Published on 05 November 2018. Downloaded by Tsinghua University on 11/30/2018 8:41:08 AM.

Nanoscale

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Nanoscale, 2018, 10, 21629

Received 9th October 2018, Yajing Sun,
Accepted 3rd November 2018

DOI: 10.1039/c8nr08151d

rsc.li/nanoscale

Phase transition materials are widely exploited in sensors, switches,
and information storage devices. However, the dynamic control of
structural phase transitions in low-dimensional materials is rarely
reported, except for the recent demonstration of semiconductor—
semimetal transition in monolayer MoTe, modulated by electro-
static gating. Here, based on density functional theory calculations
we screen in the Janus family of transition metal dichalcogenides,
MXY where M = Mo or W, X/Y =S, Se, or Te, for new two-dimen-
sional phase transition materials. We find that the Janus monolayer
of WSeTe undergoes reversible phase transitions modulated by
electrostatic gating, owing to the small energy difference between
H and T’ phases, Er- — El; = 48 meV. The gate voltage of 2.0 V (with
high dielectric gating the injected charge is ~10'* cm™2) is required
to trigger the semiconductor—semimetal transition in WSeTe. The
kinetic barrier for both forward and backward phase transitions is
~0.66 eV, which is significantly lower than that in MoTe,, leading
to three orders of magnitude increase in the transition rate and
much more rapid response of devices.

Phase transition materials are intriguing for their potential
applications in multi-terminal switches, optical devices, elec-
tronic oscillators, memory devices, and thermal and chemical
sensors."> Group VI layered transition metal dichalcogenides
(TMDCs) crystallize in both semiconducting H and semimetal-
lic T" phases, and their rich phase-related physics has attracted
enormous research interest. In TMDCs except for WTe,, the
thermodynamically stable phase under ambient conditions is
the semiconducting H phase, and the T’ phases of MoS, and
MoTe, have been fabricated via thermal synthesis at high
temperatures, elemental substitution, chemical intercalation,
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and laser irradiation.®'® The H-to-T’ phase transition triggered
by these approaches is however irreversible, while physical
stimuli including electrostatic gating and straining have been
shown to provide a reversible and non-destructive control of
the structural phase transition in atomically thin TMDCs."""?
By injection of excessive charges or application of mechanical
strains to these materials, the T’ phase becomes thermo-
dynamically stable, thus triggering the H-to-T' transition. Once
the stimuli are retracted, the reversed T'-to-H transition occurs.
Thus, a dynamic control over the crystal phase of TMDCs is
achieved. That said, the energy difference between the H and
T' phases, Ey+ — Ey, plays an essential role in modulating the
phase transition. For example, the energy difference in mono-
layer MoTe, is 36 meV, which is the smallest among the six
TMDCs, MX, (M = Mo or W; X = S, Se, Te), so a minimal exces-
sive charge of ~10"* em™ is required to drive the H-to-T' tran-
sition in MoTe,. Recently, such a level of doping was realized
in the field-effect transistor (FET) configuration with a high
dielectric gating, and reversible structural phase transitions in
MoTe, monolayers were demonstrated.'” For other TMDCs, a
much higher level of charge injection is required, so it is
difficult to achieve phase transitions by electrostatic doping. In
addition to thermodynamics, phase transition kinetics are also
important because the sensitivity of devices is determined by
how fast such transitions take place. The lower the kinetic
barrier E,, the faster the transition.

In this work, we perform theoretical screening for new
phase transition materials, focusing on the Janus monolayers
of TMDCs, MXY (M = Mo or W; X, Y = S, Se, or Te). We con-
sider two physical quantities, the phase energy difference and
the energy barriers, respectively from perspectives of both
thermodynamics and kinetics. The Janus monolayers of
MoSSe have been successfully synthesized either via a two-step
process involving H, plasma stripping and thermal seleniza-
tion, which replaces the whole layer of S atoms on either side
of monolayer MoS, with Se atoms, or by controlled sulfuriza-
tion of monolayer MoSe,."*'> The synthesis of other types of
MXY has not yet been reported, but the techniques established
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are equally applicable to most TMDCs. Since the parent
materials MoS, and MoSe, used to synthesize Janus MoSSe are
in their thermodynamically stable H phase, thus the prepared
MosSSe is also in the H phase, which has been confirmed by
transmission electron microscopy, Raman spectroscopy and
energy-dependent X-ray photoelectron spectroscopy.'®'® The
Janus monolayers of MoSSe have been demonstrated to show
unique properties arising from their asymmetric atomic struc-
tures, including vertical piezoelectric polarization,"*'® Rashba
spin splitting'” and high basal plane hydrogen evolution reac-
tion activity.'® As far as we know, their phase-related properties
have never been explored, which we believe may offer new
opportunities in their device applications.

