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High quality sub-monolayer, monolayer, and bilayer graphene were grown on Ru(0001). For the sub-monolayer
graphene, the size of graphene islands with zigzag edges can be controlled by the dose of ethylene exposure. By increasing
the dose of ethylene to 100 Langmuir at a high substrate temperature (800 °C), high quality single-crystalline monolayer
graphene was synthesized on Ru(0001). High quality bilayer graphene was formed by further increasing the dose of
ethylene while reducing the cooling rate to 5 °C/min. Raman spectroscopy revealed the vibrational states of graphene, G
and 2D peaks appeared only in the bilayer graphene, which demonstrates that it behaves as the intrinsic graphene. Our
present work affords methods to produce high quality sub-monolayer, monolayer, and bilayer graphene, both for basic

research and applications.
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1. Introduction

The discovery of graphene by Novoselov et al. opened
new avenues for fundamental physical study and potential
electronics applications.!!l This sp?-bonded two-dimensional
carbon network exhibits many fascinating properties, which
are related to the linear dispersion of its 7 and =#*
bands,/?! huge carrier mobility,?= ballistic transport at
room temperature, [® and half-integer quantum Hall effect.!-8]
These properties could lead to many promising applications
in future graphene-based nanoelectronics. Both theoretical
physics and potential applications of graphene now require
the controllable synthesis of high quality graphene. Epitaxial
growth on transition metal surfaces is one of the most effective
routes for growing graphene. In recent years, much research
effort has been devoted to graphene growth on various metal
surfaces, such as Ru(0001), 18I Ni(111),[19-231 pt(111),[242]
Ir(111),12639 and Cu.3132! High quality graphene with con-
trolled dimension and thickness is of considerable impor-
tance. In this work, we focus on producing high quality sub-
monolayer, monolayer, and bilayer graphene on Ru(0001) sur-
faces.
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2. Methods

Our serial experiments were carried out in a UHV
Omicron system whose base pressure was lower than
2x 10719 mbar. The system is equipped with a room tempera-
ture scanning tunneling microscope (RT-STM, Omicron), low
energy electron diffraction (LEED) optics, an electron beam
heater (EBH), and a gas station that can introduce oxygen or
ethylene (purity of 99.995%, Beijing Huayuan Gas Chemi-
cal Industry Co., Ltd) into the UHV chamber through a leak
valve. Single-crystal Ru(0001), purchased from MaTeck, was
sputtered by Ar™ many times and annealed at 800 °C for
10 min. After which, the single-crystal Ru(0001) was an-
nealed in oxygen at 800 °C to remove the residual carbon and
it was then flashed to 1300 °C for 10 s to remove the oxide. 3!
The clean Ru(0001) surface was checked by LEED and STM.
Graphene was then fabricated by the decomposition of ethy-
lene on the as-prepared Ru(0001) surface. Table 1 provides
the detailed experimental parameters of producing high qual-
ity sub-monolayer, monolayer, and bilayer graphene on the
Ru(0001) substrate.

Table 1. Parameters for producing high quality sub-monolayer, monolayer, and bilayer graphene on Ru(0001).

Temperature of Pressure of Time of Cooling
Graphene Ru substrate/°C ethylene/10~® mbar exposure/s rate/°C-min !
Sub-monolayer 800 1.3 20 14
Monolayer 800 1.3 100 14
Bilayer 800 1.3 300 5

*Project supported by the National Basic Research Program of China (Grant Nos. 2013CBA01600 and 2011CB932700) and the National Natural Science

Foundation of China (Grant Nos. 61222112 and 11334006).
Corresponding author. E-mail: xlin@ucas.ac.cn
fCorresponding author. E-mail: ylwang @iphy.ac.cn
$Corresponding author. E-mail: hjgao@iphy.ac.cn
© 2014 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

098101-1


http://dx.doi.org/10.1088/1674-1056/23/9/098101
mailto:xlin@ucas.ac.cn
mailto:ylwang@iphy.ac.cn
mailto:hjgao@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 23, No. 9 (2014) 098101

