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Abstract- Mechanical exfoliation from bulk layered crystal is widely used for preparing two-
dimensional (2D) layered materials, which involves not only out-of-plane interlayer cleavage but
also in-plane fracture. Through a statistical analysis on the exfoliated 2D flakes, we reveal the in-
plane cleavage behaviors of 6 representative layered materials, including graphene, 4-BN, 2H
phase MoS, 1T phase PtS,, FePS3 and black phosphorous. In addition to the well-known interlayer
cleavage, these 2D layered materials show distinctive tendency to fracture along certain in-plane
crystallography orientations. With theoretical modeling and analysis, these distinct in-plane

cleavage behaviors can be understood as a result of the competition between the release of the



elasticity energy and the increase of the surface energy during the fracture process. More

importantly, these in-plane cleavage behaviors provide a fast and non-invasive method using

optical microscopy to identify the lattice direction of mechanical exfoliated 2D layered materials.
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Layered materials usually have weak van der Waals out-of-plane interaction and strongly
covalent in-plane bonds. This characteristic allows layered materials to be mechanically exfoliated
into two-dimensional (2D) atomically thin layers, which have attracted intensive researches in
recent years because of their unique physical properties.!® With mechanical exfoliation, the out-
of-plane cleavage reduces the thickness of layered materials down to single- or few-atoms limit,
while the in-plane fracture defines the edge profile, which significantly affects physical and
catalytic properties of 2D layered materials.”!” In addition to the interlayer interactions of these
2D layered materials, their in-plane mechanical properties, such as Young’s modules, fracture

18-23 are also of great of interest. These

strengths as well as their in-plane fracture behaviors,
fundamental studies are important for understanding the performance and reliability of flexible
devices and nanoscale resonators based on these 2D layered materials. ?*3° However, there have
been few systematic studies elaborating the in-plane fracture behaviors of the 2D layered materials,

including graphene, #-BN, transition metal dichalcogenides (TMDCs), black phosphorous (BP)

and ternary 2D materials, such as FePSs.

Recent studies have shown that the physical properties of 2D materials are highly in-plane
anisotropic, such as piezoelectric effect, charge carrier mobility, vibrational modes, optical
properties, mechanical properties, and strain induced band-structure modulations. 3!+’ Identifying
the crystallography orientations of 2D materials is essential for studying the anisotropic properties.
There have been a few methods for the crystallography orientations identification of 2D materials,
such as transmission electron microscopy (TEM),* second harmonic generation (SHG),* 46

37.43.47 However, these methods require

polarized infrared absorption, ** and Raman spectrum.
costly facilities, time-consuming process, and the long-time electron or photo beam irradiation that

possibly induces damages to the materials. Therefore, it is imperative to develop a fast and non-



invasive method for identifying crystallography orientations of 2D layered materials. Optical
microscopy has already been adopted for fast identification of the layer number, the grain

boundaries and point defects of 2D materials. 42

In this work, we conduct a statistical analysis to reveal the in-plane fracture behaviors of six
types of representative 2D layered materials (graphene, 2-BN, 2H MoS;, 1T PtS,, FePS; and BP).
These 2D layered materials show distinct tendency to cleave along specific preferred
crystallography orientations. A theoretical model is built to reveal the kinetics of the in-plane
cleavage behaviors of the 2D layered materials. Based on our understanding of in-plane cleavage
behaviors, we present a fast and non-invasive method to identify the lattice direction of the 2D

layered materials through optical microscopy.
Results and discussions

Distinctive cleavage behaviors of 2D materials. Layered materials were exfoliated onto the
Si1/S10; substrate using the mechanical exfoliation method. Figure 1a and 1b show representative
optical images of the cleaved graphene and 4-BN flakes,>® respectively. The edges of the exfoliated
flakes resulted from the in-plane fracture during the mechanical exfoliation, providing possible
clues for analyzing the in-plane fracture behaviors of the layered materials. The exfoliated 2D
flakes show straight regular edges (labelled with black line) and curved irregular edges (labeled
with white dot line). For each exfoliated flake, the angles between two straight edges (called as
“edge angle” in this work) are measured and counted. A total of 376 edge angles were counted
from 150 graphene flakes, and the statistical distributions is shown in Figure 1c. The edge angles
of graphene exhibit moderate tendency to form 0°, 30°, 60° and 90°. Exfoliated #-BN flakes share
similar statistical edge angle distribution to that of graphene, as shown in Figure 1d. The tight edge