The structure of Janus MXY, where M is a group VI-B tran-
sition metal atom (Mo and W) and X and Y are different types
of chalcogen atoms (S, Se, and Te), was built by replacing one
layer of chalcogen atoms X in single-layered MX2 with chalco-
gen Y. Thus each monolayer of MXY is composed of a metal
layer sandwiched between two chalcogen layers, forming an
X-M-Y structure with a three-atom-thick layer. Their H phase
exhibits the honeycomb lattice in the atomic plane with three
atoms in a hexagonal unit cell, while the T’ phase of Janus
TMDCs shows distorted octahedral structures with six atoms
in an orthorhombic unit cell (Fig. 1a). After the structural
optimization, we calculated the energy difference between H
and T’ phases of all six Janus TMDCs. The results are shown in
Fig. 1b in comparison with that of MoTe,. Obviously, under
ambient conditions the H phase is thermodynamically more
stable than the T’ phase for all of them. Moreover, the phase
energy difference decreases with the increasing atomic mass
of chalcogen atoms in both Mo- and W-based Janus mono-
layers. The E — Ey; varies from several tens of meV to several
hundreds of meV, with the smallest energy difference of
48 meV per formula unit (f.u.) identified in WSeTe. This value
is close to those found in MoTe,, 36 meV per f.u. according to
our calculations and 31 meV per f.u. or 40 meV per f.u.
reported in the literature.""'* So our preliminary screening
determines WSeTe to be a potential phase transition material
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driven by electrostatic gating. In the following, we took WSeTe
as an example to illustrate both thermodynamics and kinetics
of the doping induced H-to-T' phase transition process.

The lattice parameters of the H-phase WSeTe are a = b =
3.405 A, and those of the T'-phase are @ = 3.390 A and b =
6.083 A in the two orthogonal directions, respectively. The
height of the Janus monolayer is & = 3.502 A for the H phase
and 3.982 A for the T' phase. Previous DFT calculations show
that the gate voltage used to drive the H-to-T' phase transition
can be arbitrarily reduced in monolayers of Mo,W,_,Te,
alloys,"""? since the energy difference between H and T’
phases can be made arbitrarily small by increasing the compo-
sition of heavy W element in the Mo,W,_,Te, alloys. Janus
TMDCs MXY can be viewed as a special “alloy”, with equal
compositions of X and Y and ordered structures. We noticed
that in the synthesis of the Janus monolayers of MoSSe, Mo
(So.5S€0.5). alloys with disordered distributions of chalcogen
atoms were also created. We then constructed W(Se;_,Te,),
alloys with various fractions of Te atoms, and calculated the
energy difference between H and T’ phases. As shown in Fig. 2,
the phase energy difference AE = Ep — Ey of W(Se;_,Te,),

300

200

W(SeosTeos)2

< 100 L
3 H
E 0
]
< E\&‘
100 !
200 058,

00 02 04 06 08 1.0
x in W(Se1xTex)2

Fig. 2 The phase energy difference AE = Er+ — E,; of W(Se;_,Te,), alloys
as a function of Te composition. The H and T’ phase boundary is at x =
0.58.
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Fig. 1 (a) The top and side views of H phase and T' phase Janus monolayers of MXY, where M = Mo, W; X, Y = S, Se, Te. (b) The phase energy differ-
ence AE = Er — E,; of MoTe; and six Janus monolayers of TMDCs. Among these, the phase energy difference of WSeTe is the smallest and compar-

able to that of MoTe,.
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alloys decreases with the increased fraction of Te, and when x
exceeds 0.58, the T' phase becomes more stable. At x = 0.5, AE
is 42 meV, almost the same as that in Janus WSeTe. It shows
that the energy difference between H and T’ phases is not sen-
sitive to the precise atomic structures, instead, it is solely
determined by the composition of monolayers.

