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Fig. 1. (a) Optical image of one graphene flake

prepared by standardmechanical exfoliation method;

(b) AFM image of one monolayer graphene flake [3],
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Fig. 2. (a) SEM image of graphene on Cu foil sub-
strate; (b) high-resolution SEM image 91,
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Fig. 3. Tllustration of the modified exfoliation process for layered crystals (shown here for graphene) [0: (a) Optical

image of the SiO2/Si substrate and adhesive tape with graphite flakes, which adhere after contact with a HOPG

crystal; (b) oxygen plasma cleaning of the SiO2/Si substrate; (c) contact between the graphite decorated tape and

the substrate surface, followed by heating of the substrate (with tape) on a hot plate in air at ~ 100 °C for 2 min;

(d) removal of the substrate from the hot plate and peeling off of the tape; (e) optical image of the substrate after

graphene exfoliation; (f) optical micrograph of one of the graphene flakes on the substrate in (e), and the flake has

a thickness varying in steps between 1-4 layers.
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Fig. 4. (a), (b) Optical microscopy images of typical monolayer to trilayer graphene prepared by traditional me-

chanical exfoliation method, including a solvent wash and Oz plasma cleaning of the substrate followed by graphene

transfer; (c) optical microscopy images of millimeter size graphene flake prepared by new mechanical exfoliation

technique, with O2 plasma clean of the SiO2/Si surface, followed by contact with graphite-loaded tape, annealing to

100 °C, cooling to room temperature and peel-off; (d) total area of exfoliated graphene on 8 different samples; sam-

ples No. 1-4 were prepared by the standard exfoliation process; samples No. 5-8 were prepared by new mechanical

exfoliation technique here; the size of all substrates was 2 cm x 2 cm 401
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Fig. 5. Characterization of graphene flakes (401, (a) Optical micrograph of a graphene flake prepared on 100 nm
SiO2/Si substrate; (b) AFM image of part of the flake in (a); (c) height profile of the graphene edge in (b); the
measured thickness of the monolayer flake above the Si substrate is ~0.48 nm; (d) Raman spectroscopy of graphene
flakes with thickness between 1-4 layers; the G peak is at 1587 cm ™! for all the flakes; the 2D peak is at 2675 cm ™!

for monolayer graphene, and at 2690 cm ™! for 2-4 layer graphene.
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Fig. 6. Key steps of the modified exfoliation method for two-dimensional materials 1407, (a) Oxygen plasma cleaning

removes adsorbates from the SiO2/Si substrate; (b) annealing of the substrate in contact with graphite on adhesive

tape, and the increase in temperature builds pressure at the graphite-support interface, which is released by the

escape of gas; (c) cooling to room temperature and a now tightened boundary result in a reduction of the pressure

at the interface, and the resulting pressure difference causes a small and uniform graphite-support spacing, which

in turn enhances the van der Waals interaction at the interface.
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BSCCO &% 401; (), (d) L5 BB 73241 % F P AR BSCCO # A (1622 E 1%

Fig. 7. Optical images of BSCCO flakes prepared by traditional mechanical exfoliation method and new mechanical

exfoliation technique introduced here: (a), (b) Images of typical monolayer to trilayer BSCCO prepared by routine

method (acetone wash, Oz plasma cleaning, and transfer) (407, (c), (d) optical images of two BSCCO flakes prepared

by the modified method (O2 plasma cleaning of the SiO2/Si surface, contact between BSCCO and substrate, heating
of the substrate with BSCCO attached, and peel-off/exfoliation).

77 THI 39 A 58 M Si04 21T 2 (8] 1 ¥ 42 B H- 7 -
HESTE 22, B0 B fid T AR AN 92> 8 R B i R S
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HSRAF 22K B G e A B BROBUZ R i (W 7 ),
T 7E 2005 4E, H1 Novoselov 25 501 ¥ YRR IE 1) 88 1
BSCCO # v KU LK.

1000 pm

K8 i UM BT VA 4 K 22K B WSea Al MoS2

() MoS, 625 B B A
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AT A 2k p D A R K T AR A SR A A1 BSCCO
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WSey 1 MoS, 55 % F 2 IR TMDs, JF D15 2] 1
ZAREH LR RFE (K8), TR
A6 ARPES Al STM 4575 THi IR 7o $ it 1 8.
AT B b3 35 A FGAth VR A 41 T 3 5 AL At 3
THREPAF KRG DAL 2 B TR i, PR A
WU BB AR IRAL T [ PR s s

MoSs,

000 pm

(a) MoSa il WSes Y6248 Fr; (b) WSeq Jt2% Bl BE & F;

Fig. 8. Millimeter-scale WSes and MoSs prepared by a modified mechanical exfoliation method: (a) Optical images

of WSe2 and MoSa; (b) optical microscopy images of WSesz; (c) optical microscopy images of MoSa.
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Fig. 9. Optical microscopy image of a graphene bubble and the oscillation of the G band on a graphene bubble:
(a) Optical microscopy image of a graphene bubble (size 20 pm) on a 100 nm SiO2/Si substrate showing Newton
rings; (b) Raman map of the G band position of a bilayer grapheme bubble; (c) schematic of a standing wave

showing intensity maxima; the radial positions with minimum amplitude are denoted as A, B, C, and D, which

correspond to the bright rings in (b)) [42].
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Fig. 10. Different morphologies of graphene wrinkles:
(a) Applying a single horizontal shear stress to obtain wrin-
kles of parallel structures; (b) applying isotropic stress to

obtain wrinkles of the network structure.
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Abstract

Since the discovery of graphene, mechanical exfoliation technology has become one of the important methods of
preparing high-quality two-dimensional (2D) materials. This technology shows some unique advantages in the study
of the intrinsic properties of 2D materials. However, traditional mechanical exfoliation method also has some obvious
deficiencies, such as low yield ratio and small size of the resulting single- or few-layer flakes, which hinders the research
progress in the field of 2D materials. In recent years, we made a series of breakthroughs in mechanical exfoliation
technology, and independently developed a new type of mechanical exfoliation method with universality. The core of
this new method is to enhance the van der Waals interaction between the layered material and the substrate by changing
multiple parameters in the exfoliation process, thereby increasing the yield ratio and area of the monolayer. Taking
graphene for example, we can now increase the size of graphene from micron to millimeter, increase over 100000 times in
area, and yield ratio more than 95%, in the meantime graphene still maintains very high quality. This new mechanical
exfoliation method shows great universality, and high-quality monolayer flake with a size of millimeters or more has been
obtained in dozens of layered material systems including MoSz2, WSe2, MoTesz, and Bi2212. More importantly, some
special structures can be fabricated by optimizing exfoliation parameters, such as bubble and wrinkle structures, which
paves the way for the study of these special material systems. Many scientific problems are still worth exploring in the
mechanical exfoliation technology, and the breakthrough of this technology will greatly promote the research progress in
the field of 2D materials.
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