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Fig. 1. (a) Optical diagram of MoSy; (b) AFM morphology image and cross-section profile of MoS, nanosheet; (¢) Raman spectra of

MoS, nanosheet; (d) SEM image of MoS, transferred onto the interdigitated electrodes.
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Fig. 2. (a) SEM image of W probe and MoS, nanosheets; (b) schematic diagram of the nanoindentation on MoS,/SiOy vdWHs.
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Fig. 3. Typical SEM images of MoS,/SiO, vdWHs nanoindentation processes: (a) W probe indentation to assemble W/MoS,/SiO,
vdWHs, (b) MoS, peeled by W probe from SiO,/Si substrate to form bulge; (¢) MoS, incomplete penetration fracture; (d) MoS,

nanosheet teared along cleavage cracks and completely separated from SiO,/Si substrate.
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Fig. 4. (a), (b) The original atomic structure schematics of MoS,/SiO, and MoS,/W vdWHs; (¢) the binding energy density F-in-
terlayer displacement curves of MoS,/SiO, and MoS,/W vdWHs, the inset is schematic for MoS,/SiO, interface separation induced

by vdW interaction.
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3.3 MoS, RN LIRS DFT Ei&
ST
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KGOy . Hr, 51985 MoS, ##51i
T B PR B R B B b, MoS, #7247 1] | 7K A7
R MK BE 1, I MoS, SHIESEEE b oM 132.5 nm,
PIZHRE 14 333.2 nm. [&] 5(b)—(d) iR, BiE W
PREF IR A, MoS, 9K 7 FI B AR K, 21
B4R 172.6 nm, 225.0 nm 1 272.3 nm, #f
UK BE4Y 2R 599.4 nm, 1065.6 nm 1 1531.7 nm.
I 5(e) 7R, fRBAS MoS, & A R Wi 24 1Y
Il SRS, B 2 5 B R 282.8 nm, # K B
SH 1864.8 nm.

SEM BRI HEIC 3% T MoS, # W 45 41 i 31
7 24 B AR I R MoS, BB B b ORI 2K
LIS R R SO 2 2 K AR &l 5(6) Fiow.
SR P R AR 0 SRS 2] 1% T R4 AR | Ao R
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a‘ 7 E i.
W tip

—a— DFT ¢,

—e DFT &, 32.5 GPa

30 F

10 p

200 nm

K5 (a)—(e) FEMAEWRM SEM R, (f) W RBAUR A (g) MoS, it /3B I DFT L0 i g i A2 it £k , 4 4]
W] DFT i+5 i MoS, J& 45T o Al b &l 77 W) RL A2 5 (h) MoS, 445K J 11 7 3R 2L a0 i 245 19 SEM IR, 47 11 2 1R o e 21

WL FIWT MoS, 24K Fr (4§ 4% 77 1]

Fig. 5. (a)—(e) SEM images of the peeling, tear and fracture processes, (f) the film tear model diagram; (g) the experimental and

DFT simulation stress-strains curve of MoS,, the inset represents basic unit of the atomic structure applied strains with ¢ and b

crystal axis directions. (h) SEM image of MoS, nanosheet after teared along cleavage cracks, the inset is the lattice direction of

MoS, nanosheet is determined by identifying the cleavage edge.

K B R B4 7 0 P E RL A R e e e (26,27
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Hidr, v MoS, 5 Si0, A5G RE% E, ¢ Wil
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Bl 4(c)H, MoS, 5 SiO, 4bF - {7 B i, B2 [A]
MRl 0 A, FHLE A REEE Iy = 0.366 J/m?>.
A (2) G T A4S B 5(a)—(e) P8 3 B
MosS, fiff FR# 2Lt A8 rh | AR 3Z (14 1 1533 R 4.308,
7.825, 14.147, 19.745 1 27.055 GPa, Hi i 5
A5 26 SR B BEAR I S AR . K MoS, [N 1 1
55 2 S T 5(g), BRI P L = IE R,
J T AR MoS, M SLIR Bl 4, i 2%
FE1Z SR ERIS R MoS, BN S AR 2R . R
ALEEY (V3 x 1)MoS, Hilifl, FiksHHCh 0.548 x
0.316 nm, JZE]#EH 0.615 nm, HE%5)2 4 1.5 nm,
AR AT FLUH X SR 6 x 10 x 1 A9 K 25 [8] (9
. IEAE o AN b BT ) A 0.00—0.30 Hifl

RAE, T XU MoS, HR I RIS 5, I K45
FALIF & 5(g) AT AT, 25 R W
JZ MoS, 7E/INWAEE FI A (0.00—0.08) RIS
PE, a, b BN IRIEARTE A, BWRERA A
HEs i SeE, AR R E 2978 245 GPal0,
SR, Bt AR K F) 0.08 J, BUZ MoS, i J12%
PEREFR B 45 ) Sk W o 1) 107 A P8 M Rz AR
g, = 26%, Wil ¥ o, = 32.5 GPa, MMi#T b 77
MR BRI AS e, = 18%, Wids ) o, = 21.7 GPa.
HTREEEEEH, /RS 0.00—0.08 ZR5RPERTB:, DFT
THEA b 7 1) 1 g 07 A48 G ZR 5 S 000 k45 SR B4z
AT, SN Y MoS, HFRA 718 27.1 GPa, KF
DFT P54 b J5 [l it fin g A5 Bof W7 45 B oy =
21.7 GPa, XL EIRE MoS, K AEWEL. 4546 355
FIEFRAEAR TN MoS, B 1.2 nm (& 1(b)), Al it
B 5 & S-Mo fb 22 8T Zigzag Fl Armchair J7
] T 2L I AR5 B 53018 51.17 pN 1 76.64 N,
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Tearing behavior induced by van der Waals force at
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Abstract

Combining with in situ nanomechanical testing system and video module of scanning electron microscope,
the nanoindentation testing is performed to study the peeling-tearing behavior of two-dimensional material van
der Waals heterostructures. After two-dimensional MoS, nanosheets prepared by chemical vapor deposition are
assembled into MoS,/SiO, heterostructures by wet transfer, the nanoindentation is carried out by manipulating
the tungsten probe in the in situ nanomechanical testing system. When the tungsten probe is tightly indenting
into MoS, nanosheets, a new W/MoS,/Si0, heterostructure is assembled. With the tungsten probe retracting,
the adhesive effect makes the two-dimensional MoS, nanosheet peel off from SiO,/Si substrate to form a bulge.
After reaching a certain height, under the van der Waals adhesion interaction, an incomplete penetration
fracture occurs along the arc line contacting the needle. Then cleavage appears and produces two strip cracks
and MoS,/Si0O, interface separation takes place simultaneously, before a large area of MoS, nanosheet is teared.
Based on the density functional theory calculation of interface binding energy density of van der Waals
heterogeneous interface, the interface binding energy density of MoS,/W is verified to be larger than that of
MoS,/Si0,, which explains the adhesion peeling behavior of MoS, induced by van der Waals force between
heterogeneous interfaces, perfectly. By using the peeling height and tearing length of MoS, recorded by video
module, the fracture strength of MoS, is obtained to be 27.055 GPa and stress-strain relation can be achieved
according to the film tearing model. The density functional theory simulation results show that the fracture
strength of MoS, is in a range of 21.7 -32.5 GPa, and the stress-strain relation is consistent with the
experimental result measured based on film tearing model. The present work is expected to play an important
role in measuring the fracture strengths of two-dimensional materials, the assembly, disassembly manipulation
and reliability design of two-dimensional materials and van der Waals heterostructures devices.

Keywords: van der Waals heterostructures, tear, interface binding energy density, facture strength
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