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A
ny future technology to synthesize
graphene by epitaxial growth on
metals will have to solve the problem

of achieving low defect concentrations; in
particular it has to keep boundaries be-
tween rotational domains at a minimum.
One possible solution to this problem is to
try to grow only one large single crystal of
graphene covering an entire wafer. This ap-
proach has been greatly advanced by recent
experiments with polycrystalline Cu foils on
which graphene crystals of millimeter di-
ameters were grown. After transfer, these
samples showed charge carrier mobilities
comparable to mechanically exfoliated gra-
phene.1,2 Of course, an applied process has
to fulfill many further requirements, and it is
currently not clear which substrate metal
will give the best results. Metals that interact
more strongly with graphene than Cu can

direct the orientations of the graphene do-
mains, offering a second possibility for grow-
ing high-quality graphene. Given a single-
crystalline support of such a metal, graphene
islands may coalesce without forming dislo-
cations between rotational domains.With this
approachmillimeter-sized graphene domains
were grown on Ir(111) by applying sequences
of low-temperature chemical vapor deposi-
tion (CVD) and annealing.3 This secondmeth-
od will usually not give perfect single crystals,
so that the healing of defects, a fundamental
question for any graphene synthesis method,
plays a particularly important role here. The
question is thus how defects can heal in a
closed graphene layer on a metal surface. In
contrast to the growth of epitaxial graphene
from a 2D gas phase of adsorbed C atoms,
which is pretty well understood, and to the
annealing of relatively dilute C layers to form
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ABSTRACT The ordering transition of an amorphous carbon layer into graphene was investigated by high-

temperature scanning tunneling microscopy. A disordered C layer was prepared on a Ru(0001) surface by

chemical vapor deposition of ethylene molecules at ∼660 K. The carbon layer grows in the form of dendritic

islands that have almost the same density as graphene. Upon annealing of the fully covered surface, residual

hydrogen desorbs and a coherent but still disordered carbon layer forms, with almost the same carbon coverage

as in graphene. The ordering of this layer into graphene at 920 to 950 K was monitored as a function of time. A

unique mechanism was observed that involves small topographic holes in the carbon layer. The holes are

mobile, and on the trajectories of the holes the disordered carbon layer is transformed into graphene. The

transport of C atoms across the holes or along the hole edges provides a low-energy pathway for the ordering

transition. This mechanism is prohibited in a dense graphene layer, which offers an explanation for the difficulty of removing defects from graphene

synthesized by chemical methods.
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islands of graphene,3�5 very little is known about the
atomic processes when amore or less closed adsorbed
graphene layer orders. One scanning tunneling micro-
scopy (STM) investigation was focused on the ordering
of a closed graphene layer on Ni(111),6 but the data
were taken ex situ, after cooling from the annealing
temperature. There are also several simulations that
indicate that themetal support plays an important role
in the ordering process.7�9

Here we present a high-temperature STM investi-
gation of the ordering of a monolayer of amorphous
carbon into graphene. The STM, a SPECS STM150 Aarhus
HT, can be operated at temperatures of up to∼1300 K,10

so that the ordering could be monitored as a function
of time, with atomic resolution and at the tempera-
ture at which it occurs. The system studiedwas carbon
on a Ru(0001) single crystal, a model for the relatively
strongly interactingmetal/graphene systems [graphene
interacts even more strongly with Ru(0001) than with
Ir(111)11].
To start with a defined state for the ordering experi-

