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G
raphene, a two-dimensional mate-
rial composed of a monolayer of
carbon (C) atoms, has generated

enormous scientific curiosity owing to its
ultrathin geometry and unique charac-
teristics.1�4 The first successful isolation of
graphene was achieved by micromechani-
cal cleavage from graphite; however, the
sizes of graphene flakes are too small for
practical applications.1 To overcome this
limitation, several experimental methods
including surface graphitization of SiC,5,6

solid source deposition,7,8 and chemical
vapor deposition (CVD)9�12 have been ex-
plored for large-scale graphene formation.
Among these, CVD of hydrocarbon gases

has been demonstrated as an attractive ap-
proach because of the ability to grow high-
quality graphene films over large areas and
wide accessibility of industrial equipment.
However, special care should be taken to
precisely control the thickness anduniformity
of the resulting graphene layers in CVD pro-
cess, since the growth kinetics of graphene is
complicated by the growth parameters such
as growth temperature, pressure, cooling
rate, and solubility of C atoms in catalytic
metal substrates, etc.9�12 All of these factors
contribute to the thickness and structural
homogeneity of graphene over large areas.
At present, monolayer graphene films

are best synthesized via pyrolytic cracking
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ABSTRACT Growth of large-scale patterned, wrinkle-free gra-

phene and the gentle transfer technique without further damage

are most important requirements for the practical use of graphene.

Here we report the growth of wrinkle-free, strictly uniform mono-

layer graphene films by chemical vapor deposition on a platinum (Pt)

substrate with texture-controlled giant grains and the thermal-

assisted transfer of large-scale patterned graphene onto arbitrary

substrates. The designed Pt surfaces with limited numbers of grain

boundaries and improved surface perfectness as well as small

thermal expansion coefficient difference to graphene provide a

venue for uniform growth of monolayer graphene with wrinkle-free

characteristic. The thermal-assisted transfer technique allows the complete transfer of large-scale patterned graphene films onto arbitrary substrates

without any ripples, tears, or folds. The transferred graphene shows high crystalline quality with an average carrier mobility of ∼5500 cm2 V�1 s�1 at

room temperature. Furthermore, this transfer technique shows a high tolerance to variations in types and morphologies of underlying substrates.

KEYWORDS: wrinkle-free graphene . patterned graphene . thermal-assisted transfer . chemical vapor deposition .
texture-controlled platinum
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of hydrocarbon gases at elevated temperatures
(∼1000 �C) onto polycrystalline copper (Cu) surfaces
and later transferred to other substrates for the fabri-
cation of devices.10 Since Cu has a very low solubility of
C atoms (<0.004% at 1000 �C),13 the nonequilibrium
precipitation is not significant in the CVD growth of
graphene onCu,which primarily leads to the formation
ofmonolayer graphene films. In particular, CVD growth
on Cu foils has recently attracted significant attention
due to its great potential for the growth of large
domain, single crystalline graphene by simply control-
ling growth parameters during CVD process.14�16

However, the high growth temperatures impose lim-
itations on the crystalline quality of the resulting films
because of the large thermal expansion coefficient
(TEC) difference of Cu to graphene, which causes the
formation of high density of crystalline defects such as
wrinkles in the obtained graphene layers.17

For these reasons, significant efforts have recently
been directed toward the rational design of catalytic
metal substrates as well as development of novel
transfer processes that provide direct access to de-
fect-free, homogeneous monolayer graphene films.
The suitable metallic substrates with small TEC differ-
ence to graphenewill facilitate the formation of defect-
free graphene films. Platinum (Pt) is one of most
commonly used materials for the bottom electrodes
as it exhibits excellent properties in thermal stability
and chemical resistance. Besides, the smaller TEC
difference of Pt (∼11 μm m�1 K�1)18,19 to graphene
(∼6.7 μmm�1 K�1),20 compared to other conventional
metallic substrates for graphene growth such as Cu
(∼21 μm m�1 K�1)21,22 or Ni (∼17 μm m�1 K�1),23,24

