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Abstract

As the crystal quality and phase structure of two-dimensional (2D) transition metal dichalcogenides (TMDs) have significant
impacts on their properties such as electroconductivity, superconductivity and chemical stability, the precise synthesis, which
plays an important role in fundamental researches and industrial applications, is highly required. Group VI TMDs, such
as MoS,, usually exhibit diverse polymorphs including semiconducting 1H and metallic 1T phases. Even great efforts are
devoted to revealing the structure-dependent physicochemical nature of TMDs by modulating their phases from the stable
to the metastable at the atomic scale, there are still challenges on the phase-controlled synthesis of Group VI TMDs with
metallic or semimetal properties. In this review, methods such as ion intercalation, chemical doping, strain engineering,
defect triggering, and electric-field treatment are examined in detail. Finally, challenges and opportunities in this research

field are proposed.
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1 Introduction

Beyond intensive studies focused on graphene-related mate-
rials, recently, there has been strong interest in two-dimen-
sional TMDs, whose various properties are highly sensitive
to the crystal structures [1-4]. The emerging TMDs with
phase-related properties make them attractive to fundamen-
tal studies of physicochemical phenomena such as electron-
ics, strong spin-orbit coupling and energy harvesting at the
nanoscale [5-9]. Despite the promising outlooks, the phase-
controlled synthesis of TMDs is technically challenging,
as the novel performance is usually related to the metasta-
ble state of crystal structure. Meanwhile, the mechanisms
behind the phase-dependent nature deserve deeper under-
standing and further exploration.
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TMDs are layered inorganic compounds with strong lat-
eral chemical bonding but relatively weak van der Waals
interlayer bonding [10—14], so that the mono- and few-layer
TMDs nanosheets can be easily isolated due to the weak
interlayer forces [13, 15—17]. Different from graphene, each
Group VI TMD single layer exhibits the “sandwich” struc-
ture, hence they can be presented with a general chemical
formula MX, (M stands for W and Mo, and X stands for Te,
Se and S) [18]. The electronic structure of monolayer TMDs
depends on the electron numbers in d orbitals of the transi-
tion metals [19-25], thus various phases can be realized by
tuning the combination state between transition metals and
chalcogen atoms in a single-layered system. Generally, there
are two common types of phase structures in monolayer
TMDs, which are trigonal prismatic (1H) and octahedral
(1T) coordination, respectively [26]. For the 1H structure,
the chalcogens are vertically aligned along the z-axis and
the transition metals are sandwiched in the middle plane
along the x-axis, forming Bernal (ABA) stacking (Fig. 1a).
When considering the staking periodic of each 1H layer,
two and three 1H layers can form the hexagonal 2H and
rhombohedral 3R structures, respectively [2, 3]. In contrast,
the 1T phase has octahedral coordination with the tetragonal
symmetry in which three atomic planes have a rhombohedral
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b 1Tmx,

Fig. 1 Atomic structures and ground-state energy of monolayer tran-
sition metal dichalcogenides MX, (M = W, Mo; X = Te, Se and S).
a 1H-MX, in ABA stacking with the P6m2 space group; b 1T-MX,
in ABC stacking with the P3m2 space group; ¢ The atomic structure
of 1T-MX, (distorted 1T-MX,), where the distorted M atoms form
1D zigzag chains indicated by the dashed blue line. The unit cell is

(ABC) stacking (Fig. 1b). The theoretical investigation sug-
gests that the 1T phase is metastable in the free-standing
situation, which spontaneously degenerates into monoclinic
1T [20] (Fig. 1c) and/or orthorhombic T crystal structures
[8, 22]. In group VI TMDs, the H phase is typically thermo-
dynamically stable and well studied [13, 27-32]. However,
it should be noticed that there is an exception, WTe,, whose
T, phase is stable under an ambient condition [7, 23, 33].

