PHYSICAL REVIEW B 92, 115421 (2015)

Monolayer charge-neutral graphene on platinum with extremely weak electron-phonon coupling
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Epitaxial growth of graphene on transition metal substrates is an important route for obtaining large scale
graphene. However, the interaction between graphene and the substrate often leads to multiple orientations,
distorted graphene band structure, large doping, and strong electron-phonon coupling. Here we report the growth
of monolayer graphene with high crystalline quality on Pt(111) substrate by using a very low concentration of an
internal carbon source with high annealing temperature. The controlled growth leads to electronically decoupled
graphene: it is nearly charge neutral and has extremely weak electron-phonon coupling (coupling strength
A ~ 0.056) as revealed by angle-resolved photoemission spectroscopic measurements. The thermodynamics and
kinetics of the carbon diffusion process are investigated by density functional theory calculations. Such graphene
with negligible graphene-substrate interaction provides an important platform for fundamental research as well

as device applications when combined with a nondestructive sample transfer technique.
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I. INTRODUCTION

Graphene, a single layer of carbon atoms arranged in a
honeycomb lattice, has attracted extensive research interests
due to its intriguing physical properties as well as poten-
tial applications [1]. Finding a reliable method to produce
graphene with large scale and high crystalline quality is one
of the central questions for realizing its potential applications
[2-4]. Epitaxial growth of graphene on transition metals has
been considered a promising route for synthesizing large
scale single crystal graphene [5-7]. However, the different
lattice constants or orientations often lead to corrugations,
ripples, moiré patterns, and superlattice bands [5-7]. More-
over, electrons from the metal substrate can interact with
7 electrons in graphene, resulting in charge transfer, strong
electron-phonon scattering, band hybridization, and, in some
cases, even the absence of Dirac cone [5-7]. Even on the most
weakly interacting substrate like Ir(111), clear distortion of the
graphene dispersion has also been reported [8]. The interaction
between graphene and the metal substrate is therefore a major
obstacle that needs to be overcome for investigating the
fundamental physics of pristine graphene and for realizing
its potential applications.

Among all transition metals, Pt(111) is one of the promising
substrates for growing quasifreestanding graphene, since
graphene on Pt(111) is expected to have a much larger distance
from the substrate compared to other substrates [5,7]. So far
graphene on Pt(111) has been grown mostly by decomposing
or dissolving hydrocarbon molecules [9-14]. These methods
involve introducing a large amount (up to 0.05% [13]) of an
external carbon source, and the dense nucleation sites often
lead to graphene with multiple orientations and complicated
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moiré superlattices [10,11], suggesting significant graphene-
substrate interaction. In addition, the = bands near Er are
obscured by the large intensity contribution from the platinum
bands [10]. Summarizing all extensive research mentioned
above, we find that so far epitaxial graphene on a metal
substrate both with high crystal order and without moiré
pattern, charge doping, band hybridization has not been
demonstrated yet. Here we report the successful growth of
high quality graphene on Pt(111) substrate by utilizing only
a very small concentration (<107 or 10 ppm) of carbon
impurities from the high purity (SN) bulk Pt(111) crystal,
without introducing any external carbon source. The thermo-
dynamics and kinetics for the segregation process of carbon
atoms from the bulk to the surface are simulated by density
functional theory (DFT) calculations. This growth method
leads to high quality graphene with one dominant orientation
rotated by 30° with respect to the Pt(111) substrate, with
greatly improved structural and electronic properties compared
to previous growth methods. Combining various techniques
including low energy electron diffraction (LEED), x-ray
photoemission spectroscopy (XPS), Raman spectroscopy,
atomic force microscopy (AFM), and angle-resolved photoe-
mission spectroscopy (ARPES), we show that the as-grown
graphene is mostly monolayer thick, high quality, nearly
charge neutral, and behaves electronically like freestanding
graphene with extremely weak electron-phonon coupling.

II. EXPERIMENT AND CALCULATIONS

The epitaxial graphene sample was grown by annealing the
Pt(111) substrate in ultrahigh vacuum at elevated temperatures
up to 1600°C using electron beam bombardment. ARPES
experiments were performed at our home laboratory with a
UV lamp, Beamline 1 of Hiroshima Synchrotron Radiation
Center, and Beamlines 12 and 10 of the Advanced Light
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Source with an energy resolution of 15 meV. The vacuum was
maintained below 5x 10~!! Torr during ARPES measurements
and the measurement temperature was 20 K. DFT calculations
were performed using the Vienna ab initio simulation package
(VASP) [15]. The exchange-correlation potential was treated
in the generalized gradient approximation (GGA) of the
Perdew-Burke-Ernzerhof (PBE) functional [16]. The energy
cutoff of the plane-wave expansion was set to 400 eV. The
Monkhorst-Pack k-point mesh of 4x4x1 is found to provide
sufficient accuracy in the Brillouin zone integration. The
climbing image nudged elastic band (CI-NEB) method was
used to determine the energy barriers of kinetic processes of
carbon atoms escaping from the bulk crystal to the surface [17].

