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Carbon precursor that forms on the catalyst surface by the dissociation of feedstock gas plays an
important role in the controllable growth of graphene on metal substrates. However, the
configuration about the precursor has so far remained elusive. Here, we report the direct observation
of uniformly structured precursor units and their chain formation at the nucleation stage of graphene
growing on Ru(0001) substrate by using scanning tunneling microscopy. Combining this
experimental information with density function theory calculations, the atomic-resolved structures of
carbon precursor are characterized as adsorbed CH, segments on the substrate. The dissociated car-
bon feedstock molecules or radicals further react to form nonplanar -[C,H,4]- chains adsorbed on hex-
agonal-close-packed hollow sites of the Ru(0001) substrate before incorporating into the graphene
island. These findings reveal that CH, and nonplanar -[C,H,]- segments act as precursors in graphene
growth and are helpful to improve the quality and the domain size of desired graphene by precursor

or feedstock control. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963283]

Graphene and its modifications exhibit excellent proper-
ties and therefore are promising for many important applica-
tions, such as lithium batteries,lf3 supercapacitors,4’5 thermal
management devices,® catalysts’* and many other electron-
ics.” However, the lack of the technologies for producing
high quality graphene in large scale and at low price greatly
limits these applications. Nowadays, chemical vapor deposi-
tion (CVD) has become a widely used method to synthesize
graphene on metal substrate owing to the high efficiency,
low cost, and relatively simple apparatus required. Graphene
grown on polycrystalline Ni films or copper foil using CVD
in ambient environment has been broadly explored.
However, the quality is still far from that of mechanically
exfoliated graphene.”'® Thus, improving the quality and the
domain size of CVD graphene is now a great challenge.
Understanding the growth process at atomic level is a key
issue for achieving such a goal. It is well known that the ini-
tial stage in the nucleation process during a chemical reac-
tion is important for the quality of graphene. One of the
challenges is the visualization of the initial stage because the
nucleation process is too fast to trace directly in experiments.
To resolve this problem, the formation process of carbon
layer on a single-crystal transition metal surface in a vac-
uum, investigated several decades ago, re-attracted great
attention. Utilizing new and improved techniques, under-
standing the reaction processes and mechanism of decompo-
sition of hydrocarbons on transition metal surfaces in depth
was considered as an effective way to control the formation
of graphene. Several groups have conducted theoretical
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studies of the initial stage of carbon atoms on different sub-
strates, such as Ir, Ru, Ni, and Cu.'"" Some calculation
results claimed that carbon atoms prefer to form carbon
dimer or linear carbon chains on the substrates at the first
stage,''™'* while Shu er al. confirmed that gas-phase decom-
position reactions are important integrant of the mechanism
of CVD synthesis of graphene.'” In experiments, some
groups tried different methods to detect the initial stage and
growth process during the CVD growth of graphene.'®°
Most experiments only detected the evolution of shape in
graphene island during growth.'®'® McCarty and co-
workers proposed that carbon atoms form five-atom clusters
on Ru(0001) before attaching to the edge of a graphene
island, based on electron reflectivity and theory.'®*' Niu
et al. observed different shapes of carbon clusters during the
process of graphene formation on Cu(111).*° Recently,
Kirsch et al. identified the CCH,(ads) during the thermal
decomposition of ethylene on Ru surface by high-resolution
vibrational spectroscopy.> However, rare direct evidence
has been observed in experiments. The reaction processes
and growth mechanism are still not clear.

In situ scanning tunneling microscopy (STM) has been
widely used in combination with density functional theory
(DFT) calculations to investigate the initial stages of growth
processes and chemical reactions.”® However, it is hard to
get the real-space image with atomic structure for the growth
process of gas phase on transition metal surface at high tem-
perature by STM. Freezing the initial stage during the
growth process is significant to investigate the growth mech-
anism of graphene by STM. So, it is a requisite to slow down
the chemical reaction speed. Nevertheless, it is possible to
control the growth process of graphene on a single-crystal
transition metal surface in ultrahigh vacuum (UHV) chamber

Published by AIP Publishing.
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with elaborately controllable amount of reaction gas and
temperature.

