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G
raphene, an ideal two-dimensional
material with unique electronic prop-
erty, has attracted great interest for

exploring fundamental questions in con-
densed matter physics such as quantum Hall
effects and for engineering a variety of appli-
cations such as transparent electrodes.1�6 For
these targets, preparation of high-quality gra-
phene that is compatible with silicon-based
integrated circuits is essential. A major break-
through on this issue was made by using a
simple chemical vapor deposition method
(CVD) to synthesize graphene on Cu foils,
where predominantly single-layer graphene
was achieved possessing the unique traits of
low cost, probable for batch production and
transferrable to other arbitrary substrates.7,8

However, recent reports reveal that the
low carrier mobility related with the ever-
present grain boundaries will strongly influ-
ence the transport property of CVD gra-
phene on Cu foils.8,9 In this case, studies
on the preliminary growth dynamics were
advanced, and characterizations of com-
mon defects such as domain boundaries
and point defects were pursued by obtain-
ing atomic-scale images.9�13 Besides, seek-
ing other analogue systems as that of
graphene on Cu foils was also promoted.
Pt and Pt alloys are used widely for hydro-
gen carbon catalysis. Similar to Cu, the
carbon solubility of Pt is nearly 1 order of
magnitude lower than that of Ni at the
temperature of CVD growth. The relative
higher melting temperature (1768 �C)
and lower thermal expansion coefficient
(8.8 μm m�1 K) than that of Cu can reduce
surface atom agglomeration and rough
morphology at the high temperature of
growth, hereby decreasing the density of

wrinkles during the thermal quenching pro-
cess. Meanwhile, theoretical results ensure
that Pt introduces minimum effects on the
electronic property of graphene because of
weak Pt�graphene interactions.14 Recently,
graphene growth on Pt(111) has been com-
menced inside the ultrahigh vacuum system
whereMoiré patterns of different periodicities
were usually observed to coexist on the
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ABSTRACT

The synthesis of centimeter-scale uniform graphene on Pt foils was accomplished via a traditional

ambient pressure chemical vapor deposition (CVD) method. Using scanning electron microscopy

(SEM) and Raman spectroscopy, we reveal the macroscopic continuity, the thickness, as well as the

defect state of as-grown graphene. Of particular importance is that the Pt foils after CVD growth have

multifaceted texture, which allows us to explore the substrate crystallography effect on the growth

rate and the continuity of graphene. By virtue of atomically resolved scanning tunneling microscopy

(STM), we conclude that graphene grows mainly in registry with the symmetries of Pt(111), Pt(110),

and Pt(100) facets, leading to hexagonal lattices and striped superstructures. Nevertheless, the

carbon lattices on interweaving facets with different identities are connected seamlessly, which

ensure the graphene growth from nanometer to micrometer levels. With these results, another

prototype for clarifying the preliminary growthmechanism of the CVD process is demonstrated as an

analogue of graphene on Cu foils.
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surface.15 The shortcoming of this method is the neces-
sity of high-cost single-crystal substrates and the limited
size of the resulting graphene flakes. Another effort was
also made by growing graphene on sputtered thin Pt
films.16

In this work, we focused on the growth of high-
quality graphene on Pt foils via a simple ambient
pressure CVD method, with the assistance of a variety
of characterization methods such as SEM, Raman
spectroscopy, and especially scanning tunneling mi-
croscopy (STM). The macroscopic morphology, the
uniformity of layer thickness, the atomic-scale struc-
ture, and the kind of defects on graphene are expected
to be revealed. More than this, we also wish to explore
the substrate facets on the continuity and the growth
rate of graphene at the as-grown state by using atom-
ically resolved STM. Ultimately, the growthmechanism
of CVD graphene on Pt foils is expected to be clarified
and compared with that of graphene on Cu foils, in the
interest of further optimizing the growth parameters,
clarifying the potential mechanism of the CVD process,
as well as achieving high-quality graphene materials.