III. RESULTS AND DISCUSSION

Figure 1 shows the characterization of the sample during
and after the growth process. At 850°C, a weak arc-shaped
diffraction pattern with a larger radius than Pt(111) diffraction
pattern emerges in the LEED pattern and coexists with the
Pt(111) diffraction spots [Fig. 1(a)]. Using Pt(111) as a
reference, the radius of the arcs is calculated to be equal to the
reciprocal lattice constant of graphene 2.94 A~!, suggesting
that the arc-shaped pattern may arise from graphenelike
patches on the Pt(111) surface. The arcs instead of discrete
spots suggest that the graphene patches have multiple domains
with different azimuthal orientations, which is similar to
previous studies using an external carbon source [10,11]. After
further annealing at a much higher temperature of 1600°C,
strong graphene diffraction spots emerge [Fig. 1(b)], suggest-
ing that graphene domains aggregate and high azimuthal order
is developed. The dominant set of diffraction spots [marked by
a blue arrow in Fig. 1(b)] are rotated by 30° from the Pt(111)
diffraction spots. Traces of another set of diffraction spots,
which are 0° from the Pt(111) orientation, are also observed
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but with a much weaker intensity, and its relative intensity to
the R30° domain can be minimized by optimizing the growth
conditions. The structure of the R30° domain is in agreement
with 2x2/graphene on +/3x+/3R30°/Pt [Fig. 1(c)], which
was reported to have the weakest corrugation compared to
other graphene structures by scanning tunneling microscopy
(STM) measurements [11].

The successful growth of graphene is further confirmed by
XPS and Raman measurements. The XPS in Fig. 1(d) shows
a strong carbon 1s core level peak at a binding energy of
284 eV. The Raman spectrum in Fig. 1(e) shows characteristic
G and 2D peaks of graphene [18]. The line shape and the
width of the 2D peak are directly related to the thickness of
the graphene sample [18,19]—for monolayer graphene, the
2D peak is symmetric and the width is ~30 cm™!, while for
bilayer graphene, the 2D peak is asymmetric and the width is
~60 cm~! [18,19]. The symmetric and sharp 2D peak with
average full width half maximum of 35 cm™' [Fig. 1(e)]
confirms that our sample is mostly monolayer thick. Figure 1(f)
shows the surface morphology of the as-grown graphene
sample using AFM. Flat terraces with the size of a few hundred
nanometers are clearly observed, indicating the high quality of
the graphene sample. The step height of 2.4 Alis very close to a
one layer thickness of platinum (2.26 A), and is very different
from the distance between graphene and the Pt(111) substrate
(3.7A)[7], orthe separation between graphene layers (3.45 A).
This suggests that the surface is almost entirely covered
by uniform monolayer graphene, which is also consistent
with the absence of Pt(111) diffraction spots in the LEED
pattern.

In order to reveal the initial process of the graphene
growth, we thus construct a Pt(111) six-layer slab model
to calculate the formation energies and energy barriers of
isolated carbon atoms escaping from the bulk crystal to the
surface using DFT calculation. As shown in Fig. 2(a), there
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FIG. 1. (Color online) (a) and (b) LEED patterns after annealing Pt(111) crystal to (a) 850°C and (b) 1600°C with electron energy of
140 eV. The red arrow points to the Pt diffraction spot, and the blue arrow points to the graphene diffraction arc or spot. (c) Schematic drawing
of the crystal structure with a superlattice of 2x2/graphene on +/3x+/3R30°/Pt(111). Blue balls are platinum atoms and orange balls are
carbon atoms. The red and green arrows are the unit vectors of the primary cell for graphene and the superlattice. The purple arrows are the
unit vectors for the substrate. (d) XPS spectrum of the as-grown graphene measured at a photon energy of 360 eV. (e) Raman spectrum of
the as-grown graphene. (f) AFM morphology of the as-grown graphene. The scale bar is 500 nm. (g) Zoom-in 3D view of the AFM image.
The step height is about 2.4 A and the width of the terrace is approximately 300 nm.
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FIG. 2. (Color online) (a) Schematic drawings of the three pos-
sible sites for the carbon atom located within the interlayer space of
Pt(111)—octahedral site (O) and two tetrahedral sites (UT and DT).
The blue ball is the platinum atom and the orange, gray, and green
balls are carbon atoms. (b) Possible diffusion paths for carbon atoms
escaping from the UTjsy site to the surface. (c¢) Formation energy of
carbon atoms and energy barriers between carbon sites for intralayer
and interlayer diffusion.