In the present work, by using in situ technique with con-
trollable amount of ethylene and the annealing temperature,
we can “freeze” the growth of graphene on Ru(0001) sub-
strate at the initial stage, and then investigate the intermedi-
ate states of the growth process. With the help of STM, we
find that the carbon atoms form chain structures along the
three crystallographic directions of Ru (0001) substrates,
e.g., [1000]. Furthermore, DFT calculations reveal that the
chain structures are composed of nonplanar -[C,H,]- seg-
ments together with CH, segments. Therefore, by combining
STM with DFT calculations, we directly observe that CH,
and nonplanar -[C,H4]- segments can act as precursors to the
growth of epitaxial graphene on Ru(0001), which is a strong
evidence to theoretical predictions”_14 and other indirect
experimental results.*?

Our experiment was conducted in an UHV chamber
together with a room temperature STM. The Ru(0001) sub-
strates were cleaned and annealed by a standard process.”*
We exposed the Ru(0001) substrate to ethylene at room tem-
perature and the amount of exposure is 500 L. Then the tem-
perature of the substrate was increased to 1073 K and kept for
10 min. After the temperature of the substrate was decreased
to room temperature, it was transported to the STM chamber.

The first-principles calculations were based on DFT and
the local density approximation,” with the help of the
Vienna ab-initio simulation package (VASP).?*?” The pro-
jected augmented wave was employed. The kinetic energy
cutoff was set to 400eV. STM images were simulated within
the Tersoff-Hamann approximation.28 Two models were
used to represent the Ru(0001) substrate. One is a four-
layered slab model (5 x5 unit cell) with the two bottom
layers fixed, and the other is a two-layered slab model (7 x 7
unit cell) with the bottom layer fixed. The two-layered slab
model is accurate enough for the C-Ru system when local
density approximation is used for a large supercell.29

The morphology of the Ru(0001) substrate exposed to
ethylene at room temperature and annealed to 1073K was
characterized by STM, as shown in Fig. 1. Hydrocarbon gases
decompose and form graphene on transition metal substrates,
which exhibits moiré patterns because of lattice mismatch.*®
Previous studies have reported the formation of graphene
islands on Ru(0001) or Ir(111) substrate when the amount of
hydrocarbon gas is not sufficient to form one-layer gra-
phene.31 In our experiments, graphene islands also formed
(marked as dashed lines in Fig. 1(a) and the left part of Fig.
1(b)), and they exhibit high crystal quality of graphene
according to the moiré pattern. Besides the well-ordered gra-
phene islands in Fig. 1(b), there are also a large number of iso-
lated bright spots, which exist on the areas of the substrate not
covered by graphene. The zoom-in STM images (Figs. 1(b)
and 1(c)) further reveal that these bright spots arrange into
short chain structures along the three crystallographic direc-
tions of Ru(0001) substrates, e.g., [1000]. So these chains
have three orientations, induced by the three-fold symmetry
of the Ru(0001) substrate. It should be noted that the bright
spots have different nearest neighbor distances, as determined
from high-resolution STM images in Fig. 1(b). To further
understand the structure of the chains, the height profile along
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FIG. 1. (a) STM image (Vs=—1.1V, I=0.18nA) of graphene islands on
Ru(0001) surface. (b) Atomic resolution STM image (Vs=-0.3V,
I=0.95nA) of the edge of graphene islands and the bright spots. The edge
of graphene islands is not atomically smooth. (¢) STM images (Vs=0.4V,
I=0.8nA) of the chains on Ru(0001). The green arrows indicate three typi-
cal directions of these short chains. (d) The height profile along the green
line in (b).

the line in Fig. 1(b) is plotted in Fig. 1(d). The height profile
shows the corrugation of the graphene and the height of
chains simultaneously, which is helpful to analyze the interac-
tion between chains and substrate. Because of the lattice mis-
match, graphene on Ru(0001) substrate forms superstructure
corrugation, which results in different interaction between car-
bon atoms and substrate at different corrugation regions.
Graphene on Ru(0001) substrate has three different regions,
labeled as A, B, and C in Fig. 1(b). Region A is the brightest
area and C is the darkest one of graphene in the STM images,
signifying the different distances between the graphene and
the substrate. It is clearly seen that the height of the bright
spots in chains is almost the same as that of carbon atoms
near the edge of islands, which is still a little lower than that
of the carbon atoms in region C (Fig. 1(d)). This suggests that
the carbon atoms in the bright spots have stronger interaction
with the Ru(0001) substrate than those graphene does.

