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Controllable Phase Stabilities in Transition Metal
Dichalcogenides through Curvature Engineering:
First-Principles Calculations and Continuum Prediction

Bin Ouyang,* Pengfei Ou, and Jun Song*

A controllable phase transition between the semiconducting 2H phase and
metallic/semimetallic T (1T, 1T/, and 1T”) isomorphs provides an effective
route to tune and even switch physical and electronic properties within 2D
transition metal dichalcogenides (TMDs). In this study, the feasibility of
curvature engineering in manipulating the structural phase is investigated
employing first-principles density functional theory (DFT) calculations and
continuum mechanics analysis. With WSe, and MoTe, as TMD
representatives, it is found that bending deformation can not only
energetically induce 2H — T (1T, 1T/, or 1T”) phase transformation, but also
kinetically facilitate the phase transition by lowering transition activation
barriers. Moreover, a phase stability diagram is constructed which suggests
ways of achieving both uniformly 2H — T phase transition and programming
printing of T phases in 2H-TMD membranes. The theoretical results not only
suggest a new feasible experimental design strategy of phase engineering, but
also sheds light on novel device design with the patterning of T phases on the

2H-TMD membrane.

The fascinating physical and chemical properties of the atomi-
cally thin VI transition metal dichalcogenide (TMD), a material
consisting of two layers of chalcogenide atoms sandwiching one
layer of VI transition metal atoms in between, has inspired nu-
merous research studies toward ultra-high light absorption and
emission, /!l nanoscale piezoelectric behaviors,?! and extraordi-
nary valleytronics effects,>®”) showing great promise in numer-
ous applications, such as solar energy,® ¥ illumination,141]
nano power generator,”? and valleytronics devices.®” 14

Recently, the TMD family attracts further attention because
of polymorphism. As shown by many studies,”'*2! besides the
normal octahedral 2H phase, TMDs may assume the form of
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the trigonal 1T phase or its distorted
allotropes (1T" and 1T”). The divergent
properties and polymorphic phases provide
an extra technological avenue/? toward
tuning of the performance of TMD-based
devices. In this regard, precise control
of phase transitions in TMDs would be
necessary. Recently, there have been several
studies®2!  proposing different ways
to engineer phase transitions in TMDs.
Intercalation-based method has been
widely adapted, it is easily achieved but
would introduce defects and impurities into
the system.?®3%l Meanwhile, planar strain
engineering has been proposed and inves-
tigated theoretically since it may offer more
controllability and flexibility.[19-20:33:36.37]
However, the threshold planar strains for
triggering phase transition in TMDs is
cloase or larger than the planar elastic limit
of TMDs.[*20 This level of strain is very
challenging or even impossible to achieve
in experiments.

In this article, we demonstrate curvature engineering as a
route to induce phase transition in TMDs. It also provides an
alternative other than planar straining to involve strain in engi-
neering phases in TMDs, but with a more feasible strain condi-
tion. Employing the nanotube model, the effect of bending de-
formation in modifying the phase stability and kinetics of phase
transition (of H and T phases) in TMDs was systematically exam-
ined combining first-principles density functional theory (DFT)
calculations and continuum mechanics modeling. A phase sta-
bility diagram has been constructed to directly illustrate the de-
pendence of phase preference on bidirectional curvatures, based
on which design strategies utilizing curvature engineering can
be proposed. Considering the experimental achievability, we have
presented a schematic design of rippling and nanoindentation
for achieving more flexible phase transitions.

Directly associated with curvature engineering is the intro-
duction of deformation and strain energy. However, accurate
prediction of the strain energy in a curved structure is quite
challenging in DFT modeling due to the periodic boundary
condition and geometric constraint®®*% in a simulation cell. In
the form of a nanotube, the TMD material experiences bending
type of deformation with a fixed curvature.’”3**4 As a result,
the nanotube can serve as an idealized atomistic model for
examining the bending induced deformation in TMDs.
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Figure 1. Nanotube models resulted from bending along the a) armchair
(AC), and b) zigzag (ZZ) directions. For each bending direction, the 2H
phase and the four possible T phases of different Peierls distortions are il-
lustrated. The metal atoms (Mo or W) are colored gray while the chalcogen
atoms are colored green.

