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The study of the stacking stability of bilayer MoS, is essential since a bilayer has exhibited advantages over single
layer MoS, in many aspects for nanoelectronic applications. We explored the relative stability, optimal sliding path between
different stacking orders of bilayer MoS,, and (especially) the effect of inter-layer stress, by combining first-principles
density functional total energy calculations and the climbing-image nudge-elastic-band (CI-NEB) method. Among five
typical stacking orders, which can be categorized into two kinds (I: AA, AB and II: AA’, AB’, A’B), we found that stacking
orders with Mo and S superposing from both layers, such as AA’ and AB, is more stable than the others. With smaller
computational efforts than potential energy profile searching, we can study the effect of inter-layer stress on the stacking
stability. Under isobaric condition, the sliding barrier increases by a few eV/(uc-GPa) from AA’ to AB’, compared to
0.1 eV/(uc-GPa) from AB to [AB]. Moreover, we found that interlayer compressive stress can help enhance the transport
properties of AA’. This study can help understand why inter-layer stress by dielectric gating materials can be an effective

means to improving MoS; on nanoelectronic applications.
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1. Introduction

Two-dimensional crystals, especially graphene,!! have
been attracting increasing attention due to their demonstrated
potential in nanoelectronic applications.?) Unfortunately, the
lack of a band gap leaves graphene with a very low on/off
ratioP’] and the difficulty of tuning electronic structure in
graphene hinders the immediate application in nanoelectronic
devices. In this respect, transition metal dichalcogenides!'-*]
(typically MoS,), which preserve some good aspects of
graphene, show their advantages over graphene in nanoelec-
tronic devices,®! such as its band gap tunability,!5-3! high
on/off ratiol (up to 10%), high intrinsic carrier mobility, ']
and low resistance contact.[!1-13]

Compared to single layer, bilayer MoS, shows a pro-
nounced improvement on applicable properties.!'*! With a
smaller band gap, bilayer can have a more observable field-
induced effect.!'>! A much improved mobility has also been
observed in bilayer.['®) Moreover, with inversion symmetry
preserved in the bilayer, MoS,, with tunable Berry curvature
and polarizability by an electric field, renders itself a better
candidate for realizing valleytronic applications.!!”! Few-layer
MoS; has also been demonstrated experimentally to be more
suitable than single-layer MoS, for applications in ambient
conditions.[!®!

The stacking structure or stacking order for few-layer
MoS; including bilayer is obviously essential for determining
the subsequent electronic properties. To quantify the relative
stability of different stacking orders, Liang et al.!'! calculated
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the potential profile for sliding between two MoS; (001) sur-
faces, Blumberg et al.>?! determined the sliding potential of
2H-MoS, based on the registry index method. Their studies
on bulk form have contributed greatly to the understanding of
bilayer MoS; but were only limited on stacking orders, such
as AA’. Among the studies on bilayer MoS,, Liu er al.[*!]
obtained the relative stability of five typical stacking orders
(AA, AB, AA’, AB’, and A’B as defined later) from both lo-
cal density approximation (LDA) and PBE + D calculations,
He et al.”'l made a comparative study on the relative stabil-
ity among the same five stacking orders from different van der
Waals corrections, and also the stacking effect on the optical
and electronic properties. They all obtained the most stable
stacking geometry of AA’, which of course has an instructive
significance for applications. However, they did not calcu-
late the sliding barriers between stacking orders, which nev-
ertheless is quite an important part of evaluating stacking sta-
bility. Moreover, electrolyte dielectrics (i.e., HfO,,!'% jonic
liquid!''l) have been demonstrated experimentally as essen-
tial in improving device efficiency of MoS,-based transistors.
Theoretical studies show that these dielectric gatings may im-
pose in-plane stress on MoS,, therefore giving rise to an im-

(221 However, interlayer stress effect will also

proved mobility.
be anticipated for a few-layer MoS,, but how it influences both
stacking stability and the corresponding electronic properties
has not been theoretically touched upon.

