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Vacancy engineering of 2H-transition metal dichalcogenides (2H-TMDs) has recently attracted great
attention due to its potential to fine-tune the phonon and opto-electric properties of these materials.
From a mechanical perspective, this symmetry-breaking process typically reduces the overall crack
resistance of the material and adversely affects its reliability. However, vacancies can trigger the
formation of heterogeneous phases that synergistically improve fracture properties. In this study, using
MoSe, as an example, we characterize the types and density of vacancies that can emerge under
electron irradiation and quantify their effect on fracture. Molecular dynamic (MD) simulations,
employing a re-parameterized Tersoff potential capable of accurately capturing bond dissociation and
structural phase changes, reveal that isolated transition metal monovacancies or chalcogenide
divacancies tend to arrest the crack tip and hence enhance the monolayer toughness. In contrast,
isolated chalcogenide monovacancies do not significantly affect toughness. The investigation further
reveals that selenium vacancy lines, formed by high electron dose rates, alter the crack propagating
direction and lead to multiple crack kinking. Using atomic displacements and virial stresses together
with a continuum mapping, displacement, strain, and stress fields are computed to extract mechanistic
information, e.g., conditions for crack kinking and size effects in fracture events. The study also reveals
the potential of specific defect patterns, “vacancy engineering,” to improve the toughness of 2ZH-TMDs
materials.

Keywords: Transition metal dichalcogenide; Vacancy engineering; Fracture energy; Phase transition; Crack kinking; Size
effect; Atomistic-to-continuum mapping

Introduction
Since their discovery in 1923 [1], transition metal dichalco-
genides (TMDs) have been considered a prime candidate for tran-

- sistors in electronic devices, owing to the presence of a direct
* Corresponding author at: Theoretical and Applied Mechanics Program, Northwestern ’ g p

University, 2145 Sheridan Rd., Evanston, IL 60208, USA. bandgap in their phonon structures [2-3]|. This feature also
E-mail address: Espinosa, H.D. (espinosa@northwestern.edu) enabled engineers to use TMDs as optical emitters and photode-
T Th h i lly. iy . . . .
, ee authors © ontributed equa A N ) tectors [4]. In addition, their use in spintronics and energy har-
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02912, USA vesting is governed by strong coupling, either between their
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spin orbits [5] or between their crystalline structure and electrical
polarization [6]. Even though a variety of TMDs stable phases
have been observed at room temperature, in this study we focus
solely on hexagonal TMDs (2ZH-TMDs). The methodology and
findings, however, could be useful to other types of TMDs. 2H-
TMDs, e.g., MoSe,, possess a hexagonal ring structure, with Mo
and two Se atoms at the lattice points, which preserves a 3-fold
rotation symmetry when the viewpoint is along the c-axis. Intro-
duction of vacancies can occur during multiple processes such as
chemical vapor deposition (CVD) [7], exfoliation - if as-
synthesize samples are in multilayered form [8], and electron
irradiation [9-10], which can break the aforementioned symme-
try and modify the fundamental properties of 2H-TMDs. For
example, Truong et al. [11] showed that inversion-domain grain
boundaries, on an MoSe, monolayer, acted as metallic one-
dimensional chains that narrowed the phonon band gap when
compared to the pristine counterpart. Interestingly, the forma-
tion of this boundary in MoSe, monolayers requires the presence
of chalcogen vacancies [12]. In another example, C. Wei and co-
workers showed that isolated chalcogen vacancies, generated via
in-vacuo annealing, could enhance MoS, and WS, catalytic
activity [13]. Likewise, a theoretical study [14] showed that
vacancies in 2H-TMDs modified the shape of the conduction
and valence band of these materials and hence decreased their
electron mobility.

Beyond electrical, thermal, and catalytic properties, various
opto-electronic responses in the presence of vacancies, were
identified in 2H-TMDs. This opens an opportunity to fine-tune
their properties by precise defect manipulation [15,16]. However,
one aspect that has not been fully addressed is the impact of
vacancies on the mechanical responses of 2H-TMDs. Point, line,
and area vacancies have been shown to cause disruptions in
mechanical fields and local stress concentration, which will
adversely affect the integrity of the monolayers by reducing their
critical strength [10,17,18]. In addition, they can significantly
lower the service lifetime of a device even though the applied
stress or strain is below the critical threshold needed to cause
abrupt failure [19]. Alternatively, the stress concentration may
trigger undesired changes in the atomic structure [20], which
could lead to unexpected behavior of 2H-TMDs [21] and, more
generally, other types of 2D phases [22,23]. Therefore, character-
izing the impact of vacancies on the mechanical properties of
2H-TMDs monolayers is imperative. In 2016, Wang et al. per-
formed a high-resolution transmission electron microscopy
(HRTEM) characterization of crack propagation in monolayer
MoS, and discovered a crack blunting effect arising from S vacan-
cies [24]. Using molecular dynamics (MD) simulations, they pre-
dicted a non-monotonic trend of MoS; energy release rate when
S vacancies increased in density and agglomerated into S vacancy
lines. Another experimental effort by Falin et al. [25] used
nanoindentation to investigate the effect of vacancies generated
by exposure to air in WS,, WSe,, WTe, monolayers. Numerically,
Mahata et al. [26] investigated the effect of vacancies on the ulti-
mate strength and the Young’s modulus of MoS, using atomistic
simulations. A few other numerical and experimental reports can
also be found elsewhere [27]. However, only recently, Huang
et al. [28] and Zhang et al. [29] achieved precise manipulation
of electron irradiation, in HRTEM, to drive the propagation of a

sharp crack while simultaneously acquiring atomic images.
Using image analysis, Zhang et al. [29] computed strain fields,
around the crack tip, and extracted quantitative data of crack
toughness in pristine 2H-TMDs. These high-fidelity experimental
data not only agreed with the bonding energy predicted by den-
sity function theory (DFT) but also revealed that nonlinearities,
arising from bond dissociation, were confined to a small region
ahead of the crack tip with a characteristic dimension of about
1 nm. Furthermore, the experimentally determined energy
release rate and surface atomic structures, behind the crack tip,
were predicted using an independently parameterized Tersoff
force field.

To apply a similar experimental characterization to the frac-
ture response of defective monolayers, one would need to first
estimate the effect of vacancies on toughness and predict near-
tip deformation and stress states to determine stable conditions
for crack propagation. As Zhang et al. [29] indicated, in radiated
in-situ TEM fracture experiments, the response of the monolayer
is governed by its stiffness and the residual stress arising from
sample adhesion to the substrate. Consequently, random cre-
ation of vacancies typically degrades the sample stiffness (see
Fig. 2 of Zhang et al.’s paper [29]), which prevents crack exten-
sion. Therefore, achieving crack extension requires performing
in-situ HRTEM experiments with load or displacement control
setups, which are not only very challenging but would also
require the creation of complex in-situ TEM methodologies and
protocols. Furthermore, insights from atomistic modeling of
the fracture processes as well as toughness estimates, using
well-parameterized force fields, would be needed to advance a
fundamental understanding of the role of vacancy types, density,
and organization in the experimental design. Such understand-
ing can provide a framework based on which, more complex
experimentally observed vacancies, such as 4|4G boundaries
[12] and MoSes [30] vacancies can be analyzed.