Monolayer TMDs exhibit unique electrical properties,
including semiconducting, semi-metallic, metallic and
superconducting properties, which strongly depend on the
d orbital electron density of the transition metals. Taking
MoS, as an example, the H phase is semiconducting while
the T phase is metallic [34]. Moreover, the metastable T
structure shows a better performance in applications involv-
ing the electronics and hydrogen evolution reaction (HER)
when comparing with the typical H phase [9, 34—42]. These
polymorph structures of Group VI TMDs have different
phase energies, which are clearly revealed by the density
functional theory (DFT)-based calculation as shown in
Fig. 1d [43]. Based on those data, except for WTe,, whose
1T’ phases exist under an ambient condition, the relaxation
energy from 1T to 1T’ structure can reach up to several hun-
dreds of meV per formula unit. Therefore, reliable strategies
must be designed to conquer the energy gaps to achieve the
controlled phase transition, especially in a large scale and
high throughput.

In this review, the state-of-the-art investigations of meth-
ods to realize the phase transition in Group VI TMDs are
briefly summarized (Fig. 2). The methods, including
the intercalation by alkaline ions, chemical doping with for-
eign atoms or electronics, tension and stress engineering,
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indicated by red rectangles. a—¢ Reproduced with permission from
Ref. [26] Copyright 2014, American Association for the Advance-
ment of Science (AAAS); d Ground-state energy differences between
monolayer phases of the MX,. The energy U is given per formula
unit MX, for the 2H, 1T and 1T’ phases. Reproduced with permission
from Ref. [43] Copyright 2014, Nature Publishing Group

defect triggering and electric-field treatment, are discussed
in detail and illustrated by some examples. Finally, we make
a conclusion with personal insights and highlight the chal-
lenges and opportunities in this field.

2 lon intercalation

TMDs are van der Waals inorganic solids with weak inter-
layer cohesion but strong in-plane bonding. Specific ele-
ments (e.g., Li, Na, K, P) could intercalate into the crys-
tals, forming a sandwich-like ternary compounds which
are highly anisotropic [9-14, 34-42]. The experimentally
observed phase transition dates back to as early as 1980s.
In that pioneering work, Py and coworkers [10, 15, 44] sug-
gested that electrons from alkali ions could transfer to MoS,
during the intercalation process, forming an electron den-
sity-increased state in the d orbital of the transition metal,
thus promoting the instability of the 2H phase and impelling
its transition to 1T or 1T’ phase (Fig. 3a). Recent theoreti-
cal calculations on the lithium-intercalated MoS, shows that
the stability of phases (e.g., 2H, 1T, 1T’) has highly sig-
nificant correlation with the Li concentration that inserted
into MoS, crystals [20]. The phase transition from 2H to
IT can be triggered when the intercalated Li (or electron
charging) concentration is higher than 20% (or 8.33 x 10'*
cm_z). At 100% of the intercalation, the phase of MoS, sta-
bilizes at a distorted octahedron-coordinated structure with
Mo-Mo clustering due to the excess charges on the expanded
monolayers. This charge injection theory can well match
the experience and provide a better understanding on crys-
tal structures of monolayer TMDs. However, the specific
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Fig.2 Schematic diagram of
the phase transition strategies of
Group VI TMDs (M = W, Mo;
X =Te, Se and S). V1 stands
for the vacancy of M, V2 stands
for the vacancy of X. A stands
for intercalated ions such as
alkali metal reagents, ammonia-
ions and light-weight nonmetal

elements. Black arrows indicate (2.
the sliding directions of M .
and/or X. M’ and X’ stands for Pressure ?o
heteroatoms, which have differ- Pg
ent atomic number as M and X, ?
respectively e i ia & 9\5.
335 3

/

Fig.3 Schematic illustration of the phase transition from 2H to 1T
(1T") by the ion intercalation or ion-assisted method. a Schematic
diagram of the first-order phase transition of the 2H to 1T MoS,
after Li chemical intercalation. Reproduced with permission [47].
Copyright 2014, American Chemical Society (ACS); b Schematic
representation of the pouch battery cell configuration for Li elec-
trochemical intercalation into MoS,. Reproduced with permission
[40]. Copyright 2014, ACS; ¢, e Optical images of 1T’ and 2H mon-

evolution of intermediate phases between stable 2H and
metastable 1T structures, as well as the atomic mechanisms
of how and where the phase transition occurs within the
2H structure are still unclear [25]. Thus, more efforts are
needed to elucidate the phase transition processes, especially
in the atomic scale.