ments, we first prepared and characterized a full layer
of disordered carbon, with a density as close as possi-
ble to the density of graphene and preferentially with-
out residual hydrogen from the CVD. This was achieved
by additional temperature-programmed desorption
(TPD) experiments. The preparation of the layer was
built on existing knowledge about the decomposition
of ethylene, the most frequently used precursor mole-
cule, on Ru(0001).12�17 From vibrational spectroscopy
and TPD it was known that, at temperatures below
300 K, adsorbed ethylene molecules on the Ru surface
mainly decompose into ethylidyne (CH3-Cad). Anneal-
ing the ethylidyne layer leads to hydrogen desorption
and to the formation of CH fragments, which then
further decompose to give a disordered carbon layer, a
process completed at approximately 650 to 730 K. At
750 K X-ray photoelectron spectroscopy (XPS) already
showed carbon with a C 1s energy in the range of
epitaxial graphene,13,18 but small energy shifts at high-
er temperatures indicated further changes in the local
chemical environment.13 STM data of a carbon layer
obtained by methane decomposition on Ru(0001) at
800 K showed islands that did not yet display the
characteristic moiré pattern of the graphene overlayer
formed at 1300 K, although the phonon modes of
graphene had already developed.19 On Pt(111) STM
data showed a similar sequence of structures, an
ethylidyne layer, then CH clusters, at 700 to 770 K
structureless islands and at 1000 K graphene.4 A recent
high-temperature STM study on Rh(111) also showed a
layer of molecules, then clusters, at 808 K islands that
only partially displayed the graphene structure and at
975 K the full graphene structure.5 In the case of Rh the
dissolution of carbon in the bulk at elevated tempera-
tures and segregation from the bulk complicate the
picture.

These data suggest that on Ru(0001) between
roughly 700 and 1000 K a disordered, partially already
sp2-hybridized network of C atoms orders to give
graphene. How this ordering proceeds in a closed layer
is unknown. In high-temperature STM experiments in
this temperature window we found that the transition
into graphene takes place by the motion of topographic
holes in the graphene layer, a mechanism that has not
been reported before for graphene. It explains the diffi-
culties of removing defects from closed graphene layers,
but also suggests possible solutions to this problem.

RESULTS

For reference purposes we first measured TPD data
(Figure 1). Ethylene was adsorbed on the Ru surface at
220 K, and then the temperature was linearly ramped
up with the sample in front of a small orifice in the
housing of the quadrupole mass spectrometer (QMS) to
record the desorption of hydrogen (seeMethods). Before
each TPD the sample was cleaned to remove the carbon
layer formed in the previous run. The desorption spectra

Figure 1. Hydrogen TPD spectra recorded after ethylene
adsorption on Ru(0001) at 220 K. Ethylene exposures as
indicated; heating rates 5 K s�1. Arrows mark the three
decomposition peaks at higher temperatures. The sharp
peaks directly at the start of someof the spectra are artifacts
from H2 desorption from the heating filament. The top two
TPDs were recorded after dosing 20 L of ethylene at 460 K
(top) and 650 K (second from top). After the 650 K adsorp-
tion the sample was cooled to 460 K before the TPD.
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show a large H2 peak that shifts from 370 to 340 K with
increasing ethylene dosage and then three less well-
defined small peaks, at about 530, 610, and 680 K. This
sequence of peaks and also the peak temperatures,
within roughly (20 K, are in good agreement with
published TPD spectra.12�15,17 The first peak is mainly
attributed to the decomposition of ethylidyne to give
CH and to the desorption of the initially split-off
hydrogen from the metal surface. The following three
peaks are interpreted as the stepwise decomposition
of the CH layer.
The TPD spectra saturate at a dosage of approxi-

mately 2 langmuirs (L) of ethylene (1 L = 1.33 � 10�6

mbar s). Integration gives a H coverage of 0.57 mono-
layers (ML) at saturation (calibrated by means of H2

adsorption on the Ru surface, which leads to a cover-
age of one ML of atomic hydrogen).20 Since almost no
ethylene desorbed in the TPDs, this corresponds to a C
atom coverage of 0.28 ML that remains on the surface.
With the known carbon coverage of 2.36 of the (25 �
25)-on-(23� 23) graphene overlayer on Ru(0001)21 the
resulting surface fraction covered by graphene is only
0.28/2.36 = 0.12. Saturation of the Ru surface with
ethylene at low temperature and annealing is thus
not a suitable method for preparing a disordered
carbon layer with the same density as graphene (in
one step). At temperatures below 300 K, the space
required by the fragments ethylidyne and hydrogen is
too great [1/(0.14 ML) = 7 sites for each ethylidyne/
hydrogen pair].
We therefore chose a higher adsorption tempera-