In this study, we focus on the MD modeling of MoSe, as a
model material system. To achieve accurate and reliable predic-
tions of fracture response, we use the Tersoff potential, which
as previously highlighted can capture complex atomic environ-
ments associated with the crack propagation processes, e.g.,
atomic bond dissociation in different coordination-number sce-
narios. A Tersoff potential, parameterized using a multiobjective
optimization protocol [82], is employed due to its ability to cap-
ture the complexities mentioned above. Details are provided in
section SI-2. We note that in contrast to the previous version
[82], the set of parameters here identified are more weighted
towards bond dissociation/formation in the large-deformation
regime. Hence, this new set of parameters can capture energy
landscapes and stress-strain behaviors, corresponding to both
uniform and non-uniform bond dissociation pathways in pris-
tine monolayers, as explained in a later section. We also note
that the energy barrier of the 2H-1T phase transformation is
described more accurately when compared with the barrier
reported in Zhang et al. [82]. This is achieved without compro-
mising near-equilibrium properties. Such a balance was obtained
by focusing the training on data with the bond lengths and coor-
dination numbers that are representative of atomic environ-
ments occurring during the fracture process, including their
transition. This accuracy is manifested by matching not only
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atomic bond evolution during separation (see Fig. 5 of Zhang
et al.’s paper [29]), but also the strain mapping and the resulting
critical J-integral values (see Fig. 5 of Zhang et al.).

Aiming at a realistic description of vacancy during MD simu-
lations, we performed HRTEM imaging of MoSe, monolayers,
when subjected to specific doses of electron irradiation. The den-
sity of vacancies was quantified for as-synthesize MoSe, mono-
layers, after transfer to a TEM grid using the protocol described
in Dong et al. [31] and aberration-corrected HRTEM at a mini-
mum dose rate of 107% e~ nm 2 s~!. Next, tuning the e-beam
irradiation to higher dose rates, up to 3 x 1077 e” nm 2 s/,
we tracked the evolution of vacancies and quantified the number
densities and spatial distributions of vacancies as a function of
electron dose rate. Such spatiotemporal information was then
correlated to the formation energies of each vacancy type to
explain their formation probability. After choosing a dose rate
(using a rationale to be presented later) we predicted the effect
of vacancies on the mechanical behavior of MoSe,. These predic-
tions aimed to (1) differentiate the role of each fundamental
vacancy type in altering fracture behavior, and (2) estimate the
statistics of the effect of vacancy type on fracture toughness,
including their mean and standard deviation. As such, this study
is expected to guide the defect engineering step and experimen-
tal designs focusing on vacancy type, density, spatial distribu-
tion, and their combination thereof.

To gain insight into atomic mechanisms, analyses of crack-
vacancy interactions were performed for each vacancy type. Fur-
thermore, analyses were carried out employing atomistic-to-
continuum mapping of stress, strain, and displacement fields
[29]. These analyses include the calculation of the critical J-
integral [32] to quantify changes in fracture energy, caused by
each vacancy type, as compared to the pristine material critical
J-integral [29]. Another analysis used the crack kinking theory
to determine the governing law for crack propagation direction.
Lastly, by employing the size effect method presented in [33], we
estimated the size of the inelastic zone and its dependence on
defect type. The in-silico investigation concludes with (1) a sum-
mary of the role of vacancies in preventing abrupt and premature
failure of 2H-TMDs, and (2) suggested strategies for vacancy-

FIG. 1

engineering aiming to improve MoSe, monolayers’ resistance
against fracture.

Molecular dynamics simulations to predict the effect of
vacancies on fracture

As mentioned earlier, we carried out MD simulations, with the
high-fidelity Tersoff potential (denoted as Tersoff-MoSe-7.0 in
this study), to examine atomic behaviors at the crack tip and
edges when the crack interacts with specific vacancy types. The
high fidelity of the interatomic potential was previously demon-
strated by us [29,82] for pristine MoSe,. We accomplish this not
only by matching MD and DFT results, for a large set of material
properties (SI-Fig. S5-6), but also by comparing toughness and
crack surface atomic structures, to numerical predictions [29].

It is known that in materials with covalent bonds, high stress
concentration leads to a cascade of bond breakage events. Fracture
mechanics also reveals that crack propagation can be altered
through suitable changes, e.g., via the specific arrangement of
vacancies [34] in the crack front. However, what vacancy type,
density, and organization is most effective in toughening remains
unknown. This motivated us to pursue an in-depth study of
vacancy type, density, and pattern using in-silico predictions. To
accomplish this, we performed MD simulations on an 80 x 40
nm rectangular domain containing a 20-nm long crack (see
Fig. 1). The monolayers were loaded along the y direction, and
the boundary conditions were set to be free at the left and right
edges, with periodicity at the top and bottom edges. For the load-
ing, we applied a fixed loading rate up to a point close to failure and
then reduced it to alower value to avoid excessive kinetic energy in
bond breakage, when the energy stored in the strained monolayer
was released abruptly (see the Methods section for more details).
Theoretically, the crack would propagate at a very high speed;
however, due to the intrinsic viscosity of the applied thermostat
[35], the propagating crack was captured in a sequence of atomic
snapshots. The atomic positions at these snapshots were used in
an atomistic-to-continuum mapping scheme (see the Methods
section), which was then used to compute the critical J-integral
[32,36]. To achieve statistically meaningful results, multiple con-
tours were used to compute this integral.

@
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Configuration used in MoSe; fracture simulations (D = 40 nm, x-axis aligned with the zigzag direction). Details of notch width and tip in the initial

configuration.
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Results and discussions

Characterization of vacancies generated by electron irradiation
It is known that by tuning the electron beam in the TEM, the
electron-material interaction can be used to gradually elevate
the density of vacancies, with various possible vacancy types,
while retaining the integrity of the entire monolayer. It is also
known that atomic vacancies in 2D monolayers inevitable form
during the CVD-growth and transfer processes, yet their densities
are relatively modest [9,31]). To investigate the controlled forma-
tion of vacancies, we performed experiments at various electron
dose rates (with unit e-nm~2-s~1) while keeping the total dose per
unit area constant (1.43 x 10% e-nm~2, note that this was lower
than the one used by Zhang et al. [9]). Using HRTEM imaging,
at a very low dose rate of 5.8 x 10° e-nm %s™!, we detected
the existence of isolated Se (iSe), isolated Se, (iSe;), and isolated
Mo (iMo) vacancies (Fig. 2). To achieve accurate quantification
of these vacancies, we used several defocus values (Af) and settled
at the range of [—1;1] nm, within which the Mo and Se atoms
were distinguishable (see Figs. 2a, S11-12 and Methods section).
The sites of vacancies are identified from lattice points with lower
intensity peak. While the iMo are distinguished from iSe/iSe,
vacancies based on their relative atomic positions within a
hexagonal ring, the iSe, vacancies show no well-defined peak
compared with iSe, which is represented by a distinctive peak
having intensity lower than the lattice points with two Se atoms.
In Fig. 2a, we depict two 2 representative images containing iSe,
iSe; and iMo, labeled by green, yellow, and blue circles, respec-

o
w

tively. At each dose rate, we characterized the density of all
vacancy types and averaged them based on 23 regions
(2 x 2 nm each) within an HRTEM image. As shown in Fig. 2b,
the densities of iSe, iSe,, and iMo vacancies in MoSe,, visualized
at 5.8 x 10° eenm2-s71, are estimated to be 0.207, 0.042, and
0.004 nm~2, respectively. At these densities, there are several
regions in which the MoSe, monolayers look “pristine” as shown
by Zhang et al. [9,29]. As expected, the emergence of these vacan-
cies is not equally probable but inversely correlated with their
formation energy, i.e., 1.143, 2.159 and 2.259 eV-nm~2. Note
that these values are larger than the normalized kinetic energy
of an atom at room temperature (0.176 eV-nm~?), which implies
that the formation of additional vacancies could not occur spon-
taneously between the flake transfer and the low dose imaging
[29,31]. Therefore, the total vacancy densities reflect those gener-
ated during fabrication and monolayer transfer (background
vacancy density), and those arising from the electron-material
interaction. Indeed, it is known that electron irradiation gener-
ates knock-on damage by transferring kinetic energy to the
atoms in the target materials, inducing displacement and atomic
oscillations [16]. In addition, the electron irradiation is responsi-
ble for both ionization damage and electronic excitation in the
monolayers [37], which decreases the knock-on threshold energy
of the target atoms [28].

