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Epitaxial growth and structural property of graphene on Pt(111)
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We report on epitaxial growth of graphene on Pt(111) surface. It was found out that the proportion
of different rotational domains varies with growth temperature and the graphene quality can be
improved by adjusting both the growth temperature and ethylene exposure. Rippled and unrippled
domains of high quality graphene are observed. The adhesive energy and electronic structure of two
models, representing rippled and unrippled graphene, are obtained with density functional theory
calculation, which shows that the interaction between graphene and Pt(111) surface is very weak and
the electronic structure is nearly the same as that of a free standing graphene. © 2011 American

Institute of Physics. [d0i:10.1063/1.3543624]

The discovery of exfoliated graphene in 2004 (Ref. 1)
started an upsurge of researches in preparations,z_5
properties,ﬁf9 and applicationslo’11 of the material. This
brought epitaxial graphite films on SiC (Ref. 4) and transi-
tion metal surfaces into the focus of interest further
again,lz*l6 which were usually prepared by segregation of
bulk-dissolved carbon onto surfaces or chemical decomposi-
tion of hydrocarbons. Recently, high quality epitaxial mono-
layer graphite films (referred as epitaxial graphene or EG in
the following) were reported on transition metal surfaces,
such as Ru(0001)," Ir(111),"”* Cu(111),'* and Ni thin
film.*! The growth mechanism of EG on Ru(0001) and
Ir(111) has been investigated by low energy electron micros-
copy and scanning tunneling microscopy (STM).*** A non-
linear kinetic growth model of graphene on Ru(0001) was
established based on the analysis of graphene growth rates as
a function of adatom concentration, and thus a cluster-
addition mechanism was suggested. It is also observed that
the growth temperature can drastically affect the quality of
graphene on Ir(111).* On the other hand, Pt(111) substrate is
of distinctive interests because the Pt substrate has the mini-
mum affect on the physical properties of graphene due to
very weak graphene-substrate interaction. However, less
work was conducted on the growth of different graphene
domains on Pt(111) and its formation mechanism.

In this letter, we report that at about 800 K with an
ethylene exposure of 37.6 L the quality of graphene on
Pt(111) gets improved due to sparse nucleation. We changed
the growth temperature and ethylene exposure and investi-
gated the quality of EG by low energy electron diffraction
(LEED) and STM. Combining STM with density functional
theory (DFT) calculation, the geometric and electronic struc-
ture of the graphene was also studied.

The experiment was carried out in an ultrahigh vacuum
(UHV) chamber with the base pressure lower than 1
X 107!% mbar. The chamber is equipped with a room tem-
perature STM, an Auger electron spectroscopy (AES), a
LEED, and an electron beam heating (EBH) stage. The Pt
substrate is a commercial product whose (111) surface has
been polished to less than 0.03 um of roughness. It was
cleaned by several cycles of ultrasonic cleaning in high pu-
rity acetone and ethanol to remove the organic contamination
on the surface. Then the crystal was loaded into the UHV
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chamber and cleaned by cycles of 0.6 keV Ar+ sputtering
followed by annealing to high temperature till the AES spec-
tra showing no contaminations. Graphene was prepared by
exposing the Pt(111) substrate to high purity (99.995%) eth-
ylene while the substrate temperature was varied from 773 to
1073 K. The temperature was measured by a tungsten-
rhenium (W-5%Re/W-26%Re) thermocouple welded to the
EBH stage. The formation of graphene on Pt(111) was con-
firmed by carbon peak at 272 eV in AES spectrum.

The growth temperature has great influence on the struc-
ture and quality of graphene layer grown on metal substrates.
Therefore the growth of EG was studied at different substrate
temperature with the fixed exposure of ethylene to Pt(111).
The partial pressure of ethylene was 5X 10~ mbar and the
exposure lasted 100 s. Figure 1 shows the evolution process
of LEED patterns of the graphene layer with increasing sub-
strate temperature: (a) 773 K, (b) 873 K, and (c) 973 K,
respectively. The six sharp spots come from Pt(111) sub-
strate, corresponding to the sixfold symmetrical structure.
The outer arc shape spots are from EG layers. At lower
growth temperature, the center of arc shape spots are rotated
by an angle of 19° relative to the sharp spots from Pt, as
shown in Figs. 1(a) and 1(b). The diffraction spots of EG
obtained at 873 K are shorter and brighter than those at 773
K, indicating an increase in the R19° domains. When the
temperature increases to 973 K [Fig. 1(c)], the center of the
arc shape spots are rotated by an angle of 30° relative to the
spots from Pt, and faint spots in line with the Pt spot appears.