angle distribution indicates that the graphene and #-BN tend to fractures along certain in-plane
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crystallographic orientations. As shown in Figure le and 1f, graphene and /#-BN are layered
materials with AB stacked hexagonal atomic layers. <1010> and <1120> are the two low-index
crystallographic orientation families, along which the fracture process results in armchair and
zigzag edges, respectively. The angle between a zigzag edge and another zigzag edge of a graphene
or h-BN flake is 0° or 60°, the angle between an armchair edge and another armchair edge of a
graphene or /#-BN flake is also 0° or 60°, and the angle between a zigzag edge and an armchair
edge of a flake is 30° or 90°. The relatively abundance of the edge angles at 0°, 30°, 60° and 90°
indicates that graphene and 4-BN flakes tend to fracture along both <1010> and <1120>
orientations, forming zigzag-zigzag, armchair-armchair, and zigzag-armchair edge angles. To
validate this conclusion, we transfer mechanically exfoliated graphene and 4#-BN flakes to a TEM
grid for crystallographic orientation identification. Figure 1g and 1h shows the TEM images and
the selected area electron diffraction (SAED) patterns (inset) of the graphene and /#-BN flakes,
respectively. We can determine the crystallography orientation of the edge of the flake by
comparing the TEM micrographs with the corresponding SAED patterns. The straight edges
forming the angle of 90° or 30° are identified to be along the <1120> (zigzag edge) and <1010>
(armchair edge) respectively, as shown in Figure 1g (graphene) and 1h (4-BN). These results
confirm that graphene and A#-BN do tend to fracture along both the <1010> and <1120>
orientations, in good agreement with the inference from the statistical distribution of the edge

angles observed from optical images.

The layered materials of 2H MoS», 1T PtS; and FePS3 have hexagonal in-plane structure. Their
out-of-plane stacking orders are “AB”, “AA” and “ABC” stacking, respectively. °>* 3 Figure 2a,
2b and 2¢ show the representative optical images of 2H MoS,, 1T PtS, and FePS; flakes exfoliated

onto the Si/SiO» substrate, respectively. Figure 2d, 2e and 2f show the angle distribution of the



straight edges of the same 2H MoS», 1T PtS, and FePSs. Although 2H MoS», 1T PtS, and FePS;
shares similar in-plane hexagonal structure to that of graphene and /#-BN, their edge angles are
predominantly around 0° and 60° instead of 0°, 30°, 60° and 90°. Using a similar analysis as above,
this distinctive edge angle distribution suggests that 2H MoS», 1T PtS; and FePS3 tend to form
only armchair-armchair edge angles or zigzag-zigzag edge angles, rather than armchair-zigzag
edge angles. To identify the crystallography orientations of the edges, we transfer the exfoliated
2H MoS», 1T PtS, and FePS; flakes onto a TEM grid for further identification, as shown in Figure
2g, 2h and 2i, respectively. By correlating the TEM image of the flakes and the corresponding
SAED patterns, we can identify the crystallography orientations of 2H MoS,, 1T PtS; and FePS3
flakes that form the edge angle of 60°. For the 2H MoS; and 1T PtS», the edges forming the angle
of 60° are along the <1120> orientation; for FePSs, where the three-fold rotation symmetry of
ABC stacking is broken,’® the edges forming the angle of 60° are along <100> and <110>

orientations.