ture where the decomposition process is more com-
plete, but, of course, staying below the temperature for
graphene formation. A suitable temperature was ex-
pected to be indicated by a change in the sticking
coefficient of the ethylene molecules. Measurements
of the reactive sticking coefficient were performed at
temperatures between 460 and 1020 K, following the
method of Zhou et al.22 The sample was placed closely
in front of the orifice in the QMS housing, so that the
gap between the sample surface and the housing was
so small that line-of-sight molecular trajectories from
the UHV chamber to the orifice were largely excluded.
All molecules detected must therefore have been
either reflected or desorbed from the sample surface.
To start an experiment, a constant ethylene pres-

sure was adjusted. This caused a jump of the m/z =
26 QMS signal, which is specific for ethylene, to an
initial value (Figure 2a, showing data for 660 K and
p(ethylene) = 2.6 � 10�8 mbar). This initial m/z = 26
intensity is proportional to the fraction of ethylene
molecules reflected from the clean Ru surface. The
fraction is lower than unity because of the fraction of
molecules decomposed on the surface. As a function of
dosing time the fraction of reflected molecules in-
creases because the empty surface area on which the
ethylene molecules can decompose shrinks with the

formation of fragmentation products. After approxi-
mately 1000 s the signal levels off, indicating that the
surface has become saturated by decomposition pro-
ducts. The following slow linear increase is caused by
the limited pumping rate in the differentially pumped
QMS unit and the continuous ethylene influx.
Them/z = 2 signal for hydrogen shows the opposite

behavior (Figure 2a). The signal jumps to a high initial
value and then decreases. The initial intensity is caused
by hydrogen molecules formed by the reactive ethyl-
ene adsorption on the empty Ru surface. [At 660 K,
which is close to the last hydrogen desorption peak
(Figure 1), most of the hydrogen desorbs.] The signal
then decreases because of the shrinking empty sur-
face, until it also levels off at ∼1000 s. Figure 2a thus
shows the consumption of ethylene and production of
hydrogen by the CVD and the decreasing rate as the
surface becomes covered by reaction products.
The reactive sticking coefficient s(t) of the ethyl-

ene molecules was calculated from these data by first

Figure 2. (a) QMS signal of ethylene (m/z = 26) and of
hydrogen (m/z = 2) during ethylene dosing. (m/z = 26 is
more specific for ethylene than m/z = 28 that is super-
imposed by CO.) T = 660 K, p(ethylene) = 2.6� 10�8 mbar. (b)
Reactive sticking coefficient of ethylene evaluated from cor-
responding data sets as in (a), for a series of temperatures.
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correcting for the tilted baseline and then taking the
difference of the m/z = 26 signal at saturation and at
time instants t and dividing by the signal at saturation.
Figure 2b shows the obtained s(t) for several tempera-
tures. The initial values are independent of tempera-
ture in the entire range between 460 and 1020 K (s0 =
0.4). At 460 K the sticking coefficient first decreases
linearly and then drops steeply, whereas for 660 K e

T e 1020 K the reactive sticking coefficients decrease
almost linearly and at the same rates until saturation. A
simple interpretation is that at 460 K, where the carbon
layer still contains hydrogen (Figure 1, top trace), more
or less isolated CH clusters are formed. If these are
immobile, and as the ethylene molecules require sev-
eral lattice sites to dissociate (∼7 from the above
estimate), the voids between the clusters at some point
become too small for dissociation and the surface
quickly saturates. This is in agreement with STM data
from Pt(111), where the surface in this temperature
rangewas covered by clusters, most likely consisting of
CH.4 The H2 TPD, recorded after saturation at 460 K