are three high symmetry sites for carbon atoms in the interlayer
space of Pt(111): octahedral (O), upward tetrahedral (UT), and
downward tetrahedral (DT) sites. The formation energies of
carbon atoms located at the O34, UT34 and DT34 (octahedral
site and tetrahedral sites between the third and fourth layers)
are 2.16, 2.13, and 2.11 eV, respectively. These are almost
identical to those of the carbon atoms located in the bulk
Pt crystal, 2.18 eV (octahedral site) and 2.20 eV (tetrahedral
site), suggesting that the third and fourth layers in the six-layer
slab are sufficient to represent the bulk properties. As shown
in Fig. 2(c), the value of the formation energy decreases
when the carbon atoms escape from the bulk to the surface,
suggesting that carbon atoms thermodynamically prefer to
locate on the surface, instead of in the bulk. The most stable
site for isolated carbon atoms is the fcc hollow (fcc) site on
the surface [20], which can act as nucleation sites during the
graphene growth process. To reveal the kinetic process, we
have also calculated the energy barriers of all possible diffusion
paths, including surface diffusion, the diffusion within the
layer, and the diffusion across the Pt layers. The two most
possible diffusion paths which have the lowest energies are
identified in Fig. 2(b). The energy barriers are shown as broken
lines in Fig. 2(c), and the maximum barrier for interlayer
carbon diffusion is 1.40 eV, which is larger than the maximum
energy barrier of 1.04 eV for intralayer diffusion. Thus, the
percentage of possible carbon atoms escaping from the bulk
crystal to the surface in all diffusing carbon atoms can be
approximately estimated by exp(—AEg/kgT) ~ 8%, where
T is taken as our typical experimental temperature of 1600°C.
Our calculation suggests that carbon impurities in the Pt crystal
can diffuse from the bulk to the surface, analyzed from both
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thermodynamic and kinetic viewpoints, to form the graphene
layer.

The nearly ideal electronic structure of the as-grown
graphene is further revealed by ARPES measurement.
Figure 3(a) shows the band structure of graphene measured
along the I'-K direction in a wide energy range. The charac-
teristic v bands and o bands of graphene are observed clearly.
Different from graphene grown on other metal substrates
[21,22], our data show negligible contribution from the Pt(111)
substrate bands or moiré superlattice bands, which makes it
more convenient to probe the electronic structure of graphene.
Peaks from the 7 band along the I'-M direction of the R0O°
domain are also observed at higher binding energy. In addition,
there are weak and nondispersive peaks at —10.7, —3.0, and
—1.7 eV, which are likely caused by impurity scattering.
Figure 3(b) shows the measured Fermi surface of graphene.
The observation of a stronger set of Dirac cones from the
R30° domain and a weaker one from the RO° domain is
consistent with LEED pattern. The pointlike Fermi surface
shows that the graphene is almost charge neutral and there is
negligible charge transfer from the substrate. Figure 3(c) shows
the conical dispersion at the K point. No splitting of the cones
is observed, suggesting that the graphene sample is monolayer
thick. The monolayer thickness of the graphene sample is
further verified by the absence of k, dependence shown in
Figs. 3(d)-3(i). No splitting of the 7 bands is observed for all
photon energies which cover a k, range from the K point to
the H point in the graphite Brillouin zone [Figs. 3(d)-3(h)],
and the extracted dispersions [Fig. 3(i)] overlap with each
other, confirming that the majority of the graphene sample
is monolayer, which is in agreement with Raman and AFM
measurements.

