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Layer-engineered large-area exfoliation of graphene

Ji-Yun Moon'*, Minsoo Kim?*, Seung-Il Kim', Shuigang Xu?, Jun-Hui Choi?, Dongmok Whang4,
Kenji Watanabe®, Takashi Taniguchi®, Dong Seop Park’, Juyeon Seo’, Sung Ho Cho’",

Seok-Kyun Son>, Jae-Hyun Lee'*

The competition between quality and productivity has been a major issue for large-scale applications of two-
dimensional materials (2DMs). Until now, the top-down mechanical cleavage method has guaranteed pure perfect
2DM:s, but it has been considered a poor option in terms of manufacturing. Here, we present a layer-engineered
exfoliation technique for graphene that not only allows us to obtain large-size graphene, up to a millimeter size,
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but also allows selective thickness control. A thin metal film evaporated on graphite induces tensile stress such
that spalling occurs, resulting in exfoliation of graphene, where the number of exfoliated layers is adjusted by
using different metal films. Detailed spectroscopy and electron transport measurement analysis greatly support our
proposed spalling mechanism and fine quality of exfoliated graphene. Our layer-engineered exfoliation tech-
nique can pave the way for the development of a manufacturing-scale process for graphene and other 2DMs in

electronics and optoelectronics.

INTRODUCTION
Since monolayer graphene was first successfully separated from
three-dimensional (3D) natural graphite by top-down mechanical
exfoliation (1), graphene with its unique physical and chemical prop-
erties has attracted great attention as an appealing platform for di-
verse applications in the fields of electronics, optoelectronics, and
other fields (2-4). Nevertheless, mechanically exfoliated graphene
still has limitations in terms of size, yield, and thickness control,
which is not suitable for industrialization, resulting in a strong de-
mand for alternative synthetic approaches. As an alternative meth-
od for preparing graphene, the vapor-deposition method has been
considered to be one of the representative bottom-up methods for
overcoming the aforementioned limitations of top-down mechani-
cal exfoliation (5-7). However, because the inherent properties of
graphene change substantially with the number of layers and stack-
ing order (8, 9), the development of growth methods related to their
control has been attempted (10, 11), but no outstanding results have
yet been reported. Above all, the preexisting physical and chemical
results obtained with exfoliated graphene are still far from being re-
produced by as-grown graphene. Therefore, if a technique can over-
come the issues of conventional mechanical exfoliation, then it will
be the most attractive synthetic approach for preparing graphene.
Meanwhile, recent studies have revealed that exfoliation of 2D
materials (2DMs) with the help of thin metal films can be key to
obtaining scalable thin 2DM layers. To date, large-area monolayers
of transition metal dichalcogenides (TMDCs) have been obtained by
different exfoliation approaches, e.g., direct exfoliation on Au sub-
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strates (12, 13), the layer-resolved splitting technique by controlled
crack propagation (14), and layer-by-layer exfoliation (15). Those
studies were successful in obtaining large-area TMDCs but were
limited to obtaining only monolayer TMDCs. Why only the topmost
layer is peeled off is not yet sufficiently understood, hence limiting the
application of the large-area exfoliation technique for various 2DMs,
such as graphene, and the thickness control of exfoliated crystals.

In this study, we introduce the technique layer-engineered exfo-
liation (LEE) that not only guarantees large-area graphene but also
provides control of the selective number of graphene layers owing
to the difference in the interfacial binding energy between the used
metal and graphene. A thin Au film is deposited on precleaved fresh
graphite to selectively peel off the topmost graphene monolayer, as
its interfacial toughness with graphene is similar to the interlayer
binding energy of graphite. By adjusting the interfacial toughness
through the deposition of different metal films (Pd, Ni, and Co) that
have higher interfacial toughness than the Au film, large-area
graphene with a controlled number of layers is also obtained. The
exfoliated graphene does not exhibit any intrinsic defects or chemical
contamination, as confirmed by spectroscopy and electron trans-
port studies. We believe that our exfoliation method can be a prom-
ising approach for building large-area 2D heterostructures, revisiting
the conventional exfoliation method that has been considered far
from commercialization.