The zoom-in STM image (Fig. 2(a)) clearly reveals the
orientation and distances among the bright spots in Fig. 1, in
which some look like pairs (for example, 1-2, 4-5, 1'-2/,
and 3'—4'). Table I summarizes the distances between the
nearest-neighbor bright spots in Fig. 2(a). There are two typi-
cal distances, 0.26 nm and 0.31 nm. If we consider that the
two spots stay closer as a dimer, the chain structures in Fig.
1 are dimer chains with an average dimer-dimer distance of
0.57 nm from STM image. It is well known that the carbon-
carbon bond length in free-standing graphene and ethylene
are 0.14 and 0.13 nm, respectively. If the dimer chains were
composed only of carbon dimers, the bond length of 0.26 nm
would be longer than that in graphene and ethylene, imply-
ing an unusual weak bond energy in the chains. Even com-
pared with other researchers’ calculated result of carbon
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FIG. 2. Carbon precursors observed on Ru(0001). (a) STM image
(Vs=-0.3V,1=0.95nA) and (b) possible configurations observed in (a).
The black arrows indicate the high-symmetry direction on Ru(0001) surface.
(c) STM simulation image according to (b). (d) and (e) are the height profile
along the dashed lines 1 and 2 in (a), respectively.

atoms on Ni(111) substrate (0.13 nm), the length is also too
long.'! On the other hand, the fact that the chains are stable
at room temperature indicates that the interaction between
the chains and the substrate cannot be neglected—it should
mainly contribute to the stabilization of the carbon chains.
The lattice constant of Ru(0001) substrate is 0.27 nm, which
is almost the same as the above length. This relationship
implies that Ru(0001) substrate strongly confines the chain
structure.

To get a better understanding of the atomic structure of
the chains, first-principles calculation was used to investigate
the possible configurations of the dimer chains. Since it is rea-
sonable that there is residual hydrogen from the decomposi-
tion of ethylene molecules in the UHV system,'®?*** several
decomposed segments with and without hydrogen, for exam-
ple, carbon monomers, carbon dimers, CH, and C,H,, etc.,
were tried to figure out what the bright dots are in Fig. 1 (see
the details in the supplementary material). DFT calculation
results demonstrate that among all these segments, CH, is the
most probable precursor at the initial stage of graphene
growth. Figures 2(a)-2(c) present the STM image, the possi-
ble geometric structures, and the corresponding STM simula-
tion image of four and five CH, segments on Ru(0001)
surface. According to the DFT calculation, CH, prefers to
stay at the hexagonal-close-packed (HCP) hollow site of
Ru(0001) (see Fig. S1 and Table S1 in the supplementary
material). As a result, the CH, chains stay along the high-
symmetry direction of Ru(0001) (Fig. 2(b)), fitting well with

TABLE I. Distances between neighboring dots in Fig. 2.