Two bending directions are considered in our study, that is,
bend along armchair direction or zigzag direction, correspond-
ing to nanotube models with (n,0) and (n,n) chirality, respectively.
Even though the 1T phase can be directly formed with upper sul-
fur plane gliding from 2H phasel?**¥ it is unstable so that Peierls
distortion always takes place,['*2% which leads to the formation
of 1T" or 1T” phase. Due to the hexagonal structure of TMDs,
Peierls distortion can occur in armchair direction, zigzag direc-
tion, or both.'®2% Therefore, as demonstrated in Figure 1, for
each bending direction considered, there will be four competing
T phases existing depending on the direction of Peierls distor-
tion. In addition to the 1T phase, the 1T’ phase with Peierls dis-
tortion along AC direction is denoted as 1T’ ¢, while 1T’z repre-
sents the phase with Peierls distortion occurring at ZZ direction.
Additionally, 1T” phase represents the case in which Peierls dis-
tortion takes place in both AC and ZZ directions.

First-principles DFT calculations were then performed using
the Vienna Ab Initio Simulation Package (VASP)* to exam-
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ine the energetics and phase stability of TMD nanotubes. The
Perdew—Burke—Ernzserhof (PBE) functional and the projector-
augmented wave (PAW)[120434] method were used. An energy
cutoff of 400 eV and 1 x 7 x 1 k-point grid was applied for each
of the calculations. Benchmark calculations were conducted to
show that the above energy cutoff and k-point grid yield sufficient
accuracy (i.e., energy difference <0.02 eV). The vacuum space
between the structure and its image was set as 20 A to elimi-
nate image interactions. For a TMD nanotube of diameter 4 and
of phase ¢ (2H or T), the associated energy difference with re-
spect to the reference TMD monolayer (normalized by number
of MoS$, units) E{(d), can be computed as:

E{(d) = Efy.(d) — EY, (1)

where E ﬁlbe(d) and E? , refer to normalized total energy per for-
mula unit (eV f.u.™!) of the nanotube of diameter d and the ref-
erence TMD monolayer, respectively, with the superscript ¢ indi-
cating the phase that the nanotube or monolayer assumes. E{ (d)
represents the effective strain energy associated with the bending
of a monolayer TMD into a nanotube.

In addition to calculations for obtaining energetics informa-
tion, kinetic calculations were performed to examine the kinetic
procedure of phase transition. Employing transition state theory,
the climbed image nudged elastic band (ci-NEB) method*
was adopted to compute the minimum reaction paths (MEPs)
and associated energy barriers of 2H/T phase transitions.

The evolution of the normalized total energy of a nanotube
E?, (d) as a function of the diameter d is shown in Figure 2. In
the illustration, only the lowest-energy T-phase nanotubes and
the reference H-phase nanotubes are presented. For the consid-
ered diameter range, the lowest-energy T phase is found to be
1T sc for AC nanotubes and 1T'zz for ZZ nanotubes, respec-
tively, in W Se, system. As for MoTe, system, the 1T” phase always
stays as the lowest-energy T phase for all nanotubes. As seen in
Figure 2, the energetically preferable phase changes from the T
phase to the 2H phase as the nanotube diameter increases, in-
dicating a T — 2H (or 2H — T) transition as the diameter in-
creases (or decreases). Based on the calculated total energy, the
effective strain energy E{ (d), defined in Equation (1) above, can
be obtained. The dependence of E{(d) on the diameter of the
nanotube is shown in Figure 3. We can see that the 2H-phase
nanotube always exhibits higher strain energy than that of the
corresponding T-phase nanotube and the difference in the strain
energy gradually diminishes as d increases. The critical diame-
ter at which the transition occurs is denoted as d. and the corre-
sponding total energy is denoted as EC1i!. The values of d. and
Ediiedl are indicated in Figure 3 and also listed in Table 1.