The Janus monolayer of WSeTe in the H phase is an indir-
ect band gap semiconductor (Fig. 3a). The direct band gap at
the K-point is 1.47 eV calculated at the HSE06 level of theory,
and the indirect band gap is 1.41 eV between the K-point of
the valence band and the M-point (a mid-point along the K-T'
high symmetry line) of the conduction band. The charge
density near the valence band maximum (VBM) is localized
between W and Se atoms, while that near the conduction band
minimum (CBM) resides at the side of Te atoms (Fig. 3b). Such
charge separation does not favor the recombination of elec-
trons and holes and was also found in the Janus monolayer of
MoSSe."® The T’ phase is a semimetal, with an energy of
48 meV per f.u. higher than the H phase. Once charges are
injected, energies of both phases increased. The energy of the
H phase increases more rapidly than the T’ phase since exces-
sive electrons will fill the conduction band of the semiconduct-
ing H phase, whose energies are significantly higher than the
available states around the Fermi level of the semimetallic T'
phase (Fig. 3a).

The relative stability of H and T' phases, namely, AE = E — Ey
as a function of the injected charges is plotted in Fig. 4. Based on
thermodynamics, a doping level higher than 0.057 e per f.u. or
0.053 h per f.u. is required to trigger the semiconductor-
semimetal transition in WSeTe, and it is comparable to the
critical doping level found in MoTe, (0.057 e per fu. or
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Fig. 3 (a) The band structures of the WSeTe monolayer in the H and T’
phases, respectively. (b) The electron densities for electronic states with
energies 0-0.4 eV above the CBM and 0-0.4 eV below the VBM of the
H phase WSeTe, and those 0-0.1 eV above and 0-0.2 eV below the
Fermi level of the T phase WSeTe.
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Fig. 4 The energy evolution of H and T' phases of Janus WSeTe as a
function of the excessive charge.

0.086 h per f.u.,"” 0.04 e per f.u. or 0.09 h per f.u.'"). This con-
verts to a charge density of 7.2 x 10"* em™>, which can be
achieved in FET devices with high dielectrics. Next, we
estimate the critical gate voltage required to trigger the phase
transition of Janus WSeTe in the FET device. By using a simple
capacitor model, the critical voltage is written as,'

Q_Q ot

= C Tl As

where Q/A is the surface charge density, ¢ is the thickness of
the dielectric material (taken as 5 nm HfO,), ¢ = ¢, with &,
being the permittivity of vacuum (8.85 x 107> F m™") and &,
being the relative permittivity of HfO, (& = 25). The critical
gate voltage applied to trigger the phase transition is —2.05 V
and 1.91 V for electron and hole injections, respectively.

In addition to thermodynamics, kinetics of the structural
phase transition is also interested since it is related to the
response time of devices. The nudged elastic band (NEB)
method was used to calculate the energy barriers encountered
during the forward and backward transitions with the gate
voltage turned on or off in the FET configuration. It has been
demonstrated that the H-to-T’ phase transition occurs with the
displacement of chalcogen and metal atoms along the arm-
chair direction of the lattice,'*° as illustrated in Fig. 5a. To
obtain the kinetic barrier for the H-to-T’ transition, we calcu-
lated the potential energy curve along the phase transition
coordinate, under critical conditions where the excessive
charge is 0.057 e per f.u. or 0.053 h per f.u. The energy barrier
is 0.659 eV. For the reversed T'-to-H transition, the potential
energy curve with the monolayer of WSeTe in the charge
neutral state (with the gate voltage switched off) was calcu-
lated. The Kkinetic barrier for the backward transition is
0.657 eV. By assuming the first-order kinetics for the phase
transition process, we estimated its rate constant based on
Arrhenius’ formula k = v exp(—E,/kgT), where k is the rate con-
stant, E, is the energy barrier, kg is the Boltzmann constant
and T is the temperature. v is the pre-exponential factor, which
was taken as the attempted jump frequency in the direction of
the phase transition coordinate. The atomic displacement
along the phase transition path mentioned above is actually
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http://dx.doi.org/10.1039/c8nr08151d

Published on 05 November 2018. Downloaded by Tsinghua University on 11/30/2018 8:41:08 AM.

