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Abstract

Two-dimensional (2D) transition metal dichalcogenides MX, (M = Mo, W; X = S, Se) exhibit
two phases: the ground state 2H and the metastable 1T. Here, WSe, and MoS, monolayers have
been studied, and we show by comprehensive first-principles calculations that the stability of the
two phases can be switched in MX, nanoribbons. The 2H phase is found to have increasingly
higher energy than the 1T phase at a smaller ribbon width, and the width for favoring the 1T

phase reaches up to 2.50 nm for WSe,. The phase crossover is due to higher coordination of edge
M atoms in 1T phase than in 2H phase and an interesting electronic reconstruction of 1T lattice
in the ribbon interior. The edge configuration of 1T phase diminishes the edge dangling bonds
and thereby enhances the stability of MX, nanoribbons. Our findings underscore the importance
of edges in determining the structures of 2D MX; and are crucial for their future scientific studies
and potential applications.

Supplementary material for this article is available online

Keywords: transition metal dichalcogenide, nanoribbon, first-principles calculations, phase
crossover

(Some figures may appear in colour only in the online journal)

1. Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) MX, (M = Mo, W; X = S, Se), have attracted great
research interest due to a number of exceptional properties
and immense potential for applications in nanoelectronics and
optoelectronics devices [1-8]. Being isomorphic to graphene
and h-BN sheet, the MX, monolayers possess a honeycomb
lattice, with the M atom sitting in one sublattice and the two X
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atoms in the other. Yet, the 2D MX, is distinct in the metal-
ligand bonding and the tri-atom thickness, with the M atoms
sandwiched between two layers of X ligands. In particular,
the two X layers can either be superimposed to form a trigonal
prismatic phase, referred to as 2H-MX,, or be laterally shifted
with respect to each other to form an octahedral phase,
referred to as 1T-MX, [9-13]. The 2D 2H-MX, is con-
siderably, by 0.50-0.9 eV per primitive cell, lower in energy
than the 1T-MX,, depending on M and X atoms [14]. What is
more, the 2H-MX, is a 2D semiconductor with a direct band
gap of 1.1-2.1eV while the 1T-MX, is metallic with high

© 2018 IOP Publishing Ltd  Printed in the UK
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surface reactivity [15-17]. Such contrasting electronic prop-
erty raises the possibility of fabricating in-plane metal—
semiconductor junctions with atomically smooth interfaces
and coherent atomic compositions.

While the 2D forms of TMDs offer great promise, real
applications in using these materials require only a small
piece of them, instead of an infinite size. Moreover, for the
development of current electronic technology, the individual
elements of devices should continue to shrink to meet the
increasing demand of enhanced performance. Thus, it is of
technological importance to explore the 1D ribbons of nan-
ometer scale with well-defined edges. Compared with the
extensively studied 2D TMDs [18-22], the 1D nanoribbons,
however, have not received due attention. Fabrication of MX,
nanoribbons and wires has been implemented in experiments
[23-25]. Theoretically, it is reported that the MX, nanor-
ibbons exhibit unusual electronic and magnetic properties,
including edge magnetism and orientation-dependent trans-
port behaviors [26-28]. Nevertheless, all the theoretical pro-
posed structures of nanoribbons are simply cut from the
2H-MX, monolayer. Such adoption of ribbon structures
seems arbitrary in a sense that the ground state structure of 2D
MX, is quite vulnerable to various imperfections, such as
charge doping, adsorption of metal atoms, electron irradiation
and application of the strain [29-33]. It is natural to anticipate
that the presence of edges may alter the structure of MX,
nanoribbon in unusual ways [8, 34]. Despite the extensive
study of nanoribbons of graphene and h-BN, little can be
generalized to the MX, family, where qualitatively new
phenomena can be found.

Here, we show, by first-principles calculations, that the
MX, nanoribbons undergo a spontaneous phase transition
from 2H to 1T, at least for those with zigzag and armchair
edges, a behavior rarely seen in other types of 2D materials.
We find that the transition becomes more energetically
favorable with decreasing ribbon width or increasing the
atomic radii of M and X. The critical ribbon width favoring
the 1T phase reaches up to 2.50 nm for the 2D WSe,. The
origin of the phase transition is related to effective edge self-
passivation enabled by the 1T phase.