@ Springer

Uniaxial tensile strain

X1'

AXAY

X2'
MX X', ._,-type alloy

M M',_X,-type alloy

Buidop |eoiwayn

IO

TMDs with 1H phase

Defect triggering

olayer MoS, flakes grown on mica, respectively. Insets of ¢, e: atomic
force microscopy (AFM) images of 1T’ and 2H monolayer MoS,
respectively; d, f Atomically resolved filtered scanning transmission
electron microscopy (STEM) images of 1T' and 2H MoS, flakes,
respectively. Insets of d, f: selected area electron diffraction (SAED)
patterns of 1T" and 2H MoS, flakes, respectively. ¢—f Reproduced
with permission [51]. Copyright 2018, Nature Publishing Group

Typically, alkali metal reagents [9, 10, 12, 15, 16, 41,
44-52], ammonia-ions [53] and light-weight nonmetal
elements [42, 54] possess the ability to occupy the inter-
space between TMD layers, affording the exfoliation and
in-plane phase transition. The most frequently used reagent
in traditional chemical intercalation is the hexane solution
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of n-Butyllithium when pursuing the phase engineering
of Group VI TMDs. For example, Goki Eda and cowork-
ers [55] isolated MoS, via Li intercalation, and detected
the phase structures of 2H, 1T and 1T’ using high-resolu-
tion STEM. Similarly, WS, nanosheets with the 1T’ phase
can be achieved using chemical exfoliation, in which the
W-W chains show a zigzag-like local lattice [38]. Another
example was made by Zheng and coworkers [56], and they
developed a two-step expansion and intercalation method,
where hydrazine (N,H,) was used for a series of TMDs pre-
exfoliation, followed with the intercalation by aphthalenide
adducts (A+C10H8_, A =Li, Na, K). Most of the obtained
TMD nanosheets were determined to be single-layered and
exhibited both 1H and 1T structures. Moreover, the layer-
dependent phase transition behavior of TMDs was revealed
by Sun and coworkers [57]. Assisted with the STEM and
back-gated field-efect transistor (FET) measurement, it was
found that the duration required for the phase transition
decreased with the increasing number of layers. DFT calcu-
lation suggests that the Femi level position and phase transi-
tion energy of monolayer MoS, are higher than those of few
layers MoS,. In other words, more critical-injected electron
concentrations are required for one-layer TMDs compared to
those with thicker ones [57], which is highly consistent with
the experimental tendencies. Based on the solution chemical
intercalation, reagents other than alkali metal ions such as
ammonia-ions can also be used for pursuing the phase engi-
neering. As an alternative method, Liu and coworkers [53]
obtained ammonia-ion-intercalated 1T WS, nanoribbons
with the high stability via a hydrothermal synthetic strategy.

All the aforementioned chemical intercalation processes
were achieved in various solutions, but recently, the solvent-
free method is developed in which the raw materials of inter-
calated reagents and TMDs (or TMD precursors) are mixed
together directly and maintained in a solid state. Previous
study suggests that the lithiation of MoS, can be achieved
by annealing the mixture of lithium borohydride (LiBH,)
and MoS, powders at 300 °C [35]. The concentration of
1T MoS, nanosheets reaches ~80%. What’s more, a liquid-
ammonia-assisted lithiation route was developed by Yin
and coworkers [36] for achieving the exfoliation and phase
engineering of TMDs. In this strategy, bulk MoS, powders
and lithium pieces were mixed in a tube first, and then high-
purity ammonia gas was introduced and condensed into
liquid when pursuing the phase transition reaction. The
crystal signatures can be imaged by Raman spectra, X-ray
diffraction(XRD) spectra, and electron spin resonance(ESR)
spectra. Due to the highly diffusive property, lithium vapor
was introduced to facilitate the intercalation and phase tran-
sition of MoS,. For example, Tan and coworkers [58, 59]
using evaporated lithium atoms to intercalate TMD crys-
tals, achieving the 2H-to-1T' phase conversion with various
ratios by controlling the lithium vapor concentration under

an ultrahigh vacuum situation. Furthermore, light-weight
nonmetal elements such as P can be directly used to induce
the phase transition of TMDs [42, 54]. Red phosphorus
vapor was introduced to react with commercial bulk 2H
phase MoS, under the protection of an argon (Ar) atmos-
phere, achieving the intercalation and partial in-plane phase
conversion of MoS, [42]. This simple one-pot synthesis
strategy has potential to produce various TMDs with hybrid
structures and flourishes the method of solvent-free phase
engineering.