The LEED results show much information of the relation
between growth temperature and rotation angles. First, there
are three kinds of main rotation angles, 0°, 19°, and 30°,
respectively, which corresponding the possible rotation
angles between graphene lattice and Pt(111) surface lattice.
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FIG. 1. (Color online) LEED pattern of EG on Pt (111) prepared by expos-
ing to ethylene at different temperature, (a) 773, (b) 873, and (c) 973 K. The
beam energy is 60 eV.
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FIG. 2. (Color online) STM images of graphene grown on Pt (111) (Vj
=0.04 V, I=1.5 nA). (a) For an exposure of 376 L at 1073 K, the domain
size is small; (b) For an exposure of 37.6 L at 773 K, the domain size is
much bigger than that in (a).

Arc shape spots instead of round spots are observed from
LEED pattern of graphene layer, indicating the graphene lo-
cally ordered but with varying orientation in different do-
mains. Second, the proportion of different rotational domains
is dependent on the growth temperature. It had been reported
that supersonic methane molecules with a higher kinetic en-
ergy can induce highly oriented monolayer graphite on
Pt(111).” However, our results show that at very high tem-
perature the arc shape spots are still observable, indicating
multiple domains of graphene are unavoidable on Pt(111).
The formation of various structures of graphene layers on
Pt(111) surface is mainly attributed to the modulated energy
barrier of attaching carbon atoms to the different orientation
of graphene edge during the epitaxial growth process.22

Since the orientation of graphene domains varies no mat-
ter what the growth temperature is, the quality of EG, i.e.,
domain size and crystallization, can only be improved by
reducing the density of nuclei at early stage and the density
of defects while growing.26 In order to study the effort of
ethylene exposure and growth temperature on the quality of
EG, we use STM to probe the EG in real space. Figure 2(a)
shows a STM image of EG prepared at an exposure of 376 L.
(5% 107 mbar for 100 s) at 1073 K. The domain boundaries
and defects result in the corrugation of graphene and show
bright spots in STM images. The domains size is very small
(several to tens of nanometers), and the density of defects on
the domain is very high. However, EG with large domain
size (more than one hundred of nanometers) are observed on
a sample prepared at an exposure of 37.6 L (5X 10~ mbar
for 100 s) at 773 K, as shown in Fig. 2(b). This is because at
high temperature and large exposure, the density of surface
carbon is very high and thus dense nucleation occurs. To
improve the quality of EG on Pt(111), one need to carefully
control the temperature and exposure to keep the surface
carbon concentration not far above the limit of nucleation, so
that the sparse nucleation of graphene is achieved. Also, the
growth speed is low at lower surface carbon concentration,
thus the density of defects can be reduced.

The hexagonal moiré superstructure comes from super-
position of graphene honeycomb lattice and Pt hexagonal
lattice underneath. Its orientation and periodicity varies with
the rotation angle between the two lattices in each domain, as
the examples given Fig. 3 and Table 1. According to its ori-
entation with respect to graphene lattice, two categories of
moiré superstructures are found. In the first category, the
lattice vectors of moiré superstructures are parallel to the
lattice vector of graphene, as in 2 X2, 3 X3, and 4 X4 do-
mains shown in Figs. 3(a)-3(c), respectively. The height pro-
file across the dashed green lines in each STM image is
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FIG. 3. (Color online) Atomic resolution STM image of six rotational do-
mains with different moiré supercell with respect to primary graphene lattice
(Ve==0.4 V, I=0.2 nA): (a) 2X2, (b) 3X3, (c) 4X4, (d) (y37x (37)
R21°, (e) (61X (61) R26°, and (f) ({67 X 67) R12°. The (2110} direction
of graphene lattices is indicated by the yellow arrows and moiré unit cells
are in green rthombus. The height profiles along the green dashed lines in
each image are plotted in (g) and (h).