RESULTS AND DISCUSSION

LEE of graphene

As depicted in the schematic in Fig. 1A, to exfoliate large-area
graphene with a selective number of layers, we directly evaporated a
selective metal film onto a bulk graphite flake precleaved on the
blue tape. The metal film was thermally evaporated up to 60 nm as
a stressor on the graphite flake, where the tensile stress is given by
the difference in the lattice constants of the graphite and metal films
(16). By exfoliating the graphite flake with spin-coated poly(methyl
methacrylate) (PMMA) and thermal release tape (TRT) as a han-
dling layer, the external bending moment creates a crack at domain
boundaries within the graphite flake initiated by tensile stress, and
then, the crack propagates parallel to the metal-graphene interface,
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Fig. 1. LEE of millimeter-size monolayer graphene. (A) Schematic illustration of our layer-engineered large-area graphene exfoliation technique. The inset shows
the change in the number of layers of exfoliated graphene according to the relative binding energy between graphite and a metal stressor film. (B and C) Low- and
high-magnification OM images of millimeter-size monolayer graphene obtained by the LEE method. (D and E) OM and AFM images of the cleaved natural graphite sur-
face. The inset is a single trace of the AFM image showing the roughness of LEE-graphene, where the root mean square value is approximately 3.5 A. (F to H) Histograms
of the size and density of monolayer graphene obtained by the standard exfoliation and LEE methods for 25 samples each.

resulting in large-area exfoliation due to the residual tension (14).
Such spalling of the top graphene layers occurs along the out-of-
plane direction up to the spalling depth, which depends on the dif-
ference between the binding energy (Ymetal-Gr) and interlayer binding
energy of graphite (Ygr-Gr), as shown in the inset of Fig. 1A (14, 17, 18).
The higher the difference is, the deeper the spalling depth (experi-
mental details will be discussed later, in relation to Fig. 2). After the
transfer of exfoliated flakes onto a 300-nm SiO,/Si substrate, the TRT
is removed, and the PMMA and metal film are subsequently chemical-
ly etched (see Materials and Methods for the detailed LEE process).

Figure 1B shows a typical example of exfoliated monolayer graphene
obtained by following the described LEE procedure, where a Au film
was used as a stressor. The small difference in binding energy be-
tween Au-graphene (Yay.gr = 30 meV/atom) (19) and graphene-
graphene (Ygr.gr = 21-25 meV/atom) (20, 21) enables separation of a
monolayer. The monolayer graphene we exfoliated typically shows a
lateral size of a millimeter without physical defects inside it (Fig. 1, B and
C), which is believed to be the largest exfoliated monolayer graphene
ever reported (22). Here, the size of the exfoliated graphene is deter-
mined by that of the atomically flat domains of the mother graphite.
Figure 1D illustrates the lateral size of individual domains of natural
graphite with atomic-level flatness. This size is approximately a few
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hundred micrometers, similar to the size of the obtained monolayer
graphene (Fig. 1, D and E, and figs. S1 and S2). However, there are
still extra areas where empty layers or multilayers are present be-
cause not only the small binding energy difference tends to peel off
solely the Au film without graphene (23) but also natural graphite is
still bumpy at the millimeter scale, respectively (fig. S3). Our com-
plementary experiment on highly oriented pyrolytic graphite (HOPG)
confirms that the flat domain size matters, as the surface of HOPG
exhibits many atomic steps that naturally occur during mechanical
cleavage, leading to the large-scale and nonuniform monolayer
graphene flake (fig. S4).