Even when the formation energy difference between iMo and
iSe; vacancies is not significant, the formation probability of the
former type is one order of magnitude smaller than the latter. We
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(a) High-resolution transmission electron microscopy (HRTEM) characterization of a suspended MoSe, monolayer deposited on a holey SisN, TEM grid at an
imaging dose rate of 5.8 x 10° e-nm~2-s7". The isolated Se (iSe) vacancies, isolated Se di-vacancies (iSe,) and isolated Mo (iMo) vacancies are marked by
green, yellow, and blue circles, respectively; (b) The corresponding vacancy densities in a), measured from 23 regions of 2 x 2 nm in an HRTEM image, and (c)

their atomic representation. (d-e) HRTEM images depicting the emergence of Se vacancy lines at a dose rate > 1.5 x 10”7 e-nm

2571 and f) atomic

representation of a vacancy line sharing the same characteristic length and orientation as in e). (g) The evolution of iSe vacancies and vacancy lines as a
function of electron dose rate. The total dose was kept constant for the four conditions at 1.43 x 10% e-nm~2. Scale bar: (@) 1 nm, (d) 2 nm, (e) 1 nm.
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attribute this to the nature of the TMD structures. The Mo atomic
layer is sandwiched by two Se atomic layers; electrons need to
disturb the Se orbitals before interacting with the Mo atoms.
Indeed, after overcoming the loss of energy via phonon-
electron and electron—electron inelastic scattering, if the remain-
ing energy of the electron is still adequate to knock out the Mo
atoms and if the electron is not diffracted, such a vacancy can
be created.

We observed that when the dose rate increases, the density of
all vacancies also increases while the ratios of different types
remain approximately constant. Between 1.5 x 107 e-nm™2-s™!
and 2.93 x 10’ enm %s7!, the fourth type of vacancy, Se
vacancy lines (marked as cyan rectangles in Fig. 2d-e), started
to form. The characteristic size of these lines was approximately
1 to 1.4 nm. After confirming the presence of ISe at the defocus
range mentioned above, we also observed that when the defocus
value in Fig. 2d was varied within the range of [-10;—5] nm, Mo
atoms and ISe were more visible, facilitating the characterization
of this type of vacancy. Fig. 2g shows the density of all vacancy
types when the dose rate is varied between 5.8 x 10° e-nm 25!
and ~ 1.5 x 10’ enm 2s™'. At a dose rate of approximately
0.7 x 10”7 e-nm 257, the total density of Se vacancies rose to
1 nm~2. Moreover, higher dose rates resulted in an increase of
Se vacancy line density and a decrease of the density of isolated
Se vacancies, which suggested a synergy between these two
types. Indeed, when the electron irradiation supplied enough
energy, the Se atoms near the isolated vacancies hopped over
the energy barrier of ionic migration and started to assemble into
vacancy lines, which represented a minimum energetic state
[38]. We also observed that a significant number of vacancy
islands would nucleate, if the dose rate were to be increased
beyond 2.93 x 107 e-nm™%s~! or kept constant for more than
10 seconds [9], ultimately leading to failure of the MoSe;
monolayer.

From our HRTEM observations and literature reports, the fol-
lowing conclusions can be made. First, the fundamental types of
vacancies were of 0 or 1 dimension. Other vacancies, e.g., MoSeg,
can be generated by agglomeration of these fundamental types
under electron [9] or focused ion beam with a more aggressive
irradiating condition. Second, the spatial distribution of vacan-
cies was stochastic due to the random bombardment of electrons
within the observing window. This makes an experimentally
controlled crack propagation through a pre-defined defective
region (with electron beam irradiation) more challenging, calling
for a careful experimental design based on numerical predictions.
Finally, other indirect methods might generate less pervasive
damage [38-39]; however, such methods generate similar
vacancy types, based on the superposition of the fundamental
ones here described, so fracture responses for other vacancy types
can be inferred from this study. Consequently, in subsequent
sections, we used atomistic simulations to provide in-depth
knowledge of how these fundamental vacancy types, with densi-
ties estimated from HRTEM quantification, interact with the tip of a
crack. Specifically, Fig. 2c and f depict vacancy representations
used in the simulations. The accuracy of the simulations hinge
on the accuracy of the interatomic potential to replicate ab initio
training data in the large deformation regime, which has impor-
tant implications on the MoSe, mechanical response in the pres-

ence of vacancies and cracks. Therefore, we performed
parametrization using an unprecedented number of properties as
well as validations against both ab-initio and experimental data
obtained on MoSe, monolayers (see section SI-2 and another

study from the authors [29], respectively).

Toughness and crack tip features in pristine and vacancy
containing atomic structures

We begin by summarizing a few results on “pristine” MoSe,, a
baseline for comparison. A snapshot of the crack tip and crack
edges, on a pristine monolayer, when the crack propagated to
half of the domain size, is shown in Fig. 3a. Along the crack,
edges with single Se atoms and distorted hexagonal rings are
observed in the simulations. This feature is consistent with
experimental observations (see Fig. 3a and Zhang et al.’s paper
[29]). We note that these types of edge structures could not be
formed by the mere removal of atoms, but only through a
stress-assisted dissociating process (Fig. 3b). Another observation
is that in MD simulations and experiments, the rate of energy
release is much faster than in DFT simulations, which can be
attributed to differences in the simulated domain size (80 x 40
nm? in MD and 2 x 2 nm? in DFT). [34] This results in a more
abrupt transition (Fig. 3¢), in the MD and experimental cases,
even though reactants and products correspond to the same tran-
sition process. This stemmed from the fact that the characteristic
length resulting from bond dissociation is approximately 6-8 A
(~2 x Mo-Se bond length and on the same order of the DFT sim-
ulation domain), while in the much larger MD and experimental
domains, the rate of energy release during bond dissociation is
not large enough to prevent a snap-back instability [34].

The crack tip depicted in Fig. 3a also exhibited several features
resembling those observed in atomic configurations revealed by
HRTEM and DFT [29], such as rotation of the Se-Mo-Se angular
structure and stretching of the bonds at the crack tip (see Fig. 3-
a-b and Fig. 1 of Zhang et al.’s paper [29]). The excellent agree-
ment, in both atomic surface reconstruction along the crack
edges and the nonlinear fracture energy /. between experiments
and predictions based on the ab-initio-informed potential [29],
provides the needed confidence on the predictive capabilities
of the methodology. In turn, this enables investigation and reli-
able quantification of toughness and atomic mechanisms of
crack-vacancies interaction. Consistent with the HRTEM obser-
vation of vacancy type and densities, we investigated the four
observed vacancy types. We employed a density of 0.207 nm~?
for iSe, iSe, and iMo, For the case of ISe, we used a density of
0.188 nm 2. Note that such density corresponds to the limit
measured experimentally before monolayer disintegration at
higher electron dose rates.

