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We report on tuning interfacial properties of epitaxially-grown graphenes with different kinds
of metal substrates based on scanning tunneling microscopy experiments and density functional
theory calculations. Three kinds of metal substrates, Ni(111), Pt(111), and Ru(0001), show different
interactions with the epitaxially grown graphene at the interfaces. The different interfacial
interaction making graphene n-type and p-type doped, leads to the polarity change of the
thermoelectric property of the graphene/metal systems. These findings may give further insights to
the interfacial interactions in the graphene/metal systems and promote the use of graphene-based
heterostructures in devices. © 2010 American Institute of Physics. [doi:10.1063/1.3309671]

Graphene, a truly two-dimensional (2D) zero-gap semi-
conductor, has attracted much recent attention due to its pe-
culiar properties and potential apphcatlons ® To conduct
graphene measurements (such as transport measurements) as
well as to realize the potential applications of graphene, it is
often required to have graphene supported on a substrate,
either directly growing graphene on a substrate’ ' or trans-
ferring it onto a foreign substrate.' !4 However, most
existing investigations have focused on the in-plane charac-
teristics of single layer graphene, while much less is known
for the interfacial properties between graphene and substrate.
The interfacial interaction may not only affect the in-plane
properties of 2D freestanding graphene15 but also play a
critical role in graphene-based heterostructures that can be
used as device building blocks. Therefore, it is highly desir-
able to understand how graphene interacts with the underly-
ing substrates, and better yet to control their interfacial and
thus the physical properties of the graphene-based systems.

In this letter, we demonstrate the possibility of tuning the
interfacial properties between graphene and different kinds
of metal substrates. Using epitaxial growth of graphene on
Ni(111), Ru(0001), and Pt(111) as model systems, we per-
formed a comparative study that reveals an interesting de-
pendence of interfacial interaction and thermoelectric poten-
tial properties. Scanning tunneling microscopy (STM) results
show different amounts of surface corrugation due to the
different strength of interfacial interaction, which is reflected
by the average “bond” length between graphene overlayer
and substrates from our first-principles density functional
theory (DFT) calculations. The different interfacial interac-
tion leads to the change of the thermoelectric property.

Our experiment was conducted in an ultra high vacuum
(UHV) chamber with the base pressure lower than 1
X 107'% mbar. The chamber was equipped with an STM, a
low energy electron diffraction (LEED), an Auger electron
spectroscopy (AES), and an electron beam heating stage. The
substrates were commercial products with surface polished
to less than 0.03 wm of roughness. They were cleaned by
several cycles of ultrasonic cleaning in acetone and ethanol
to remove organic contaminants on the surface. Then the
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crystal was loaded into the UHV chamber and cleaned using
cycles of 0.6 keV Ar* sputtering followed by annealing to
high temperature. We prepared high quality graphene by
thermal decomposition of hydrocarbon, ethylene, on metal
substrates at high temperature. The amount of exposure is
100 langmuir, sufficient for the formation of one layer of
graphene. Afterwards, we applied AES spectra to analyze the
chemical composition of surface. The spectra showed a sharp
peak for carbon at 272 eV and no obvious signature for other
elements except the substrate, confirming that the carbon el-
ement appears on the substrate. The thermoelectric measure-
ments of the heterostructures were conducted using a four-
probe STM system in another UHV chamber.

To investigate the interfacial properties, epitaxial
graphene was prepared on three kinds of metal substrate,
i.e., Ni(111), Ru(0001), and Pt(111). Figures 1(a)-1(c) show
STM images of the epitaxially-grown graphene on Ni(111),
Ru(0001), and Pt(111), respectively. The inset images in
Fig. 1 are the corresponding LEED patterns. In Fig. 1(a),
graphene on Ni(111) forms a perfect atomic lattice without
surface corrugation (Moiré pattern) and the corresponding
LEED pattern [inset of Fig. 1(a)] shows only one set of lat-
tice, indicating carbon atoms in the graphene overlayer bond
nicely and strongly one-to-one with the underlying Ni sur-
face atoms. For the graphene on Ru(0001), a single-domain
overlayer structure can be still formed but with large surface
corrugations (Moiré patterns) as it can be seen in the