BP is one kind of orthorhombic layered materials with highly anisotropy properties such as
Raman scattering, infrared absorption and electrical conductivity.!®> 3> 3% 40 BP flakes were
exfoliated onto the Si/SiO, substrate, as shown in Figure 3a. In the same manner, we collected
statistics of the edge angles of the exfoliated BP flakes. As shown in Figure 3b, the distribution of
the edge angles of BP does not exhibit strong tendency as that of TMDCs. However, we notice
that there are a few elongated BP flakes with two parallel edges, which form the angle of about 0°,
as shown in the inset (and more in Figure S1). The three low-index crystallography orientations of
BP, <100>, <010> and <110>, are schematically described in Figure 3c. These few elongated
flakes with parallel edges are possibly due to the weak tendency that BP fracture along one certain

orientation. To distinguish the orientation of the edges, we conducted angle-resolved polarized



Raman spectrum measurement on 9 elongated flakes with parallel edges. For 6 of the measured
elongated BP flakes, the parallel edges are along the <100> orientation. When the polarization

direction of the stimulating laser is parallel with the edge, the peak ratio of Alg/Azg reaches a

minimum; when the polarization direction of the simulating laser is perpendicular to the edges,

A1g /Aé reaches a maximum, as shown in Figure 3d. This feature demonstrates that BP do have a

weak tendency to fracture along the <100> orientation, resulting in the few more edge angles
concentrating around 0°, which is in good consistent with the previous study that it is easier to

fracture BP flakes along the <100> orientation.’

Cleavage is the tendency that crystalline materials split along definite orientations with
atomically smooth fracture surfaces. With the statistical results of the edge angle distributions and
the experimental characterizations show0-n above, we have revealed that layered materials tend to
cleave along certain in-plane crystallography orientations. In addition to the edge angle
distributions, we also collected statistical distribution of the length of the straight edges (as marked
with the black solid lines in the optical images, see Figure la, 1b, 2a, 2b, 2¢, 3a) and of the curved
edges (as marked with the white dotted lines in the images, see Figure la, 1b, 2a, 2b, 2c, 3a), as
shown in Figure 4. The length distributions are different for each layered material. Basically, the
trend is in accordance with the spread of the angle distributions. The tighter the edge angle
distributions are (see Figure lc, 1d, 2d, 2e, 2f, 3b), the larger the length proportion of the straight
edges is (see Figure 4), which indicates the tendency of in-plane cleavage is more strong. As
summarized in Table I, BP shows relatively weak tendency to cleave along the orientation of
<100>, graphene and 4-BN shows moderate tendency to cleave along the orientation of <1010>

and <1120>; 2H phase MoS, shows strong tendency to cleave along the orientation of <1120>;



FePS; shows stronger tendency to cleave along the orientation of <100> and <110>; and 1T phase

PtS; shows the strongest tendency to cleave along the orientation of <1120>.

Theoretical modeling. The distinctive in-plane fracture behaviors of 2D materials can be
understood through an analysis of the change of the overall system energy during the fracture
process. The change in overall system energy is determined by the competition between the
reduction of elastic energy (A U) and the increase of the surface energy (AE). For the elastic energy,
when in-plane strain is applied to an intact 2D materials flake with the thickness of 7 and the area

of S, the elastic energy (Up) stored in the flake can be described according to Equation (1)

2
Up =7 (1)

2E

where E is the Young’s modulus, o is the stress raised by the strain. Figure 5a shows a fracturing
flake in the presence of a crack. The crack results in a redistribution of the stress around the crack.
The stress aside the crack is released, and the stress is concentrated around the tip of the crack. As

aresult, the overall elastic energy U is decreased by AU, which can be calculated by the integration,
U= [ dxdy = Uy — AU @)
2E y 0

where oy, 1s the stress distribution as a function of position. According to Griffith’s theory, the
decrease of elastic energy AU motivates the propagation of the crack.’” On the other hand, the
crack propagation is prevented by the increased surface energy AE. The crack introduces extra

fractured surfaces at the edge, raising the total energy by

AE = 2tly 3)



where y is the surface energy per area, / is the length of the crack, and 2¢/ is the area of the newly

created surface.