is believed to contribute to far less defects formation
in the resulting graphene layers. In contrast to Cu,
Pt has relatively high C solubility of ∼0.9 atom % at
1000 �C.21,25 As a result, the dissolution of C atoms into
metal and the subsequent nonequilibrium precipita-
tion process generally lead to the inhomogeneous
graphene growth after high-temperature CVD growth.
Another problem of graphene grown on noble metals
is that we cannot transfer graphene using the currently
used etching-based processes. Very recently, Wang
et al.26 have demonstrated a nondestructive electro-
chemical route for delamination of graphene from Cu
surface and an electric bubbling transfer method has
been proposed regarding the transfer of graphene
grown on novel metallic surfaces such as Pt to the
target substrates.27 Considering the principle of the
electric bubbling transfer method, however, it will be
difficult to apply this method when the graphene films
are formed on the patterned Pt or Pt substrates
including insulator regions such as SiO2. Evidently,
the growth of large-scale patterned, wrinkle-free gra-
phene and the gentle transfer technique without
further damage are most important requirements for
the practical use of graphene in various applications.

Here, we report an alternative strategy for the CVD
growth of strictly monolayer, wrinkle-free graphene
films using a texture-controlled Pt substrate and a
thermal-assisted transfer technique to transfer the
graphene without any further defect formation
in a NaOH aqueous solution. Our key strategy is to
utilize the Pt substrates with textured, i.e., preferred
orientation-controlled giant grain to limit number of
grain boundaries (GBs) of polycrystalline Pt surface,
which is believed to be the origin of inhomogeneous
graphene growth.9,11,28 Improving the surface per-
fectness of the Pt substrates by increasing the size of
grains up to millimeter scale would be of immense
benefit to the production of well-crystallized gra-
phene structure. Moreover, the highly oriented sin-
gle crystalline Pt film offers more atomically flat and
smooth surfaces and the use of Pt as an underlying
catalytic surface results in the wrinkle-free graphene
layers. As a result, the formation of strictly mono-
layer, wrinkle-free graphene on Pt has been achieved
successfully, even on the high C-soluble metallic
material, Pt. More importantly, our thermal-assisted
transfer technique enables us to transfer large-scale
patterned graphene films onto arbitrary substrates
without any wrinkles/ripples formation, which is also
applicable to other metallic substrates such as Cu.
Consequently, our wrinkles/ripples-free graphene films
transferred on SiO2/Si substrates showed a high crystal-
line quality with an average room-temperature carrier
mobility of ∼5,500 cm2 V�1 s�1. We believe that our
approach may promote the current efforts of graphene
applications.

RESULT AND DISCUSSION

Texture-Controlled Giant Grain Growth of Platinum Thin
Films. The 400 nm-thick Pt films were deposited at
room temperature on SiO2/Si substrates by direct
current magnetron sputtering. Typical sputtering
power, growth time, and gas pressure were ∼170 W,
30 min, and ∼9.4 mTorr, respectively. Pt films are
usually (111)-oriented since (111) planes are ones with
lowest surface energy.29 It was reported that the pre-
ferred orientation of Pt thin films on SiO2/Si substrates
could be controlled by sputtering with Ar/O2 gas
mixtures and was affected by the incorporation of
oxygen in the Pt films.29,30 In this study, the texture
of as-deposited Pt films was changed from (111) to
(200) orientation by increasing the oxygen fraction to
5% in the sputtering gas mixture of Ar/O2 gas. We
further observed the changes in preferred orientation
of Pt films to (220) orientation when the pressure was
decreased to ∼7.8 mTorr during Pt sputtering. It is
believed that the surface mobility of Pt adatoms
decreased with oxygen adsorption, and consequently
(200) and (220) planes developed instead of (111)
planes, i.e., the energetically most stable planes.31�34

The postannealing processwas performed at∼1000 �C
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for 60 min in ambient air to remove the incorporated
oxygen and to observe the giant grain growth beha-
viors of Pt films. The dramatic changes in surface
morphologies and preferred orientations of the Pt films
were observed by optical microscopy (OM), X-ray
diffraction (XRD) and atomic force microscopy (AFM),
as shown in Figure 1. The Pt films completely trans-
formed to giant grains with sizes as large as several
hundreds of micrometers to a millimeter, as observed
by OM images in Figure 1a-1b. Furthermore, the pre-
ferred orientation of the giant grains could be con-
trolled to have either (200) or (220) textures (Figure 1c,
d). For the films with (200) preferred orientation, they
had a small portion of (111) orientation, as observed in
the XRD pattern. Previous studies have shown that the
incorporated oxygenwas driven out by decomposition
of platinum oxide phases when the sputtered films
were annealed and the giant grain growth process
occurred.29�32,34 The crystallinities of the giant grains
were confirmed by observing the unintentionally
etched surfaces of the Pt films using an AFM, as shown
in Figure 1e-1f. The shapes of etch pits are identical, i.e.
triangular or rhomboid pits from (200) or (220) giant
grains, respectively, implying that the giant grain is a
single crystal.