In this study, we explored the relative stability, opti-

mal sliding path between stacking orders, and effect of inter-
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layer stress on stacking stability and the electronic properties
of MoS; bilayer by combining first-principles density func-
tional total energy calculations and the climbing-image nudge-
elastic-band (CI-NEB) method. Our results suggest that an in-
terlayer stress acts as an applicable means to improving both
the stacking stability and the electronic mobility of bilayer
MoS,; for long-term applications on nanoelectronics.

2. Methods

Our calculation was based upon density functional the-
ory (DFT) and projector augmented wave (PAW) pseudopo-
tential method implemented in the Vienna ab initio Simula-
tion Package (VASP).[>3! The exchange—correlation potential
was treated by the generalized gradient approximation (GGA)
and the Perdew—Burke—Ernzerhof (PBE).[**! Van der Waals
(VdW) interaction between the layers was calculated by us-
ing Grimme’s DFT-D2 correction to the PBE functional.[>>! A
vacuum spacing of 30 A was used to avoid inter-cell interac-
tion. Considering the weak interlayer interaction in the order
of meV, we set the kinetic cutoff energy to 650 eV and used
15 x 15 x 1 k mesh for whole Brillouin zone to obtain total
energy convergence better than 1 meV/atom. The interatomic
force is minimized to be less than 0.005 eV/A for structural
optimization. Sliding energy barriers were evaluated using the
CI-NEB method,?®?’! with nine intermediate images along
each hypothetical sliding path between two stacking orders.
Climbing images were added to estimate more accurately the
height of the barriers. The force minimization for each image
is also set to be less than 0.005 eV/A. Compared to searching
potential energy profile,*®! our combined study based on den-
sity functional theory and CI-NEB method costs much less in
terms of computational effort.

(a) type I type II
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3. Results and discussion

Five representative stacking orders (AA, AB, AA’, AB/,
and A’B), which can almost exhaust all conceivable stacking
configurations of bilayer MoS,,!'*?! are shown in Fig. 1(a).
The nomenclature of these five stacking orders can be referred
to Ref. [11]. AA has the same atoms on both top and bottom
layers, while AA’ refers to Mo(S) of the top layer right above
S(Mo) of the bottom layer. By shifting from AA (AA’) along
armchair direction to have one atom of top layer locates on
top of the hexagon center of the bottom layer, we can obtain
AB (AB' or A’B). Of course, the shifted stacking orders have
superposition of atoms on both layers from the top view, for
example, AB has the Mo-S superposition, AB’ has the Mo—
Mo, and A’B has the S-S superposition. In terms of the exis-
tence or not of the inversion symmetry, all of these stacking
orders having similar rotational symmetry can be categorized
into two types: type I including the AA and AB without the
inversion symmetry, and type II with the inversion symmetry,
including AA’, AB’, and A’B. The stacking orders in each type
can be switched to each other by a translational shift between
the two sublayers, but an interlayer twisting is inevitable to
switch between two types. Since interlayer twisting is much
more complicated and costs much more energy than interlayer
sliding, here we will not consider inter-type transition.

To explore the stacking stability of bilayer MoS,, we
calculated the formation energies Erym, as a function of inter-
layer distance & in Fig. 1(b). The formation energy Efor 1S
defined as the total energy difference per atom between bi-
layer and the two constituent single monolayers are well sep-

arated (Eform = Ebilayer — 2Emonolayer). Similar trends are found
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Fig. 1. (color online) (a) Stacking orders AA, AB, AA’, AB’, and A’B categorized into two types. Type I: AA and AB, type II: AA’, A’B, and AB’. (b) The
formation energy (Efomm) of five stacking orders as a function of inter-layer distance (/). Stacking orders AA and A’B are the least stable among all orders.

