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Recent studies of van der Waals heterostructures involving transition metal dichalcogenide (TMD) overlayers

have revealed the formation of highly ordered mirror twin boundaries (MTBs) dividing domains in single 2H

phase. Here, using a multi-scale modeling approach we identify that the MTB network formation results from a

delicate interplay between strain accumulation in the heterostructure and single crystal preference of the growing

overlayer. We determine the energy costs for the creation of the MTB by first-principles calculations, from which

we show that even the presence of a perceived-to-be negligible strain is able to induce the formation of the MTB

networks as an effective strain relief mechanism of the growing TMD monolayers, as observed experimentally.

This counterintuitive finding demonstrates the importance of collective effects in weakly-interacting systems,

i.e., in van der Waals epitaxy.

PACS numbers: 68.55.-a, 68.35.Rh, 61.46.-w,

I. INTRODUCTION

Since the discovery of graphene via mechanical exfoliation

[1], fabrication of a rapidly increasing number of new types of

two-dimensional (2D) materials [2–6] and their heterostruc-

tures [7] has been the subject of intensive research. In this

endeavor, much effort has been devoted to the growth of the

layered materials on proper substrates, including catalytically

more active substrates such as a copper foil [8, 9] and rela-

tively inert surfaces such as graphite [10]. In either case, the

coupling between the growing 2D monolayer (ML) and the

substrate is rather weak, characterizing the process as van der

Waals (vdW) epitaxy [11]. As a relatively new category of

non-equilibrium growth phenomena, the versatility of vdW

epitaxy remains to be fully exploited in fabricating various

2D materials and heterostructures with diverse properties and

functionalities [12–16].

Among the different materials compositions, the vdW

growth of transition metal dichalcogenides (TMDs) is partic-

ularly appealing, largely because such systems exhibit emer-

gent exotic properties in the 2D regime or in heterostructural

geometry [17–20]. Here, one striking observation was the

self-organized growth of highly ordered mirror twin bound-

aries (MTBs) in vdW epitaxy of TMD MLs on graphite [10]

or different TMDs [21, 22] or substrates. Subsequent stud-

ies have revealed intriguing properties of such MTBs, includ-

ing their metallicity and charge density waves (CDW) behav-

ior [23], which can be further exploited for potential appli-

cations such as enhanced catalysis. Yet to date, the underly-

ing formation mechanism(s) of such MTB networks remains

to be identified. Past effort has been focused on the cre-

ation of chalcogen vacancies and their evolutions during the

growth [24–26], while the potential role of strain has been ne-

glected, mainly because the vdW interfacial coupling in such

systems is much weaker than the typical chemical bonding

strengths in traditional epitaxy.

In this paper, we use a multi-scale modeling approach to

demonstrate that the underlying formation mechanism of the

MTB networks lies in a delicate but physically important in-

terplay between the strain accumulation in the heterostructure

and single crystal preference of the overlayer. We first use

first-principles calculations to systematically investigate the

formation energies of the MTBs in different TMD MLs. Next,

we show that, in contradiction to the widely-held belief, even

a moderate strength of strain in the heterostructures is suf-

ficient to induce the formation of the MTB networks as an

effective strain relief mechanism of the growing TMD MLs,

consistent with the experimental observations. We further de-

termine the periodicity of the MTB networks quantitatively,

and predict the formation of MTBs in a given TMD ML upon

proper strain engineering.

The paper is organized as follows. In Sec. II, we describe

the first-principles methods and the structural model of the

MTB networks. In Sec. III, We calculate the formation energy

of the MTB networks and strain energy in the TMD monolay-

ers using density functional theory (DFT). Using these DFT

results as inputs, combining with the continuum elasticity the-

ory, we demonstrate that the presence of even a moderate
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stress is sufficient to induce the formation of the MTBs as an

effective strain relief mechanism in TMD overlayers. The va-

lidity of the mechanism is further confirmed by close compar-

isons with experimental observations. In Sec. IV, we conclude

this work with a brief summary.