Electrochemical lithium intercalation, different from
the typically chemical intercalation methods as mentioned
above, is developed to achieve the controlled phase transition
and high-yield exfoliation of Group VI TMDs [39, 40, 60,
61]. Generally, the electrochemical lithiation process was
achieved in a battery test system as schematically shown
in Fig. 3b, where the anode and cathode are lithium foil
and various TMDs, respectively. The intercalated lithium
concentration can be monitored by precise controlling the
current and cut-off voltage during the galvanostatic dis-
charge process [39, 60]. Assisted with liquid exfoliation,
high-quality monolayer TMDs with metastable phases can
be prepared. This strategy provides an effective approach to
finely control the phase refactoring process.

Chemical intercalation is an effective way to induce the
phase engineering, but it belongs to post-growth strategies.
As an alternative method, the direct synthesis of large-scale
IT(1T")-TMDs via a simple one-pot-like preparation pro-
cess is meaningful not only for fundamental researches,
but also for practical applications. Inspired by this, Yu and
coworkers [9] developed a facile and robust method for the
synthesis of micrometer-sized 1T’-MoX, (X=S§, Se) crys-
tals by annealing and post-treatment of the mixture of S
and K,Mo00, powders. The obtained samples had a high-
purity 1T’ phase and showed a good stability during the
HER test, which might be attributed to the electron density
changes of Mo by the presence of potassium. Similarly, Liu
et al. [51] recently used K,Mo00, and S powders as precur-
sors, achieving the high throughput synthesis of 1T'-MoS,,
2H-MoS,, and 1T'/2H-heterophase-MoS,, respectively,
by accurate tuning of the reaction atmosphere during the
chemical vapor deposition (CVD) process. The high-purity
1T" and 2H monolayer MoS, flakes were verified by optical
microscopy (OM), AFM and STEM analyses (Fig. 3c—f).
More importantly, the obtained 1T’ phase MoS, monolayers
showed a long-time air stability. DFT calculations suggest
that the K* concentration in the CVD-grown MoS, is a deci-
sive factor, as there is a threshold to reverse the stability of
IT'- and 2H-MoS,. The 1T’ phase becomes more stable than
the 2H phase when the potassium absorption exceeds 44%
[51]. Interestingly, the combination of alkali metal halides
(such as NaCl, KBr and KI) and catalytic metal oxides (such
as Fe;0,, In,0;, NiO and Cr,0,) is critical to facilitate the
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growth of 1T WS, in a low-pressure CVD system. Lin and
coworkers [31] found that iron oxides or indium oxide pro-
moted the formation of butterfly-like grain boundaries rather
than the typical triangular types. The growth was found to
undergo dramatical suppression when the metal oxides were
present. Meanwhile, they indicated that the WS, butterfly
consisted of two symmetrical wings with one side in the 1T
phase and the other in the 2H phase. The resulted 1T/2H
WS, heterostructure forms a natural metal-semiconductor
junction and can have great potential in applications like
ultrathin 2D Schottky diodes and more complicated logic
circuits. This direct synthesis strategy has a bright prospect,
but its investigation is still in the infancy. That is to say, very
limited Group VI TMDs can achieve the phase transition by
this method. It is necessary to do more efforts to extend the
direct-growth-strategy to other 2D materials beyond Group
VI TMDs.

3 Chemical doping

Compared with the ion intercalation-induced phase tran-
sition, doping with other elements can precisely process
Group VI TMDs with alternating 1T (1T, T,) and 1H crys-
tal structures. Generally, the concentration of substituted

