope for scalable mass production.

In another recent study, the growth of graphene on
Ru(0001) was controlled by the temperature-dependent carbon
solubility within the substrate lattice."?! This procedure
resulted in graphene layers of very high quality, although the
origin of the carbon was not discussed. In addition, most
experiments reported so far are focused primarily on the
production of well-ordered graphene layers rather than the
mechanism of growth. Thus, there is still little information why
aparticular recipe works while another one fails. The goal of the
present study is firstly to present alternative procedures for the
growth of well-ordered graphene layers that are well-suited to
mass production at low cost. Secondly, the growth chemistry is
investigated and a mechanism is proposed.

2. Results and Discussion

Here we show the formation of graphene layers by controlled
degradation of acetaldehyde (H;C—C(O)H) and acetone
(H3C—C(O)—CHj;). We consider first the use of acetaldehyde
as a precursor for ex situ dosing of the substrate. A clean Rh-
YSZ-Si(111) surface (150-nm Rh on a 25-nm yttria-stabilized
zirconia (YSZ) buffer layer on Si(111)) without any C- and O-
impurities according to X-ray photoelectron spectroscopy (XPS)
(approximate dimensions 1 cm x 1cm, prepared as described in
Supporting Information) is rinsed in acetaldehyde. Rh-YSZ-
Si(111) substrates represent a low-cost alternative to a Rh(111)
single crystal and are already available on 4-in. wafers.['>16]
After the initial rinsing, the sample is transferred to a vacuum
system (base pressure ~10'° mbar) and investigated using low-
energy electron diffraction (LEED) and XPS. Immediately after
introduction to the vacuum system the surface is completely
disordered (as observed by LEED), but in Figure 1, the XPS data
display exactly the expected 2:1 carbon-to-oxygen ratio, as
expected for the stoichiometry of the precursor. After applying a
controlled thermal ramping up to 1 000 K in situ (for details, see
Supporting Information), the oxygen intensity in XPS drops
below the detection limit (Figure 1).

The mean thickness (d) of the remaining carbon species
corresponds to approximately one monolayer. This value is
estimated from the angular distribution of the photoelectron
intensity leading to a value of (d)=0.25/ (Figure 2a). The
electron mean free path, 4, is ~1 nm for the electron energies
used here. Therefore, (d) is ~75% of the interlayer spacing of
graphite along the c-axis (=335 pm!'”!) or approximately one
monolayer. Since the damping of the substrate intensities is just
a measure for the mean thickness of the carbon film, the
same value of (d) could, in principle, also arise from a partial
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Figure 1. XPS spectra (AlKa, ho =1 486.6 eV) of a Rh-YSZ-Si(111)
substrate after ex situ deposition of acetaldehyde. The survey spectrum
(black) refers to the sample after annealing up to 1 000 K. The detailed
spectra display the relative amount of carbon and oxygen before (blue)
and after annealing (red).

coverage by multilayer domains. In X-ray photoelectron
diffraction (XPD), the angular distribution of the Cls
photoelectron intensity may be used to rule out this explana-
tion. Briefly, in XPD, the forward scattering of the electron
waves by regions of a crystalline solid between the emitting
atom and the surface of the solid leads to an anisotropy in the
angular distribution of the photoelectron intensity. An absence
of anisotropy indicates that the emitting atom is located

a) angular distribution of substrate intensity (Rh-Auger)
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normal
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Figure 2. a) Estimation of the mean thickness of a carbon film via the
polar photoelectron intensity distribution of the Rh-MVV-Auger electrons
with Ey, ~300 eV (with M and V describing the shells of the Auger
process). Although the impact of forward scattering is reduced by the
lowkineticenergy, bytheazimuthallyaveragingofthe data,and bytheuse
of full apertures, the red experimental data still display a slight
modulation by forward scattering. The mean thickness of the carbon
coverage is typically 25% of the electron mean free path, or 0.2-0.3 nm,
corresponding to about 1 monolayer. b) The nearly homogeneous
distribution of the C1s photoelectron intensity in XPD with no forward
scatteringmaximadisplays the characteristics of fullmonolayer coverage
rather than of partial coverage by multilayer domains.
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Figure 3. LEED pattern and polar intensity plot (Eo = 45 eV) along the
[112] symmetry axis for an in situ cleaned Rh-YSZ-Si(111) surface after
exsitu preparation by acetaldehyde. The additional non-integralintensity
contributions around the (00) and (10) spots indicate the formation of a
well-ordered superstructure.

exclusively at the topmost layer. No forward
scattering modulations of the Cls intensity

small

carbon-containing species, the decomposition of the precursor
as well as the reorganization of the remaining carbon species
finally result in the formation of a well-ordered graphene sheet
with a thickness of approximately one monolayer.