2. Theoretical methods

The density functional theory calculations were carried out by
using Vienna Ab initio simulation package code [35]. The
projector augmented wave method [36] for potentials at the
core region and spin-polarized DFT based on the generalized
gradient approximation of PBE functional were adopted [37].
A kinetic energy cut-off of 400eV was used for the plane-
wave expansion. The k-point grids in the first Brillouin zone
of armchair and zigzag ribbons were 4 x 1 x 1 and
8 x 1 x 1. All atomic positions were fully relaxed using the
conjugate-gradient method until the force on each atom was
less than 0.01 eV A",

Figure 1. The most stable configurations of (a) 2H-16-aWNR,
(b) 2H-8-zWNR, (c) 1T-16-aWNR and (d) 1T-8-zZWNR. Blue and
green spheres stand for the W and Se, respectively.

3. Results and discussion

3.1. Geometric structures and formation energies

The initial MX, nanoribbons can be directly obtained by
shaping the 2H MX, monolayers along specific crystal-
lographic orientations. According to the edge orientation, two
typical types of nanoribbons can be obtained: armchair and
zigzag. In contrast to graphene and h-BN with only one
overwhelmingly stable lattice structure, the MX, monolayer
has two polymorphs: 2H and 1T phases. The MX, nanor-
ibbons in 1T phase are also considered. Since most MX,
monolayers have the same lattice structures and show very
similar electronic behaviors, we mainly focus our discussion
on WSe,, which is used as a prototype model system. The
nanoribbons of other 2D materials in this family will be
discussed later. Following the convention, we use N, and N,
to characterize the width of zigzag and armchair nanoribbons,
where N, and N, are the number of zigzag lines and dimer
lines across the ribbon width, respectively. For ease of dis-
cussion, we use notation N,-aWNR to describe an armchair
WSe, nanoribbon with N, dimer lines and N,-zZWNR to
describe a zigzag WSe, nanoribbon having N, zigzag lines.
Figure 1 presents the optimized geometries of 2H and 1T
8-zZWNR and 16-aWNR. After full relaxation, the interior
lattices (triple-layer networks) are well kept for all the 2H and
1T nanoribbons. For the 2H nanoribbons, structural distortion
takes place along the edges, mostly around the W atoms (they
tend to shift inward slightly), which have less coordination
than those in the perfect lattice. This distortion appears to be
severer along the W edges of zZWNR than along those in the
aWNR. In contrast, the edge distortion becomes less evident
along the edges of 1T nanoribbons. This observation raises an
interesting question regarding whether the edge of 1T phase is
more favorable than that of 2H and therefore motivates us to
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Figure 2. (a) The energy differences between 1T/2H-WNRs as a function of the number of the W atoms, (b) the energy per formula unit of
1T/2H-WNRs as a function of the number of formula units. The lines are the fitting results, and the dots are data points.

examine the relative stability of nanoribbons with different
phases.

We then compare the stability of 2H and 1T phases for a
series of nanoribbons, in 2H and 1T phases yet with the same
stoichiometry. The energy differences between 1T and 2H
WSe, nanoribbons per supercell as a function of ribbon width
are displayed in figure 2(a). For large-scale aWNR, the 2H
phase is more favorable than the 1T phase, following the
same order as in perfect 2D lattice. Yet, the energy difference
between the 2H and 1T phases sharply decreases with
decreasing ribbon width, and, surprisingly, the 1T phase
becomes more stable than the 2H phase when the ribbon
width is smaller or equal to 2.50 nm (i.e. critical width, see
figure 2(a)), indicating that thermodynamically, the 1T phase
becomes the ground state. Similar results also occur in the
ZWNR, whose critical width is 2.08 nm. The switch of rela-
tive stability is further confirmed in figure 2(b), where the
energy normalized by the number of W atoms (Nyw) in the
nanoribbons is shown as a function of Nyw. For 1T WNRs,
the non-monotonic behavior of the energy versus ribbon
width is attributed to their structural distortion displaying as
the moving of every other metal chain along the ribbon closer
to one neighbor and further away from the other. While the
normalized energy increases with decreasing N, for both
types of ribbons, the curve for 2H WNRs increases more
sharply than that for the 1T WNRs. Since the WNRs with a
smaller N,, have a higher ratio of edge atom, this result
suggests that the edge energy of 2H WNRs is higher than the
IT WNREs, resulting in the higher stability of 1T nanoribbons
when N,, is below certain value. Additional calculations show
that the size-dependent phase crossover of MX, nanoribbons
is robust against interaction from commonly used substrates,
such as Cu and SiO, substrates (see figures S1 and S2,
available online at stacks.iop.org/NANO/30/075701/
mmedia).