Fig.4 Chemical doping-induced phase transition. a Photographs of
as-grown WSey_Te,, (x=0-1) single crystals on the millimeter-
grid paper, and 2H and 1T types of TMD alloys with circularly
platy and bar shapes, which are in agreement with hexagonal and
orthorhombic crystal systems, respectively; b The crystal structure of
2H WSe,. ¢ The crystal structure of 1Ty WTe,; d Different phases
with dependence of the concentration x in WSe,;_,Te,,. a-d Repro-
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atoms in alloyed TMDs can be at an arbitrary proportion.
The theoretical investigation suggests that the formation of
ternary alloys should meet three rules: (1) la;—a,l/max(a;,
ay) <0.034, (2) Ady_x<0.01 nm, and (3) (E, >0) V
(Ey,>0), respectively, where a; and a, are the lattice con-
stants of the two TMD materials, Ad,,_x is the difference in
the metal-chalcogen bond distance, and E,; and E,, are their
band gaps [62]. Rule (1) reflects that the lattice constants
must be well matched, which means that the mismatch ratio
between two atoms should be smaller than 3.4%. Similar
to the first one, rule (2) illustrates that the bond distance of
transition metal-chalcogen needs to be less than 0.01 nm.
And rule (3) requires that at least one of the TMDs com-
pounds is a semiconductor. The driving force for the 2H-to-
IT(1T") phase transition is an electron donation process of
transition metal atoms, which destabilized the 2H phase to
transform to the 1T (1T') phase [63]. Ternary TMDs alloys,
the most investigated system in phase engineering, can be
synthesized by two doping approaches, which include substi-
tuting isoelectronic chalcogens or transition metals, resulting
in M\M'\_ X,- or MX X'5,_,-type alloys.

In a MX X',,_,-type alloy, one of the chalcogens
atoms (X) in the Group VIA is partially substituted by
another one (X'), achieving the phase transition (exampled
by Fig. 4a). Generally, WSe, is a p-type semiconductor
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duced with permission from Ref. [64] Copyright 2017, John Wiley &
Sons, Inc; e-g Experimental STEM-annular dark-field (ADF) images
with different Re doping concentrations. The Re and Mo atoms are
identified by image intensities; h Calculated mixing energy in 1H
and DT phase Re Mo,_S, alloys at different Re concentrations. e-h
Reproduced with permission from Ref. [67] Copyright 2018, John
Wiley & Sons, Inc
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with a 2H crystal structure (Fig. 4b), while WTe, is a
semimetal with the 1T, phase (Fig. 4c), with marriage
of the two isolated materials to form a ternary layer,
and the semiconductor-metal phase transition can be real-
ized. For instance, Yu and coworkers [64] synthesized
the WSe,,_,Te,, (x=0-1) alloys using chemical vapor
transport (CVT), and systematically investigated the rela-
tionship between different phases and the concentration
x in WSey_,Te,, (x=0-1) alloys (Fig. 4a). As shown
in Fig. 4a, d, the gradual structure transition from 2H
to T, phases were observed when tuning the concentra-
tion x from 0 to 100%: specifically, x=0-0.4 for the 2H
structure, x =0.5-0.6 for both 2H and 1T structures, and
x=0.7-1.0 for the 1T structure. Examined with the STEM
images, no intrinsic defects such as grain boundaries and
dislocations were observed, suggesting that the phase tran-
sition might occur at the very beginning growth of the
ternary alloy [64].

As for M M',_ X,-type alloys, the transition metal ele-
ments (M) in TMDs replaced by atoms with different atomic
numbers can induce the crystal structure transition. Experi-
mental and theoretical investigation suggests that MoTe, and
WTe, have the akin crystal structures. However, the stable
phases of these two materials at room temperature are 2H (or
IT") and T, respectively. Phase engineering can be achieved
by alloying the host materials. For example, Rhodes and
coworkers [65] engineered the crystal structures of MoTe,
through W substitution, achieving the phase transition from
semiconducting 2H-phase to semimetal T phase. It is clearly
seen that the orthorhombic T, phase is thermodynamically
preferred over the hexagonal 2H-phase when the concen-
tration of W is higher than 0.08. Similarly, MoS, is also
an ideal host material to investigate the structure conversa-
tion due to its ample nature in phases. For example, Yang
and coworkers [66] reported a facile one-pot liquid-phase
synthesis of Mo,_,W,S, alloy with tunable 1T/2H phase
concentrations, in which the ratios could be modulated by
varying the reaction temperature. Apart from doping with
elements from the same group, atoms from other groups can
also be used when pursuing the phase engineering. Kochat
and coworkers [63] developed a CVD process to synthesize
the Re-doped MoSe, and found that the 1T’ phase could
be stabilized by increasing the Re concentration in the host
material. DFT calculations suggest that the extra electron
is promoted to a higher energy level and destabilizes the
2H phase, which means that the stability of 1T (1T') phase
increased. Similarly, Yang and coworkers [67] prepared a
series of highly stable distorted tetragonal (DT) Re,Mo,_.S,
alloys in a CVD system and investigated the phase structures
via STEM. As shown in Fig. 4e, the MoS, could be stable
at the 1H phase with a small amount of Re (2-4%). The DT
phase was found when the Re concentration was beyond
50% (Fig. 4f, g), which was in agreement with calculated

results as shown in Fig. 4h. They also suggested that the
crystal structure transition from 1H- to DT-phase could be
well explained by the crystal field theory.