plotted in Fig. 3(g). The corrugation of these domains is
within 0.03 nm, indicating the graphene film is very flat
without much distortion in vertical direction. In the second
category, there are angles between the lattice vectors of
moiré superstructures and graphene, as in the (37X 37)
R21°, (y61X (61) R26°, and (/67X 67) R12° domains
shown in Figs. 3(e)-3(g). The corrugation of these domains
increased to 0.05-0.08 nm, as can be seen in Fig. 3(h), more
like the rippled graphene on Ir(111) and Ru(0001) with fluc-
tuated bonding strength with the substrate.'”'® The corruga-
tion difference originates from the different rotation angles
of each domain with respect to the Pt substrate, as given in
the last column of Table I. The domains in the second cat-
egory rotated a very small angle, as a result the carbon atom
within a supercell coordinate with the substrate differently
because of the lattice mismatch, just like the case of
graphene on Ru and Ir; while the domains in the first cat-
egory rotated a lot, resulting similar coordination with the

TABLE 1. The periodicity of each moiré superstructure in Fig. 3 and corre-
sponding rotation angles between graphene and Pt lattices.

The rotation angle
between graphene
and Pt lattices

Moiré superstructure

with respect Moiré periodicity

Figure to graphene (nm) )
Figure 3(a) 2X2 0.5 30
Figure 3(b) 3X3 0.738 19
Figure 3(c) 4x4 1 14
Figure 3(d) (37X (37) R21° 15

Figure 3() (/61X (61) R26° 1.87 3
Figure 3(f) ({67 X (67) R12° 2.1
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FIG. 4. (Color online) Two models of monolayer graphene on Pt(111). (a) A
model constructed by putting 8 X 8 graphene unit cells on 7 X7 unit cells of
Pt(111), representing rippled graphene on Pt(111). (b) A model of 2X?2
supercell, the same as the moiré pattern in Fig. 3(a), representing unrippled
graphene. (c) and (d) are the calculated DOS curves for model (a) and (b),
respectively.

substrate for each carbon atoms in a supercell. Nevertheless,
the different corrugations imply different physical nature at
the interfaces.

To get a better understanding of the properties of EG on
Pt(111) surface, we used DFT based first principle calcula-
tion to investigate its geometric structure and electronic
structure. Two structural models were built to represent the
rippled and unrippled graphene in each category discussed
before. The thickness of Pt substrate was tested, and the re-
sults show that three Pt layers were adequate to simulate the
system. For the first one, the graphene lattice vectors are
aligned along the Pt(111) lattice with no rotation. A 8 X8
supercell is used, which means 7 X7 Pt(111) lattices match-
ing 8 X 8 graphene lattices, as shown in Fig. 4(a), to repre-
sent the highly rippled graphene. The calculation results
show the corrugation of graphene is 0.053 nm in this model,
which is consistence with our STM results. In the second
model, to construct the structure in which the graphene lat-
tice has a rotation angle of 30° with respect to the Pt(111)
lattice [Fig. 3(a)], a special supercell is built to represent the
unrippled graphene, as shown in Fig. 4(b). It has the mini-
mum stress and the smallest supercell structure.

The calculated average adhesive energies of per carbon
atom are 38.6 meV and 39.8 meV for the two models shown
in Figs. 4(a) and 4(b), respectively, implying that the inter-
action between graphene and Pt(111) surface is really small.
Therefore various EG domains with different orientations
could coexist at high temperature. In addition, the optimized
structures shows that the graphene layers have an interfacial
distance of more than 0.31 nm with the Pt(111) surface due
to the weak graphene-substrate interaction, which is much
larger than that on Ni(111) and Ru(0001) surface’’ that have
strong interaction with graphene. These calculation results
also confirmed that the interaction between graphene and the
substrate is very weak. The local density of states (LDOS) of
the graphene on Pt(111) surface were also calculated. As
shown in Figs. 4(c) and 4(d), the LDOS of graphene remains
“V” shape, indicating that due to the weak interaction, the
electronic structure of graphene is nearly unaffected by
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Pt(111) surface. The up-shift of the Dirac point is induced by
the a little charge transfer from graphene to Pt(111) surface.

In summary, we have grown epitaxially the monolayer
graphene on Pt(111) surface by chemical decomposition of
ethylene. The quality of EG is improved by achieving sparse
nucleation at proper growth temperature and ethylene expo-
sure. DFT calculation result shows that the interaction be-
tween graphene and Pt(111) surface is very weak and the
electronic structure is nearly the same as that of free standing
graphene.
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