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Abstract

A generalized semi 2D-model for the structural transformations under mechanical strains
of multi-components transition metal dichacogenide (TMD) monolayers were manipulated.
In this model, not only the chemical and structural but also elastic heterogeneity, through the
eigen strain method, were introduced. Basing on this model, some experimental observation
can be simulated and understood better. Some qualitatively pre-results related to these
phase transformations were obtained by this model, some of them are interesting and still
need further study.

1 Introduction

Transition metal dichalcogenide (TMD) monolayers, as two-dimensional materials, have a wide va-
riety of interesting physical and electronic properties [1-4]. Structural transformations can occur
in TMD with appropriate mechanical strain. These transformations lead to large or qualitative
changes in electronic transport properties [5-7]. If we can precisely control these transformations
of these 2D materials, they will be able to be used to develop some new technologies such as
ultrathin, flexible, nanoelectronic and optoelectronic devices [8-10]. One way to realize this is
using strain engineering. Recent first-principles and experimental work suggest that it is possible
for Group VI TMDs to exploit rapidly and possibly reversibly, switch between crystal structures
with largely different transport properties through strain induced structural transformations. As
examples, the first-principles [11] results indicate that the 2H to 1T’ phase transformation can be
expected under 1-2% of uniaxial strains for MoTe, and experiments [12] also demonstrate a room
temperature semiconductor-metal transition under a tensile strain of 0.2% for MoTe, thin film
at room temperature. This approach holds promise for the creation of heterostructures in which
crystal structure is controllably varied within a single monolayer or across multiple layers.

In this work, we focused on simulating the transformations in bendable 2D layers of multi-
component Group VI TMDs between semiconducting 2H and metallic/semimetallic 1T phases.
Because we are interesed in direct view of microstructural morphologies, mechanical response, and
instances of localized transformation behavior in the mesoscale, we employed the diffuse-interface
phase-field microelasticity (PFM) model [13-16]. Diffuse-interface here means we do not treat the
interfaces as infinitely thin, or sharp, regions but use continuous variation of order parameters to



represent them. Basing on the quantitative results from both DFT calculations and experimental
observations [17], the PFM quasi-2D model for multi-component TMD monolayers was built. In
this model, for different chemical components, not only various chemical potential and misfit strain
introduced from the phase transformations but also different elastic moduli were used, which gave
not only chemical and structural but also elastic heterogeneity. With the help of this model, it
is possible to study the phase transformations in TMD monolayers under strain engineering with
lots of different conditions. For examples, macroscopic strains, indenter morphology and substrate
attraction with different prefix chemical components are all interesting conditions that may related
to controlling phase transformations of TMD monolayers.

2 Diffuse-Interface Model

In this model, we use the diffuse-interface phase-field model, which treat different phases with
continuously changing variables. Order parameter ¢(7>) was assumed to describe two different
chemical components. (b(?) equals 0 for component 1 and 1 for component 2. If more kinds of
chemical components are needed (which is required when we want to introduce the free boundary
as the third chemical components), other order parameters can be introduced to represent the
extra chemical components.

Within the same chemical component, the phase transformation from 2H to 1T’ can also happened
in six different orientations or configurations. Thus, we use 1, (p = 1,20r3) to describe the six 1T’
variants, where 7, could be -1 or 1 to represent different 1T" phases and 0 for 2H phase.

The free energy of this two-component and inhomogeneous monolayer could be expressed as a func-
tional Fj,. This free energy could be divided as stress free energy density fenen,, and elastic energy
density felas as Ftot = fA(fChem+felas)dA >Where fchem - fbulk(np)+1/2 Zp Hqsﬁl + (1 - ¢)62]A77p’2
By and P in this model are constants proportional to interfacial energy of component 1 and 2 be-
cause we adopt the simulation at length scales above the morphological crossover length using
interfacial isotropy.

The form of f.,s for chemically heterogeneous but elastically homogeneous systems can be easily
derived based on Berry’s chemically homogeneous model [17] by adding the order parameter qb(?)
to denote different chemical components.

In order to obtain the expression of the elastic energy density f..s with elastic heterogeneity, the
eigen strain method [18] were employed to transfer this elastically heterogeneous system to an elas-
tically homogeneous system at the price of adding an unknown eigen strain to the system. Using
the computational methods, this unknown eigen strain can be determined for this certain type of
system. So the system now is similar to the chemical heterogeneous but elastic homogeneous one
as we discussed above, then the form of the energy density is available.

3 Example results

Some qualitative pre-result will be shown here, these are some interesting phenomenon and still
need further study to get the quantitative conclusions and better understanding.

For Figure. 1, as we expect, the phase transformation will first start from MoTe; due to the
smaller transformation strain. And the amplitude of strain required to trigger this transformation
is larger than the prediction from DFT calculation due to the energy barrier of this transformation.
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Figure 1: Two components system under uniaxial strain in y direction, the middle stripe between
the black lines is MoTe; and outside MoS,. White regions means 2H phase, grep represent 1T’
phase with certain orientation. The transformation strain €,, here is 0.15.

As for Figure. 2, the indenter not only trigger the phase transformations inside the indent region,
but also outside, which provide another way to control the phase transformations process of TMD
monolayers. The shape of the indenter or the morphology of the monolayers will also have influences
on the phase transformations, which worth further study.

4 Concluding Remarks

In this work, a PFM model for the structural transformations of TMD monolayers was constructed
with both chemical and elastic heterogeneity by adding a new order parameter qﬁ(?) to describe
different components and using eigen strain method to deal with changing elastic moduli. Some
qualitative results were obtained by simulating different approaches to control strains in this system
and observing the phase transformation pattern combined with these approaches. The following
directions for this work are further studying this system with more complicated or various con-
ditions to get better understanding and quantitative results to reveal the potential of this strain
engineering phase transformation technique of multi-components TMD monolayers.
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Figure 2: Two components system under the compression of indenter, the middle stripe between
the black lines is MoTey and outside MoS,. White regions means 2H phase, other colors represent
1T’ phase with different orientations.
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