RESULTS AND DISCUSSION

In comparison with the low-pressure CVD method,
recent reports reveal that the ambient pressure CVD
method can be utilized to prepare graphene with the
thickness range from submonolayer to few layers on Cu
foils by monitoring the carbon source flow rate and the
growth time.17,18 In this research, this CVD method was
used for achieving an effective control of graphene
thicknesses. Shown in Figure 1a,b are large- and small-
scale SEM images of Pt foils after CVD growth. On the
basis of the contrast difference in Figure 1a, the surface
canbe separated into various regions (or so-calledgrains)
with obvious boundaries. In Figure 1b, three grains
having the same SEM contrasts are displayed, in which
some striped lines with deeper contrast further divide
each single grain into several regions mostly presenting
near quadrate shapes. The regions probably correspond
to different substrate facets with distinctive identities, as
reported recently by using SEM and electron back-scat-
tering diffraction (EBSD) analysis, where various facets
with different crystalline identities can coexist inside a
single grain on Cu foils after CVDgrowth.13 However, due
to the limitations of our SEM system, the crystallographic
facets corresponding to quadrate- and irregular-shape
regions cannot be identified. Another interesting feature
is the occasionally observed darker striped contrasts
emerging at the facet boundaries which can extend to
adjacent grains, as exemplified in Figure 1b. Theymay be
wrinkles evolving from the thermal expansion mismatch
between graphene and Pt throughout the thermal
quenchingprocess of CVDgrowth.Note that thewrinkles
visible by SEM can serve as macroscopic tracers for the
formation of continuous graphene.

By increasing the CVD growth time or altering the
flow rate of carbon sources, the synthesis of bilayer
graphene can be realized, as illustrated by SEM images
in Figure 1c,d. The darker patches containing quadrate-
and irregular-shaped boundaries are deduced tenta-
tively to be bilayer graphene according to a similar
result on Cu foils,19,20 and these graphene flakes,
customarily showing an average size of ∼20 μm2,
prefer to reside on the grains with brighter SEM con-
trasts (Figure 1c,d) which probably belong to the same
substrate facets. Sometimes, the flakes can spill over to
a neighboring grain and ride on the grain boundaries
(Figure 1d,e). This illustrates the capability of graphene
spanning over diverse facets with different identities.
At thismoment, transferring the graphene sample to

other arbitrary substrate is essential for further char-
acterizing the obtained samples. An improved wet
chemical etching method is developed with dilute
aqua regia as etching solution. An optical microscopy
image for the monolayer graphene after transferring
onto a 300 nm thick SiO2 substrate is presented in
Figure 1f, where no additional color contrast is ob-
served except for a small portion of the bare SiO2

substrate locating in the lower right corner. This con-
vinces further the probability to synthesize perfect
monolayer graphene, as well as the validity of the used
transfer method.
In order to reconfirm the mono- and bilayer nature,

Raman spectra for the mono- and bilayer graphene
before and after the transfer process are demonstrated in
Figure 1g,h, respectively. It is clear to see that similar G
and 2D bands as that of exfoliated graphene can be
obtaineddirectly onPt foils in Figure 1g,while theDband
with a position of∼1350 cm�1 is almost invisible in both
spectra. This result differs from the CVD graphene on Cu
foils where the pristine spectra can only be acquired by
subtracting the strong copper luminescence back-
ground.21 Further analysis shows that the G peaks locate
at∼1582 cm�1 for bothmono- and bilayer samples, with
the monolayer peak having an intensity rather weaker
than that of the bilayer's. The 2D peaks for both mono-
andbilayers lie at∼2700 cm�1,with thebilayer's 2Dband
having a much wider spectral bandwidth and a more
asymmetric shape. Further simulations demonstrate that
the 2D band (or peak) for the bilayers can be separated
into four sub-bands, in parallel with four permissible
transition processes.22,23 Altogether, the variation trend
of G and 2D peaks with graphene thickness agrees well
with that of exfoliated graphene on SiO2, although the
intensity for themonolayer sample is much reduced due
to the substrate effects. However, after the chemical
transfer process, both G and 2D peaks for the monolayer
graphene in Figure 1h were dramatically improved in
intensity compared to that of the as-grown sample in
Figure 1g. The position and the full width at half-max-
imum (fwhm) of the two peaks were not changed so
much with the transfer process. In addition, the Raman
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data for the transferred sample in Figure 1h reflect nearly
the samecharacter as that of CVDCugrapheneonSiO2.