Figure 4 shows analysis of the electronic structure near the
Dirac cone along two high symmetric directions. Figure 4(a)
shows ARPES data measured along the I'-K direction.
Figure 4(b) shows the momentum distribution curves (MDCs),
which can be fitted by a Lorentzian peak from the monolayer
graphene and a much weaker one on the left which likely
comes from a small amount of bilayer graphene at the edges.
From the extracted dispersion [Fig. 4(c)], the Fermi velocity
is extracted to be 1x10% m/s, which is very close to that
of pristine graphene. Moreover, a sudden change of Fermi
velocity and a decreased scattering rate [see peak width in
Fig. 4(c)] at a binding energy around 160 meV [Fig. 4(c)]
are observed, which are characteristic features of electron-
phonon interaction in graphene [23-25]. From the velocity
renormalization, the electron-phonon coupling strength is
extracted to be very weak (A ~ 0.056) compared with other
epitaxial graphene (A ranging from 0.14 to 0.3) [23,26-28].
We note that the strength of electron-phonon coupling in-
creases strongly with carrier concentration [24,25], and the
observation of extremely weak electron-phonon interaction is
in agreement with the small doping of the quasifreestanding
graphene. The low doping level is further confirmed by data
taken perpendicular to the I'-K direction, where dispersions
from both sides of the cone can be clearly resolved [Fig. 4(d)].
By extrapolating the extracted dispersions, the Dirac point
energy is found to be at 60 meV above the Fermi level
[Fig. 4(f)]. This is much closer to the Fermi level than the
300 meV reported in graphene/Pt(111) previously [10]. Such
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FIG. 3. (Color online) (a) Band structure of the graphene on Pt(111) along the I'-K direction. The clear 7w bands and o bands are indicated
by the arrows. The other 7 band at high binding energy comes from the R0° domain along its I'-M direction. (b) Measured pointlike Fermi
surface map of the graphene. The dashed line indicates the Brillouin zone boundary of the R30° domain. (c) Conical dispersion at the K
point. (d)-(h) ARPES data measured along the I'-K direction at photon energies of 50, 54, 58, 62, and 65 eV, respectively. The corresponding
reduced k. values are 0.9¢*, 0.05c*, 0.20c*, 0.34c*, and 0.44c* (c* = 27 /6.708 A =0937 A*I). (i) Extracted dispersions from data shown

in (d)—(h).

0.0

041

)

E-Er (eV)
-,
t

I

E-Er (V)

-0.21

-02 0.0
E-Ee (eV)

-0.1 Q1.0 -0.04 -0.02 ;
Kk (A7) Kirke (A7)

e

E-Ef (eV)

-0.2 00 0.2 -0.1 0.1
2-1 2-1
ky (A7) ky (A7)

-0.2 0.2

FIG. 4. (Color online) (a) ARPES data along the I'-K direction.
(b) MDCs (black) and the fitting curves (red) for (a). The green
markers show the peak positions. (c¢) Extracted dispersion from (b).
The upper inset shows the cut direction of (a) and (d). The lower
inset shows the MDC peak width of (b). (d) Linear dispersion near
K point (vertical to I'-K direction). (¢) MDCs (black) and the fitting
curves (red) for (d). (f) Extracted dispersion from (e). The Dirac point
locates at 60(£5) meV above Fermi level.

almost charge-neutral, electronically decoupled graphene
with extremely weak electron-phonon interaction is ideal
for investigating the intrinsic properties of graphene. Since
electron-phonon interaction has a great impact on its transport
properties, the reduction of carrier concentration and reduced
electron-phonon interaction are also significant for device
applications.

Compared to previous graphene samples on Pt(111) which
were grown by using a large amount of external carbon
source [9-14], the graphene sample grown from the small
concentration of internal carbon source shows distinguished
properties: negligible interaction with the substrate, one
dominant orientation, almost charge neutral, and extremely
weak electron-phonon interaction (A ~ 0.056). The controlled
growth of electronically decoupled graphene is achieved by
using two critical growth conditions. First, a much smaller
carbon concentration (<1073) from the bulk (instead of
externally induced large carbon concentration) and thus sparse
nucleation sites during the growth process. Second, high
annealing temperature (1600°C) compared to that used in
previous studies (< 1000°C), which makes the graphene highly
oriented. We note that similar segregation of carbon impurities
from the bulk to the surface has been applied for growing
graphene on Ru(0001) and Ir(111) [29,30]. However, the large
corrugation, multiple orientations of graphene and stronger
electron-phonon interaction on those substrates undermine
the significance of this growth method. We believe that these
conditions above can improve the growth of graphene on other
transition metal substrates.
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IV. SUMMARY

To summarize, we report the growth of monolayer graphene
on platinum substrate with nearly ideal graphene band struc-
ture. Such graphene is important for both fundamental research
and applications. First, it provides a platform not only for
investigating the properties of pristine graphene, including
many-body interaction, Dirac-fermion physics, but also for
constructing a variety of quasifreestanding van der Waals
heterostructures with other 2D materials [31,32]. Second,
by combining well-developed graphene transfer methods
[12,33,34], for example, the bubbling transfer based on a water
electrolysis process which is nondestructive to both graphene
and the Pt(111) substrate [12], the as-grown epitaxial graphene
can be transferred to other substrates for device applications,
and the Pt(111) substrate can be recycled for repeated
growth.
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