The formation of graphene monolayers is not restricted to
the use of acetaldehyde as a precursor, and there are a large
variety of synthetic and natural carbon compounds offering
similar decomposition routes (Figure 4). We also highlight the
nonspecific requirement of the carbon source through, for
example, the formation of graphene due to contamination from
sample handling (a fingerprint), which is described in detail in
the Supporting Information. Moreover, we focus on the
possibility that carbon feedstock may be inadvertently
introduced through procedures such as sample cleaning. In
surface science, the pretreatment of a sample usually starts with
an ex situ cleaning, for example, by organic solvents such as
acetone, ethanol, propanol, etc., which also represent carbon
sources. In order to demonstrate the impact of such a process,
an atomically clean Rh-YSZ-Si(111) surface (as prepared in
situ by, for example, Ar ion etching with no oxygen or carbon
contaminations detected in XPS) was exposed to ambient
conditions for several days and washed with acetone for a few
seconds. If such a sample is annealed in ultrahigh vacuum
(UHV) (=5 x 10" "“mbar; temperature slowly increased to
1000K, for details see Supporting Information), the surface
then displays all the characteristics of a well-ordered graphene

are observed (Figure 2b), confirming that
the carbon forms a monolayer film rather
than multilayer domains. °|

Investigation of the sample using LEED NN
reveals distinct spots as shown in Figure 3. v
Qualitatively, the high crystalline order of §
the carbon film is illustrated by 1;
the additional intensity peaks around the . o
principal spots of the substrate. These \C=C/
additional peaks are attributed to a y or

(m x m)/(n x n) superstructure with nearly
perfect six-fold symmetry, where m and n f
are the numbers of the primitive unit cells of
the epitaxial layer and the substrate, respec-
tively. Quantitatively, the analysis of the
polar intensity distributions of the (00)
and (10) spots along the [112] [symmetry
axis results in a superstructure of approxi-
mately (12 x 12) graphene on (11 x11)
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Rh(111) unit cells consistent with the near
equality (8~0.2%) of 11 xay11[Rh]=
2959pm and 12 x a[graphene] =2952 pm
(a111[Rh] ~269 pm!*®! versus a[graphene]
~ 246 pm[”]). A similar superstructure is
observed when boron nitride is deposited on
Rh(111).1"%21 Our results show clearly that
(atleast on a Rh(111) surface) the deposited
carbon species strongly tend toward self-
organization: although the overall growth
mechanism starts with an uncontrolled
deposition of an undefined amount of

small 2009, 5, No. 20, 2291-2296

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. Summary of the gross chemical reactions involved for the graphene film formation
from acetone (left), acetaldehyde (middle), and a general C,H,0, precursor (right). For
acetaldehyde and acetone, the reactions involving the keto—enol tautomerism are shown. In
both cases, watereliminationfromthe enolformleadstoanalkyneintermediate (acetylenefrom
acetaldehyde and propyne from acetone). Further elimination of methane in the latter system
explains the loss of one third of the total carbon amount in Figure 7, leading to acetylene and
finally C, acting as growth species while being templated on the transition metal surface.
Furthermore, an alternative route to graphene via an acetylene intermediate starting from
ethylene or ethane by transition-metal-catalyzed dehydrogenation reaction is denoted in the
left part, as reported in Reference [13]. This schematic representation reveals a generalized
insight into the mechanisms involved in graphene formation from molecular precursors
enabling a facile formation of high-quality graphene layers, as presented in this study.
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Figure 5. a) LEED polar intensity plot (Eo = 45 eV) along the [112]
symmetry axis for an in situ-cleaned Rh-YSZ-Si(111) surface after 5 days
airexposure, followed by acetone washing and subsequentannealingin
UHV (=5 x 10~ '° mbar) up to 1 000 K. The additional non-integral
intensity contributions around the (00) and (10) spots appear up to the
third order and are equidistantly distributed, indicating a nearly perfect
commensurate (12 x 12)/(11 x 11) superstructure, as depicted by the
red lines.