6,7

That means the thickness calibration for the CVD gra-
phene on Pt substrates is reliable.
According to the above data, it can be concluded

that the CVD graphene on Pt foils is of high-quality with
the thickness controllable frommonolayer to bilayer, and
the initial bilayer growth preferably occurs on some
regions with brighter SEM contrasts, showing tentative
clues of substrate crystallographic effects. Moreover,
weak interactions between graphene and Pt foils can
be deduced by the capability of acquiring Raman spectra
on as-grown samples, and this weak interaction was
similarly proposed by DFT calculations.14

It is noticeable why the growth behaviors of CVD
graphene on Pt foils and Cu foils manifest such a
consistency. First, note that the physical parameters such
as the carbon solubility of both metals is very close and
much smaller than that of some transition metals like Ni
on which a segregation growth mechanism usually
prevails.24,25 Second, Cu and Pt are perfect catalysts for
the decomposition and the dehydrogenation of carbon
sources such as methane and ethylene. Accordingly, a
surface-mediated or a self-limiting growth mechanism
should apply to the monolayer graphene growth on Pt
foils. The bilayer growth is proposed to be directed by an
epitaxial growth mechanism, as similarly reported on Cu
foils.19

To obtain the crystallographic feature of Pt foils after
CVD growth, the XRD pattern is recorded in Figure 2a,

showing dominant (110) facets along withminor (100),
(111), and (311) facets. Note that, through increasing
sample preannealing time, the latter three facets can
be reduced dramatically. Schematic views of these
facets are provided in Figure 2b. It is common knowl-
edge that, besides Pt(111), the facet of Pt(110) should
be a low energy facet as compared with other high
index ones; that is why Pt(110) is the favorite substrate
for graphene growth as seen in the XRD data.
It is not so hard to imagine that the multifaceted

textured substrates of Pt foils should imply remarkable
influence on the atomic-scale structure and the con-
tinuity of graphene.10,12 In the following, intensive
investigations were then executed for clarifying this
issue. First of all, large-scale STM morphologies are
captured in Figure 2c�f, which presents four typical
surfaces labeled as case 1, case 2, case 3, and case 4,
according to different islands and facets involved. On
the basis of the STM height profiles listed below, the
four typical surfaces have an average flatness of∼2 nm
over a lateral distance of∼400 nm. This surface rough-
ness differs from monolayer graphene growth on
polycrystalline Cu and Cu foils, where amorphous
and crystalline regions usually coexist with more cor-
rugated surfaces.12,26 It can be said that the CVD
graphene on Pt foils is more flat than that on Cu foils.
Even after the chemical etching transfer process, the
graphene is expected to possess fewer wrinkles, con-
sidering that wrinkles usually evolve on the highly
corrugated substrates at the as-grown states.

Figure 1. (a) Large-scale SEM image of single-layer graphene growth on Pt foils. (b) Expanded image over three adjacent
domains with the same SEM contrasts. The darker stripes in (b) correspond to graphene wrinkles. (c�e) Sequential zoom-in
SEM images showing the initial bilayer growth. Bilayer flakes with orthogonal and irregualr boundaries prefer to evlove on Pt
domains with brighter SEM contrasts. (f) Optical image of monolayer graphene after transferred onto a 300 nm SiO2/Si
susbtrate. (g,h) Raman spectra of monolayer and bilayer graphene before and after the transfer process, repectively. In panel
g, the intensity of the Raman signal for monolayer graphene on Pt foils is magnified by 6 times for a better view.
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With reference to the continuity, the growth rate, as
well as the atomic structure of graphene, atomically
resolved STM images are then captured in equivalence
to the four cases. In a small-scale image of Figure 3a,
the surface labeled as case 1 is found to be mainly
composed of darker striped islands and brighter in-
dividual islands of irregular shapes. Sequential zoom-in
images at the boundary of both typical regions
(Figure 3b,c) show perfect hexagonal lattices on the
lower bright island and quadrate lattices on the upper
striped island, and both lattices connect well at the
boundary. Considering the lattice match effect, the
facet underneath the hexagonal lattice is proposed to
be Pt(111). According to published references, the
formation of the stripped islands coincides well with a
mesoscopic self-organization of Pt(110)-(1 � 2) induced
by the intrinsic surface stress effect.27 Hence, the dim
quadrate lattice in the upper left corner of Figure 3c
should be in line with the atomically resolved image of
Pt(110)-(1 � 2), possibly along with a little contribution
from the electronic state effect of graphene. In
Figure 3d,e, another two atomically resolved images
manifesting different island shapes are supplied for
reconfirming the perfect continuity of hexagonal
and quadrate lattices at the boundaries of various
Pt facets.
It is fascinating to know if graphene exists over