106801-2



Chin. Phys. B Vol. 23, No. 10 (2014) 106801

among three stacking orders of AA’, AB, and AB’ and also
between AA and A’B in terms of the interlayer distance hg
and formation energy in equilibrium. From Table 1, the hg
and Efory for AA’, AB, and AB’ are around 6.25 A and lower
than —25.1 meV/atom, respectively, in contrast to 6.80 A and
—15.8 meV/atom for both AA and A’B, revealing that AA’, AB,
and AB’ are much more stable than AA and A’B. Among the
three relatively stable geometries of AA’, AB, and AB’, AA” and
AB are more stable than AB’. Interlayer Coulomb interaction
may play an important role in distinguishing the stability be-
tween the stacking orders. For example, the less instability of
both AA and A’B may be comprehended by a strong Coulomb
repulsion between the two nearest sulfur atoms from two sub-
layers, while interlayer Coulomb attraction makes both AA’
and AB more stable than AB’. It is worth noting that the sta-
bility hierarchy of stacking orders and interlayer distance from
our calculations agree fairly quantitatively with that obtained
by other vdW corrections. 4211

Table 1. The formation energy and corresponding interlayer distance
hy at equilibrium for each stacking order.

Stacking order AA AB AB’' AA A’'B
ho/A 6.21 6.21 6.28 6.81 6.78
Eform/(meV/atom)  -25.13  -25.04 2298 -1583 -16.04

What is more interesting in Fig. 1(b) is the swap of rela-
tive stability among AA’, AB’ and AB along with the decreasing
h. All of the stacking orders converge naturally to one single
curve if the interlayer spacing 4 is large enough, where stack-
ing order does not affect formation energy. Since # is reduced
to the equilibrium position, AB’ becomes relatively unstable
compared to AA’ and AB due to the aforementioned different
Coulomb interactions. Once the interlayer distance is further
reduced, a stability difference between AA’ and AB appears.
AA’ becomes relatively unstable than AB and even than AB’,
suggesting that the electrostatic Coulomb attraction alone can-
not account for the relative stability among them. AB’, which
is the least stable among the three conformations in equilib-
rium, becomes the most stable one as & goes below 5.40 A.
This stability swap suggests the effect on the stacking stabil-
ity of interlayer compressive stress. In the meantime, we have
noticed that not only the formation energy but also the slid-
ing barrier between stacking orders are important to determine
the stacking stability as a whole. It is, therefore, necessary to
uncover possible sliding pathway and pin down the value of
barriers.

We expect that the optimal sliding route will pass through
these stacking orders since formation energy local minimum
(or maximum) usually occurs in those high-symmetry stack-
ing structures. Indeed, as shown in Fig. 2, we obtained the op-
timal pathway by connecting all possible stacking conforma-
tions, similar to those found in a similar BN system but based
on potential profile searching!?®?°! and with higher computa-
tional cost. During our CI-NEB calculations, these stacking

structures serve as both initial state and final state in the slid-
ing process.

We start with the type I and are only concerned with the
sliding between the stacking order AB and AA. A hypothesized
route is schematized in Fig. 2(a), in which AB and [AB] simply
have a mirror symmetry with respect to each other and should
be identical. The optimized pathway obtained from CI-NEB
calculation agrees with the hypothesized route and the energy
profile along this route obtained is shown in Fig. 2(b). As
expected, AA and AB locate at an energy maximum and min-
imum in the sliding pathway, respectively. AA has an energy
of 9.1 meV/atom higher than AB and will spontaneously slide
away towards AB stacking. Between AB and [AB], a sliding
barrier is found to be 2.4 meV/atom and is much smaller than
the energy cost through AA. This indicates an optimal slid-
ing pathway along a zigzag line connecting the AB and [AB]
(namely, AB — [AB] — AB), as illustrated in Fig. 2(c). In-
terestingly, we set up another possible sliding route directly
between two nearest AB (black dashed line in the left panel of
Fig. 2(c)), but still a zigzag route (solid red line) is desired by
the CI-NEB calculation. From Fig. 2(c), we also found that
the interlayer distance 4 goes up and down in lines with the
energy profile along the optimal pathway.