dia da3 day dys dyy dy dyy

Exp. (nm) 0.26 0.31 0.31 0.26 0.26 0.31 0.26
DFT (nm) 0.26 0.29 0.29 0.26 0.26 0.29 0.26
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the orientation of the dot chains in STM images (Figs. 1(b)
and 2(a)). The distances between the neighboring bright dots
both in the STM images and STM simulations are summa-
rized in Table I, showing the distance comparison. The dis-
tance between dots 1’ and 2’ is the same as that between dots
3" and 4/, but smaller than that between dots 2’ and 3’, both in
the STM images and in the DFT results. From Table I, the cal-
culation distances between dots 2 and 3, 3 and 4, and 2’ and 3’
are little smaller than the experimental results. We think that
these deviations would come from the experimental errors
caused by distortion and drifting of scanning tube, and resolu-
tions of STM images at room temperature, as well as the dif-
ference of lattice constant between DFT calculated one the
real substrate. So, the difference between experimental dis-
tance and the DFT predictions is reasonable. Though the exact
value is slightly different, the dimer-like structures are the
same in experiment and theoretical prediction. Herein, the
STM simulations (Fig. 2(c)) agree well with the experimental
results (Fig. 2(a)). In addition, the simulation shows that the
bright spots in Fig. 2(c) come from the electron density of
hydrogen atoms due to the non-planar configuration of CH,
segments. Therefore, the distances between neighboring
bright spots in Figs. 2(c) (0.26nm) and 2(a) (0.26 nm) are
actually the distances between the neighboring hydrogen
atoms on different carbon atoms, which do not correspond to
the C-C bond length in the nonplanar C,H, segment. The C-C
bond length in the nonplanar C,H, segment (0.145nm) is
very close to that in graphene (0.141 nm). In conclusion, our
calculations, along with their agreement with the experimental
observations, indicate that CH, and nonplanar C,H, segments
are the precursors at the initial stage of graphene growth.

The initial stage of carbon atoms is critical to the growth
of graphene on metal substrate, which particularly affects the
nucleation and shape of graphene. Previously, Luo et al.
reported that the graphene island is shaped like a flower
when the attachment to the island is carbon clusters.”® They
also found that when individual carbon atoms attach to the
edge of graphene islands, the graphene islands are triangular
in shape, and the edge of islands is atomically smooth. Here,
we can see that the shape of the graphene islands in Fig. 1(a)
is almost triangular, but with an edge that is not so smooth.
Moreover, the atomic resolution STM image of the edge of
graphene islands, shown in Fig. 1(b), demonstrates that the
edge of the island is not atomically smooth, although the
direction is almost along the zig-zag line of graphene. And
we also see that the CH, segments form C,H, dimer or -
[C,Hy4]- chains near the edge of the graphene. The irregular
shape of graphene islands and the existence of CH, segments
around the graphene islands in our results further confirm
that the CH, segments are precursors during the growth of
epitaxial graphene.

To further investigate the chemical activity of carbon
chains, we exposed the sample to oxygen at 873 K. The pres-
sure of oxygen was 5 x 10~’ mbar and the duration was 30s.
Afterward, we can observe two changes of the sample by
STM, as shown in Figs. 3(a) and 3(b). One change is that the
surface of the substrate not covered by graphene becomes
clean, demonstrating that the carbon chains disappear. The
other is that the shape of the graphene islands becomes more
regular. From the high resolution STM image in Fig. 3(c),
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we see that the edges of the islands are zigzag and atomically
smooth, the same as those etched by plasma.** These results
show that the CH, segments in dimer chains are as active as
those at the edge of graphene islands and can be oxidized
more easily. The oxygen etching results indicate that the
CH, segments in the chains are easily oxidized.

In summary, by controlling the exposure amount of
hydrocarbon and the annealing temperature, we directly
observed CH, and -[C,H4]- chains as precursors for gra-
phene grown on Ru(0001) substrate. Combining the experi-
ments with theoretical calculations, the atomic structures and
the preferred adsorption sites on the Ru(0001) surface are
fully revealed. It is further confirmed that the decomposed
feedstock molecules first form CH, radicals adsorbed on the
HCP hollow sites of the Ru(0001) surface. The absorption
interaction of the CH, segments further leads to the nonpla-
nar -[C,Hy]- chains as the precursors of graphene grown on
the Ru(0001) surface. Our study has revealed the feedstock
transition states of graphene grown on Ru(0001) surface and
therefore is vital for the understanding of graphene’s growth
mechanism and further improvement of the experimental
technology for desired graphene growth.

Clusters of C, C,, and C,H, adsorbed on Ru(0001) and
CH, on different adsorption sites on Ru(0001) can be found
in supporting information.

See supplementary material for the possible precursors,
the adsorption sites and the distances between neighbors.
The distances between neighboring C, C,, and C,H; in these
configurations don’t agree with the experiment data except
for CH,. The most stable adsorption site for CH, adsorbed
on a Ru(0001) surface is HCP hollow.
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