Pt(110)-(1 � 2) and whether the hexagonal lattice

can be directly imaged or not. Figure 4a is an atomic-
scale STM image with a tip change at the middle point,
where quadrate lattices for Pt(110)-(1 � 2) and de-
fect-free hexagonal lattices can be obtained in the
lower and in the upper half of the image, respectively.
After the tip change, repetitive scanning of the same
area always displays hexagonal lattices on the whole

Figure 2. (a) XRD pattern of Pt foils after CVD growth. (b) Schemetic views showing the atomic models of various Pt facets.
(c�f) Typical surface morphologies characterized with STM images and their height profiles (VT = �0.15 V, IT = 1.55 nA;
�1.42 V, 1.06 nA; �1.54 V, 0.82 nA; �0.004 V, 3.25 nA) (370 nm � 370 nm). According to the main facets involved, they are
named case 1, case 2, case 3, and case 4, respectively.

Figure 3. (a) Graphene formation on intermixing Pt(111)
and Pt(110)-(1 � 2) regions imaged as brighter individual
islands and darker striped patterns, respectively (VT =�0.07
V, IT=1.55nA;150nm� 150nm). (b)VT=�0.003V, IT=1.74nA;
15 nm� 15 nm and (c) VT =�0.003 V, IT = 1.74 nA; 4.4 nm�
4.4 nm) sequential zoom-in images showing a perfect
continuity of graphene lattices over the two facets. (d)
VT = �0.12 V, IT = 1.45 nA and (e) VT = �0.003 V, IT = 1.70
nA (15 nm � 15 nm) atomic-scale images of graphene over
Pt(111) and Pt(110)-(1 � 2).
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image. As an example, Figure 4b is captured on the
lower square of Figure 4a, and the lattice constant
analysis of the hexagonal lattice by STM section views
provides a value of 0.246 nm. All of these results
suggest that Pt(110)-(1 � 2) regions are definitely
covered by monolayer graphene while the lattice
may not be visible due to the strong substrate effect.
Note that, in addition to this unexpected tip change
effect, another significant finding is that the appear-
ance and the disappearance of the graphene lattice
depends strongly on tunneling conditions, as illu-
strated in Figure 4c,d, where even higher-resolution
STM images are acquired under tunneling conditions

of�0.003 V, 7.8 nA for Figure 4d and�0.003 V, 8.6 nA
for Figure 4e.
Hereby, it can be deduced that strong modulations of

Pt(110)-(1� 2) lattices ongraphene lattices indeedoccur.
This is understandable considering that the STM
morphology is customarily a convolution of the
morphology and the electronic structure of gra-
phene and substrates. The graphene lattice and
the substrate lattice can be imaged separately by
STM under different tunneling conditions. A sche-
matic illustration of this substrate effect is exhibited
in Figure 4e. Of particular interest is that, with cover-
ing on small facets of Pt(111) and Pt(110)-(1 � 2),

Figure 4. (a) Atomic-scale resolution image of graphene on Pt(110)-(1 � 2) with a tip change in the middle point, showing
both Pt (lower part) and graphene (upper part) lattices (VT = �0.003 V, IT = 5.0 nA; 15 nm � 15 nm). (b) Hexagonal lattices
obtained on the circled region of (a) right after the tip change (VT = �0.003 V, IT = 7.84 nA; 8.8 nm � 8.8 nm). (c,d) STM
morphologies captured at the same location while under different tunneling conditions (�0.003 V, 7.8 nA;�0.002 V, 8.63 nA;
6 nm � 6 nm). (e) Schematic view of graphene growth on Pt(110)-(1 � 2).

Figure 5. (a,b) STM images showing the perfect continuity of graphene lattices over interweaving Pt(111) and Pt(100) regions
(VT =�0.93V, IT = 2.75 nA;�0.002V, 0.48 nA) (150nm� 150 nm; 15 nm� 15nm). The stripes in (b) areMoiré patterns having a
distance of∼0.85 nm. (c) Zoom-in image on Pt(111) showing hexagonal carbon lattices (VT =�0.002 V, IT = 0.48 nA; 3.7 nm�
3.7 nm). (d) Schematic illustration of the striped Moiré pattern formation by applying a 4� rotation of graphene lattice with
respect to Pt(100). (e) Similar atomic model of graphene on Pt(111).
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the CVD graphene is continuous and defect-free
when examined at atomic scales, which, in turn,
guarantees its two-dimensional (2D) growthat least up to
micrometer scales.
In Figure 5, the surface typical for case 2 is exhibited