The analysis of nanotube systems can serve as an important
reference for mapping energy-deformation relation into a wider
curvature space. From continuum mechanics, the strain energy
of bending can be evaluated as

ht /2
1
ES(d) = g

2 1 (h?)’ K¢
— ¢ AP —
dz= g VA = o )

A

—h/2
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Figure 2. The normalized total energies (i.e., Ey , . (d)) of the 2H phase and the lowest-energy T-phase nanotubes as functions of the diameter d, for a)
AC nanotubes, and b) ZZ nanotubes of WSe;,, and c) AC nanotubes, and d) ZZ nanotubes of MoTe;. The solid lines are from continuum prediction (see
Equation (1)) while the discrete points are from DFT calculations.
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Figure 3. Comparison of calculated strain energy with continuum prediction for 2H phase and T phase with the lowest energy at the correspondent
strain and phase conditions. The solid lines are from continuum prediction while the discrete points are from DFT calculations.
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Table 1. Simulated and calculated parameters (d3™, dPred, K#, Efl:i;i:a') for curvature engineering. For each of the system, the bending directions (either

armchair direction [AC] or zigzag direction [ZZ]) are indicated in the brackets. The simulated and calculated K? and Et‘l:igiec“" are presented before and

after slash, respectively.

System WSe; (AC) WSe; (Z22) MoTe, (AC) MoTe; (ZZ)
dsmiA] 14.71 23.72 18.09 29.37
dPrediAl 14.28 21.64 17.86 31.85
Parameter 2H/T 2H/T 2H/T 2H/T
K?[eV s A fu.""] 186.5/119.2 287.4/132.8 169.1/140.4 260.3/169.0
Ecrticallev f.u. =] —21.69/-21.36 —21.69/-21.36 —18.03/—17.94 —18.03/—17.94

where Y? is Young’s modulus for a specific phase ¢, A? is the
cross sectional area of phase ¢, and h? is the effective thickness
of phase ¢. The constant K¢ = Y? AJ(h?)}/96 is the effective
bending stiffness of material. By fitting Equation (2) to the data
in Figure 3, the values of K? can be obtained, as tabulated in
Table 1. We can see that the 2H phase always exhibits a higher
bending stiffness than the T phase. Based on Equation (2), the
difference in the strain energies stored in the 2H-phase and T-
phase nanotubes can be determined:

H T
ABs(d) = B - By = ) o)

The phase transition observed in Figure 2 can be well ex-
plained by the competition between the strain and total energies.
For both WSe, and MoTe,, the 2H phase exhibits a lower total
energy than the T phase, but a higher bending stiffness which
causes a higher stain energy under bending deformation. In the
case of a nanotube, the strain energy decreases as the diameter d
increases (cf. Equation (2)), and consequently for large d, the total
energy dominates and thus the 2H phase is preferred, while for
small d, the strain energy prevails and thus the T phase becomes
desirable. On the basis of the above competition, the critical di-
ameter d. corresponding to the transition can be predicted as:

d KZH _ KT
R Sl S )
Eq — Enff

Plugging in the values of K* (see Table 1) into Equation (4), d.
can be obtained. As listed in Table 1, the predicted d. shows an
excellent agreement with the values determined from the DFT
data.

As can be inferred from the analysis above, bending deforma-
tion will diminish the energy gap between the 2H and T phases.
The above analysis may be further extended to more general
bending deformation involving two perpendicular principle axes.
Since Peierls distortion only occurs along the ZZ and AC direc-
tions of the TMD lattice to lead to the formation of lower-energy
T phases (1T or 1T”), we consider the case where the ZZ and AC
directions serve as the two bending directions. Assuming linear
elasticity and superposition, the strain energy associated with the
bending deformation will take the form:

K72

t ®)

K¢.AC

¢ JAC 477
EZ(d*C, d7%) 7
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where the K#A€ and K?%ZZ refer to the effective bending stiff-
nesses determined from the nanotube model for the ¢-phase AC
nanotube and ZZ nanotube, respectively (see Figures 2 and 3 and
Equation (2)). Denoting the critical diameters along the AC and

Z7Z directions in which the 2H — T phase transition occurs as
(dA€,d%%), we have

KZH.AC _ KT‘AC

(dA)’

KZH‘ZZ _ KT,ZZ

(©)

(dzz)z - “ml ml

From the above equation, the phase stability diagram for a
TMD material under bidirectional bending deformation can be
obtained, as demonstrated in Figure 4a.