The decrease of elastic energy (AU) and the increase of surface energy (AE) are both dependent
on the direction of the crack. We define 0 as the angle between the crack direction and that
perpendicular to the stress. For example, Figure 5a shows the simulated stress distribution of an
in-plane stressed 10 um x 10 pm x 0.1 pm flake with the crack of @ =15° using finite element
model. The total elastic energy is integrated according to equation (2). To obtain AU(8), we
simulated the stress distribution and elastic energy U(8) of stressed flakes with the crack along
6=0, 5°, 10°...80°, and an intact flake (see Figure S2). As labelled by black solid squares in Figure

5b, AU(8) is well fitted with
AU(0) = atcos?01%c?/E 4)

The simulated coefficient a is 1.41, which is close to Griffith’s estimation of a=n/2 (see Figure

S3). When 6 is small, we have
AU(8) = at(1 — 0%)1%c?/E (5)

The energy release AU (8) reaches maximum when =0 and the crack propagates perpendicular to
the direction of the tension direction. On the other hand, the surface energy AE(6) can be

expressed as a Taylor’s series according to Equation (6),
_ ’ ]/II ‘ylll .
AE(0) = 2tl[y(@) +V'(0 —a) + (6 —a)? + T (6 — @)® +] (6)

where o is the angle along which the cracked interface energy per area y has a minimum (see Figure
5a), y' is the first derivative versus 6, and y"' is the second derivative versus 6, etc. As y reaches

minimum at 6=a, we have y’ = 0. Neglecting higher order terms, we have



AE(6) = 2tl[y(a) +57"(6 — a)?] (7)

Thus, the overall decrease of the energy obtained with equation (5) and (7)

2 .2 o
lEJ + )/”l) 0% + 2y"ald — 2ly(a) — ly"a* + alEG 1 ®

a

AU(6) — AE(9) = t[— (

is a binomial expression of 8. Suppose the crack propagates along the direction that reaches the
maximum energy decrease AU(8,a) —AE(6,a), we have 6 =y a/(alc?/E +y") . The
parameter y'’, which is related to the anisotropy of the materials, is the key factor that determines
the fracture behavior. As Figure Sc shows, when y"’ is relatively small compared with alo?/E, we
have 8 approaching 0. The crack tends to propagate in a direction that is perpendicular to the
tension direction so that the elastic energy releases at the fastest rate, and the fractured edges are
less dependent on the crystallography orientation. When y"' is relatively large, 6 is approaching «,
the crack tend to propagates along the crystallography orientations with the minimum surface
energy, leaving cleaved edges with distinct edge angle distributions. The increasing tendency of
fracture along the certain orientations of the above layered materials (i.e. <100> of BP; <1010>
and <1120> of graphene and #-BN; <1120> of 2H MoS»; <100> and <110> of FePSs; and <1120>
of 1T PtS,) reveals the competition between the released elastic energy and the increase of surface

energy, or specifically, the relationship between ¥y’ and ala?/E of different layered materials.

Identification of crystallography orientations. The in-plane cleavage behavior along certain
crystallography orientations offers a hint for fast crystallography orientations identification. Here
we demonstrate that the crystallography orientations of the mechanically exfoliated 2D flakes can
be identified by simply observing the morphology of the flakes using optical microscopy. Taking
MoS; for example, the results presented above have shown that the MoS; flakes tend to cleave

along the orientation of <1120>. Figure 6a shows a mechanically exfoliated monolayer MoS,.
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The presence of two straight edges forming the angle of 60° enables us to identify the lattice
direction rapidly. The zigzag (<1120>) orientations of the monolayer MoS; flake are parallel to
the edges (marked with red arrows), and the armchair (<1010>) orientations are perpendicular to
the edges (marked with blue arrows). We corroborated the validity of the judgement with the
commonly used SHG method.*> % Figure 6b is the angle resolved SHG result of the same piece of
MoS:; flake in Figure 6a. These two methods identify lattice directions with good consistency, and
the mismatch are less than 1° (~0.9°). Thus, we have provided a fast and non-invasive method for
identifying the crystallography lattice direction of MoS», which can be used for further studies
relating to the anisotropy properties and edge states. Our molecular dynamics simulation shows
that the cleaved zigzag edges of MoS: are atomically smooth, while the edges along other
directions are disordered with more dangling bonds, which increase the surface energy (Figure S4
and Movies SI-IV). It is noteworthy that not all the exfoliated MoS, flakes have straight edges
with 60° angles. However, one can easily find those exfoliated MoS; flakes with more than a few
straight edges, where the lattice directions can be perfectly identified with high precision and

reliability (Figure S5).