II. COMPUTATIONAL DETAILS

The density functional theory (DFT) calculations were

carried out using the Vienna ab initio simulation package

(VASP). For the ion-electron interaction, we used the projec-

tor augmented wave method [27, 28], while for the exchange-

correlation energy, we used the Perdew-Burke-Ernzerhof

functional [29]. The kinetic-energy cutoff for the plane wave

basis set was chosen to be 400 eV. At a higher cutoff energy

of 500 eV, the calculated strain properties are unchanged with

respect to those of 400 eV. The ordered MTB networks were

modeled using periodic slab geometries with 20 Å thick vac-

uum layers to separate adjacent TMDs. The lattice constants

and atom positions were fully relaxed until the Hellmann-

Feynman forces were less than 0.01 eV/Å.

III. RESULTS AND DISCUSSION

To identify the likely formation mechanism of the MTB

network, we first obtain its formation energy in a TMD ML,

taking MoSe2 as a prototypical system. It has been ob-

served experimentally that, during epitaxial growth of MoSe2

on HOPG, periodic networks were formed, composed of do-

mains in the 2H phase divided by MTB lines [10]. As shown

in Fig. 1(a), we construct an atomistic model with periodic

MTB lines embedded in a MoSe2 ML to simulate the experi-

mentally observed patterns. Within a 1D MTB line, the small-

est unit is highlighted in Fig. 1(b). The stoichiometric ratio

of Mo:Se in the MTB lines is 1:1, indicating an Se deficiency

from the ideal MoSe2 structure. The formation energy of the

MTB network with respect to the 2H phase MoSe2 can be de-

fined as

E f = E tot + 2NµSe−NMoEMoSe2
(1)

where E tot is the total energy of the supercell, N is the num-

ber of the MTB units within each MTB line (i.e., the su-

percell size), µSe is the chemical potential of Se, NMo is the

number of Mo atoms in the supercell, and EMoSe2
is the en-

ergy of pristine MoSe2 per formula unit. Here, µSe is deter-

mined by µMo +2µSe = EMoSe2
, whose range is limited by the

Se8 molecule and the Mo bulk phase, corresponding to the

Se-rich end and Se-poor limit, respectively. While evidently

chalcogen chemical potential is an important parameter, as ev-

idenced by the calculated formation energy of the MTB unit

shown in Fig.2. It is worth noting that, although the flux ratio

of X:M (X=S, Se, Te; M=Mo, W) is usually tens to hundreds

during epitaxial growth of TMDs, a low residence time of the

X atoms on the surface before re-evaporation may result in

the deficiency of the X atoms [21]. Without loss of general-

ity, here we adopt the value of µSe at the Se-poor limit in the

following calculations.
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FIG. 1: (a) A schematic model of the MTB network in a MoSe2

monolayer, with the supercell highlighted by the red dashed frame,

and three equivalent MTB segments by gray stripes, respectively; the

lateral supercell size is N=8 for illustration. (b) Top and side views

of the atomic structure of an MTB line, with the MTB unit indicated.

(c) Schematic of the moiré pattern formation due to the atomic lattice

mismatch between the MoSe2 overlayer and graphene substrate.

The calculated formation energy of the MTB network in a

MoSe2 ML as a function of the supercell size N is shown in

Fig. 2(a), which can be fitted as E f = aN + b, with a = 0.56

eV and b = 1.96 eV. The formation energy of the MTB unit

(EMTB) can then be obtained from the slope, given by EMTB

= a/3 = 0.19 eV, since each supercell contains three equivalent

MTB segments which are highlighted by gray stripes in Fig.

1(a). Furthermore, we can interpret the intersection of the lin-

ear plot to be the corner energy [30] of the MTB, given by

Ecorner = b = 1.96 eV. We therefore can rewrite the formation

energy of the MTB network as

E f = 3NEMTB+Ecorner (2)

Similar to MoSe2, MTB networks have also been observed

in epitaxial growth of MoTe2 MLs on MoS2 [21]. Using the

same procedure, we obtain the formation energy (E f) of the

MTB networks in MoTe2 as a function of N as shown in Fig.