First, we quantitatively analyze the typical size and density of ex-
foliated monolayer graphene to verify the reliability of our LEE meth-
od for 25 samples (figs. S1 and S5). The average area of monolayer
graphene obtained by the LEE method reaches 163,238 (+12,515) um?,
which is an increase of ~4200 times that of monolayer graphene ex-
foliated by the standard method, which yields 39 (+4.8) um® (Fig. 1,
F and G). Our LEE method also shows better results than standard
mechanical exfoliation in terms of the density of the monolayer.
When calculating the area occupied by monolayer graphene in an
arbitrary region (1 mm? area) on the substrate, the density of the
monolayer is measured to be only 0.0096% for the standard exfoliation
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Fig. 2. Spalling depth control by adjusting the interfacial toughness. (A to C) Low-magnification and (D to F) high-magnification OM images of layer-engineered
millimeter-size graphene prepared using Pd, Ni, and Co, respectively, on 300-nm SiO,/Si substrates. (G) AFM line profiles corresponding to the white dashed lines in (D)
to (F). (H) Raman spectra of layer-engineered multilayer graphene obtained using Pd, Ni, and Co. a.u., arbitrary units.

method (fig. S6). However, as noted in Fig. 1H, the LEE method
leads to a monolayer coverage of 34% (+ 2.5) and up to 58% at some
points. The reproducibility of the size and density of monolayer
graphene ensures that this approach is a reliable method of exfoliat-
ing monolayer graphene in a controlled manner.

Then, to verify how robust our method is in obtaining large-area
layer-engineered graphene by adjusting the spalling depth, we de-
posited various metal films as a selective stressor on graphite flakes.
Each Pd, Ni, and Co film was evaporated on prepeeled graphite due
to the higher binding energy with graphite than that of the Au film,
where Yp4.gr = 84 meV/atom, yni.gr = 125 meV/atom, and yco.Gr =
160 meV/atom (19). When natural graphite is exfoliated using the
Pd film, bilayer graphene is observed in a 1.5 mm by 1 mm region
of the 300-nm SiO,/Si substrate (Fig. 2A). Exfoliation with the Ni
and Co films also results in uniform multilayer graphene with a lat-
eral size of several hundred micrometers (Fig. 2, B and C). The high-
resolution optical microscopy (OM) images shown in Fig. 2 (D to F)
clearly indicate that the optical contrast of multilayer graphene changes
from light purple to blue with increasing Ymetal-Gr- as expected for
thicker graphene layers. Atomic force microscopy (AFM) analysis
along the dashed lines in Fig. 2 (D to F) confirms that exfoliation
with the Pd, Ni, and Co film reproducibly results in bilayer, 8-nm-
thick multilayer, and 20-nm-thick multilayer graphene (Fig. 2G).
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Raman spectroscopy analysis of the frequency and shape of the 2D
peaks also supports the robustness of our LEE method, as shown in
Fig. 2H. Exfoliated graphene obtained with the help of the Pd film
shows the standard behavior of the 2D mode of bilayer graphene.
Upon increasing the number of layers, multiple peaks appear in the
2D mode, and the center frequency is shifted to higher values, as
indicated by the dashed line in Fig. 2H (24). All these data indicate
that the number of exfoliated graphene layers increases with the use
of Au to Co films as a stressor on graphite (fig. S7).

Spectroscopy analysis of LEE of graphene

Raman spectroscopy measurements on LEE of graphene (LEE-
graphene) support our proposed spalling mechanism, as this tech-
nique is sensitive to the stress introduced during the spalling of
graphene layers. Figure 3A shows the Raman spectra of LEE mono-
layer graphene, where G and 2D peaks are clearly observed. The G
and 2D peaks in the Raman spectrum provide information on the
applied strain in graphene. However, in the case of G peak analysis,
extracting meaningful information by using the full width at half
maximum (FWHM) of the G peak (I') in the absence of a magnetic
field is difficult because the FWHM strongly depends on the exter-
nal environment, such as charge carrier doping, screening, or elec-
tronic broadening (25, 26). As expected, the FWHM of the 2D peak
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Fig. 3. Characterization of monolayer graphene obtained by LEE. (A) Raman spectra of LEE-graphene under 532-nm excitation. (B and C) I';p versus I'c and wp versus
wg recorded on three different samples: prepared by Au-LEE (red circles), standard exfoliation (blue circles), and hBN encapsulation (orange circles). (D) Surface roughness
of monolayer graphene obtained by LEE and standard exfoliation scanned over 9 um?Z. The insets show the corresponding 3D AFM images. Brown-to-yellow scale, 0 to
5nm. (E) X-ray photoemission spectroscopy (XPS) patterns (C 1s) obtained from LEE-graphene. RMS, root mean square roughness.