(Figure 1, top), confirms the presence of a significant
amount of hydrogen (0.58 ML). At 1020 K, where well-
ordered graphene is known to grow in the form of
islands,23 the s(t) function decreases more or less
linearly because the ethylene molecules decompose
on the linearly decreasing empty surface with constant
probability. At 660 to 700 K the s(t) function shows almost
the same behavior as at 1020 K, suggesting that also
under these conditions carbon islands form, which are
similarly dense as graphene. This interpretation is in
agreement with the carbon coverages calculated by
integrating the H2 signals (from the intensity vs t data
such as Figure 2a) and also by integrating the s(t) curves
obtained from the ethylene signal (Figure 2b). Both
methods gave a carbon coverage of 2.0 ( 0.3 ML in
the temperature range 660 to 700 K, corresponding to
a fraction of 0.85 ( 0.13 of a graphene monolayer. On
the other hand, the H2 TPD, recorded after saturation at
650 K, still showed someH2 desorption (0.06( 0.03ML,
Figure 1, second from top). The desorption peak at 760 K
is at a significantly higher temperature than for the TPDs

Figure 3. 1600 Å� 1600 Å STM image, recorded at a sample temperature of 660 K, after dosing of 12 L of ethylene at 660 K.
The dendritic islands represent the carbon layer. The diffuse bright features are caused by residual Ar atoms in the Ru bulk
resulting from sputter cleaning, a known effect for Ru.25 The surface lattice is slightly deformed there, but this had no
measurable effect on the graphene growth. Tunneling current 0.07 nA; tunneling voltage 1.24 V. Inset: 3200 Å � 3200 Å
overview; the red box marks the area shown in the main figure.
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following dosing at 220 K. At 660 to 700 K ethylene
adsorption thus leads to a full carbon layer with compar-
able density to graphene, the desired result. However,
the layer contains a small amount of hydrogen.
We have started the STM experiments in this tem-

perature range. Figure 3 shows an STM image recorded
in situ, at 660 K, after ethylene dosing; the inset shows a
larger overview of the area. The surface is partially
covered by 2D dendritic islands, representing the carbon
layer. The islands are homogeneously distributed on the
extended terraces of the Ru surface and also decorate
the ascending steps. The dendritic shape of the islands
strongly differs from the compact islands typical for
graphene.11,24 The basic structure motif of the dendri-
tic islands is an ill-defined triangle that itself consists of
few round, connected features. All triangles on one

terrace are equally oriented (one corner of all islands
pointing downward on the central terrace in Figure 3)
and rotated by 60� on the next terrace (one corner
pointing upward). This alternating orientation must be
caused by the A/B stacking of Ru, and it indicates a
certain preferential orientation of the carbon overlayer
with respect to the metal lattice.
On a smaller scale the growth of the dendritic islands

at 660 K could bemonitored in detail (Figure 4; amovie
is available in the Supporting Information, movie 1).
One can see that the growth is not continuous, but
proceeds in steps that are more or less identical to the
round features forming the triangles. Dendritic growth
of an adsorbed layer is a typical observation for condi-
tions determined by diffusion-limited aggregation.
However, the finite width of the “arms” of the dendrites,

Figure 4. Series of STM images, taken during ethylene dosing at 660 K and p(ethylene) = 1.5 � 10�8 mbar. The dendritic
carbon islandsgrow in units of triangular elements. 400Å� 400Å, tunneling current 0.07nA, tunneling voltage 1.24V. (Movie
of full series available in the Supporting Information, movie 1.)
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which are formed by the triangular structure elements,
and the weak alignment of the triangles suggest that
the diffusion-limited aggregation is combined with finite
rearrangement processes within the structure units. An
analogous model that combines diffusion-limited aggre-
gation and edge diffusion at the perimeters of aggre-
gates has been put forward to explain similar structures
observed during metal-on-metal epitaxy.26�28