Communication

() (b)

View Article Online

Nanoscale

(c)

8~ _| 081 . 0.05e | PR .
e | / —o_Neutral .
B _ 061 - 005h T
e —
> ; - 0.4- E.'|
2 4 )
T K e 7 892 ]°L, L o fle |
o w v LA
o 2 [ =
D, w 0.0 §'T’_
s 0 - -
b X r Y K r Reaction Coordinates

L

Fig. 5 (a) The atomic displacement during the structural phase transition from the H to the T' phase of WSeTe. (b) The phonon dispersion relation
of the H phase WSeTe, with the phonon mode related to the phase transition highlighted in red. (c) The free energy curve along the phase transition
path of WSeTe calculated with an excess charge of 0.05 e per f.u. and 0.05 h per f.u. for the H-to-T" transition, and neutral for the T'-to-H transition.
The E, and E', represent the kinetic barrier for the forward and backward transitions, respectively.

related to an optical phonon mode marked in red in the
phonon dispersion plot (Fig. 5b). We then took this phonon
frequency as the attempted jump frequency, which is about 5 x
10"* s7' in WSeTe. The rate constant is estimated to be 43 s™".
Since the kinetic barriers for the phase transition in WSeTe
are hundreds of meV lower than those in MoTe, (0.833 eV and
0.830 eV respectively for forward and backward transitions),
the transition rate in WSeTe is more than three orders of mag-
nitude higher than that in MoTe, at room temperature (T =
298 K). So, better performance is expected for WSeTe in the
sense of device sensitivity.

Conclusions

To conclude, based on DFT investigations of the structural
phase transition in the 2D Janus family of Mo- and W-based
TMDCs via electrostatic doping, we have found the Janus
monolayer of WSeTe to be a new phase transition material.
The monolayer of MoTe, is so far the only 2D TMDC whose
structural phase transition has been reversibly modulated, pre-
ceded by theoretical predictions, in FET devices with high
dielectrics. Our results show that the phase energy difference
of the Janus monolayer of WSeTe is as small as 48 meV, com-
parable to that of MoTe,, and a charge injection of 10"* em ™2,
which corresponds to the gate voltage of ~2.0 V with HfO,
dielectrics, is required to enable the room-temperature H-to-T"
phase transition. Such a level of charge doping can be easily
realized in the FET device. The kinetic barrier for the struc-
tural phase transition is lowered, from 0.83 eV in MoTe, to
0.66 eV in WSeTe, which results in three orders-of-magnitude
increase in the phase transition rate and may substantially
improve the sensitivity of devices. Moreover, the phase energy
difference of chalcogenide alloy W(Se;_,Te,), with x = 0.5 is
almost the same as that of WSeTe, indicating that the elemen-
tal composition of materials is essential to the phase tran-
sition thermodynamics of TMDCs. These findings have
expanded our knowledge of phase-related physics of TMDCs,

21632 | Nanoscale, 2018, 10, 21629-21633

and will stimulate more innovative research studies towards
applications of 2D phase transition materials.

Methods

Density functional theory calculations were performed using
the Vienna Ab Initio Simulation Package (VASP).*"** The pro-
jector-augmented wave (PAW) method was applied with
exchange correlation interactions described by the generalized
gradient approximation (GGA) using the Perdew-Burke-Ernzerhof
(PBE) functional.”® The initial geometry structure of all six Janus
TMDCs MXY was built based on their parent TMDCs in the H
and T’ phase, respectively. All the structures were optimized after
adding a 30 A vacuum slab along the out-of-plane direction to
eliminate interactions between adjacent layers introduced under
periodic boundary conditions. A 9 x 9 x 1 Monkhorst-Pack
k-point mesh in the Brillouin zone and a plane-wave basis cutoff
energy of 800 eV were chosen. The criteria of convergence for
energy and force were set to be 1 x 10~ €V and 0.005 eV A™
respectively. As DFT always underestimated the band gaps, the
band structures were also calculated by the HSE06 hybrid func-
tional based on the optimized structure.”* Meanwhile, the spin-
orbit coupling and Grimme’s dispersion corrections were also
considered in our calculations.”® To obtain the energy of a
charged Janus monolayer in both H and T’ phases, we followed
the procedure illustrated in ref. 11 to eliminate the effect of homo-
geneous background charge added in the vacuum direction in the
VASP calculation under periodic boundary conditions. To find the
transition state and calculate the phase transition barrier, the
nudged elastic band (NEB) method was used.”® The nudged
elastic band method is a way to find saddle points and minimum
energy paths between the known reactants and products by
optimizing a number of intermediate images along the reaction
path. In the NEB calculations, the cutoff energy was 800 eV and
the ionic relaxation criterion was below 0.02 €V A™'. To map
atoms between H and T’ phases with different symmetries, the
orthogonal cell with two formula units was chosen.

This journal is © The Royal Society of Chemistry 2018
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