The qualitative and quantitative effects of these four vacancy
types are summarized in Fig. 3d-g. If iSe vacancies are present in
the vicinity of a crack tip (Fig. 3d and Movie 1), they mildly
deflect the crack path but do not significantly alter the fracture
resistance. The prediction is consistent with the experimental J.
reported in Zhang et al.’s paper. [29] Indeed, the experimental
toughness of MoSe, monolayers, which inevitably contained
mainly iSe vacancies, although with a density likely lower than
the one used in this study due to the low imaging dose used by
Zhang et al. [29], is lower than the MD result for the “pristine”
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MD at 1K using
Tersoff-MoSe-7.0
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(and iSey)

(a) Crack tip and crack edges on a pristine monolayer in the aftermath of the bond dissociation, as represented in b), and found in HRTEM images [29]; c) Note
that MD at 1°K shows a faster drop in nominal stress after bond dissociation; (d-f) Atomic images depicting the interaction between the main crack and iSe,
iMo/iSe,, or ISe (red arrows show the direction of crack propagation); (g) Typical nominal stress—strain curves for the domain containing a crack and various
atomic structures; and (h) The effect of vacancy type on MoSe; fracture energy including standard deviation (yellow bar indicates the experimental value as

reported in Zhang et al.’s paper [29]).

MoSe; but slightly higher than the MD result for iSe (Fig. 3h).
Other types of defects, on the contrary, had a more notable
impact on the fracture response and the corresponding fracture
energy.

Due to the similar effects on fracture produced by iMo and
iSe,, their atomic behaviors are shown together in Fig. 3e. When
vacancies of these types are present in the near-tip area, they
blunt the tip with a local structure similar to a 4[4P [15] (we
called such a structure 4|4P-like) and locally decrease the stress
singularity. The nucleation of such a structure triggers an edge-

nucleated slip motion in the +60° directions (Fig. 3e and Movie
2). This is enabled by the tip shear stress at £60° and the presence
of another isolated vacancy along the slip plane. The deforma-
tion process lowers the associated energy and stress barriers,
allowing Se atoms to hop to a nearby location and initiate a slip
motion. At the same time, the interruption of part of the 4|4P-
like structure and the decrease in stress singularity (due to the
bluntness of the crack) increases the energy barrier for straight
crack propagation (as shown in a later subsection). As this barrier
becomes larger than the one needed for slip, the 4|4P-like bound-

22



Materials Today ® Volume 70 ® November 2023

RESEARCH

ary traps the propagating crack. As a result, the crack propagates
along a different path, which requires an increase in driving force
and a higher fracture energy. By performing simulations on mul-
tiple replicas, we found that the probability of these events is
about 20% when vacancies are distributed randomly. This per-
centage implies that the probability of observing such an event
experimentally would be relatively low even though the fracture
energy increase is significant when the crack tip is trapped. The
average J., obtained by simulating several different replicas, is
reported in Fig. 3g.

The presence of Se vacancy lines, around the crack tip, also
impacts the fracture behavior of MoSe, monolayers. Such vacan-
cies tend to deflect the crack towards the vacancy line direction,
resulting in a tortuous crack path (Fig. 3f and Movie 3). In some
cases, when two vacancy lines intersect, extra free edges are cre-
ated, leading to a higher dissipated energy. The crack tortuosity
results in a more gradual release of energy. However, due to the
loss of one layer of Se atoms and the brittle nature of covalent
bonds, the strength and overall fracture energy decreases when
compared to pristine MoSe, (see Fig. 3g). It is worth noting that,
compared with the “pristine” monolayers, the standard devia-
tions of the critical J-integral values, for the defective monolay-
ers, are larger on account of the random distribution of
vacancies (at the same density).

Interestingly, the fracture behavior in the presence of vacan-
cies brought up two contrasting behaviors. In the presence of
iMo and iSe, vacancies, crack propagation occurred in the direc-
tion opposite to the direction of the vacancies. In other words,
vacancies repelled the crack. On the contrary, Se vacancy lines
attracted and guided the crack along their orientations. There-
fore, the interplay between these types of defects opens a vast
design space for defect engineering towards increasing the mate-
rial resistance against fracture, a much-needed feature to increase
the reliability of nanodevices and sensors based on 2H-TMDs. It
is worth highlighting that from the HRTEM quantifications, the
dose rate and probabilities of the various vacancy types make
their controlled engineering challenging. However, Fig. 2d pro-
vides evidence that a mixture of vacancy types is experimentally
possible.

Crack path selection in the case of iMo/iSe, vacancies — Energetics and
driving forces

While the effect of Se vacancy lines was easily understood
because the energy consumed to break one layer of Mo-Se bonds
was lower than that for two layers, the mechanism behind the
strengthening effect caused by iMo/iSe; vacancies is less obvious.
When the crack encounters an iMo or iSe, vacancy, a deforma-
tion process involving a slip motion at 60  (zigzag direction)
becomes possible (Fig. 4a and Movie S1). The motion brings
two Se atoms closer to the center of the adjacent hexagonal ring,
potentially leading to the formation of a locally stronger struc-
ture (4|4P-like). A second possibility is crack extension by the
propagation of bond breakage in the direction of the main crack
(mode I, Fig. 4b and Movie S2). A third possibility is crack prop-
agation in the —60° (another zigzag direction) (Fig. 4c and Movie
S3). To determine which path is energetically favorable, we used
the nudged elastic band (NEB) method, [40,41] and computed
the energy barrier for the three possible crack tip propagation

scenarios (Fig. 4d). The energy landscapes revealed that distor-
tion of the atomic structures in shear, due to the presence of
vacancies in the slip direction at 60°, presents the lowest energy
barrier making such deformation process the most likely to
occur. The energy barrier corresponding to straight crack propa-
gation, is the highest, due to interruption of part of the 4|4P-like
structure and the presence of an isolated vacancy ahead of the tip
that decreases stress concentration. Therefore, it is obvious that
the structural change caused by the migration of Se atoms along
the slip direction traps the crack temporarily. Upon crack trap-
ping, the crack is most likely to propagate along a path at —60°
(Fig. 4c and Movie S3), which presents the second lower energy
barrier (Fig. 4d). This explained the transition observed in
Fig. 3d and the associated increase in fracture energy. We also
note that after some crack extension, the crack propagation con-
tinues along the 0" direction (Fig. 4e).

Analyses of stress/strain/displacement fields based on
atomistic-to-continuum mapping

Besides energetics, a mechanical analysis of the observed phe-
nomena is necessary for extracting conditions for crack kinking
and size effects in fracture events. To accomplish this, we map
atomic stress, strain, and displacement fields, to the continuum
counterparts using the scheme summarized in the Methods sec-
tion. Continuum fields reveal the effect of vacancies on the spa-
tial distribution of mechanical quantities (potential energy,
displacement, stress and strain fields). We highlight similarities
and differences between the cases using the equivalent (von
Mises) stress and potential energy. For completeness, the color
maps of other fields are provided in section SI-2. In all plots, a
white-filled area represents the initial notch.