2(a), which can again be fitted with a linear relationship. The

corresponding energy per MTB unit and corner energy are

given by EMTB = -0.01 eV and Ecorner = 0.65 eV, respectively.

Here we note that E f, EMTB, and Ecorner are all much lower

than those in the MoSe2 case, and EMTB is even negative at the

Te-poor limit, both observations indicating the relative easi-

ness for the formation of the MTB networks in MoTe2. We

have also calculated the formation energies of the MTB net-

works in MoS2, WS2, and WSe2 MLs, all of which possess

the 2H phase as the stable structure. The results are shown

in Fig. 2, exhibiting the distinct contrast that the formation

energies are much higher in these latter three systems.

To gain a deeper understanding of the formation energies of

such MTBs, we obtain EMTB for different 2D MX2 (M=Mo,

W, X=S, Se, Te) MLs, as listed in Table I. Several interest-

ing observations can be made. First, EMTB exhibits the trend

EMTB(MS2) >EMTB(MSe2) >EMTB(MTe2) for both the Mo
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FIG. 2: (a) Formation energy (Ef) of the MTB network in MoS2,

MoSe2, or MoTe2 MLs as a function of the supercell size N at the

chalcogen poor limit. (b) Similar to (a), but for WS2 and WSe2. (c)

Formation energy of the MTB unit in MoS2, MoSe2, or MoTe2 MLs

as a function of chalcogen chemical potential. (d) Similar to (c), but

for WS2 and WSe2.

and W series. Second, for a given X, we have EMTB(WX2)

>EMTB(MoX2). Third, MoSe2 and MoTe2 exhibit the low-

est formation energies per MTB unit, which at least partially

explain why MTB networks have been observed in these sys-

tems. Fourth, EMTB is much higher for MoS2, W2, and WSe2,

which may explain why no such MTB network has been re-

ported in these systems. Finally, the corner energy also varies

significantly from system to system, and its effect may not be

neglected, as in the case of MoTe2 where the corner energy

even dominates.

TABLE I: Lattice constant (d), energy per MTB unit (EMTB), corner

energy (Ecorner), and in-plane Youngs modulus (C2D) for different

TMD MLs.

System d (Å) EMTB (eV) Ecorner (eV) C2D (eV/Å2)

MoS2 3.18 0.44 1.73 20.9

MoSe2 3.32 0.19 1.96 18.4

MoTe2 3.55 -0.11 0.65 12.5

WS2 3.18 0.93 0.67 22.4

WSe2 3.32 0.57 0.61 19.3

Next, we return to the potential formation mechanism of

such MTB networks in the TMD heterostructures. In a tra-

ditional heteroepitaxy involving strong interfacial chemical

bonding, it has been well recognized that a strain relief can

serve as the dominant driving force in inducing the formation

of highly ordered patterns such as the dislocation networks in

a growing overlayer on a lattice-mismatched substrate [31].

In contrast, for the formation of such the MTB networks in

TMDs MLs, the potential role of the strain has been neglected

due to the apparent weak vdW nature of the interfacial cou-

plings [22, 32]. However, more recent studies have provided

overwhelming evidence that the strain accumulated at the in-

terfaces of different vdW heterostructures can greatly influ-

ence their electronic, optical, and other properties [17–20, 33–

35]. Here we demonstrate that such strain accumulations can

also serve as the dominant driving force in the morphologi-

cal evolution of the growing TMD MLs in vdW epitaxy, as

manifested by the formation of the MTB networks, as given

below.

We assess the strain effects using a multi-scale modeling

approach. First, we use first-principles calculations to obtain

the strain energy variations of different TMD MLs upon com-

pressive or tensile strain. The results are shown in Fig. 3, ex-

hibiting dominant harmonic behavior for strain within ±2%.
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FIG. 3: (a) Strain energy per formula unit as a function of the strain

for different MoX2 MLs (X=S, Se, Te). (b) Similar to (a), but for

WS2 and WSe2.

Next, using the DFT results, we extend the study to the

regime of continuum elasticity theory by obtaining the in-

plane Youngs modulus (C2D) for each system as [36].