(I';p) does not depend on that of the G peak (I'g), as shown in Fig. 3B.
However, we can extract the important information as follows. Com-
pared with the I';p of monolayer graphene exfoliated by the stan-
dard mechanical method and encapsulated by two hexagonal boron
nitrides (hBNs; for details, see Materials and Methods; fig. S8), the
I',p of LEE monolayer graphene is larger. According to I';p broad-
ening, we assume that an amount of inhomogeneous strain is intro-
duced during the Au-assisted LEE (Au-LEE) process. The value of
I';p, however, is likely affected by charge doping, so we focused on
the correlation between the frequencies of the G and 2D peak posi-
tions (g and w;p, respectively) by using a simple vector model as
represented in the inset of Fig. 3C and fig. S9 (27). This model con-
sists of two vectors: OP = aet + bey, where a and b are constants
and ey and ey are unit vector components for tensile strain and hole
doping effects, respectively. Here, the initial slope values of er = 2.2
and ey = 0.7 were used (for details, see note S1). In addition, we set
the origin, O (1582 and 2677 cm™), as the intrinsic property of pris-
tine graphene, where the intrinsic frequencies of the G and 2D peaks
are not affected by extra charge and strain (27). As the strain and
charge doping vary, wg and w;p move from O along er and ey, re-
spectively. In contrast, Q4 (Q;) is contributed by tensile (compres-
sive) strain combined with the charge doping effect (Q, and Q; are
not allowed because charge doping should result in an increase in
®g). On the basis of the relationship between the frequencies of the
G (0g) and 2D (@,p) peaks, LEE-graphene shows a clear linear rela-
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tionship with a slope of 2.2 (£0.1). This value is in good agreement
with previous experimental and theoretical results under uniaxial
(2.02 to 2.44) or biaxial (2.25 to 2.8) stress (27-29). Although our
experimental results are in better agreement with the uniaxial-strain
situation, the presence of biaxial strain or a mix of both cannot be
excluded. All Raman points are located in Q4, which indicates that
tensile strain is applied to LEE-graphene. When graphene is encap-
sulated by hBN crystals, I";p is decreased to ~23 (+2) cm ! and (0g
and ®,p) moves to near the origin O (0°g and @%p), as shown in
Fig. 3C. The results specify that tensile strain during the LEE pro-
cess is released when graphene is lifted (detached) using hBN crystals,
recovering the pristine property of normally exfoliated graphene.
Further microscopy and spectroscopy analysis also confirm the
quality of our LEE-graphene. The absence of the disorder-related D
peak near 1350 cm™' (box colored in blue in Fig. 3A) and the sym-
metric Lorentzian line shape of the 2D peak in Fig. 3A indicate that
the monolayer graphene obtained by Au-LEE is of high quality (fig. S10).
The AFM measurements indicate that there are no notable physi-
cal defects, such as cracks, folding, and tearing, on the graphene
surface (Fig. 3D). The root mean square roughness of LEE mono-
layer graphene is almost similar to that of normally exfoliated
graphene on a silicon substrate (~0.8 A difference), which is mostly
due to the nonflat surface of the SiO,/Si substrate (30). In addition,
considering that monolayer graphene acquired by Au-LEE is ex-
posed to a chemical-based process to remove the TRT, including
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Au/PMMA layers, we confirmed that no critical chemical contami-
nants, such as PMMA and metal etchant residues, remain via x-ray
photoelectron spectroscopy (XPS; Fig. 3E and fig. S11). The XPS
spectrum shows a sharp C 1s peak and is fitted by three dominant
Lorentzian modes that originate from typical sp>-hybridized carbon:
C=C (284.6eV),C—0 (286.3 eV), and C=0 (287.4 eV). Once a long
chemical chain of PMMA is exposed to graphene, it is easily ad-
sorbed on its surface, leading to indelible polymer residues (31). We
verified that the intensity of amorphous carbon is negligible and
that the intensity of its related peaks is very weak. Thus, we believe
that the metal film effectively protects the surface of graphene from
organic residues during the whole LEE process (16, 32).