Growth of Wrinkle-Free, Monolayer Graphene Films on
Texture-Controlled Pt Films with Giant Grains. Figure 2 shows
the representative surface morphologies of the

graphene layers that were grown on Pt(200)- and
Pt(220)-oriented films with giant grains (i.e., GGPt(200)
and GGPt(220), respectively). After the GGPt films were
loaded into a quartz tube, each sample was heated to
the process temperature of ∼975 �C and maintained
for 10 min under CH4/H2 gas mixture (5 and 50 sccm,
respectively). After graphene growth, the tube was
cooled down to room temperature naturally. In all
our growth experiments, the monolayer graphene
layers were formed over large areas regardless of the
types of the underlying surfaces. However, the mono-
layer graphene grown on GGPt(200) contains a high
density of few-layer graphene (FLG) flakes (Figure 2a),
in contrast to the strictly uniform, monolayer graphene
films that achieved on GGPt(220) (Figure 2b). Interest-
ingly, the presence of FLG flakes is observed on the
surfaces of etch pits and along the GBs of GGPt(200)
surfaces, implying that such defects function as the
main segregation channels of C atoms. From the
electron backscatter diffraction (EBSD) map, we have
found that the sizes and densities of the overgrown
FLG flakes at the each region (from 1 to 3 in Figure 2c)
depend on the orientation of underlying Pt surfaces.
The closer Pt orients to the (111) plane, the smaller the
diameter and the greater the density of the FLG flakes,
suggesting that growth kinetics of graphene is sensi-
tive to the orientation of underlying Pt surfaces.35 This
result is typical of several tens of SEM and EBSD images
of graphene/GGPt(200) acquired from different re-
gions. We note that all of the graphene area on GGPt-
(220) had a single layer and no FLG was observed.
Apparently, there existed a remarkable improvement
in the structural homogeneity of graphene on the

Figure 1. Surface morphologies and crystallographic orien-
tations of Pt films with texture-controlled giant grains. (a
and b) Optical microscopy images of (a) Pt(200)- and (b)
Pt(220)-oriented filmswith giant grains (scale bars: 200 μm),
(c and d) XRD patterns of (c) Pt(200)- and (d) Pt(220)-
oriented films with giant grains, (e and f) AFM images of
unintentionally etched (e) Pt(200)- and (f) Pt(220)-oriented
films with giant grains (Scale bars: 2 μm).

Figure 2. Structural characterization of graphene films
grown on GGPt films with different preferred orientations.
(a and b) Representative SEM images of monolayer graph-
ene grown on (a) GGPt(200) and (b) GGPt(220) surfaces
(scale bars: 100 μm). Dark gray islands in (a) indicate
the presence of few-layer graphene flakes on mono-
layer graphene films. (c and d) corresponding EBSD map
images obtained from the regions highlighted by the
dotted rectangles in (a and b) (scale bars: 10 μm (left),
50 μm (right)).
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GGPt(220) surfaces compared with the graphene/
GGPt(200) surfaces. It is likely that the single crystalline,
atomically flat GGPt(220) surface with a smaller lattice
constant difference to graphene (∼-6.2%), compared
to other crystallographic orientations of Pt such as
(111) (∼12.6%), (200) (∼29.9%) (Supporting Informa-
tion Figure S1) provides an initial venue for uniform
growth of monolayer graphene. Moreover, it is worth
noting that the as-synthesized monolayer graphene
films were wrinkle-free and smooth over large areas,
regardless of the orientations of the underlying Pt
surfaces, in contrast to the graphene grown on Cu
(Supporting Information Figure S2). We believe that
the wrinkle-free graphene growth is favored by the
relatively small TEC difference of Pt to graphene.