which consists of the same high islands as that of case 1
and background triangular islands. Perfect hexagonal lat-
tice again occurs on the individual bright islands of Pt(111)
(Figure 5c), anda tentativemodel for thegraphenegrowth
is shown in Figure 5e. Of particular significance is that
enlarged images over both typical regions in Figure 5b,c
indicate a perfect extension of the carbon lattice from the
high island of Pt(111) to the neighboring domains with
the formation of striped superstructures. The spacing
between the stripes is measured to be ∼0.85 nm. By
virtue of XRD data, the striped superstructure is pro-
posed to originate from the relative rotation of graphene
hexagonal lattice with respect to the square lattice of
Pt(100).10,12,21 A perfect simulation can be achieved by
making a 4� rotation of the carbon lattice with respect to
Pt(100), as schematically shown in Figure 5d.
STM morphologies displayed in Figure 6a�c and

Figure 6d,e illustrate relative small-scale STMmorphol-
ogies for case 4 and case 3, respectively. For case 4, the
surface is observed to be made up of intermixing
brighter fractional and darker flat regions, probably
corresponding to Pt(111) and Pt(100) facets, respec-
tively. The Pt(111) nature can be validated by the
perfect hexagonal lattice obtained above, evidenced
by an inset in Figure 6a. A perfect continuity of the
graphene lattice can also be achieved even at the facet
boundaries of Pt(111) and Pt(100) (Figure 6b,c). For

case 3 in Figure 6d composed of striped Pt(311) and
randomly distributed Pt(111) facets, perfect hexagonal
lattices can be acquired in the inset of Figure 6d. In
contrast, almost no atomic lattice appears on Pt(311)
(Figure 6e). It is worthy to note that the preannealing
treatment of Cu foils is essential through which the
surface facets that are not suitable for graphene
growth such as Pt(311) can be reduced dramatically.
Accordingly, the uniformity and the continuity of the
graphene films can be much improved.
On the basis of above systematic STM characteriza-

tions, it is deduced that the Pt substrate crystallography
has a significant effect on graphene growth. Pt(111) is
proposed to be themost suitable substrate toward high-
quality graphene in terms of lattice symmetry match
effect. Subsequently, Pt(100) and Pt(110) are the prefer-
able substrates with the formation of striped superstruc-
tures and perfect hexagonal lattices, respectively. These
surface features originate from the convolution of the
electronic states and the lattice arrangements of gra-
phene and metal substrates. Due to the huge lattice
mismatch effect, graphene over Pt(311) shows the worst
continuity compared to other low index facets.
Besides being multifaceted, other surface features

that may alter the flatness and ultimately depress the
quality of as-grown graphene are the ever-present
wrinkles and ripples, which are usually proposed to
evolve for releasing strains from the thermal expansion
mismatch between graphene and substrates.28,29 It is
known that the thermal expansion coefficient of graphite
varies from�1.25� 10�6/K at 20 �C to 1.25� 10�6/K at
1000 �C. However, the value for Pt changes from 8.8 �
10�6/K to11.96� 10�6/K at the same temperature range,

Figure 6. (a�c) STM morphologies showing the formation
of continuous graphene over Pt surfaces composed of
fractional islands and dark backgrounds (VT = �0.032 V, IT =
3.66 nA; �0.025 V, 4.72 nA; �0.003 V, 4.72 nA) (73 nm �
73 nm, 15 nm � 15 nm, 3.7 nm � 3.7 nm). The inset in
(a) displays the observed hexagonal lattices on the island
surface (VT = �0.003 V, IT = 29.8 nA; 2.4 nm � 2.4 nm).
(d,e) Another typical surface consisting of striped Pt(311)
and spot-like Pt(111) islands (VT = �1.74 V, IT = 0.72 nA;
150 nm � 150 nm; and VT = �0.05 V, IT = 1.46 nA; 24 nm �
24 nm). The inset in (d) again presents the formation
of perfect monolayer graphene over small Pt(111) islands
(VT = �0.003 V, IT = 29.8 nA; 3.7 nm � 3.7 nm). In contrary,
the surrounding Pt(311) regions are almost free of
graphene.