On a pristine monolayer, the Mises stress and its distribution
along the x-direction [29] revealed that the size of the cohesive
zone in pristine materials is approximately 0.8 nm. This zone is
caused by the gradual force-energy release of the bond-
dissociation process presented in Fig. 3b. Fig. Sa-b also confirm
the presence of this cohesive length in the pristine monolayer.
Fig. 5a depicts a zone with non-zero stress between the crack
tip and the completely separated bonds. Similarly, in Fig. 5Sb,
the loss of potential energy of the completely separated bonds
(critical separation) is higher than the ones within the cohesive
zone. The mapping of mechanical fields in the case of monolay-
ers with iSe vacancies showed similar characteristics with the
pristine monolayers (Fig. 5c-d), except for the sy,- and &,-fields
(see SI-Fig. S3) where the vacancies weakened the atomic struc-
tures surrounding them. This weakening effect leads to local
bursts in the strain fields at the location of vacancies, yet it did
not significantly change the fracture energy due to the scattered-
ness of vacancies.

Unlike other cases, isolated Mo vacancies resulted in the most
significant mechanical field changes. For example, the stress
fields showed the emergence of two areas with stress concentra-
tion, one of which is at the crack tip, and another is located at
the end of the slip-line boundary where the iMo is located. The
slip-line (4|4P-like) structure is stiffer than the usual hexagonal-
ring structure of 2H-MoSe; and generates a stress concentration
at the connecting region of the two structures (Fig. 5g-h). The
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(a-c) Three possible deforming process ahead of the crack tip, shearing along 60°, straight crack propagation at 0°, and crack extension at —60°, respectively;
(d) Comparison of energy barriers between the three scenarios; (e) The shearing configuration and subsequent propagation of the crack after lattice trapping;
and (f) Shear deformation-triggered formation of 4|4P-like structure, and relaxed structure after energy minimization.

strain distribution followed the same pattern, in which the shear
strain shows an increase at two sides of the slip-line structure (SI-
Fig. S4). However, unlike the shear strain distribution ahead of
the tip, the distribution across the slip-line structure was parallel
to such structure. This shows the difference between a slip dis-
placement, like the case of dislocation glide, and the one result-
ing from an opening displacement (SI-Fig. S4). This
inhomogeneous structure also causes a discontinuity within dis-
placement fields (SI-Fig. S4), resulting in a distinctive strain value
within this region. However, the distinctiveness in the shear is
more significant than the normal component, which indicates
that even though this slip-line structure enhances both shear
and tensile modulus, the major deformation along 60° direction
is sliding instead of separation. Note that the potential energy of
this structure is higher than the one in the 2H phase (Fig. 4f).

Indeed, higher shear stresses and surrounding point vacancies
are necessary to lower the energy barrier and equilibrium energy
of this phase (stress-assisted transformation). Therefore, when
the crack passes through this region, stresses are released, and
the work supplied to form such boundary diminished making
the phase reversible.

Significant differences in Mises stress and other mechanical
fields also appear in the case of vacancy lines. Specifically,
Fig. Se illustrates a rotation of the tip stress field along an orien-
tation of 60°. This is owing to the smaller modulus of the local
vacancy-line structure, causing a stress release in the direction
of propagation. The potential energy (Fig. 5f) also reflects this
feature, in which the separation of bonds occurs along the 60°
direction. We note that, even though the mapping of shear stress
and strain shows similar features, the crack propagates in mode I
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FIG. 5

Von mises stress distribution, opises (Unit: GPa), and potential energy I1 (unit: eV) for pristine monolayer (a-b) and monolayers with iSe (c-d), iMo/iSe; (e-f), and ISe

(g-h) vacancies. Note that only a window of 15 x 30 nm? is shown.

as the burst in shear strain is smaller in amplitude compared with
the burst in normal strain (a more rigorous argument will be pre-
sented in the next section). In addition, the shear stress field is
less disturbed than the normal stress field (SI-Fig. S3). One note-
worthy feature of the deformation fields is the discontinuity of
the strain values across the vacancy lines.

Critical crack kinking angle based on the maximum tangential
stress criterion

Even though the deflection of the crack path was rationalized
using posterior MD atomic configurations and energy barrier anal-
yses for different likely events, an a priori criterion to determine
the angle at which a crack would deflect can be postulated based
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on continuum fields, obtained from atomistic mapping, and a
crack-kinking criterion. There are several such criteria for both
isotropic and anisotropic materials, e.g., the maximum tangen-
tial stress (MTS) criterion [42], the maximum energy release rate
criterion (MERR) [43], the minimum strain energy density crite-
rion (SED) [44], and others [45,46]. Richard et al. [47] showed
that the MTS criterion is sufficient to describe crack kinking
behavior of brittle and quasi-brittle materials; hence, we here
adopt such a criterion.

For anisotropic materials, the general form of this criterion
can be written as [48]:

a0(00) + T(00) = oc(0o)
% (1), =0 1)

P (ap+T
aoz< ac ) <0

0o

where oy = K;(0)/v2nr:, o, =K (0)/\2nrr. are the tangential
stress and its critical value for each direction, r. is the length scale
representing the fracture process zone size [33,49] (this size is
taken to be 0.8 nm in this study based on the results presented
earlier), K; is the stress intensity function (its relation with J can
be found elsewhere [33]), and T is the crack-parallel stress com-
puted at r.. These functions can be found in section SI-2.

We further enrich this theory by adding the angular depen-
dence of the tangential strength, o.. Due to the intrinsic aniso-

tropy of the MoSe, membrane, one can write o. as a function
of the angle with respect to the x-axis (the zigzag direction):

0 = Gesc [uf, +5,C05(60 — n)} 2)

where o, 4¢ = 13.43 GPa is the tangential strength when the crack
propagates in the armchair direction. u, s, are tuned such that
the minimum tangential strength matched the fracture strength
in the zigzag direction o 7 = 9.94 GPa. The value for intermediate
angles between these two orientations are interpolated based on a
cosine function. It is also obvious from this formulation that the
tangential strength has a periodicity of n/3 (see Fig. 6).

In the presence of a slip-line boundary or a Se vacancy line,
the directional effect arises at 0°, £60°, £120° (here 60° is chosen
without loss of generality). Therefore, the change in tangential

90
(@ 120 60 (b)
150 30 150
180 0 180
210 330 210
240 300 240
270

- zigzag direction >K armchair direction

FIG. 6

strength is obtained by adding additional angular dependent
terms, namely,

6c = Ocac [yp + s,c08(60 — n:)]

+ a,Ac3/\ [ascos(0 — n/3) + [sin(0 — n/3)

£ 40,5073/ [ascos(0 — 22/3) + [sin(0 — 2m/3)

+ asAaQo/\/[ascos(B)]z + [sin(@)]Z (3)

The slip-line boundaries and Se-line vacancies can either
enhance or weaken the fracture resistance of the pristine material
when they appear at the crack tip. Hence, these modifications are
reflected by the +/— Ao, terms (positive for enhancement, nega-
tive for weakening). By performing MD simulations, the fracture
energy of the mode I crack in the zigzag direction, armchair
direction, slip-line boundaries, and Se-line vacancies are com-
puted, assuming proportionality to the area under the nominal
stress—strain curves (Fig. 3g) (see Table 1).

Predictions from the MTS criterion (Eq. (1) are given in
Table 2. The criterion predicts that in the presence of the
strengthening slip-line boundaries orienting at +60°, the angle
for crack propagation is predicted to be —58°. By contrast, for
the Se-line vacancy, the predicted angle is +60°.