The sliding pathway for the type II is expected to be
more complicated than that for type I, obviously due to more
choices of the sliding way. As discussed before, we selected a
straight route covering all three stacking orders, as illustrated
in Fig. 2(d). Starting from AA’, a complete cycle includes
two intermediate AB’ and A’B. From CI-NEB calculations,
as shown in Fig. 2(e), we found that AA’ lies at a global energy
minimum and AB’ at a local energy minimum, but A’B is quite
unstable at an energy maximum and should be avoided during
a sliding process. A similar zigzag optimal pathway is antici-
pated, such as AA" — AB’ — AA’, and a direct route between
AA’" and AA’ is also overruled, as schematized by solid red line
other than black dashed line in the left panel of Fig. 2(f). The
energy barrier of 3.2 meV/atom obtained is higher than that
in the type I, which suggests a higher stacking stability of the
type II. It is worth pointing out that we have so far only con-
sidered an ambient situation without any stress applied.

To explore the interlayer compression effect on sliding
behavior and stacking stability of MoS, bilayer, we calculated
energy along the optimal sliding pathway as a function of in-
terlayer distance. Here we used Ad to represent the horizontal
deviation from AB along AB — [AB] path or from AA’ along
AA" — AB' path, which is shown in Figs. 3(a) and 3(d), and
chose Ah(= h— hyp) for the change of interlayer distance s with
respect to g of the most stable geometry (i.e., of AB or of AA).
Promisingly, we found that Ad obtained from CI-NEB calcu-
lations always follows the horizontal straight route for both
AB — [AB] and AA’ — AB' paths under various interlayer
compressions. At each point (Ah, Ad), we obtained energy
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Fig. 2. (color online) (a)—(c) Sliding pathway between AB and AA. (a) Schematics of relative sliding motion. Filled (empty) circles represent Mo atoms at top
(bottom) layer, the remaining unmarked are S atoms. (b) Energy profile along the sliding coordinate from one order to another, obtained from the CI-NEB
method. (c) Left panel: Schematics showing that, starting from a simple hypothesized straight pathway from AB to AB (as indicated by black dashed line),
CI-NEB searching finds an optimal zigzag sliding pathway (as indicated by red solid line). Right panel: Energy profile and optimized inter-layer distance &
along the optimal pathway during a complete sliding cycle. (d)—(f) Sliding pathway between AA’, AB’, and A’B stacking orders. (d) Schematics of relative
sliding along a straight line connecting all three stacking orders. (e) Energy profile along the sliding coordinate from one stacking to another. (f) Energy
profile and optimized inter-layer distance % along the optimal pathway for one complete sliding cycle. A zigzag sliding route is also found.

change and interlayer stress P and, therefore, can make a
three-dimensional plot as shown in Figs. 3(b) and 3(e). Along
with increasing Ah, both sliding energy barriers and interlayer
stress P (red lines projected in the horizontal plane) increase.
By sliding along the iso-Ah line, the variation of interlayer
stress also increases with Ah, especially along the AA’ — AB’
pathway. An interlayer compression of up to 1.0 A of Ak in-
duces approximate 2.8 GPa of interlayer stress for AB geome-
try, 3.5 GPa for AA’, and 1.7 GPa for AB’, suggesting different
elasticities among AB, AA’, and AB’ stacking orders.
Practically, isobaric sliding process is more straightfor-
ward to observe the compression effect on the stacking stabil-
ity. Based on the three-dimensional plot in Figs. 3(b) and 3(e),
we derived contour plots of both isobaric and iso-energy lines
with respect to Ad and Ah in Figs. 3(c) and 3(f). The energy
interval is set to be 0.03 eV/uc (uc: unit cell, or per 6 atoms)
and stress interval 0.30 GPa. Similar messages in Figs. 3(c)
and 3(f) can be obtained, as in Figs. 3(b) and 3(e), such as
Ad dependence of energy and stress along each iso-line of 4.
Meanwhile, with Ak decreasing from 0.0 to —1.0 at a fixed
Ad, stacking energy increases with elevating stress. Addition-
ally, we can observe in Figs. 3(c) and 3(f) how both energy