Figure 7. (a,b) STM images of a wrinkle-like structure (VT =
�0.04 V, IT = 3.23 nA; 150 nm� 150 nm, 73 nm� 73 nm). Its
section view along the line in (b) presents a height of∼3 nm
over a lateral distance of ∼7 nm. (c) Expanded image on
the square in (b) showing twisted hexagonal lattices on
the wrinkle surface (VT = �0.04 V, IT = 3.23 nA; 7.3 nm �
7.3 nm).
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which is much smaller than that of Cu.26 As a result, the
net uniaxial contraction (ΔL/L293) of Pt at 1300 K equals
1.03% in comparison with Cu of 1.8%. This difference is
well reflected by large-scale STM examinations which
present fewer wrinkles on Pt foils than that on Cu foils.
Shown in Figure 7b is a striped structure, and its section
view illustrates a height fluctuation of ∼3 nm over a
lateral distance of∼7 nm, in parallel with the dimension
of wrinkles. An atomically resolved image on the wrinkle
surface (Figure 7c) demonstrates twisted hexagonal
lattices, again correspondingwell with the characteristics
of folded graphene.
In addition to the formation of wrinkles, the con-

formation of two-dimensional (2D) graphene lattice to
the undulated Pt foil substrate is expected to contri-
bute another pathway for stress relief, as similarly
reported for graphene growth on Ru(0001) where a
Moiré structure is formed along with obvious surface
corrugations.30 Why is this pathway proposed? As
mentioned above, the Pt foils after CVD growth are
ordinarily textured with Pt(110), Pt(100), and Pt(111)
facets having an average dimension of several tens of
square nanometers, which is much smaller than that of
Cu foils.26 Meanwhile, the the Pt surface after CVD
growth usually manifests a roughness of ∼2 nm over
several hundred nanometers, indicating a more flat
surface than that of Cu foils. In this case, through
graphene's conformation to the substrate undulations,
extra strains arising from the thermal expansion

mismatch can be released on the undulated Pt foils.
Accordingly, the density of pristine wrinkles is much
reduced.

CONCLUSION

Using an ambient pressure CVDmethod, we accom-
plished the synthesis of high-quality monolayer gra-
phene on Pt foils and characterized its single-layer
nature using Raman spectroscopy in combination with
SEM. The growth of monolayer graphene on Pt foils is
proposed to be directed by a surface-catalyzed growth
mechanism. The perfect continuity of CVD graphene
on Pt foils was then examined using atomically re-
solved STM. We find that monolayer graphene grows
mainly in registry with the symmetries of the under-
lying Pt facets with the formation of hexagonal lattices
and striped superstructures, and strangely, they can be
connected well at the facet boundaries. Moreover, we
investigate the substrate crystallography effects on the
growth of graphene, where Pt(111) and Pt(100) facets
are detected to be more preferred than other low-
index facets to serve as the growth substrates. In
addition, we report that graphene on Pt foils presents
more flat surfaces than that on Cu foils, which implies
the formation of extra high-quality graphene even at
the as-grown state. As a result, we believe that gra-
phene on Pt foils provides a perfect prototype for
exploring the preliminary growth dynamics of CVD
processes.

METHODS
Preparation of Graphene. Graphenewas prepared according to

a literature procedure.16 Briefly, Pt foils with a thickness of 25μm
were used as substrates for graphene growth inside a quartz
tube furnace. The furnace was first flowed with 50 sccm H2 and
850 sccmAr gas for 15minwhile the temperature was increased
from room temperature to 1050 �C. Then, 10 sccm CH4 was
introduced into the furnace at 1050 �C for 12 min for cracking
CH4. Finally, the sample was cooled to room temperature with a
cooling rate of 20 �C/min. The thicknesses of graphene samples
can be controlled by varying the growth time or increasing the
growth temperature.

SEM, Raman, and STM Characterizations. The macroscopic mor-
phology and the thickness of CVD graphene prior to the
chemical etching transfer were characterized with SEM and
Raman spectroscopy. To achieve atomically resolved images,
the as-grown samples were transferred into an Omicron ultra-
high vacuum variable-temperature scanning tunneling micro-
scopy (UHV-VT-STM), annealed for several hours to remove the
adsorbed impurities, and then examined by STM working at a
constant current mode with the sample kept at room tempera-
ture. The graphene sample was also transferred to a 300 nm
thick SiO2/Si substrate by wet chemical etching the metal
support using dilute aqua regia solution. The transferred gra-
phene was then characterized with an optical microscope and
Raman spectroscopy to show its two-dimensional homogeneity
and thickness.
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