3. Results and discussion

Two routes are known for growing graphene islands on
a Ru(0001) surface. One is exposing the Ru(0001) surface to
ethylene at room temperature and then heating it to 800 °C, 4
and the other is exposing the Ru(0001) surface to 20 L ethy-
lene at 800 °C. We carried out both procedures, and found
that the latter can prepare high quality graphene islands with-
out defects, as shown in Fig. 1(a). The lateral size of these
graphene islands was about 15 nm and they had very straight
zigzag edges. Due to the strong interactions between graphene
and the Ru substrate, the typical moiré pattern formed in

B5] In the atomic resolution STM im-

the graphene islands.
age (Fig. 1(b)), the inner part of each graphene island is in-
tact without any atomic defects. The LEED pattern (Fig. 1(c))
demonstrates that the graphene is well ordered and aligned
with respect to the Ru substrate. However, in the zoomed in
LEED pattern image (Fig. 1(d)), the signal of the moiré pat-
tern is not clear, which is attributed to the low coverage of the

graphene.

Fig. 1. (color online) STM images and LEED patterns of sub-
monolayer graphene on Ru(0001). (a) STM image of graphene is-
lands. (b) Atomic resolution STM image of graphene. (c) Correspond-
ing LEED pattern of sub-monolayer graphene shown in panel (a). (d)
Zoomed in image of the area enclosed by the blue rectangle in panel (c),
showing the LEED signals from graphene and the Ru substrate.

Unlike the graphene islands, the monolayer graphene
was grown by exposing clean Ru(0001) to 100 L ethylene at
800 °C.!7! Graphene covered all of the terraces and formed
a very regular moiré pattern (Fig. 2(a)). In the zoomed in
STM image (Figure 2(b)), the graphene seems to be perfect
without any defects. From the corresponding LEED patterns
(Figs. 2(c) and 2(d)), the signals from graphene and the moiré
pattern were observed. By fully investigating the sample sur-

face, we found that monolayer graphene is single-crystalline

and covers the whole Ru(0001) surface. So the size of high
quality monolayer graphene depends only on the size of the

single-crystal Ru substrate.

Fig. 2. (color online) STM images and LEED patterns of monolayer
graphene on Ru(0001). (a) STM image of monolayer graphene. (b)
Atomic resolution STM image of monolayer graphene on Ru(0001). (c)
Corresponding LEED pattern of monolayer graphene shown in panel
(a). (d) Zoomed in image of the area enclosed by the blue rectangle in
panel (c), showing the LEED signals from graphene, moiré pattern, and
the Ru substrate.

Monolayer graphene on Ru(0001) is n-doped and absent
of the properties of free-standing graphene due to the strong
coupling between graphene and the Ru(0001) substrate.36-37]
However, the growth of bilayer graphene on Ru(0001) is a fea-
sible route to obtain graphene that approximates the intrinsic
graphene. By exposing a clean Ru surface to 300 L ethylene
at 800 °C, and then cooling it down to room temperature at a
rate of 5 °C/min, high quality and large-area bilayer graphene
was grown on the Ru(0001) surface. Two kinds of structures
were found on the bilayer graphene surface. One is pretty flat
graphene with no moiré pattern, as shown in Fig. 3(a). The lat-
eral size of this structure reaches up to 60 nm. Atomic resolu-
tion STM images (Fig. 3(b)) show that the graphene is defect-
free. The maximum corrugation is about 30 pm, and the ap-
parent height difference between the two carbon sublattices of
graphene in the second layer is about 5 pm. According to the
previous combined research of angle-resolved photoemission
spectroscopy and scanning tunneling microscopy, the second
layer has an AA stacking sequence with respect to the first