Electron transport properties in LEE-graphene

To cross-check the quality of the LEE-graphene evidenced by the
Raman spectroscopy and XPS results, we carried out electron transport
measurements on the monolayer graphene device. Our graphene
was encapsulated between defect-free hBN crystals (33), and then,
the mesa was prepared by a sequential e-beam process, as shown in
the inset of Fig. 4A (see Materials and Methods for the detailed hBN
encapsulation and device fabrication process). Here, the encapsula-
tion of graphene enables us to investigate the quality of the electron
transport characteristics in the monolayer graphene that we pre-
pared. hBN provides a flat and clean substrate for graphene, screens
the charge fluctuations in the silicon substrate, and protects against
contamination after exfoliation (33, 34). Figure 4A shows the back
gate—dependent longitudinal resistivity p at temperature T = 2 K,
measured by using a four-terminal configuration with the standard
lock-in technique; a schematic of the wiring is shown in Fig. 4A.
Here, the position of the charge-neutral point (CNP) is at the back-
gate voltage Vig = 1.5 V (corresponding to carrier density # = 9.0 x
10" cm™?), which suggests that only negligible charged impurities
and strain exist that can result in the shift of the CNP position (35).
Next, to extract the level of the potential fluctuation n*, we plot the
longitudinal conductivity o as a function of n on a log scale (36). As
shown in Fig. 4B, log(c) remains constant when the electron trans-
port is dominated by the potential fluctuation arising from charged
impurities, whereas it shows a linear dependence on log(n) at high .
The crossing point of each extrapolated log(c) dashed line in Fig. 4B
provides the #n* of our graphene device, which is essentially the same
as that from an adequate exfoliated graphene device (34, 37) encap-
sulated between hBN. This again demonstrates the acceptable qual-
ity of our graphene device, although the graphene was in contact
with the metal film during the transfer. We also determined the
mobility p (= on”le™!) of the device at T = 2 and 300 K to evaluate
the quality of the device, where e is the electron charge (Fig. 4C).
The mobility at 300 K is higher than 20,000 cm® V™' 5™, which is
higher than the reported mobility of exfoliated graphene (38) on
a silicon substrate but the same order of magnitude as that of the
reported decent-quality graphene device (33) where the graphene
was exfoliated by the standard method. The mobility at 2 K is ap-
proximately double that at 300 K due to the decreased momentum
relaxation rate at low temperature. We also found a well-developed
quantum Hall effect (Fig. 4D) in which the Landau levels start to
split from ~1 T at low #n and the degeneracy of the Landau levels is
lifted at high magnetic fields, showing filling factors of -1, -2, —4, and
-6, which we expect for high-quality graphene devices (39). The
observations here therefore let us conclude that our LEE technique
essentially does not degrade the quality of the graphene.
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Fig. 4. Transport characteristics of hBN-encapsulated LEE-graphene. (A) Lon-
gitudinal resistivity as a function of back-gate voltage at 2K (the CNP is at 1.5 V).
The left inset shows an optical micrograph of the device with a wiring schematic
for current and voltage measurements. Scale bar, 5 um. (B) Density dependence of
the longitudinal conductivity on a log scale at 2 K. The value of n* extracted from
our graphene device is ~10' cm™2. (C) Electron mobility as a function of carrier
density at 2K (red line) and 300K (blue line). The mobility is approximately
20,000 ecm?" 57! at 300K. (D) Map of the longitudinal resistivity as a function of
the applied magnetic field and carrier density at 2 K. The well-developed Landau
levels indicate that the graphene device is of high quality (black dashed lines indi-
cate filling factors of —1, =2, —4, and —6).