We compare the pros and cons of this edge identification method with other methods commonly
used for lattice direction identification. SHG method can be used for few layered MoS: only with
odd layer numbers due to the requirement of symmetry, while this method by optical microscopy
can be used for MoS; flakes without the limitation of layer number. SHG, infrared absorption,
polarized Raman spectrum method and TEM requires costly facilities and time-consuming process,
while identifying the edge orientations with optical microscopy images is easy and efficient. TEM
induces damages to the sample with electron beam irradiation, while identifying the edge

orientations with optical microscopy images is non-invasive to the sample. However, it should be
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noted that this edge identification method is only applicable to layered 2D materials with a strong
tendency to cleave along certain directions, such as 2H MoS», 1T PtS; and other analogous TMDC:s,
but not applicable to graphene and /#-BN, whose in-plane cleavage happens both zigzag and
armchair directions. In the above work of BP with polarized Raman spectrum measurement, we
have demonstrated that BP flakes with elongated morphology tend to have lattice direction with
<100> orientation parallel to the straight edges, but the reliability of this orientation identification

still remains an open question because of its very weak tendency of in-plane cleavage.
Conclusion

In summary, we reveal the distinctive in-plane cleavage behaviors, including various preferred
crystallography orientations tendencies of 6 presentative layered materials. Besides the Van der
Waals’ out-of-plane cleavage, we find that graphene and #-BN shows moderate tendency to cleave
along the orientation of <1010> and <1120>; 2H phase MoS and 1T phase PtS; shows strong
tendency to cleave along the orientation of <1120>; FePS3 shows strong tendency to cleave along
the orientation of <010> and <110>; and BP shows very weak tendency to cleave along the
orientation of <100>. From the view of the system energy, these distinct in-plane cleavage
behaviors are understood as the result of the competitions between the release of the elastic energy
and increase of the surface energy of different layered materials. Based on this study, we
demonstrate a fast and noninvasive method to identify the lattice direction of mechanical exfoliated
layered materials flakes, which helps further studies on the rich anisotropy properties of layered

materials.
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Method:

Statistic of the characteristics of edges: graphene, h-BN, 2H MoS,, 1T PtS,, FePS; and BP flakes
were exfoliated onto 300 nm SiO2/Si substrates from bulk crystal by a commonly-used mechanical
cleavage method. A piece of bulk crystal was separated by two sticky tapes (Nitto Tape) for a few
times. The 2D materials with fresh surfaces were then attached onto the SiO; surface. After peeling
off the tape, a number of 2D materials flakes were left onto the surface of SiO> substrate. The
optical images of the 2D materials flakes were recorded by an optical microscope (LEICA
DM1750M). Statistical analysis was made on the characteristics of the edges of these exfoliated
flakes, including the total length of curved edges and straight edges, and the angle distributions of

these straight edges.

Transition electron microscopy (TEM): The 2D materials flakes were firstly mechanically
exfoliated onto Si/SiO; substrate. A TEM grid was put onto the surface of 2D flakes. KOH solution
was then dropped onto the micro grids. The micro grids were separated from the substrate after a
while. 2D materials flakes were attached onto the TEM grid. The micro grids were loaded into the

TEM (JEOL JEM-2100F). Morphology images and the diffraction patterns of flakes were captured.

Polarized Raman spectroscopy: a 488 nm laser was used to excite Raman spectrum. A quarter-
wave plate was used to modulate the polarization direction of exciting laser. The intensity of the

Raman signal was recorded as the polarization direction of the exciting laser changes.