4 Strain engineering

The tensile or compressive strain loading on TMDs crys-
tals can lead to a relative sliding of atomic positions, form-
ing a modified structure with interesting chemical [37] and
physical [43, 68-72] properties. Different from the afore-
mentioned chemical modification methods, generally, strain
engineering is a physical regulation process. Previous theo-
retical investigations indicated that most of the Group VI
TMDs could acquire metallic phases under the equibiaxial
tensile strains of 10%—15% due to the overlapping of d,
orbital at the Fermi level [43, 68]. Considering the load-
ing mode of stain, the biaxial tensile strain, uniaxial ten-
sile strain, and pure shear strain can reduce the band gap
of TMDs in varying levels, respectively [68]. In particular,
the phase transition is extremely sensitive to the biaxial ten-
sile strain compared to the uniaxial tensile strain. Taking the
variety of chalcogenides as consideration, the band gap of
monolayer MSe, and MTe, decrease faster than that of MS,
when the pure shear strain is applied [68]. Tensile strain also
has the ability to switch thermodynamic stability between
stable 2H and metastable 1T (1T') phases (Fig. 5a). For
example, Duerloo and coworkers [43] systematically intro-
duced the relationships between phase diagrams of Group
VI TMDs and tensile strain using DFT-based simulations.
Depending on their calculations, the strain needed for phase
conversion of MoTe, is as low as 0.3%—3% at room tem-
perature. This indicates that the MoTe, is an excellent can-
didate material for the investigation of the crystal structure
modification.

A great number of first principle calculations are reported
as mentioned above, paving the way for the realization of
the phase transition of Group VI TMDs in a theoretical per-
spective. The experimental introduction of strains in TMDs
can be achieved by three methods, including bending the
flexible substrates where the sample loaded on, and apply-
ing pressure using the AFM tip or high-pressure diamond
anvil cell (DAC), leading to the lattice distortion and thus
forming the phase transition. A recent report from He and
coworkers [69] demonstrated the continuous modification
of the electronic signature of MoS, layers on a flexible
supporting substrate by loading an uniaxial tensile strain.
Using optical absorption and photoluminescence (PL)
spectroscopy, they found that the exciton redshift at a rate
of ~70 meV/% strain for monolayer MoS,, and a larger rate
(1.6 times higher) for bilayer MoS, under a relatively small
strain. Moreover, Manzeli and coworkers [72] established
the connection between the strain-induced bandgap changes
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Fig.5 Theoretical and experimental strain-dependent phase modifica-
tions. a Strain induced 2H to 1T phase transformation of single-layer
TMDs. This strained region can be freely suspended or locally slided
over a low-friction substrate. Reproduced with permission from Ref.
[43] Copyright 2014, Nature Publishing Group; b Temperature-forced
phase diagram for 2H and 1T’ MoTe,. Reproduced with permission

and electrical performance of MoS,, suggesting that the
bandgap decreased with the tensile strain augmentation. Dif-
ferent from the bending-induced strains mentioned above,
strains were applied using an AFM tip. Similarly, Song and
coworkers [73] investigated the phase transition temperature
of MoTe, by introducing a tensile strain via an AFM tip.
As shown in Fig. 5b, the first-order phase transition tem-
perature of 2H MoTe, gradually decreases when increas-
ing the strain levels. Especially, the semiconductor-metal
(S-M) transition can be accomplished at room temperature
under a small tensile strain of 0.2%. The crystal structure
transition was identified by current atomic force microscopy
(CAFM). Interestingly, the observed S-M phase transition is
fully reversible under the ambient condition after the release
of strains. Recently, Nayak and coworkers [70] revealed the
optical, structural, electrical and vibrational nature of few-
layer MoS, under various pressure conditions in a DAC
device. Pressure-induced phase structure can be divided
into three categories including semiconducting (SC) at
0-10 Gpa, intermediate state (IS) at 10-19 Gpa, and metal-
lic regions beyond 19 Gpa (Fig. 5¢). Theoretical calculation
suggested that high pressure would decrease the conduc-
tion band minima from S-p, and S—py orbitals, and increase
the valence band maximum from S-p, orbitals, forming an
overlap state.