With the coexistence of two principle bending axes, two types
of deformation can be conveniently introduced in the experi-
ment, which are indicated in Figure 4a with dotted lines and dot-
ted dashed lines. To be more specific, when the bending diameter
in 1D approaches infinity, the TMD membrane will experience a
rippling-like deformation. The critical diameter for phase tran-
sition can be obtained from the asymptotes of the correspond-
ing phase boundaries as shown in Figure 4a. On the other hand,
when there are comparable amounts of bending deformation in
both AC and ZZ direction, the membrane will undergo bubble-
like deformation, which is illustrated in Figure 4a with the dot
dash line.

Meanwhile, to further confirm the feasibility of the route of
curvature engineering in inducing phase transition, we studied
the kinetics of phase transition using transition state theory.[*64%
The evolution of activation barrier under single axis bending de-
formation is demonstrated in Figure 4b for WSe, and MoTe,. It
can be inferred from Figure 4b that with the decreasing of bend-
ing diameter, the activation barrier will decrease monotonically.
More specifically, when bending deformation is at critical diam-
eter as shown in Table 1, the activation barriers required are re-
duced from more than 1.6 eV fu.”! and 1.3 eV fu.”! in WSe,
monolayer into around 1.1 eV fu.”! and 1.0 eV fu.”! at phase
transition critical diameter. This trend implicates that large bend-
ing information will also enhance the kinetic procedure due to
the dropping of the phase transition barrier.

In the experiment, the rippling-like geometry can be in-
troduced from doping,’” defect engineering,*°!) compressive
mechanical deformation,t? or substrate constraint,>*>* as
demonstrated by the schematic design in Figure 4c. When the
deformation is large enough to create bending diameter that is
less than the critical one as predicted in Figure 4a, structural
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Figure 4. a) The phase stability diagram taking zigzag and armchair directions as the bending principle axes. The phase transition boundary from 2H
phase into T phase with the lowest energy is visualized. We use red line to show the phase boundary of WSe; and black line to show the phase boundary
of MoTey, b) activation barriers with different amount of single axis bending diameters for WSe; and MoTey, c) schematic illustration of potential designs
of introducing rippling to induce 2H — T (1T’, 1T”) phase transition in TMDs, and d) schematic illustration of programmable local 2H — T (1T, 1T")

phase transition in TMDs with indentation from probes.

phase transition will happen. Even with the release of elastic
strain, the T phases will last due to the relatively large barrier
to transform from T phases back to the 2H phase.’233 On the
other hand, bubble-like deformation can be created by nanoin-
dentation using nanometer size probe as demonstrated by the
schematic design in Figure 4d.5>°% With the controlling of in-
dentation site, localized curvature can be introduced into 2H-
TMD membrane, which will result in localized domains trans-
forming into T phases. With a patterned indentation, the local T
regions can be programmed so that various patterns of T phases
can be printed in to 2H-TMD membrane. Due to the extinguish
electronic and optical properties provided by 2H and T phases
of TMD, 127323550 various novel heterostructures and nanodevice,
such as quantum dots of T phases planted in 2H-TMD,P% low re-
sistance planar 2H/T heterostructures®? could be directly archi-
tected from nanoindentation techniques.

The possibility of tuning phase stability within TMDs
through curvature engineering was investigated combining first-
principles calculations and continuum mechanics analysis. It has
been determined that with bending deformation, 2H — T phase
transition would be rendered energetically favorable as well as ki-
netically facilitated. Meanwhile, phase stability diagram has been
constructed which indicates that different degrees of phase trans-
formation can be tailored by varying the amount of deformation
in two perpendicular bending axes. Specifically, rippling would
be an effective way to introduce uniformly phase transformation
while bubble-like deformation can be applied in precisely pat-
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terning of local T domains on the 2H-TMD membranes. Our
theoretical results not only provide a feasible way to manipulate
structural phase of 2H-TMDs using mechanical deformation, but
also sheds light on simplified design and fabrication of novel het-
erostructures and nanodevices.
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