monolayer, as characterized by the LEED data in Figure 5. The
nearly perfect structural quality is further verified by the
superstructure spots that appear up to the third order. In
addition to these data from reciprocal space, a high degree of
ordering is also verified in real space by ex situ STM images of
the sample, which clearly reveal a full coverage of the substrate
with the graphene superstructure (Figure 6). The periodic
structure in Figure 6 arises from a Moiré pattern, similar to that

Figure 6. a) STM image of graphene formed by exposing a Rh(111) thin
film to atmosphere for several days followed by dipping in acetone and
subsequent annealing in vacuum. Following graphene formation the
sample was stored and imaged under ambient conditions (scanning
parameters: sample voltage 0.1V, tunnel current 1 nA). b) Higher-
magnification STM image of the surface (0.07 V, 1 nA) under ambient
conditions. c) STMimage (1.0 V, 0.2 nA) of graphene layeracquired in situ
immediatelyaftertheannealingcycledescribedinpaper.Inallimagesthe
periodic structure (period ~3 nm) arises from a Moiré pattern due to the
superstructure of the graphene layer as described in the text.
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previously observed for graphene on iridium and boron nitride
on rhodium™*!'¥! and confirms the formation of the super-
structure described above. Since these STM data were recorded
from a sample that had been transferred to another UHV
system through ambient conditions, Figure 6 also demonstrates
the stability of the graphene layer, which will be of importance
for the use as a substrate for other systems.

From our results it is clear that great care must be taken
when investigating the formation of a graphene layer by a
particular in situ procedure and, in particular, our results
highlight the possibility that graphene formation can be
influenced, or even controlled, by ex situ pretreatment of the
surface. When the above test is slightly modified so that clean a
Rh-YSZ-Si(111) surface (without long-term air exposure) is
rinsed in acetone (following the methodology for acetaldehyde
dosing), the formation of a graphene monolayer is also clearly
observed. Thus, acetone can also serve as a single-source
precursor for the preparation of graphene layers.

For the acetone-derived graphene we have acquired LEED
and XPS data at several temperatures as shown in Figure 7.
These data provide detailed information about the chemistry of
the growth mechanism of graphene films. After dipping a clean
sample (without C— and O— impurities according to XPS) in
acetone for approximately 1 min at 300K, the LEED polar
intensity plots show a disordered surface with a carbon-to-
oxygen ratio (inferred from XPS) close to the 3:1 ratio of
the precursor (C3HgO). The sample is then annealed at about
400-450K for several hours, after which the XPS data show a
near complete removal of oxygen as well as a reduction in the
amount of carbon by about a third. These data suggest that
there is a (stepwise) decomposition of the precursor on the
surface. The oxygen peak drops below the detection limit and
the carbon intensity nearly remains constant (at least within the
error bar of XPS) while the sample is annealed at 700 K. In this
temperature range we observe the onset of graphene formation,
which is indicated by the onset of the superstructure spots in
LEED. The observation of diffuse, but clearly visible graphene-
related superstructure spots within the corresponding LEED
profile indicates that an agglomeration of the remaining carbon
species to small domains takes place. Finally, when the
temperature is increased to about 1000K, domain growth
takes place, resulting in the observation of distinct, sharp
superstructure spots within the LEED profile. Figure 6b shows
an STM image of a sample that was acquired in situ following
the preparation of a sample following the above thermal cycle.
The image confirms that there is a near complete coverage of
the surface with a graphene superstructure and its associated
Moiré pattern, similar to that observed previously for graphene
on iridium and boron nitride on rhodium.!"!#!