138] In this new study, another structure was found on the

layer.
bilayer graphene surface, which retains the moiré pattern like
the monolayer graphene on Ru(0001) (Fig. 3(c)). The zoomed
in STM image (Fig. 3(d)) reveals that the bilayer graphene is
intact without any defects, and the corrugation of the bilayer

graphene is smaller than that of the monolayer graphene on
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Ru(0001). Gradual alternations between AB (Bernal type) and
AA stackings are present in this structure. 3! By careful large-
area scanning, we found that the two structures are present on
the surface by turns, which we ascribe to the weak interac-
tions between the second graphene layer and the Ru substrate
along with stress relaxation in the second layer of graphene.
In our STM results, the areal proportion of the first structure
to the second structure is about 4:6. Figures 3(e) and 3(f)
show the corresponding LEED patterns of bilayer graphene

on Ru(0001). The LEED patterns have many similarities to
that of monolayer graphene on Ru(0001), the only difference
is that the signal intensity from the moiré pattern in Fig. 3(f) is
much stronger than that of monolayer graphene on Ru(0001).
It can be inferred from this that the signal of the moiré pattern
in the LEED of the monolayer graphene came from the moiré
corrugation in the monolayer, while the LEED signal of the
moiré pattern of bilayer graphene came from both the bottom

layer and the second structure in the upper layer (Fig. 3(c)).

Fig. 3. (color online) STM images and LEED patterns of bilayer graphene on Ru(0001). (a) STM image of bilayer graphene without moiré
pattern. (b) Atomic resolution STM image of bilayer graphene shown in panel (a). (c) STM image of bilayer graphene with moiré pattern. (d)
Atomic resolution STM image of bilayer graphene shown in panel (c). (e) Corresponding LEED pattern of bilayer graphene. (f) Zoomed in
image of the area enclosed by the blue rectangle in panel (e), showing the LEED signals from graphene, moiré pattern, and the Ru substrate.

Besides characterization by STM and LEED, Raman
spectroscopies of the samples with different graphene cov-
erages were also performed. As shown in Fig. 4, the Ra-
man spectra of graphene islands and monolayer graphene
on Ru(0001) are flat lines without the characteristic peaks
of graphene. This is attributed to the very strong cou-
pling between graphene and the Ru substrate, which prevents
first order scattering, the one-phonon second order double-
resonance process, and the two-phonon second order reso-

5.[40:41] However, the Raman spectroscopy of the

nance proces
bilayer graphene on Ru(0001) contains the D, G, and 2D peaks
of graphene. Since the Raman intensity ratio between 2D and
G bands is 2:1, the graphene is confirmed as a free-standing
monolayer,**~31 which is consistent with the bottom layer of
graphene acting as a buffering layer. The bottom layer ef-
fectively decouples the interaction between graphene and its
Ru(0001) substrate. In addition, the very low intensity of the

D band, which mostly comes from the step edge of the sec-

ond layer graphene,*!! indicates the high quality of the bilayer

graphene.
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Fig. 4. (color online) Raman spectra of sub-monolayer graphene (SG), mono-
layer graphene (MG), and bilayer (BG) graphene on Ru(0001). Raman spectra
of sub-monolayer graphene (black curve) and monolayer graphene (red curve)
show no characteristic peaks of graphene. The Raman spectrum of bilayer
graphene (blue curve) shows a G peak and a 2D band feature.
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4. Conclusion

We report the synthesis of high quality sub-monolayer,
monolayer, and bilayer graphene on Ru(0001). Exposing a
clean Ru(0001) surface to a small dose of ethylene at high
substrate temperature of 800 °C leads to the formation of
graphene islands on Ru(0001). The size of the graphene is-
lands can be controlled by adjusting the dosage of ethylene.
High quality one-monolayer graphene was synthesized with a
100 L dosage of ethylene. By further increasing the dosage of
ethylene to 300 L and reducing the cooling rate to 5 °C/min,
high quality bilayer graphene was obtained on the Ru(0001)
substrate. Raman data revealed that the second (upper) layer
behaves more like free-standing graphene. Considering the
transferability of the second layer, our method would lead to
many applications in both basic research and graphene based
nano-electronics.
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