Structurally, the carbon film within the triangles,
which have about 20 Å long sides, is relatively flat with
some fine structure of round, brighter features. The
characteristic moiré structure of the graphene overlayer
on Ru(0001) has not yet formed. However, the carbon
layer grown by CVD at 660 K has clearly started to form
islands, in agreement with the sticking coefficient mea-
surements. On a 20 Å length scale the film appears

compact, whereas on a larger length scale it displays rifts
resulting from the dendritic growth.
After saturation at 660 K the dendritic structure fills

the entire surface (Figure 5a). On a small scale the
structure displays the same flat areas and bright fea-
tures; on a large scale it is characterized by the rifts. The
hydrogen desorption signal from this surface [peak at
760 K, Figure 1, second from top TPD] is most likely
related to these rifts. As suggested by the triangular
symmetry of the building blocks of the dendrites, the
compact parts represent a partially disordered, but
locally already sp2-hybridized carbon network. This
would be consistent with the ∼20 Å diameters of
the triangular units, which is approximately the length
scale on which the C atoms in a coherent sp2 network
form favorable bonds to the Ru atoms below.29

Figure 5. STM images recorded at increasingly higher temperatures after a saturation ethylene dose at 660 K (27 L); all images
fromdifferent locations. (a) 660 K; the patterned structure results from the dendritic growth at this temperature; 800 Å� 800 Å.
(b) 720 K; the patterned structure is still present; 800 Å � 800 Å. (c) 880 K; structure changes correlated with desorption of
residual hydrogen and firstmoiré areas near step edges; 800 Å� 800 Å. (d) 950 K; the graphenemoiré structure has appeared
also on the terraces, but mostly near holes or at steps; 1120 Å� 1120 Å. Tunneling current 0.07 nA; tunneling voltage 1.24 V.
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(An ordered graphene layer would form buckles on a
30 Å length scale because of the lattice mismatch with
the Ru lattice.) The edges of such a network would
exhibit sp2-derived dangling bonds in the plane of the
layer, and one can suppose that, at a growth tempera-
ture of 660 K, these are saturated by H atoms. If the
network is mainly zigzag terminated and if all dangling
bonds are occupied by H atoms, the length of the rifts,
which was evaluated from the STM data, would corre-
spond to a hydrogen coverage of 0.2 ML. From the
TPDs after dosing in this temperature range a lower
hydrogen coverage of 0.06( 0.03 ML was obtained, so
that the edges can only be partially saturated. This
makes sense because the carbon network can ob-
viously grow under these conditions, and one expects
that this requires free dangling bonds. The fact that the
desorption temperature is 80 K higher than the last
desorption peak in the usual TPDs, corresponding to an
11% (estimated 0.23 eV) higher desorption energy of
these H atoms, is also not unreasonable. The energy to
split off a hydrogen atom from benzene is 0.38 eV
higher than from methane and also higher than from
other aliphaticmolecules.30 If the CH layer formed during
theusual TPDs (starting at 220K, Figure 1)mainly consists
of aliphatic carbon, whereas the layer formed at 660 K
already contains sp2 carbon, this would be consistent
with the higher desorption temperature.
In a further set of experiments this state was cooled

to room temperature and smaller scale STM images
were recorded (Figure 6). [These experiments were
performed with a thin, single-crystalline, (0001)-or-
iented Ru film supported on a Si(111) wafer on which
graphene grows in the same way as on bulk Ru(0001).
We have previously shown for Ir(111) that the bulk
and the film system behave very similarly.31] The 70 Å�
70 Å STM image of a carbon film grown by CVD at 710 K