Size effects as a method to determine the fracture process zone
From the previous results (especially the cases of iMo and ISe), it is
clear that only vacancies located within a near-tip zone interact
with the crack and alter the monolayer fracture behavior. Vacan-
cies located outside of this zone would only affect the elastic
modulus of the monolayer. Therefore, from an experimental
design perspective, it is necessary to determine the size of such
zone to properly investigate the effect of vacancies. The effect
of vacancy density identified through HRTEM experiments, also
provides guidance to preserve the stiffness of the specimen to
avoid its degradation due to the excessive damage.

From Fig. 5, one can postulate that the inelasticity caused by
inhomogeneities (i.e., the slip-line boundaries or Se-vacancy
lines) can be lumped into one zone, usually referred to as fracture
process zone or FPZ. Because inelastic deformations can form in

300 240
270 270

Angular dependence of the critical strength o, of (a) pristine MoSe,, (b) MoSe, with 4|4P-like boundary at 60°, and (c) MoSe, with a vacancy line at 60°. The
stress unit along the radial grid is GPa. The data is plotted based on Eq. (10) and the parameters listed in Table 1.

26



Materials Today ® Volume 70 ® November 2023 RESEARCH

TABLE 1

The values of parameters identified from MD simulations.

Ac 3(for 4|4P-like
boundary at 60°, GPa)

Quantity . ac(GPa) p, Sp ds Aa -/3(for vacancy

line at 60°, GPa)

Ao o(for 4|4P-like
boundary at 60°, GPa)

Ao o(for vacancy
line at 60°, GPa)

Value 1343 0.87 0.13 0.02 2141 —4.85 10.23 0
S
£
(]
]
w
]
TABLE 2 =
©
Crack kinking angle calculation. a
Criteria Pristine iMo ISe S
Critical angle computed from Equation (1b) 0° —58° 60° 5
Equation (1a) Satisfied Satisfied Satisfied 5
Stability based on Inequality (1c) Stable Stable Stable o
<

any zigzag direction, this zone can be idealized as a circle whose
diameter represents the characteristic size .

In this study, we used the size effect method [50] for such a
purpose as this method was shown to efficiently give an averaged
estimation of a zone enclosing all of the inelastic deformation for
quasi-brittle [50-51] and ductile materials [52]. The size effect
method was constructed based on the energy contribution of
an elastic zone whose size grows proportionally with the struc-
ture size and a fixed-size FPZ. The method was also shown to
work best with a set of geometrically scaled structures in which
the contribution of the FPZ decreased as the structure size grew.,
The size effect equation can be written as:

0o
where gy = P/tD is the nominal structure strength, t is the mono-
layer thickness, D is the relevant structure size, and P is the max-
imum reaction resulting from the prescribed displacement. In Eq.
(4), there exist two asymptotes in the log-log scale, one of which
is constant and represents the deterministic cohesive strength of
the material, oy, and another represents the case where the elastic
volume occupies the entire structure [33]. Therefore, the nominal
strength would decrease as a square-root function of size. The
parameters oo and D, in Equation (4) are obtained based on the
least-square fitting of the ox-D curves.

Fig. 7 depicts MD results obtained with geometrically scaled
monolayers, for pristine, ISe, and iMo, as well as model fits using
Egs. (4) and (10) (see methods). Inspection of the plots reveal
that the fracture energy values, measured by this method, are
similar to those measured by the critical J-integral, as confirmed
by Nguyen et al. [53] and Dénmez et al. [52]. We also note that
the cohesive strength of the structure with 4|4P-like boundaries
is the highest, consistent with the strengthening effect owing
to the increasing bond coordination number. On the contrary,
the Se-vacancy line, ISe, exhibits the lowest strength, due to
the missing Mo-Se bonds on one selenium layer (Fig. 7a). How-
ever, the process zone size, ¢, of ISe is the largest and comparable
to the length of the deflected distance. The guiding capability of
vacancy lines and their lower cohesive strength, which allows for
a gradual release of the bond energy, promotes atoms within the
vacancy lines to get involved in the inelastic zone. The slip-line

(4)

ON =

boundary, iMo, on the other hand, slightly deflected the crack
path, yet the release of energy becomes more pronounced with
fewer atoms involved. This limits the growth of the FPZ size,
yet such a size is larger than the one for the pristine material.
According to Bazant et al. [50], one can choose Dy, or 3¢ as the
target zone size. Note that, this size can increase when consider-
ing the effect of a blunt notch on the fracture energy. However,
such a change can easily be accounted for by scaling ¢; in accor-
dance with G¢, which in turn can be written as a function of the
notch radius [54] and the true fracture energy in a sharp-notched
specimen, Ggo.

In silico vacancy engineering for toughening

Vacancies, as inferred from the previous sections, can alter the
fracture behavior of pristine MoSe, Therefore, a design problem
can be formulated consisting in the optimization of the fracture
property of 2H-TMDs through the design of spatially distributed
vacancies. Here, we do not aim to solve a complete optimizing
problem as it would require a rigorous uncertainty quantification
framework. Instead, this section introduces a few design possibil-
ities that employ the findings previously discussed to attain
tougher monolayers. Specifically, we explore spatially designed
patterns such as equilateral triangle tessellation with vacancies
located at all vertices. For iMo, we examined how the distance
between vacancies promotes the formation of the slip-line
boundary (see Fig. 8a). For ISe, we evaluated the efficiency of
vacancy lines in deflecting the crack path along a desired direc-
tion using both a regular triangular pattern and a random pattern
(see Fig. 8b-c).

When the iMo vacancies are spatially ordered, the crack is
blunted by vacancy rows in front of the crack (Fig. 8d). Further-
more, vacancies, located on an extended line with +60° inclina-
tion, trigger formation of a slip-line boundary (4|4P-like
boundary) and enhance the fracture energy. When the distance
between vacancies, Iy, is smaller than 3¢ the strengthening
effect appears regardless of the crack location. However, when
the distance between the vacancies becomes too small, the stress
in the crack propagation direction is amplified and the crack
tends to exhibit straight propagation (see Fig. 8e). Therefore,
when considering only the maximization of ], there already
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Vacancy patterns (a-c) that can either allow 4|4P-like boundaries to emerge or deflect the crack path regardless of the crack location (d-g).
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exist an optimum vacancy distance (density) triggering the emer-
gence of 4|4P-like boundaries.

For the case of ISe, the MD simulation predicts that an ordered
pattern (Fig. 8b and f) exhibits mild crack deflection (toughen-
ing), scaling with the characteristic size of the pattern. A more
pronounced deflection takes place when the line of Se vacancies
is random (Fig. 8c and g). This is due to the interplay between
strong and weak phases (pristine versus Se-vacancy line) on the
same MoSe, monolayer.