We have further examined the structural properties
of transferred graphene films using OM and Raman
spectroscopy. For graphene grown on the GGPt films,
we have developed a thermal-assisted transfer tech-
nique based on a NaOH aqueous solution and the
detailed transfer process will be explained later.
Figure 3a and 3b shows the OM images of graphene
films grown at ∼975 �C for 10 min on the GGPt(200)

andGGPt(220), respectively, then transferred onto SiO2

surfaces. We note that the transferred graphene films
perfectly preserve their original morphological fea-
tures. For the transferred graphene that was grown
on the GGPt(200), the presence of FLG flakes especially
along the surface pits and GBs of the underlying Pt is
clearly illustrated in the Raman map images of G/2D
and D bands, as shown in Figure 3c. Meanwhile, in the
case of the transferred graphene that was grown on
the GGPt(220), the ratio of G-to-2D intensity is less than
0.5 and the intensity of D band is quite low, in all
investigated areas (Figure 3d), revealing that almost
defect-free monolayer graphene was formed. We note
that the transferred graphene films were free from
wrinkle-characteristic (Figure 3e-3f). Furthermore, the
Raman 2D bands, which were collected over 100
different points on the transferred graphene, exhibits
a symmetric single Lorentzian line shape with a full-
width at half-maximum of ∼31 cm�1 (Figure 3g),
proving the formation of strictly uniform, monolayer
graphene films.7�12

The electrical properties of transferred graphene
layers that were grown on the GGPt(200) and

Figure 3. Structural and electrical characterizations of transferred graphene films onto SiO2 surfaces. (a and b) Optical
microscopy images of graphene films grown on (a) GGPt(200) and (b) GGPt(220) films then transferred to SiO2/Si substrate
(scale bars: 50μm), (c andd) Corresponding Ramanmap images of theG/2Dbands andDbandof grapheneobtained from the
regions highlighted by the dotted rectangles in (a and b) (Scale bars: 5 μm), (e-f) TEM images of graphene films grown on (e)
GGPt(200) and (f) GGPt(220)films then transferred to holey carbonfilm coatedAugrids (scale bars: 1μm), proving thewrinkle-
free characteristic of the resulting films, (g) representative Raman spectra of graphene films grown on (top) GGPt(200) and
(bottom) GGPt(220) films then transferred to SiO2/Si substrate, (h) typical room temperature IDS�VG curves at VDS = 5 V from
the transferred graphene-based back-gated FET devices. Inset shows the schematic illustration of the FET devices used in this
study. The estimated carrier mobilities of graphene grown on GGPt(200) (black dotted line) and GGPt(220) (blue line) are
∼3734 and ∼5479 cm2V�1 s�1 at room temperature, respectively. (I and j) (i) The estimated room-temperature carrier
mobilities and (j) sheet resistances of transferred graphene films.
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GGPt(220) surfaces have been evaluated with back-
gated field effect transistor (FET) devices and typical
data for the FET devices are shown in Figure 3h. FET
devices with a channel length of 200 μmand a channel
width of 100μmatop 300 nmSiO2with a p-Si back gate
were fabricated by the conventional photolithography.
All of the reported electrical measurements were taken
at room temperature in air and more details can be
found in Experimental Section. The ambipolar trans-
port characteristics and the shift of neutrality point to
positive gate voltage are observed for all of the sam-
ples, which are characteristics of pristine graphene.1 As
exhibited by the Raman measurements, the electrical
properties of the strictly uniform, monolayer graphene
grown on GGPt(220) were superior to those of gra-
phene grown on GGPt(200). For example, the average
room-temperature carrier mobility of the graphene
grown on GGPt(220) is ∼5500 cm2 V�1 s�1, which is
∼1.5 times larger than that of the graphene grown on
GGPt(200) (Figure 3i). This mobility is larger than, or
comparable to, those of graphene on SiO2 surface
recently reported in the literatures9�12,14�16,27 and this
high value is believed to be originated from high
crystalline quality of the wrinkle-free graphene grown
on GGPt and transferred by a thermal-assisted transfer.
In addition, the average sheet resistances of trans-
ferred graphene layers (with sizes of ∼1 cm2) that
were grown on GGPt(220) and GGPt(200) surfaces,
measured using the van der Pauwmethod, were found
to be ∼200 and ∼350 Ω per square, respectively
(Figure 3j).