(Figure 6a) shows atomic featureswith typical distances
of 2.5 Å, corresponding to the unit cell of graphene.
However, there is no apparent long-range order, and the
Fourier transform of the image is featureless (inset of
Figure 6a). The low-energy electron diffraction (LEED)
pattern of this state (Figure 6b) shows the diffraction
spots of the Ru substrate, whereas the typical satellites of
the ordered graphene moiré structure are absent. It can
be concluded that the sp2 carbon layer obtained under
these conditions is almost amorphous, except for a
certain preferred rotational orientation, as suggested by
the ill-defined triangles (Figures 3 and 4).
Starting with this layer the annealing experiments

were performed [with the bulk Ru(0001) sample]. The
temperature was raised in steps, and after each increase
the temperature was kept constant to monitor the
evolution of the film by STM (Figure 5). Between 660 K
(Figure 5a) and 720 K (Figure 5b) no apparent changes
are observed, and the carbon film displays the same rift
structure. This is consistent with the fact that the
temperature is still below the H2 desorption peak at
760 K (Figure 1, second trace from top). At 880 K
(Figure 5c), above the desorption peak, distinct
changes are visible. Large parts of the film appear
coherent, the rifts havemostly disappeared, but almost
round holes have formed. Also at the steps voids have
appeared. At some locations close to the atomic steps
first small areas with a hexagonal structure (lattice
constant approximately 30 Å) that characterizes the
moiré structure of graphene are visible. These changes
suggest that, after the hydrogen has fully desorbed, the
rifts have closed. The moiré structure results from the
lattice mismatch of the ordered graphene with the Ru-
(0001) substrate, so that we can use the moiré-covered
surface fraction as an ordering parameter for the STM
experiments. Most of the film is still flat and distinctly

Figure 6. (a) Atomically resolved STM image and (b) LEED of the amorphous carbon-saturated layer obtained by ethylene dosing
at 710 K. Tunneling conditions: 70 Å � 70 Å, 10 nA, �0.7 V, LEED energy 59 eV. Data taken after cooling to room temperature.

A
RTIC

LE



GÜNTHER ET AL . VOL. 7 ’ NO. 1 ’ 154–164 ’ 2013

www.acsnano.org

161

different from the moiré structure of graphene. However,
the apparent height of the flat part of the layer is similar to
that of theminima of themoiré phase, and the transitions
to the moiré domains are smooth, supporting the inter-
pretation as a disordered, but already sp2-hybridized layer.
The holes suggest that the average density in the initial
structurewas somewhat lower thana fullML, a resultof the
rifts. At 950 K (Figure 5d) there are fewer but larger holes,
and larger domains showing the characteristic hexagonal
patternof themoiré structure have appeared.Most of the
moiré-covered domains are located near one of the holes.
This spatial correlation between the holes and the

moiré domains is no coincidence. Time sequences show
that the holes are directly connected with the formation
of themoiré structure. In the images of Figure 7, recorded
at 920 K (a movie of the full series is available in the
Supporting Information, movie 2), one can see that the
holes are mobile. They travel through the carbon layer
over unexpectedly large distances and in a seemingly
directional, non-Brownian manner. Moreover, on the

entire area across which the large hole in the image
center of Figure 7 hasmoved the disordered carbon layer
has transformed into themoiré structure of graphene. This
was seen in several cases. Graphene is thus not formed
homogeneously on the entire layer, but by a special
growth process that involves the motion of topographic
holes in the carbon layer. Most of the holes have two
different sides, one bordered by disordered carbon, the
other by graphene. Carbon atoms must be transported
from the disordered sides of the holes to the graphene
sides, causing the holes to move toward the disordered
carbon and leaving behind graphene. The driving force
for the directional motion of the holes is the different
chemical potentials of carbon in the disordered form and
in thegraphenephase. Consistentlywith this explanation,
holes completely surrounded by the moiré structure of
the ordered graphene do not move. An example is the
(larger) hole on the upper terrace in Figure 7.
It is clear that this mechanism can only work as long