Concluding remarks

Defect engineering, e.g., through vacancies, is an active field of
research because it can modify the response of 2D materials for
a particular purpose. In this investigation of fracture properties,
using MoSe; as an example, we show that while some types of
vacancies increase resistance to crack extension, other types
reduce or have virtually no effect in toughening. Using a rigor-
ously parametrized and validated force field, we numerically
investigated isolated Se vacancies (iSe), isolated Mo/Se; vacancies
(iMo/iSey), and Se vacancy lines (ISe) with random configurations.
Areal densities achievable in HRTEM electron radiation experi-
ments with dosage control were employed. The study reveals
that all vacancy types, except for isolated Se vacancies, iSe, pro-
duce crack deflections at a relatively low density. While iMo/
iSe, vacancies repel cracks, ISe attract and guide the crack path
leading to the largest crack deflection mechanism. Interestingly,
ISe vacancies offer the most gradual release of energy, which
could provide flexibility in terms of post-peak stress deformabil-
ity. However, it is the presence of iMo or iSe, that produce the lar-
gest toughening mechanism by trapping the crack and blunting
the tip. These results illustrate that, as previously shown in gra-
phene [55], the presence of defects could impact the mechanical
properties of 2H-TMDs by increasing their resistance to crack
propagation or by extending the post-peak deformation.

We also investigated the effect of ordered iMo and ISe vacan-
cies and found that iMo vacancies, =with a characteristic spacing
lp, trigger the emergence of 4|4P-like boundaries and associated
toughness enhancements. On the contrary, randomly oriented
ISe vacancies, arranged in a triangular lattice pattern, induce
more crack deflection than orderly oriented ISe vacancies of the
same areal density. It is worth noting that controlled generation
of ordered vacancies, following specifically designed patterns, is
currently challenging. Fortunately, a path forward is emerging
from several efforts addressing this challenge [56,57]. For exam-
ple, Wang et al. [30] showed that using ion beam lithography,
the selective creation of S and MoSg vacancies could be achieved,
yet the exact positioning of vacancies remains difficult. In addi-
tion, ion-assisted CVD [58,59] and epitaxial growth, based on
either van der Waals interactions with crystalline substrate, or
molecular beam epitaxy [60] exhibits a higher level of vacancy
order. Notably, the primary knock-on space theory [61] seems
to be one of the most promising tools for the precise atomic engi-
neering of vacancies using electron irradiation. Other state-of-
the-art techniques for materializing ordered patterns can be
found in recent reviews [62,63]. Another remaining challenge
that also requires attention is the use of defect engineering for

toughening without significantly affecting other properties
(e.g., electrical or thermal conductivity).

In closing, we envision that the methodology and findings
here reported will guide and advance attempts in engineering
the properties of 2H-TMDs and other 2D materials. In particular,
the framework introduced here will assist the design of fracture
experiments with controlled vacancy type, density, and pattern.
Even though we have not explored the effect of defects on other
properties, such as the optoelectrical properties of MoSe, mono-
layers, we anticipate that the methodology and knowledge
acquired in this study can be incorporated into a synergistic opti-
mization of electrical-optical properties.

Methods

Materials and instrumentation

MoOj3 and Se powders were used as precursors in the chemical
vapor deposition and placed at the center of a tube furnace. A
SiO,/Si wafer was used as the substrate and placed on top of
the MoO3 powders. The growth was conducted at 750 °C for
15 min with Hy/Ar (15% H;) as the carrier gas.

We used atomic force microscopy (AFM) with tapping mode
to characterize the thickness of MoSe, flake (Park XE-120 AFM
system, South Korea). Bruker TESPA-V2 probe was used to scan
a region of 5 x 5 pum? with a rate of 0.2-0.5 Hz. A 2.5:1 ratio
was employed between proportional and integral grains,
respectively.

The flake was transferred from the growth substrate to a SiO,/
Si substrate using the PDMS-based Dry Stamping was developed
by Dong et al. [31]. A schematic of the transfer method can be
found in the referenced study. The flakes were stamped onto
the holey SizNy TEM grids (Ted Pella PELCO) TEM grid at 70°C,
and polymer residues were washed off after that. No obvious evi-
dence of residues was found on the transferred flake, and its
height corresponded to that of a monolayer MoSe, flake, which
was further confirmed by its Raman spectrum (see SI-Fig. S8).

HRTEM characterization of synthesized monolayers

HRTEM was conducted with the Argonne Chromatic Aberration-
corrected TEM (ACAT, a FEI Titan 80-300 ST with an image cor-
rector of both spherical and chromatic aberrations) at an acceler-
ation voltage of 80 kV. Prior to imaging, the specimen was
heated in a vacuum below 1077 torr at 130 °C for 2 h to reduce
hydrocarbon [31]. The images were taken with spherical and
chromatic aberration corrected such that Cs < 5 pm, and
Cc < 5 mm. Images were acquired at a controlled dose rate and
total dose to mitigate vacancy formation. Hence, they reflected
the high quality of the as-synthesize MoSe; flakes.

In relation to the reported vacancy analysis from HRTEM
images, we note that when the defocusing Af is close to zero,
the obtained HRTEM images are amplitude contrast dominant
[64], instead of phase-contrast dominant as in conventional
spherical-aberration corrected HRTEM imaging. Most impor-
tantly, as shown in Fig. S11 and S12, the simulated HRTEM
images (by MacTempas software) exhibit a one-to-one correspon-
dence to the atomic models, similar to HAADF imaging.
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Ab initio calculations

The training data were generated based on a density functional
theory code-SIESTA version 4.0.2. [65], which was shown to be
an efficient method to optimize the electronic structure and
ab initio molecular dynamics simulations of molecules and
solids. Depending on the type of data, either non-spin- or spin-
polarized was used with the generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof (PBE) form [66]. We chose
the split polarized valence double-zeta (DZP) basis set due to the
trade-off between accuracy and computational expenses [67].
Note that, SIESTA projects the electron wavefunctions and den-
sity onto a real-space grid and utilizes the non-relativistic
norm-conserving Troullier-Martins pseudopotentials [68]. Inter-
molecular van der Waals interactions were captured by the sec-
ond generation of dispersion correction (DFT-D2) as described
in [69]. We performed an energy convergence test and selected
a value of 250 meV for mesh cutoff and 300 Ry (~4081 eV) for
energy shift. The interactions between monolayers were inhib-
ited by a 20 A vacuum layer. Theoretically, this should not cause
any difference, but in the real-space projection, the vacuum layer
size can burden and significantly decelerate the calculation time.
A monolayer thickness of 7.726 A was used to calculate per-area
quantities (e.g., monolayer stresses) [82]. In the energetic and
geometric optimizations, we applied no atomic constraints and
optimized the structures until the forces acting on the atoms
became lower than 0.01 eV-A~1. However, in the solid deforming
or bond dissociation calculations, constraints were put on the
box or on the atoms in the dissociated pair. To achieve accurate
electronic structure calculations, we allowed a 15-A cutoff for the
set of k-points in the first Brillouin zone. However, Moreno and
Soler [70] showed that the resultant k-grids would be chosen in
an optimal way, based on a method utilizing an effective super-
cell close to the spherical shape. This approach can thus mini-
mize the number of k-points for a given precision. The self-
consistent and the conjugate gradient minimization schemes
were employed for the electronic-structure calculation and for
the geometry optimization, respectively.

Cohesive energies, surfaces (edges) and vacancy formation
energies, and stress components were calculated with the same
method as reported in our previous study [82]. Forces, however,
were sampled at the atoms in selected pairs, which bonds broke
first when Se and Mo molecules were annealed at a high temper-
ature. This selection implied proximity to a realistic potential
energy surface where the atoms hopped over the lowest energy
barrier.