We interpret this set of data as follows. The XPS results are
consistent with a first stage of elimination of water (from the
enolate form of acetone, see also Supporting Information),
followed or accompanied by the elimination of methane (loss of
one third of the total carbon) to form acetylene templated
on the metal surface. In our studies of the acetone decom-
position the loss of oxygen in a temperature range up to 450 K is
an important finding because this type of deoxygenation
reaction is only compatible with a dehydration mechanism (loss
of H,0), since a loss of oxygen through a direct cleavage of the
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Figure 7. Temperature-dependence of the graphene formation for a clean Rh-YSZ-Si(111)
surface that was dipped in acetone for about 60 s. At 300K, the initial disordered surface
displays nearly the nominal carbon-to-oxygen ratio (3:1) of the precursor. The decomposition of
the precursorstartsintherange ofabout 450 Kwhile the onset of the graphene formation canbe
observed in the range of about 700 K. In the temperature range at about 1 000K, the small
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regarded as a mechanism involving C, units
as dominant growth species on the substrate
finally formed from the decay of molecular
precursors. Our results also contribute to a
general understanding of the transition-
metal-templated carbon formation within
the C—H—O system. The scalable approach
of graphene formation reported here pro-
vides an important route to the mass
production of epitaxial graphene mono-
layers on silicon-based multilayer sub-
strates, which are already available in 4-in.
wafers.[1>1] Regarding future applications,
selectively grown graphene monolayers on
wide band-gap materials like silicon carbide
single crystals or boron nitride monolayers
onmetal substrates!** 2 or even oxides may
certainly be of interest for the development
of new nanoscale electronic devices, and the
procedures presented here as well as
chemical vapor deposition (CVD) growth
from the gas phase with these precursor
systems will open a new research field for
selective graphene growth.

graphene domains finally agglomerate to larger ones.

C=0 double bond is chemically not feasible under the applied
conditions (for further details concerning the chemistry of the
growth mechanism, see Supporting Information).

Since the resulting graphene film of considerable high
quality is grown from mobile species on the surface and
considering the precursor chemistry, we propose the following
gross decomposition route. The precursor can eliminate water
and methane, followed by the desorption of hydrogen during
higher temperature annealing, and finally resulting in mobile
and reactive C, species as the actual growth species for
graphene. These findings are fundamental for the under-
standing of graphene growth and according to this decay
mechanism, other precursors that follow a decomposition route
resulting in C, can be considered as suitable candidates for
graphene precursors, as initially demonstrated by the data
obtained from acetaldehyde, C,H4O. This interpretation is also
in accordance with a simulation of the decay of acetalde-
hyde.** Figure 4 summarizes the proposed decay mechanisms
for acetone and acetaldehyde, indicating that graphene
formation is achieved by reactions finally leading to common
intermediates, namely C, units, irrespective of the starting
materials. Furthermore, this interpretation is also in accor-
dance with the formation of graphene from ethylene,[B’M] since
transition metals catalyze dehydrogenation reactions.

3. Conclusion

In this report it is demonstrated by the decay of acetone and
acetaldehyde that the buildup of graphene layers may be
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4. Experimental Section

The Rh-YSZ-Si(111) substrates were prepared as described in
Reference [15]. The experiments were performed with an ESCA Mk
Il spectrometer by Vacuum Generators. The XPS and XPD data
were recorded with AlKe radiation at 1486.6eV (in normal
emission mode for XPS). For the hemispherical LEED patterns
and polar intensity plots, the angular part of the setup was
operated in the XPD mode while the spectroscopic part was
operated in the elastic EELS mode, that is, the intensity of the
elastically scattered electrons at AE=0 were recorded for the
variation of the angular setting (3,¢). The experimental setup is
described in detail in References [25, 26].

The initial Rh-YSZ-Si(111) substrates were cleaned by several
cycles of Arion etching and subsequent annealing at 1 000 K until
the Cls and O1s intensities were beyond the detection limit.
Throughout the later experiments, the graphene layer of a
preceding experiment could be easily removed by applying 10L
oxygen at about 1000K, leaving a clean Rh surface of perfect
(111) order. After the ex situ rinsing of the substrate by acetone or
acetaldehyde, the in situ ramping of the temperature started with
400-450K for about 12h, followed by an increase of the
temperature in steps of 100K up to about 1000K with each
temperature applied for about 2 h.
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