as the original disordered phase has a somewhat lower

Figure 7. Series of STM images of the carbon-saturated layer, takenduring the phase transitionof thedisordered carbon layer
into graphene at 920 K. The motion of the hole on the central terrace transforms the flat, disordered carbon layer into the
graphenemoiré structure. 1100Å� 1100Å, tunneling current 0.07 nA, tunneling voltage 1.24 V. (Movie of full series available
in the Supporting Information, movie 2.)
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C coverage than the graphene; otherwise holes could
not form. This may be one of the reasons for the
difficulties of ordering once formed graphene. Figure 8
shows an STM image recorded after ethylene adsorp-
tion at 940 K. Data like these were typically obtained
when the ethylene pressurewas loweredduring dosing.
In this case the pressure was initially 2 � 10�8 mbar;
then the valve was closed, but the decreasing ethylene
pressure in the UHV chamber and the oversaturation
coverage of adsorbed C atoms between the graphene
areas were sufficient for the graphene to continue
growing. The decreasing growth rate led to a dramatic
improvement of the order during growth, here visible
as persisting order gradient from the lower edge of
the subsequently recorded image to the upper edge
(Figure 8). In many cases the variation of the order
could be spatially correlated with the time of the
pressure reduction in the experiment (available as
a “flyby” in the Supporting Information, movie 3). It
should be noted that in these data the degree of order
is higher than suggested by the disorderedmoiré areas
because the visibility of the atomic disorder is strongly

enhanced by themoiré effect.32 Nevertheless, the data
show that the disorder, formed at the higher pressure,
is stable, despite the high temperature of 940 K, at
which the dosing was performed. We suggest that this
suppressed ordering is caused by the absence of holes
in the fully developed graphene layer, so that atomic
rearrangement processes are inhibited.

DISCUSSION

The STM data show that the disorder�order transi-
tion into graphene at 920 to 950 K does not occur
homogeneously in the entire layer, but by a special
mechanism involving small holes in the carbon film,
which represent clusters of vacancies. At these holes C
atoms from the edges are transported fromdisordered to
ordered areas. Structure rearrangements in the interior of
the amorphous layer are obviously connected with too
high activation energies and do not lead to graphene at
a measurable rate. This may be explained by the high
connectivity within the disordered film, which most
likely, at least partially, consists of sp2-hybridized C.
Such a structure is suggested by the STM images,

Figure 8. STM image after ethylene dosing at 940 K, recorded at room temperature. Initial p(ethylene) = 2� 10�8 mbar; then
the ethylene valve was closed. The gradient in the order from bottom to top is correlated with the decreasing growth rate.
Total ethylenedosage 17.6 L, 2400Å� 2400Å, tunneling current 0.19 nA, tunneling voltage 1.4 V. (Larger image fromanother
experiment available in the Supporting Information, movie 3.)
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which show a dense layer, and also by the sticking
coefficient measurements. The interpretation is in agree-
ment with the C 1s binding energy of 285.0 eV, observed
by XPS after annealing to 750 K,13 which is already in the
energy range of ordered graphene on Ru(0001) (where it
varies between 284.52 and 285.12 eV because of the
height modulation of the moiré structure).18 It also agrees
with thegraphenephononbands, observedbyvibrational
spectroscopy after methane CVD at 800 K.19 That the film
formed under such conditions does not yet display the
moiré structure of graphenemay be explained by its high
defect concentration. The characteristic moiré structure
of ordered graphene is connected with the horizontal
stiffness of graphene, and thismay be relaxed by defects.
For the transformation of this disordered film into

graphene by the hole motion three different mecha-
nisms appear possible. Carbon atomsmay detach from
the edges of the holes, move across the metal surface,
and become attached at the opposite edges (possibly
in the form of clusters). This leads to two limiting cases.
In the first, the detachment of the C atoms from the
disordered graphene edge is relatively fast (it does not
cost so much energy to detach carbon from the
disordered layer), and the attachment at the edge of
the ordered moiré phase is rate limiting (activation
energy 2.0 ( 0.1 eV23). In the second case the detach-
ment from the disordered graphene edge is rate limit-
ing, and the attachment at the ordered side is fast. In
the first case a fast equilibrium is established between
the disordered graphene edge and mobile C atoms in
the vacancy hole. The concentration of the C atoms
resulting from this equilibrium is higher than the C
atom concentration in equilibrium with the ordered
moiré structure (because of the lower stability of the
disordered carbon), so that the C atoms in the vacancy
holes are oversaturated (with respect to the ordered
moiré structure). In the model of Loginova et al.23 over-
saturation of mobile C atoms determines the growth
velocity of the graphene moiré structure. In the case
considered here the growth velocitiy is identical to
the hole velocity. Using the measured hole velocity
(0.28 Å s�1 at 920 K from the data of Figure 7) and the
analysis of Loginova et al. of the growth velocity, one