C2D =
1

A0
(

∂2Es

∂ε2
) (3)

where Es, A0, and ε are strain energy, area of the unit cell, and

strain, respectively. The results are given in Table I, showing

that the Youngs moduli of four of the systems are comparable

to each other, with that of MoTe2 to be substantially softer.

The strain energy per unit cell is obtained by an integration of

Eq. (3). Under the harmonic approximation, both integration

constants are zero, so Es =
1
2 A0C2Dε2. The total strain energy

is thus

EN
s =

1

2
A0C2Dε

2N2 (4)



4

where N is the lateral size of the supercell. The same equation

has been derived and applied to the study of carbon nanotubes

[37].

The underlying formation mechanism of the MTB networks

can now be understood from the competition between the

strain energy accumulation and single crystal preference of

the TMD MLs. As a strained ML grows, strain energy accu-

mulates in the ML following Eq. (4). When its lateral size

is too large, the system chooses to release the strain energy

through the creation of MTBs, whose energy cost follows Eq.

(2). The energy balance Es = E f between the two determines

the critical size as shown in Fig. 4, above which the formation

of the MTB network is energetically favored.
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FIG. 4: Strain energy (Es) at different strains (dashed curves) and

formation energy of the MTB networks (Ef) (solid line) as a func-

tion of the lateral size of a growing ML for (a) MoSe2, (b) MoTe2,

(c) MoS2, and (d) WS2. The red stars in (a) and (b) indicate the ex-

perimentally observed periods of the MTB networks, from which the

corresponding strain can be estimated.

To further illustrate the physical validity of the strain re-

lief mechanism, we take the experimental observations as a

crosscheck, as applied to the MTB networks formed in MoSe2

and MoTe2 MLs. As shown in Fig. 4(a), the experimentally

observed size (∼ 10 nm) of the MTB network in a MoSe2

ML [10] corresponds to the strain of ∼ 1.5% (red star). As

shown in Fig. 1(c), the most probable superlattice at the in-

terface is a 3× 3 MoSe2 superstructure on a 4× 4 HOPG su-

perstructure, with a misfit strain of ∼ 0.5%, forming a moiré

pattern with the period of ∼ 10 Å. Therefore, additional strain

corresponding to the stress of ∼ 1% should have been built

into the growing overlayer during non-equilibrium growth,

which is physically highly feasible. Furthermore, as shown

in Fig. 4 (b), only a moderate strain of ∼ 1% is sufficient

to induce the formation of the MTB network in a growing

MoTe2 ML with the experimentally observed period of ∼ 2.8

nm [21].

Based on the formation mechanism established above,

some remarkable tunabilities on the formation of the MTB

networks may be achieved. For systems that support the for-

mation of MTB networks, one can effectively tune the net-

work sizes by changing the strain to modify the periods of

the networks for more desirable functionalities. Such strain

variations can be obtained by proper choices of the substrates,

or by changing the growth conditions, or by applying exter-

nal stress, or, by a combination of the different approaches.

In this regard, the emergence of external-stress-induced MTB

networks in a growing TMD ML of a vdW heterostructure

that otherwise does not support MTB formation will serve as a

compelling validation of the mechanism emphasized here. In

particular, based on Figs. 4(d), we expect that the formation

of the MTB networks in a WS2 ML will be highly unlikely

in the typical vdW heterostructures, because it requires a too

high stress (e.g., well over 2%) but proper applications of an

external stress will likely make it happen.

IV. CONCLUSION

In summary, we have identified the MTB network forma-

tion mechanism to be originated from a delicate balance be-

tween strain accumulation in the heterostructure and single

crystal preference of the overlayer. The key is to employ a

multiscale approach where the formation energy of the MTB

networks in different TMD monolayers and the strain energy

variations in growing TMD monolayers are evaluated by DFT

calculations from which, the continuum elasticity theory anal-

yses can be applied to demonstrate that even a moderate strain

is enough to induce the formation of the MTBs observed by

experiments. The breakthrough in understanding the uncon-

ventional role of strains in vdW epitaxy opens the door for

tuning the MTB networks for unprecedented control of the

physical properties of TMDs and other 2D materials via strain

engineering.
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