FIG. 1. (Color online) Atomic resolution STM images: (a) graphene on
Ni(111) grown at 700 °C, (b) graphene on Ru(0001) grown at 800 °C, (c)
graphene on Pt(111) grown at 600 °C. Scan parameter: (a) Vg=—40 mV,
I=1.5 nA, (b) Vs=—300 mV, I=1.3 nA, and (c) Vs=-0.4 V, [=0.2 nA.
The inset is the corresponding LEED pattern of the sample. The beam en-
ergy is 60 eV. The height profile is taken along the line in (b) and (c),
showing the corrugation of graphene on Ru(0001) and Pt(111).
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FIG. 2. (Color online) The atomic model of graphene on Ni(111), Pt(111)
and Ru(0001). Small atoms are graphene and big atoms are substrate atoms.
(a) Graphene on Ni(111). The interfacial distance is 2.01 A. (b) Graphene on
Ru(0001). The distance is 2.13 A and 3.79 A. (c) Graphene on Pt(111). The
distance is 3.31 A.

STM image and LEED pattern in Fig. 1(b). The line profile
along the black line in Fig. 1(b) shows a large graphene
surface corrugation with an average height variation of
~1.7 A. The brightest regions are the “top” highest regions,
and the darkest regions are lower at the “bottom.” The LEED
pattern of graphene on Pt(111) [inset of Fig. 1(c)] shows
fragmented diffraction rings, indicating that there are do-
mains of different orientations of graphene on Pt(111) sur-
face. Figure 1(c) gives the STM image of a 14° rotation
domain, showing a (4X4) superstructure with respect to
graphene and a ({13 X |13)R14° superstructure to Pt(111).
The line profile in Fig. 1(c) shows that the average height
variation is ~0.4 10\, much smaller than 1.7 A in the
graphene/Ru(0001) system. There exist other orientations of
graphene on Pt, which was discussed before.'® All the do-
mains have only small height variations.

The relative strength of interfacial interaction in the
three experimental systems is further confirmed by DFT cal-
culations of interfacial spacing, i.e., the bonding distance be-
tween graphene and metal substrates. For the graphene/
Ni(111) (graphene is referred as G in the following) system,
we built a one-to-one model as shown in Fig. 2(a). The cal-
culated distance between graphene and Ni(111) is 2.01 A.
For the G/Ru(0001) system, according to the experiment, a
12-to-11 model with a (12X 12) graphene unit cell matched
onto a (11X 11) Ru cell was built to calculate. As shown in
Fig. 2(b), the graphene is corrugated; the vertical distances
from the top region and the bottom region of graphene to
Ru(0001) surface are 3.78 and 2.13 A, respectively. For the
G/Pt(111) system, we used a structure model shown in Fig.
2(c), in which graphene lattice is rotated by 30° with respect
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to the lattice of Pt(111)."7 The optimized distance between
graphene and Pt(111) is 3.31 A.