can calculate the energy difference between the dis-
ordered and the ordered graphene structure. The ob-
tained value, 0.05 eV per C atom, represents the driving
force for the motion of the holes. The second case
(detachment is rate limiting) is harder to analyze be-
cause an assumption about the preexponential factor of
this complex process has to be made. Using ν0 = 1013

s�1, and the same activation energy as for the detach-
ment from the ordered moiré structure (∼2.3 eV23), the
detachment rate leads to an order of magnitude higher
hole velocity than themeasured one. That the velocity is
overestimated suggests that this mechanism is also
feasible.
The third alternative is diffusion of C atoms or of

groups of C atoms along the edges of the holes. Such
processes have been investigated in simulations on
free-standing graphene, and similar or somewhat higher
activation energies than those considered above were
found.33 However, these simulations focused on the role
of H atoms in these processes, and we can exclude the
presence of H atoms at T > 800 K. In other simulations it
was shown that the metal surface lowers the activation
energy of orderingprocesses.9 Transport along the edges
can thus not be ruled out.
In any case, these low-energy transport processes

are not possible for disordered layers without voids,
and this provides an explanation for the difficulties of
removing defects from extended graphene layers,
even at higher temperatures. On the other hand, one
could also make use of the hole mechanism for grow-
ing higher quality graphene on metal surfaces. Rather
than trying to grow a full layer in one step, one could do
the CVD in portions interrupted by annealing, so that
the voids in the incomplete layers would help in the
ordering process.

CONCLUSIONS

In conclusion, by using high-temperature STM, we
have visualized the ordering of an amorphous carbon
layer into graphene on a metal surface. The phase
transition is mediated by holes in the carbon layer,
which provide low-energy pathways for the transport
of C atoms from disordered areas to graphene.

METHODS
The experiments were performed with three ultrahigh vac-

uum (UHV) chambers, one equipped with a high-temperature
STM (SPECS STM 150 Aarhus HT), the second with a home-built
beetle-type STM and Auger electron spectroscopy (AES), the
third with another home-built STM, AES, and LEED. The high-
temperature STM has already been successfully applied for
graphene growth experiments at temperatures close to
∼1300 K.10 The instrument shows very low thermal drift.
The second chamber was additionally equipped with a QMS
mounted in a differentially pumped housing. For TPD measure-
ments the sample was placed at a distance of 2 mm from a
3 mm hole in the housing, so that only molecules desorbing
from the sample surface were detected.

The Ru(0001) sample was prepared according to an estab-
lished procedure.34 It consists of Arþ sputtering (6.5� 10�5 mbar
Ar, 1000 V, 20min), annealing (T > 1170 K, 2 min), oxidation (2.6�
10�7 mbar O2, 920 K, 30 min), removal of oxygen by reduction
(1.3 � 10�6 mbar H2, 870 K, 30 min), and finally flash annealing
(to >1270 K). For CVD the UHV chambers were backfilled with
ethylene (Linde, purity 99.8%); pressures are uncorrected read-
ings of the Varian ion gauge (which also enter the dosages
given). However, to estimate the absolute C coverage from the s(t)
curves, the ion gauge reading was divided by 2.3, the gas
correction factor for ethylene.
The data shown in Figure 6 are from a thin Ru(0001) film

supported on a Si(111) wafer with a YSZ buffer layer. The pre-
paration of the Ru film surface required only sputtering and
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annealing. For the properties of such film systems with respect
to graphene growth we refer to previous work on Ir(111).31
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