Conclusions

In summary, the LEE approach demonstrated here provides extraor-
dinarily large-size and high-density graphene from natural graph-
ite. In particular, by using different metal depositions that simply
control the spalling depth, layer-engineered graphene can be ob-
tained on a large scale. Unlike the standard exfoliation method that
only allows a single peeling process, large-area graphene has been
obtained several times from the same graphite flake by repeating the
deposition and tearing process of the metal film (see Materials and
Methods for the detailed repeated exfoliation process; fig. S12). More-
over, we applied the LEE approach to hBN, confirming that the
number of layers of exfoliated hBN was also controlled by the selec-
tion of stressor films (fig. S13). We believe our results demonstrate
that layer-engineered graphene can be exfoliated in a large area,
paving the way for the development of a manufacturing-scale pro-
cess for future applications based on 2D heterostructure.

MATERIALS AND METHODS

LEE process

First, bulk natural graphite (NGS Trading & Consulting, Gra-bluck)
were stuck and cleaved on adhesive blue tape (ELP BT-150E-KL).
Subsequently, the selected metal thin films were deposited on the
graphite crystals by using an E-beam evaporation system. To avoid
physical damage of graphene, we reduced the deposition rate to as
low as 0.1 A/s for 5 nm. The internal stress of metal film (Gmetal) is
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estimated by using the Stoney formula, and the equation is given

Y. £ .
bY Gmetal = é(% - Ri0> a _Svs)t, where R is the measured curvature of

metal, Ry is the measured curvature of the substrate wafer, Y is the
Young’s modulus of the substrate, v; is the Poisson’s ratio of the
substrate, t; is the thickness of the substrate, and ¢ is the thickness of
metal (16). The measured stress levels of each metal (Au, Pd, Ni, and
Co) ranged from 300 to 450 MPa. Then, PMMA was spin-coated at
1500 rpm for 1 min. One hundred-micrometer-thick TRT (Revalpha
3196, Nitto Denko, TRT) is attached to the top of PMMA/metal/
graphite as a handling layer. At this time, the PMMA layer is used to
enhance conformal contact between the thin metal film and TRT.
By applying gentle force, TRT/PMMA/metal/graphene was delam-
inated from bulk graphite and transferred onto 300-nm SiO,/Si
substrates. The TRT lost its adhesion at 110°C. PMMA and metal
film is completely removed by dipping it into acetone and appropri-
ate metal etchant (Au etchant: product no. 651818, Sigma-Aldrich;
Pd, Ni, and Co etchant: product no. 034256, Transene). To clean up the
residues of the meal etchant on the graphene, we soaked the LEE-
graphene in a flowing deionized water bath over 20 min (fig. S14).