5 Defect triggering

Structural defects in TMDs, including grain boundaries,
point defects and edges, have a significant impact on the
electrical, optical, mechanical, and chemical properties of
the material. Due to the atomic thin dimensions, mono- or
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from Ref. [73]. Copyright 2016, ACS; ¢ Pressure-dependent electrical
resistivity of MoS,. SC, IS and metallic regions were identified. Inset:
theoretically calculated pressure-dependent electrical resistivity.
Reproduced with permission from Ref. [70]. Copyright 2014, Nature
Publishing Group

few-layer TMDs are greatly sensitive to the presence of
defects, especially to metal or chalcogen vacancies, which
can induce the phase transitions [71, 73—78]. Previous stud-
ies on MoS, suggested that S-vacancies and Mo-vacancies
might induce the n-type and p-type doping, respectively
[74]. In another classic work reported by Zhou and cowork-
ers [77], they developed a facile and robust strategy for the
synthesis of high-quality large-area few-layer 2H and 1T’
MoTe, (Fig. 6a). The MoTe, with different phases can be
achieved by tuning the supply efficiency of Te when reacting
with MoOj;. For an insufficient Te supply, 1T' MoTe, pre-
ferred to form due to more vacancies of Te, while 2H MoTe,
were obtained under a Te sufficient environment. The simi-
lar conclusions were also reported by Keum and cowork-
ers [75]. They found that, under an excess Te content situa-
tion, the 1T' MoTe, was transformed to the 2H phase under a
slow cooling rate and a new mixed phase was formed in the
temperature ranging between 500 °C and 820 °C (Fig. 6b).
Different from the direct control of vacancies during the
synthesis process, post-growth defect triggering will be more
valuable for engineering the crystal structure. In this regard,
the phase transition in TMDs can be induced by irradiation
of the high energy source, including laser [76], Ar plasma [78],
and electron beam [79]. For example, Cho and coworkers [76]
realized the phase transition of MoTe, from the 2H to the 1T’
phase via laser irradiation. Low-density Te vacancies were cre-
ated on the 2H MoTe, nanosheet during the laser irradiation.
When the concentration of Te monovacancy exceeds 3%, the
lattice symmetry of the 2H structure will be broken, form-
ing the 1T’ phase (Fig. 6¢). Another example was introduced
by Zhu and coworkers [78], they suggested that the weak Ar
plasma treatment could induce S-vacancies in monolayer
MoS, to active the 2H to 1T phase transition (Fig. 6d). It is



Recent advances of phase engineering in group VI transition metal dichalcogenides 53

a
A& -
Mo
Si0,/Si evaporation T

b 0Database This work

3"

o*‘,

~

MoO, 2H MoTe,
Sufficient Te
ot 1T’ MoT.
Rough 0/9,,’ ole,
1T’ MoTe, %
Ar-pl
d . . I p.)asm?

Temperature / 'C

118

1100}

988 Y
880

820 /

65666768 <667
Te/9% Deficient Excessive

Fig.6 Defects-induced phase transition. a Schematic illustration of
the growth process for 1T' and 2H MoTe, using Mo and MoO; as
precursors. Reproduced with permission from Ref. [77] Copyright
2016, John Wiley & Sons, Inc; b Alloy phase diagram of MoTe, in
the ASM database (left) and the new phase diagram based on experi-
mental work (right). Reproduced with permission from Ref. [75]
Copyright 2015, Nature Publishing Group; c¢ Energy differences

clear that the sliding of the top S layer is kinetically spon-
taneous under Ar plasma irradiation. After 40-s treatments,
the concentration of the 1T phase can be up to 40%, and the
S vacancies can be clearly observed in high-resolution scan-
ning tunneling microscopy (STM) image (Fig. 6e). Recently,
Lin and coworkers [79] investigated the phase transition of
slightly Re-doped MoS, via an electron beam irradiation strat-
egy, suggesting that the phase conversation was driven by the
gliding of the atomic planes of S and/or Mo. The semicon-
ducting to metallic phase transition begins at the intermediate
phase (a-phase), and the migration of two kinds of boundaries