Thermal-Assisted Transfer of Large-Scale Patterned Graphene
from Pt Substrates. One of the most fascinating features
of the presented approach is its high tolerance to
variations in types and morphologies of underlying
substrates during transfer process. The thermal-
assisted transfer process is nondestructive and allows
the complete transfer of large-scale patterned gra-
phene films onto arbitrary substrates without any
wrinkles/ripples formation (Supporting Informarion
Figures S3�S4). Furthermore, it can be applicable to
the conventional metallic substrates such as Cu foils or
films; however, the Cu was partially oxidized due to its
high chemical reactivity with the electrolyte, similar to
the reported electric bubbling transfer process.27 The
detailed process of the thermal-assisted transfer is as
follows (Figure 4a): After CVD growth, a layer of poly-
(methyl methacrylate) (PMMA) was spin-coated onto
the graphene grown Pt substrates. Then the PMMA/
graphene/Pt was floated on a NaOH (1 M) aqueous
solution at∼90 �C, and the PMMA/graphene layer was
spontaneously separated from the Pt surface after
60 min. After being rinsed DI water for 30 min, the
PMMA/graphene layer was transferred onto the target
surface. Then the sample was dried on a hot plate at
∼40 �C for 30 min, and∼105 �C for 10 min. Finally, the
PMMA was removed by washing with acetone. In the

thermal-assisted transfer process, we note that it was
not possible to separate the PMMA/graphene layer
from the Pt surface using boiling solutions other than
the NaOH, such as NaCl or deionized (DI) water
(Figure 4b-4c), suggesting that the hydroxide (OH�)
in boiling NaOH solution is responsible for the reaction
at the graphene/Pt interface. Generally, metals are
known to be attacked in a NaOH solution by forming
metal hydroxide (e.g., platinum hydroxide) at tem-
peratures higher than 300 �C36,37 however, the tem-
perature used in our transfer method (90 �C) was
considerably lower than 300 �C. This resulted in much
slower detachment of graphene from the Pt surface
than the electric bubble transfer method,27 however,
allowed the complete transfer of graphene films with-
out any tears and/or folds. In the same vein, the
separation time of the PMMA/graphene from the Pt
surface strongly depends on the molarities of NaOH
solutions, as shown in Figure 4d. By increasing the
molarity of an NaOH solution from 0.5 to 4 M, the
separation timewas reduced from∼90 to∼30min and
it was saturated to 30minwithmolarities of NaOH over
4 M. Notably, our transfer method was absent of
unintentional contamination on Pt surfaces during

Figure 4. Thermal-assisted transfer process of graphene
from a Pt surface. (a) Schematic illustration of the thermal-
assisted transfer process. (b) Raman spectra fromgraphene/
Pt films after the thermal-assisted transfer process in var-
ious boiling solutions (90 �C) of NaOH (top), NaCl (middle),
and DI water (bottom). Inset shows OM image of graphene-
free surface of Pt after the transfer process in NaOH, (c) Plot
of a success rate of graphene transfer from a Pt surface in
various solution at room temperature and 90 �C. (d)
Changes in the separation time of graphene from a Pt
surface under various NaOH molarities. (e) High-resolution
Pt-4f XPS spectra of bare GGPt, graphene-covered GGPt,
andgraphene-free surfaces after the thermal-assisted trans-
fer process.
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transfer process. Figure 4e shows the Pt-4f XPS spectra
taken on the samples of bare GGPt, graphene-covered
GGPt, and graphene-free GGPt after the thermal-
assisted transfer process. All the spectra revealed the
Pt-4f5/2 peaks at the same binding energy of 74 (
0.2 eV and almost insignificant changes in the relative
intensities of the Pt-4f5/2 and Pt-4f7/2 peaks were
observed, indicating no contamination and degrada-
tion of Pt via our transfer process.38

For a wide variety of applications proposed for
graphene, the main obstacle has been the absence of
a completer transfer method for large-scale graphene
films formed on a patterned substrate including
insulator regions or voids,9,39 as shown in Figure 5a.