The MoS, nanoribbons show similar behavior and have
smaller critical widths, which are 1.45 and 1.47 nm for
aMoNR and zMoNR, respectively (see figure S3). The trend
results from the fact that the energy difference between 2H

phase and 1T phase is higher in MoS, (0.85 eV) than in WSe,
(0.75eV).

Our above results have shown that the energy difference,
AE, between the 1T and 2H nanoribbons closely relies on the
nanoribbon width. To gain further insight, it would be useful
to constitute an analytical relationship between AE;t_oy and
ribbon width. Starting from the 1T and 2H nanoribbons, we
could write their total energy, E;, in two contributions:
the edge energy per unit length (here the unit length is the
lattice constant of the corresponding MX, monolayer) v and
the energy of interior perfect lattice Ej,. Note that v is a
constant while Ej, is proportional to the number of M atoms,
Ny, in the unit cell of a ribbon, which equals N, for aMNRs
and N, for zMNRs. In this way, the total energy of the ribbons
can be expressed as

Eip = 7L + Emx,Nwms (1

where E\yx, is the energy per MX, unit of a perfect 2H MX,
monolayer for 2H nanoribbons and that of a perfect 1T MX,
monolayer for 1T nanoribbons. L is the length of 2H and 1T
nanoribbons.

For the total edge energy of a ribbon, « can be calculated
as 7L = E, — Emx,Nm. By calculating v and Eyy,, we
obtained AEjT_oy = —6.90 + 0.41N, for the zWNRs, and
—7.88 + 0.24N, for the aWNRs. Likewise, AEj1_ogq =
—8.16 + 0.65N, for zMoNRs and —12.26 + 0.57N, for
aMoNRs. The analytical results of AE;t_,y for the WNRs
are shown by solid lines in figure 2(a), showing excellent
agreement with direct DFT calculations. These analyses fur-
ther reveal that the enhanced edge stability of 1T phase is the
major driving force for the phase crossover in narrow
nanoribbons.

We have noted that the preceding 2H and 1T MX,
nanoribbons have the same stoichiometry. Yet, in reality the
edges of nanoribbons may have varied passivations, mani-
fested as different converges of X along the edges. In part-
icular, the bare zigzag Mo edge of 2H phase is likely to be
passivated by additional S atoms. To examine the effect of
edge passivation, we consider a 50% coverage of sulfur at
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Figure 3. Formation energies of 2H/1T-5-zZWNR as a function of Se
chemical potential, plotted in the range —4.31 eV < us. < —3.48¢€V,
where WSe, can be thermodynamically favorable with respect to the

formation of bulk W (use = —4.31 eV) or Se crystal (us. = —3.48 eV).

the Mo edge of a 2H-5-zZWNR, then the edge modified
2H-5-zZWNR is compared to a 1T-5-zZWNR without edge
modification. Relative stability of the two nanoribbons with
different stoichiometry can be compared by calculating the
formation energy Ey, defined as

Ef = E — NwEwse, — Nse lige )

where E is the total energy of the nanoribbons, Ews,, is the
energy per WSe, unit in perfect 2H monolayer, Ny is the
number of W atoms in the nanoribbons, Ng. is the number of
extra Se atoms in the nanoribbon with respect to that in the
nanoribbon without edge modification (i.e. Nw:Ns. = 1:2)
and pg. is the chemical potential of Se. Apparently, the
relative stability between the 1T-5-zWNR and edge modified
2H-5-zZWNR depends on pug. (see figure 3). Under Se-defi-
cient condition, the 1T-5-zZWNR remains more stable than the
edge modified 2H-5-zZWNR until pg, is increased to —3.62 eV,
above which the edge modified 2H-5-zZWNR become
increasingly more favorable. These results suggest that a
phase crossover in MX, nanoribbons may be facilitated by
reducing the chemical potential of X during CVD synthesis.