(and sliding barrier) and interlayer distance /& vary along iso-
baric lines. The sliding barrier at a given stress can basically
be extracted from a simple counting of number of iso-energy
lines that the iso-baric line crosses. The bigger the number of
crossings are, the higher the sliding barrier will be. Unusually,
we found in Fig. 3(c) that the sliding barrier initially increases
slightly with compressive stress P, and then saturates once P
is above some threshold values. This suggests that lubricant
properties of AB-stacking MoS, are insensitive to the vertical
compression. However, compared to the AB — [AB] path-
way, AA’ — AB' shows a more drastic character in that the
sliding barrier increases all the way with increasing compres-
sive stress, indicating interlayer stress as a useful means for
improving stacking stability.

The positive effect of interlayer stress on the AA" stack-
ing is reflected not only on improving the stacking stability
of AA" with respect to other stacking orders but also on the
enhancement of transport properties, such as the reduction of
both band gap and carrier effective mass, which contribute
to the enhanced quality of nanoelectronic devices. From
Fig. 4(a), along with the elevating stress, band gap from I”
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Ad/A

Fig. 3. (color online) Interlayer compression effect on the optimal sliding pathway. Panels (a)-(c) show the sliding from AB to [AB], panels (d)—(f) show that
from AA” to AB’. Panels (b) and (e) are three-dimensional plots of energy as a function of sliding distance Ad, compression Ah, and compression stress P. Ah
(with respect to the equilibrium /g for geometry AB and AA’) changes by an interval value of 0.125 A. To study a practical isobaric situation, contour plots
in panels (c) and (f) are given to show the isolines of energy and compressive stress as a function of Ad and Ah. Red lines represent the isobaric pathway
with stress unit of GPa while black ones the iso-energy lines with unit of eV. As pressure increases, the sliding barrier changes and affects solid lubricant

efficiency.
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Fig. 4. (color online) Interlayer stress effect on band gap E,, effective
mass megr, and sliding barrier A for MoS; AA’ stacking structure. Stress
reduces Eg and meg; of carriers on the top of valence band, while it in-
creases the stacking stability by enhancing A.

to K decreases, whereas band curvature on the top of the va-
lence band at I increases, which is indicative of a decreasing
effective mass mgr of carrier and therefore a strain-induced
mobility enhancement.3°] These changes are also quantified
in Fig. 4(b). The me¢ of carrier decreases by 0.33 m./GPa and
goes even smaller than the electron mass for the stress above
0.8 GPa, where the sliding barrier to deviate from AA’ stacking
increases abruptly with stress.

4. Conclusion

We explored the relatively stable, optimal sliding path be-
tween different stacking orders of bilayer MoS,, and also the
effect of interlayer stress, by combining first-principles den-
sity functional calculations with the climbing-image nudge-
elastic-band (CI-NEB) method. For five typical stacking or-
ders, which can be categorized into two kinds (I: AA, AB and
II: AA’, AB', A’B), the long-range electrostatic interaction is
more essential than the dispersion force in determining the
relative stability among them, and stacking orders with Mo
and S superposing from both layers, such as AA’ and AB, is
more stable than the others. The CI-NEB method helps save
computational efforts and facilitates the study of the interlayer
stress effect on stacking stability. In contrast to the modest
effect on the type I, stress changes the sliding barrier and rel-
ative stability more substantially between the stacking orders
of type II. Under isobaric conditions, the sliding barrier in-
creases by a few eV/(uc-GPa) from AA’ to AB’, in contrast to
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0.1 eV/(uc-GPa) from AB to [AB]. Moreover, we found that
interlayer compressive stress can help enhance the transport

properties of AA’. This study can help us to understand why
the inter-layer stress induced by dielectric gating materials can

be an effective means to improving MoS; on nanoelectronic

applications.
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