The electric bubbling transfer method was reported to
transfer graphene grown on continuous Pt surfaces;
however, this process often resulted in the lacerated
and/or folded graphene films after the transfer of
graphene grown on patterned Pt surfaces, as shown
in Figure 5b. We find that the H2 bubbles were not
formed on the discontinuous SiO2 patterns and the
delamination of graphene inhomogeneously oc-
curred at the graphene/Pt interface. However, we
could have completely transferred the material with-
out any defects formation such as wrinkles/ripples,
tears or folds by introducing the thermal-assisted
transfer process, as shown in Figure 5c. During the
thermal-assisted transfer, the reaction between Si
and Naþ took place in the boiled NaOH solution to
release the PMMA/graphene layer from the SiO2

surface.40 The chemical reactions can be represented
as follows:

SiO2(s)þ 2NaOH(l) f Na2SiO3(s)þH2O(l)

We suggest that a very thin layer of SiO2, about a few
nanometer thick, was partially etched but enough to
release the PMMA/graphene layer. As a result, a
homogeneous delamination of graphene from pat-
terned Pt surfaces can be achieved after finite times
over 30 min. The transferred films were identified as
wrinkles/ripples-free, monolayer graphene based on
the OM and Raman spectroscopy (Figure 5c). The
associated D and G/2D band maps in Figure 5d
demonstrate that the patterned graphene sheet
can be completely transferred without further de-
fects formation by introducing the thermal-assisted
transfer technique. In addition, it is noted that the
underlying, patterned Pt substrates can be reused
repeatedly without any additional postprocesses and
the graphene obtained from the reused substrate up
to three times has almost the same quality as that ob-
tained originally (Supporting Informarion Figure S3).

CONCLUSIONS

In summary, we have demonstrated the controlled
growth of wrinkle-free, strictly uniform monolayer
graphene films on Pt surfaces with giant grains. We
can improve the surface perfectness and limit the
number of GB of Pt by texture-controlled giant grain
growth, which suppress the undesirable, inhomoge-
neous C precipitation, enabling us to growwell-crystal-
lized, homogeneous monolayer graphene films. We
have developed the thermal-assisted transfer tech-
nique for graphene grown on Pt. Our technique has a
high tolerance to variations in types andmorphologies
of underlying substrates during transfer process. More-
over, the transfer technique allows the complete
transfer of large-scale patterned graphene films onto
arbitrary substrates without any wrinkles/ripples for-
mation, applicable to direct device fabrication without
any damage to graphene layer and production of

Figure 5. Complete transfer of graphene grown on a pat-
terned GGPt substrate using the thermal-assisted transfer
technique. (a) Schematic illustration of a GGPt film with
various geometries (left) and an OM image of graphene
grown on a patterned GGPt surface after CVD growth
(right). (b) A photograph showing the graphene transfer
process from a patterned GGPt surface using an electric
bubbling transfer technique (5 V, 25 �C) (left) and a repre-
sentative OM image of the resulting patterned graphene
sheet transferred onto SiO2 surface after the removal of
PMMA layer (right). (c) A photograph showing the graphene
transfer process from a patterned GGPt surface using a
thermal-assisted transfer technique (1 M NaOH, 90 �C) (left)
and a representative OM image of the resulting patterned
graphene sheet transferred onto SiO2 surface after the
removal of PMMA layer (right). The scale bars of all images
in (a)�(c) are 1 mm. (d) Raman maps of the D band and the
G/2D band of the patterned graphene sheet transferred
onto SiO2 surface by an electric bubbling transfer (left) and
by a thermal-assisted transfer (right) techniques (scale bars,
10 μm). The red arrow in (a) denotes the same location in the
Raman mapping images.
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metal residue on graphene (Supporting Information
Figure S4). We believe that our controlled growth and

transfer methods are applicable to various kinds of
graphene-based device fabrication.

EXPERIMENTAL SECTION

Graphene Synthesis. Graphene was grown on 400 nm-thick Pt
films with giant grains using a low-pressure CVD (LP-CVD)
system. First, a GGPt (200) or (220) film with a size of ∼1 �
1 cm2 was loaded into a quartz tube in LP-CVD and the quartz
tube was elevated up to the process temperature of T∼ 975 �C
over 40 min with a constant flow of 1 sccm H2. After reaching
T ∼ 975 �C, a gas mixture of CH4(5 sccm)/H2(50 sccm) was
introduced into the LP-CVD system for t = 10 min to form
graphene. Following the growth, the quartz tube was cooled to
∼700 �C without changing the gas flow and then finally cooled
down to room temperature under vacuum naturally.