3.2. Densities of states and band structures

To get further insight into the phase switch of WSe, and
MoS, nanoribbons, we examine electronic structures of the
nanoribbons with different phases and sizes. As is known, 1T
phase is distinctly less stable than the 2H phase for perfect 2D
MX, lattice. This difference in stability is reflected in their
electronic structures, especially the density of states (DOS)
near the Fermi level. The 2H MX, monolayer has zero DOS
in a certain energy window near the Fermi level; whereas the
1T monolayer shows rich electronic states across the Fermi
level, which are high in energy and therefore degrade the
system stability. In contrast to 2D monolayer, their nanor-
ibbons are made of edges and perfect lattice in the interior.
The edges introduce dangling bonds that manifest as

additional high-energy electronic states around the Fermi
level. So the competition of stability between the edge and
interior lattice may give rise to variability of lattice phase in
the nanoribbons.

Figure 4 presents the mapping of spatially resolved local
DOS across the 1T and 2H-14, 18-aWNR. For the N,-aWNR,
the site-dependent local DOSs from the edge to the center are
obtained by averaging the DOSs of nth and (N, + 1 — n)th
dimer lines (in mirror symmetry with respect to the ribbon
center), while that for the N,-zZWNR are obtained by aver-
aging the DOSs of W in the nth zigzag chain and Se in the
(N, + 1 — n)th chain (or Se in the nth zigzag chain and W in
the (N, + 1 — n)th chain if the Se is in position from the left).
For the 2H-18-aWNR, the DOSs contributed by the interior
form a band gap of ~1.75 eV but that from the edges are in
much higher energy, concentrated at —0.33 eV, indicating
that the edges are highly reactive to decrease the ribbon sta-
bility. In contrast, for the 1T-18-aWNR, the occupied electron
states contributed by the edges shift downward below —2 eV
while the unoccupied edge states are found to be located at
around 1.7 eV above the Fermi level. This contrasting beha-
vior suggests that the edge of 1T phase is more stable than
that of the 2H phase. This electronic feature from the edges is
independent of the ribbon width, as shown in figures 4(a) and
(b) for the 14 aWNR. However, the electronic states from the
ribbon interior markedly change upon decreasing the ribbon
width, in particular for the 1T ribbons. Especially, a band gap
is observed in the DOSs contributed by the interior of 1T-
aWNR and it increases with decreasing ribbon width as well.
As the 1T phase is originally metallic, the enhanced semi-
conducting nature in a narrower 1T ribbon signifies that the
IT ribbon interior becomes less unfavorable with respect to
the 2H lattice. A clear picture thus emerges here accounting
for the switch of stability between the 1T and 2H ribbons, that
is the enhanced edge stability and less unfavorable interior in
the 1T ribbons. Examining the spatially resolved LDOS of the
2H- and 1T-zZWNRs also reveals similar mechanism for their
switch of stability (see figure S4).

The electronic band structures and the spatial distribution
of charge density also support our above analyses.
Figures 5(a) and (c) show that 2H-14 and 18-aWNRs are
typical semiconductors with the direct band gaps of 0.53 and
0.52 eV, which is significantly smaller than that in perfect 2H
WSe, since the edge atoms introduce new flat bands near the
Fermi level that narrow the band gap. A close examination of
edges reveals that edge W atoms have four covalent bonds
instead of six covalent bonds in perfect lattice. The resultant
dangling bonds at the edges are the origin of these flat bands.
In the case of 1T-aWNRs, the flat bands shift away from the
Fermi level, which can be understood from two aspects. First,
the edge W atoms are more uniformly surrounded by S atoms,
close to the bond configurations in the perfect lattice. Second,
most of the edge W atoms in an aWNR are coordinated with S
atoms and all the edge W atoms in a zZWNR are coordinated
with S atoms. As such, the edge dangling bonds in the 1T
ribbons are largely passivated. This is further illustrated by
the charge density distribution. The distribution of charge
density corresponding to the edge states in the 2H-aWNRs is
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Figure 4. Spatially resolved local density of states of (a) 2H-14-aWNR, (b) 1T-14-aWNR, (c) 2H-18-aWNR and (d) 1T-18-aWNR.