hBN encapsulation and device fabrication

To measure the intrinsic properties of LEE-graphene, hBN-encapsulated
graphene samples were prepared. Monolayer graphene was exfoliated
by our LEE method as described above, and hBN flakes were ob-
tained by the standard exfoliation method. We selected flat and
clean hBN flakes. To pick up and drop our samples, we used the
polydimethylsiloxane (PDMS)/poly(propylene) carbonate (PPC) tem-
plate described in (40). First, the PDMS/PPC template was put in contact
with the top hBN flake on 300-nm SiO,/Si and lifted up at 60°C. Sub-
sequently, we attached the PDMS/PPC/hBN to LEE-graphene and raised
the substrate temperature to above 130°C to improve the adhesion
between graphene and hBN. After a few minutes, only the PDMS
was lifted, and the top hBN remained on the LEE-graphene. In the
same manner, after that, we picked up the top hBN/graphene at 60°C
and dropped it onto the bottom hBN at 130°C using the PDMS/
PPC template, assembling an hBN-encapsulated graphene structure.
The Hall bar structure was patterned by standard e-beam lithography
(width: 2.0 pm; length: 3.0 um). Reactive ion etching in SF¢/Ar plasma
[40 standard cubic centimeters per minute (sccm)/40 sccm, 100 W,
1 min] was applied to expose the graphene edge (33). Subsequently,
Cr/Au metal films (5 nm/45 nm) were deposited by thermal evapora-
tion and lifted off in acetone, resulting in a 1D-edge metal contact.

Calculation of the density and area of exfoliated

monolayer graphene

To calculate the size and density of exfoliated monolayer graphene
on 300-nm SiO,/Si substrates, we used the open-source image pro-
cessing program Image] (https://imagej.net) (41). After obtaining OM
images of arbitrary regions (1 mm by 1 mm) where graphene flakes
were exfoliated, whole pixels of images were extracted. Subsequently,
the contrast value (C) of each pixel was calculated by the following
equation: C= (Cr + Cg + Cp)/3, where Cy, Cg, and Cp are the R, G, and
B values per pixel in the color image, respectively. Using the above
equation, we obtained the optical contrast of monolayer graphene
(Cyp) and the substrate (Cs) from the optical image in fig. S5. The
contrast difference (Cp; same as Cs — Cy) between monolayer
graphene and the 300-nm SiO,/Si substrate was calculated to be
—4.7 (fig. S5D). Then, regions with the same Cp values were selected
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from the original image, and the number of selected pixels was cal-
culated (fig. S5, A to C). The density of monolayer graphene was cal-
culated by dividing the number of pixels of the selected monolayer
graphene by the total number of pixels. The area was calculated by
selecting individual graphene domains in the form of a simple closed
curve selected by the Image] program (fig. S5E).

Repeated exfoliation process

Unlike the typical exfoliation method in which only a single peeling
process is feasible, large-area monolayers have been obtained several
times from the same graphite flake by repeating the deposition and
tearing process of the Au film. Three repeated exfoliations were car-
ried out for the same domain, and each process result is shown in
fig. S12. Monolayer graphene with a lateral size of ~300 um was ob-
tained during the first, second, and third repeated exfoliations. The
area of the obtained monolayer was calculated to be ~80,000 um? for
the first graphene monolayer. For the same flake position, the areas
of the second and third graphene monolayers were ~74,000 and
~78,000 um?. The quality of the repeatedly exfoliated monolayer
graphene was confirmed by Raman analysis. The intensity ratios of
the 2D peak and G peak, Ip/Ig, of the first, second, and third exfo-
liated graphene were approximately 1.9, 2.0, and 2.1, respectively. In
addition, no D peak was observed in each spectrum, indicating that
the physical and chemical defect levels of the monolayer graphene
are low and that the crystallinity is high.

Characterization

Surface morphology and thickness analysis was conducted by OM
(Nikkon) and NX10 AFM (Park Systems Corp.) under tapping mode
at a slow scanning rate (~0.3 Hz). Raman measurements were per-
formed using a WITec Raman system [excitation wavelength of
2.33 eV (532 nm)] with a piezo stage, which was used to obtain large-
area mapping data. The laser power was less than 1 mW to avoid
laser-induced heating of the 2D materials. The Si peak at 520 cm ™"
was used as a reference for wave number calibration. All the peaks
of the acquired Raman spectra were fitted by Lorentzian. XPS anal-
ysis was performed to characterize the surface chemical state of
graphene. It was carried out using an ESCA2000 spectrometer with
monochromatic Al Ko radiation (1468.6 eV). The peak energies
were calibrated using the C 1s peak at 284.6 eV.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabc6601/DC1
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