The different interfacial interaction strength is expected
to influence the electronic and transport properties of
graphene overlayer. We measured the interfacial thermoelec-
tric properties of three G/metal heterostructures in our four-
probe STM system.18 In order to keep the original structure
of the graphene layer from being destroyed during the mea-
surement, the soft metal indium was used to coat the ordi-
nary tungsten tip. It was made by dipping one of the four tips
slightly into melted indium and then approaching to the
graphene surface. The measurement setup is shown in Fig.
3(a). The temperature of the tip was kept constant, and the
substrate is heated up from 300 to 450 K. The I-V curve was
measured when the tip kept a good contact with substrate.
Figure 3(b) shows the I-V curves of the G/Pt(111) system at
different temperatures. The slope of a curve is correlated
with the contact resistant between the tip and the sample.
Note that all the I-V curves show an offset voltage when the
current is equaled to zero. This offset voltage, originated
from the thermoelectric effect, can be equaled to the thermo-
electric potential; it increases with the increasing substrate
temperature as expected. Thus, for the weakly interactive
G/Pt(111) interface, the thermoelectric potential is always
positive, meaning that the electron current (opposite of the
electric current flow) driven by the temperature difference
between the tip and the substrate flows from the tip to the
substrate. Figure 3(c) shows a set of measurements for
G/Ru(0001) at substrate temperature of 450 K. The most
interesting observation is that there are two states of I-V
curves: one with positive thermoelectric potential and the
other with negative potential. We make the tip slowly ap-
proach the surface. When the tip just touches the surface, we
first observed a positive thermoelectric potential [line 1 in
Fig. 3(c)]. When the tip is pressed further down to the sur-
face, we then observed a negative potential (line 2). This
reversal of polarity of thermoelectric potential can be asso-
ciated with the fact that the tip is initially in contact with the
top graphene region and later with the bottom region when it
is pressed down. These observations suggest that the thermo-
electric potential varies spatially in G/Ru(0001) surface.

For the G/Ni(111) interface and the pure Pt(111) sub-
strate, the thermoelectric potential is found always negative.
Figure 4 shows the measured thermoelectric potentials as a
function of temperature in the three systems together with
the results of pure Pt substrate. By a linear fitting to the data,
the Seebeck coefficients, having the contrary sign to the
slope, are extracted to be —0.025, —0.019, 0.037, and 0.046
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FIG. 3. (Color online) (a) Sketch of thermoelectric measurement. The W tip is coated with indium. (b) The I-V curve of graphene on Pt(111) at 330, 360, 390,
and 420 K. (c) The I-V curve of graphene on Ru(0001) at 450 K. It has two typical states: positive thermoelectric potential and negative thermoelectric
potential. It show the variation from positive state (line 1) to negative state (line 2) when the tip approaches by a step.
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FIG. 4. (Color online) The voltage-temperature (V-T) curves of graphene on
metal surfaces, in comparison with the V-T curve of bare Pt(111) surface.

mV/K for G/Pt(111), G/Ru(0001), G/Ni(111), and Pt(111)
substrate, respectively. We note that these values are quite
different from the predicted in-plane Seebeck coefficient of
graphene.19

The changes of the interfacial thermoelectric potential
can be understood in terms of graphene doping level or
change of Fermi energy. The transport properties of the
metal/graphene/metal heterostructure for different types of
graphene doping were conducted, using the Laudauer—
Butticker formula within the framework of single-band tight-
binding model.”® For the G/Ni(111) interface, our DFT cal-
culations show that there is a large amount electron charge
transfer from Ni substrate to graphene raising the Fermi level
above the Dirac point, so that graphene is effectively n-type
doped like a metal.”"** This makes the graphene heterostruc-
ture behave similarly to the pure metal junctions with a nega-
tive thermoelectrical potential (electrons flow along tempera-
ture gradient). For the G/Pt(111) interface, graphene is found
to be a p-type (Fermi level below Dirac point). Conse-
quently, the graphene hetero-structure has a positive thermo-
electrical potential. In contrast, on G/Ru(0001), our calcula-
tions show that there is a noticeable electron charge transfer
from the top to the bottom region, so that the top becomes
electron deficient of p-type while the bottom becomes elec-
tron rich of n-type. Consequently, the doping type varies
spatially, which in turn leads to spatially varying polarity of
thermoelectric potential, being positive in the top region and
negative in the bottom region of graphene, same as the ex-
perimental observation presented in supporting information.

In summary, using STM measurements combined with
DFT calculations, we show that by using different kinds of
metal substrates, the interfacial properties between graphene
and metal substrates have been tuned. We have further dem-
onstrated that the interaction between the graphene and the
substrates at the interfaces can tune the thermoelectric prop-
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erty. This work may have potential applications in graphene-
based heterostructures devices.
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