Molecular dynamics (MD) simulations

The Large-scale Atomic/Molecular Massively Parallel Simulator,
or LAMMPS [71], was used for all of the atomistic simulations
mentioned above. To compare MD simulations with ab initio cal-
culations, we used the same atomic systems for most objectives
except for the lattice structures and cohesive energies, in which
we enlarged the size of the system for better sampling. For energy
landscapes (equation of states, bond dissociation, phase transi-
tion, and dissociation of Se clusters), single-point calculations
were performed on the equilibrated structures without energy
minimization. For the remaining objectives, an energy mini-
mization step was carried out with the conjugate gradient algo-

rithm (energy tolerance O eV, force tolerance 10710 ev-A1
before calculating the energies. For simulations with MD steps,
a time step of 1 fs was used. In the fracture simulations, a mono-
layer MoSe, flake of a chosen domain size was first optimized and
equilibrated with an NPT ensemble for 0.1 ns and then deformed
at a strain rate 10%/s. However, when crack was about to propa-
gate, we set the rate to be 5 x 10°%/s. Atomic visualizations were
created with OVITO. [72].

To capture the fracture response of MoSe, monolayers, while
retaining important characteristics, such as out-of-plane lattice
vibrations, we allowed for an out-of-plane deformation of the
monolayer whose roughness wavelength is consistent with a sus-
pended membrane geometry. We adopted a roughness quanti-
fied by Varghese et al, [73] and implemented it by placing
repulsive walls above and below the monolayer at 10 A away
from their basal plane. The spacing ensured the wrinkling of
the monolayers, given the dimensions, attained the desired
roughness.

Potential optimization framework

We obtained the Tersoff potential parameters for this work using
an updated version of the optimizing scheme presented by
Zhang et al. [82]. Overall parameterization includes a few itera-
tions, each of which comprises three steps: training, screening,
and evaluating. The potential was first optimized against ab-
initio data with a multi-objective genetic algorithm (NSGA-III)
for a selected group of properties in the training step. Next, the
optimized parameters were screened with properties that might
benefit the target phenomena, i.e., fracture energy and bond-
dissociation energetics. In this version, we introduced a local
optimizing algorithm (Bound Optimization BY Quadratic
Approximation, or BOBYQA [74]) during the screening step to
encourage the convergence to the real optima. The combined
global-local optimizing scheme was shown to be effective for
complex potentials such as ReaxFF [75]. This effectiveness is
achieved because the framework strikes the balance between a
genetic algorithm that is good at escaping the local optima to
find the global minimum but is bad at coming close to this opti-
mal point. The local optimizer helps guide the individuals
selected by the genetic step to their corresponding extrema. At
the end of this step, we prescribed a combination of maximum
percentage errors to identify promising candidates, in which a
smaller percentage was given to the criterion that is directly
related to the fracture behavior, e.g., bond dissociating energy
and force, surface energy, and phase transformation energy land-
scape. In the evaluating step, we tested the performance of a few
selected sets of parameters on fracture-related behaviors of struc-
tures that had the size of two to ten nanometers and compared
them to experimental results (or large-scale first-principle results
if available). If such validations were absent, a few properties that
were physically correlated to fracture were evaluated instead.
Also, an optional test for transferability could also be performed
to evaluate the capability of the potential in other scenarios.
After each iteration, we evaluated the relation of the involved
properties using a normalized covariance matrix and principal
component analysis. This served to guide the selection of train-
ing and screening properties for the next iteration, which might
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include regrouping, adding, and eliminating some properties to
better optimize the target behaviors.

Following the previous study, we chose a population size of
168 individuals [76]. Ten replicas with different randomly gener-
ated seeds were created, each of which was run for 500 genera-
tions. This number of generations was shown to be adequate
for the NSGA-III to converge [82]. For crossover, a simulated bin-
ary operator was used with a crossover probability of 1 and a
crowding degree n of 30. For mutation, we used a polynomial
operation with a mutation probability of 1 and n of 20. The
statistics of each replica were output after a number of genera-
tions (20 in this study) to monitor the optimization progress.
At the end, we combined the optimized parameters from all
replicas for the local optimization process and the screening step.
We used Python (3.7.7) and the Distributed Evolutionary Algo-
rithms in Python (DEAP) package to run the genetic algorithm
[77]. The local optimizer was, however, implemented based on
the Python Parallel Global Multiobjective Optimizer [78]
(PyGMO) package. SCOOP (0.7.1.1) [79] was used to distribute
the tasks for parallel computing. The optimization time scaled
with the complexity of a selected potential.

Atomistic-to-continuum mapping of the mechanical fields and
J-integral as a measure of fracture resistance

The quantification of J-integral requires a technique to map the
discrete quantities into continuum fields, and such a procedure
is convenient as per-atom stresses and energy density can be
easily output from LAMMPS. In this study, we used an
atomistic-to-continuum mapping scheme developed by Jones
and Zimmerman [80]. Each per-atom quantities would be evalu-
ated based on a kernel function that satisfies the following
requirements:

w>0;/gde:1 (5)

For 2D materials, we employed a cylindrical kernel instead of a
spherical one. The z-thickness of the cylinder was equal to the
interlayer distance between monolayers (7.726 A). This quantity,
however, only served to ensure the consistency between stress
components in a monolayer and their 3D counterparts. The
function  is written as:

w_%b:a(é):z(éﬂ (6)

where R, is the averaging radius and ¢ is the monolayer thick-
ness. Note that, strain components were calculated from the dis-
placement field, and they should be estimated at the same
spatial position as the stress components in the J-integral formu-
lation. The grid points to map the displacement field (and the g-
field) were therefore different from the ones used to map the
stress—strain fields. We borrowed a concept from the finite ele-
ment method (FEM) and placed the displacement-field grid
points at the nodes of triangulation generated by a Python dis-
cretization package (meshzoo) and the stress-field grid points
located at the quadrature point associated with each triangle.
The use of FE shape functions also facilitated the calculation
of derivative terms [81].
A continuum quantity was then calculated from:

WX =3 (#"(t) = WX~ X) 7)

where o was the total number of atoms in the averaging horizon.
¢ could represent displacement components, stress components,
energy density or g-value and W was the corresponding contin-
uum quantity.

The field value at a position different from the grid points can
be interpolated using shape functions N and their gradients:

u(X,t) =Y Ni(X, thu; Vu(X, t) = > VNi(X, O)u; (8)

where N;’s are the shape functions and u; are the field values at
vertex i.

The stress terms are extracted from interatomic interactions
by [71]:

1 1
Tab =5 Z:il (r.Fr, +12,F2,) + 2 Z:ﬁl (r.Fy, +12,F2,)
1 a
+ §ZZI:1 (r1,F1, +12,F5, +13,F3,)

1 N,
+ Zznil (rluFlh + rzaFZb + r3uF3h + T4(1F4b)

N.
"y, (9)

n=1

1 :
+ ZZnNzl (rlﬂFlh + T'Z“sz + 7‘3“F3h + T4MF4D) + Z

To alleviate the noise from thermal oscillation, we performed
the mapping on the time-averaged snapshot of the simulations.
Each snapshot was therefore an average of 1000 frames.

Estimate of process zone size from size effect theory

The fracture energy Grand the characteristic size of the FPZ, ¢
can then be computed from ¢, and D, using the following
relations:

Gr = a38(2)Do/E, ¢r = §(20)Do/8' (%) (10)

where g(a/D) and g’(a/D) are the dimensionless energy release rate
and its derivative, respectively, with « = a/D, as the independent
variable. These functions can be found in Bazant et al. [33].
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Appendix A. Supplementary Material
Supplementary data to this article can be found online at
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