Figure 5. Electronic band structures and charge density of edge states of (a) 2H-14-aWNR, (b) 1T-14-aWNR, (c) 2H-18-aWNR and (d) 1T-
18-aWNR. The bands projected to W 3d and S 3p orbitals from edge and center atoms are highlighted by blue and pink circles. The circle

size reflects the weight of the orbital components in the bands.

found to be highly localized at the edges, while the counter-
part in the 1T-aWNRs tends to extend along the edge and
decay more clearly into the ribbon interior. The semi-
conducting nature in the ribbon interior is also evident in the
band structures of 1T-14 and 18-aWNRs. We can measure
that the band gap of the ribbon interior increases with

decreasing size, from ~0.3 eV for 1T-18-aWNR to ~0.5eV
for 1T-14-aWNR. There are two possible reasons for the
increased band gap. One is the quantum confinement effect
and the other is the enhanced structural distorsion in narrower
1T ribbon. An evidence for the latter is that the W atoms are
apparently dimerized (like charge density wave [38]) not only
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Figure 6. The energy differences between the transformed
nanoribbons at each step of shifting atomic rows and the one in
uniform 2H phase as a function of number of atomic rows. The
insets at the bottom illustrate the atomic structures at N = 0, 3 and 5
for 21-zZWNRs.

along the ribbon but also across the ribbon in the 14-aWNR,
while such dimerization only appears along the ribbon in the
18-aWNR (see inserts in figures 5(b) and (d)). In addition,
electronic band structures and charge density of edge states of
2H-6-zWNR, 1T-6-zZWNR, 2H-10-zZWNR and 1T-10-zWNR
were shown in figure S5.

3.3. The process of phase transition

Our above results have revealed a phase crossover in MX,
nanoribbon from thermodynamic point of view. To gain
deeper insight into the phase transition, we examine possible
processes of the transition from 2H to 1T nanoribbons, via a
sequential step-by-sep shift of atomic rows. Taking the 21-
ZWNRs and 41-aWNRs (with nearly identical width) as two
prototype systems, we sequentially shift the atomic rows from
the edge to that in the interior. The structure at each step of
shifting is fully relaxed. The energy difference between the
transformed nanoribbons at each step and the one in uniform
2H phase is shown as a function of step number N in figure 6.
A positive energy difference suggests that the local lattice
transition is energetically unfavorable.

Since both the 21-zZWNR and 41-aWNR have large
width, their corresponding 2H phase is more favorable than
the 1T phase, as supported by figure 6. However, the two
nanoribbons differ in the detailed process of transition. For
zZWNRs, this energy difference first decreases to a minimum

at N = 2 and then increases with the increasing N. This result
suggests that the zZWNR becomes more stable by locally
adopting the 1T phase near the W edge, even though an
energetically unfavorable interface is embedded in the ribbon.
The local formation of 1T lattice in the 2H zWNR can be
thermodynamically preferred until N increases to 5, as shown
by the insets at the bottom of figure 6. The favorable coex-
istence of 1T and 2H phases in the 21-zZWNR opens an
interesting possibility of forming a metal-semiconducting
heterostructure with atomic coherence across the interface. In
contrast, for the aWNRs, the energy difference monotonically
increases with the increasing N, suggesting that the local
formation 1T lattice is not favored by energy in this case. The
reason for this difference between zZWNRs and aWNRs is
likely due to the higher energy of 1T-2H interface in the
aWNRs than that in the zZWNRs. These results lead us to
conclude that the aWNRs would prefer a uniform lattice and,
as discussed, the 1T phase when they become narrow. Even
for narrow aWNRs, sufficiently high temperature should be
required to activate the phase transition in light of that the
shift of atomic rows always costs energy in the aWNRs.

4. Conclusions

We have performed a comprehensive first-principles study of
the ground state structure of MX, nanoribbons and their
electronic structures. The MX, nanoribbons are shown to
have a high level of phase tunability, from 2H phase favored
by perfect 2D lattice to 1T phase with the decreasing ribbon
width. The 1T phase is found to have increasingly lower
energy than the 2H phase at a smaller ribbon width, and the
critical ribbon width for favoring the 1T phase increases in
MX, with heavier M, up to 2.50 nm for WSe,. The excep-
tional phase transition in nanoribbons is revealed to be ori-
ginated from enhanced stability of the edges by the 1T bond
configuration and an interesting electronic reconstruction of
1T lattice in the ribbon interior. Our results unravel a new
fundamentally important aspect of low-dimensional MX,
nanostructures and will promote further experimental and
theoretical investigations in this direction.
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