Thermal-Assisted Transfer Method. For the transfer of graphene
grown on GGPt films, the surface of the graphene was spin-
coated with PMMA (Scientific Polymer, 75 000 GPC molecular
weight, 10 wt % in toluene) at 4000 rpm for 1 min. In this step, it
was highly efficient to reduce the process time that each side of
graphene/GGPt film was blocked by Kapton tape. After remov-
ing the tape, the PMMA/graphene/GGPt assembly was cured at
∼135 �C for 10 min on a hot plate. Next, the PMMA/graphene/
GGPt assembly was floated on an aqueous solution of NaOH at
temperatures ranging from 25 to 90 �C. The time to completely
detach the PMMA/graphene layer from GGPt films depended
on the molarity of NaOH solutions and the temperature.
Typically, the PMMA/graphene can be perfectly separated with-
in 60 min using a 1 M NaOH aqueous solution at 90 �C. After
separation, the PMMA/graphene layers were rinsed in DI water
for 30 min and were transferred to SiO2/Si substrates. Then the
samplewas dried on a hot plate at 40 �C for 30min, and baked at
105 �C for 10 min to strongly adhere to SiO2/Si substrates.
Finally, the PMMAwas removedusing acetone, leaving behind a
graphene film on SiO2/Si substrates.

Characterization. As-grown GGPt films were analyzed by an
AFM (Veeco Multimode V) to observe surface morphologies.
The AFM was operated using tapping mode to acquire a scan
size of 2 � 2 μm2. The surface morphologies of the graphene/
GGPt films and transferred graphene on SiO2 substrates were
observed using a FE-SEM (FEI Nanonova 230) at an acceleration
voltage of 10 to 20 kV. An orientation mapping was accom-
plished by obtaining EBSD in the FE-SEM. The crystallographic
orientations of the GGPt films were analyzed by XRD pattern by
using an X-ray diffractometer (Bruker D8 Advance) using
Cu�KR as the X-ray source (λ: 5046 Å). The presence and
chemical states of foreign species in theGGPt filmswere studied
using XPS (Thermo Fisher). The XPS studies were conducted on
a K-R spectrometer using Al K-R nonmonochromatic X-ray
excitation at a power of 72 W, with an analysis area diameter
of∼10 mm and a pass energy of 50 eV for the electron analysis.
The base pressure of the analysis chamber was below ∼1 �
10�9 mbar. The Pt�O compositions in the GGPt films were
investigated by dividing the individual peak areas. Successfully
transferred graphene layers were confirmed by Raman spec-
troscopy. Both the Raman spectra andmappings were obtained
from a graphene layer which was transferred onto a 300 nm-
thick SiO2/Si. The Raman spectroscopy and mapping were
carried out on a WiTec alpha 300R M-Raman system with a
532 nm excitation wavelength (2.33 eV). A laser spot had a
dimension of∼640 nm for a�50 objective lens with numerical
aperture of 0.5 and the laser power was ∼2 mW. The Raman
spectra were analyzed and the Raman imageswere collected by
a computer-controlled x-y translation stage with a raster scan.
Spectroscopic mapping images were created by measuring the
Raman spectra of each individual pixel with a 50� 50 μm2 step
size using aWiTec Project software. The Raman datamentioned
in this manuscript, such as the FWHM values and intensity ratio
of the G-to-2D bands were arithmetical averages of values that
weremeasured atmore than 30 different points per sample. The
graphene layers were transferred onto carbon holey coated Au

TEM grids by utilizing direct transfer method. Next, the TEM
images of wrinkle-free graphene sheets were obtained using a
JEOL 2100F (installed at Korea Institute of Materials Science)
that operated at 200 kV which was equipped with a Gatan
image filter system. The Gatan Digital Micrograph software was
used for the image processing and analysis. Electrical character-
izations of the graphene layers were analyzed by fabricating
a FET device. Bottom-gated FET devices were fabricated by
transferring the graphene layers onto p-Si substrates with
300 nm thick thermal oxide. Conventional photolithography
and the O2 plasma-etching process were applied to acquire FET
devices with a channel widths of 100 μm and channel length of
200 μm. Source-drain electrodes (Cr/Au: 10 nm/60 nm) were
deposited using an e-beam evaporator. The electrical measure-
ment was obtained by standard 4-probes station (MS-tech,
Agilent Technologies B1500A) at room-temperature. From the
plot of the source-drain current as a function of gate voltage
from �20 to þ100 V, we extracted carrier mobility values from
the slope.
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