Second harmonic generation (SHG): a mode-locked Ti: sapphire laser at a wavelength of 810 nm
with a pulse width of ~140 fs and a repetition rate of 80 MHz was used as excitation source. The
laser pulse was focused to a spot size of ~1.1 um on the sample by a 100x objective lens. The laser

power irradiated on sample was 0.7mW. The intensity of the parallel second harmonic generation
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signal was recorded by spectrometer equipped with a cooled charge-coupled device as the

polarization direction of the exciting laser changes.

Molecular Dynamics simulations: Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)’® package is used to conduct to Molecular Dynamics simulation. A 2H phase MoS;
sheet with the size of about 40 nm x 40 nm is constructed, with the interactions between Mo and
S atoms described by the Stillinger—Weber potential.®® In order to simulate the dependence of the
in-plane cleavage behaviors of MoS:; on the crystallographic orientations, periodic boundary
condition is applied on the AC direction for AC orientated case and ZZ direction for ZZ orientated
case, respectively. In each case, a 2 nm long crack is first initiated on the edge of the sheet and
then the sample is relaxed to its equilibrium state of almost zero stress. After the relaxation, a
uniaxial tension is applied on the sheet in AC and ZZ directions, respectively, at a constant strain
rate of 10® s'. All simulations are performed within NPT ensemble (constant number of atoms,
constant pressure P=0 bar in the non-periodic directions and constant temperature T=10 K) and a

constant time step of 1 fs. OVITO is used for visualization.*
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Table I. Summary of distinct in-plane cleavage behaviors of six layered materials.

Graphene h-BN 2H-MoS> 1T-PtS> FePS; BP
element unitary binary binary binary ternary unitary
in-plane | hexagonal | hexagonal | hexagonal | hexagonal hexagonal | orthorhombic
structure
staking AB AB AB AA ABC AA

order
preferred | <1010> <1010> | <1120> <1120> <100> <100>
orientation | <1120> <1120> <110>
tendency | moderate | moderate strong strongest stronger weak
(relative)

16




17.0 ym

17.1 un-f“-».,_

total count: 376

Figure 1. Optical microscope images of exfoliated graphene (a) and #-BN (b) flakes. Edge angle
distributions of graphene (c) and 4#-BN (d) flakes. In-plane atomic structure of graphene (e) and 4-
BN (f) flakes. TEM morphology images and diffraction patterns of a graphene (g) and an #-BN (h)

flake.
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Figure 2. Optical microscope images of exfoliated 2H-MoS; (a), 1 T-PtS; (b) and FePS3 (c) flakes.
Edge angle distributions of 2H-MoS: (d), 1T-PtS; (e) and FePSs (f) flakes. TEM morphology

images, diffraction patterns and in-plane structures of a 2H-MoS; (g), an 1T-PtS; (h) and an FePS;
(1) flake.
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Figure 3. (a) Optical microscope images of exfoliated BP flakes. (b) Edge angle distributions of
the BP flakes. (c) In-plane atomic structure of the BP flakes. (d) Raman spectrum of the BP flakes.
The insert is the Raman polarization of the BP flakes. 0° corresponds to that the polarization

direction of the exciting laser that is along the direction of the edge.
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Figure S. (a) Simulated stress distribution of a flake with a crack of 6=15°. @ is the angle between
the crack direction and the stress-perpendicular direction. « is the angle along which the cracked
interface energy per area y has a minimum. The scale bar is 1 pm. (b) Simulated released elastic
energy AU, which is well fitted with AU(8) = atcos?01?62/E and AU(8) = at(1 — 6%)I%6%/E
when 6 is small. (c) The relationship of y"" and 2alc?/E, resulting in distinct in-plane cleavage

behavior of different layered materials.

21



(a) edge identification

armchair
% zigzag

(b) SHG method

15000 7

armchair
15000 -

5000 -
0
5000 |

0 ~— - zigzag

Intensity (a.u.)

10000 -
15000

Figure 6. (a) Identifying the lattice direction of the MoS; flake via recognizing the cleaved edge
with angle of 60°. The white scale bar is 2 um. (b) Identifying the lattice direction of the same
MoS; flake in (a) with SHG method. The mismatch of the orientations of these two method is 0.9°.
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