Te vacancy / %

between 2H and 1T’ phases as a function of the Te vacancy concen-
tration from the DFT calculation. Reproduced with permission from
Ref. [76] Copyright 2015, AAAS; d Schematic representation of
the plasma-treated process; e High-resolution STM images of mon-
olayer MoS, on graphite after the 40-s phase transition treatment. The
S vacancies were highlighted by blue arrows. d—e Reproduced with
permission from Ref. [78] Copyright 2017, ACS

(B- and y-boundaries) was responsible for the growth of the
second phase.

6 Electric-field treatment

Despite the aforementioned attempts to realize a semi-
conductor-to-metal (S-M) phase transition, it still remains
challenging on achieving a reversible structure conver-
sation between 1H and 1T phase in the limit of a mon-
olayer. Previous investigations based on DFT calcula-
tions suggested that a reversible S-M phase transition in

@ Springer



54

L. Meng et al.

a lonic liquid (DEME-TFSI

70 I/
b L —oVv

—1V

60}

—28V
= I — 3.8V
2 50 ¥ . L —a2v
> | Ay A E' | —44v
% el i ,Nv/\w——\w,
E | N.,.N/\'ww
c | |
g L
" ol e e

10 .
[ I P A AR AMAA A AN
ot L ll' 1 / Il ! 1

150 160 170 180 230 240 250
Wavenumber / cm!
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before, during and after transition from the 2H to 1T’ phase, as the
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of the cross-section of the Moy, ¢oW o4 Te, device; d Higher magnifi-
cation of the HAADF image from the region defined by a red box in

some single-layer TMDs, including MoTe,, Mo, W,_ Te,,
MoS,, and TaSe,, could be realized by applying electro-
static gating [80, 81]. The carrier density and electron
chemical potential for a monolayer TMD could be changed
under various gate voltages, inducing the phase transition
from semiconducting to metallic. They also calculated
the surface charge density (SCD) required for the phase
transition: for monolayer MoTe, under a constant stress
condition, the SCD could be less than —0.04 e or greater
than 0.09 e per formula unit; while for monolayer MoS,,
the values become —0.29 e and 0.35 e per formula unit,
respectively [80].

Wang and coworkers [82] experimentally realized the
electrostatic-doping-driven phase conversation, introduc-
ing the ionic liquid FET (Fig. 7a) to reveal the relationship
between the phase structures and gate voltages. Assisted by
Raman spectroscopy, it was reported that the 1T” phase was
gradually formed under the gate control, illustrating that the
2H phase would completely transform to 1T’ phase at the
bias of 4.4 V (Fig. 7b). Interestingly, a reversible phase con-
versation was achieved by increasing or decreasing the bias
voltage. Essentially, the structural phase transition could be
driven by the ground-state switching of 2H or 1T’ phase,
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sion from Ref. [83] Copyright 2019, Nature Publishing Group

as extra electrons from electrostatic doping were expected
to lift the total energy of the 2H phase above that of the
1T’ phase, resulting in the metastable 2H phase. Another
inspiring work elucidated an electric-field-induced structure
conversation from a 2H to a 2H, and T, phase in a vertical
2H-MoTe,- and Mo, W ,_, Te,-based resistive random access
memory (RRAM) device [83]. Using STEM can sufficiently
reveal the 2H; crystal structure, which is formed after a set
voltage application (Fig. 7c—j). The 2H phase is a transient
state with a semiconducting to metallic behavior, which can
drop back to the high resistive state at the temperature of
523 K according to temperature-dependent electrical meas-
urement. However, the driving force for the formation and
stabilization of the 2H, phase is still unclear.

7 Conclusion

In summary, the recent progress in the phase-controlled
synthesis or post-growth engineering of Group VI TMDs
is discussed. Phase engineering in Group VI TMDs can
be realized using alkaline ions intercalation, doping with
foreign atoms or electronics, applying tension and stress,
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defect triggering, electron injection and other feasible strate-
gies. Intercalation by alkaline metal has a long history and
is widely investigated due to its reproducible and feasible
nature when pursuing the phase modification. As typical
post-growth strategies, the strain and defect treatments
can efficiently engineer the optical, electrical and struc-
tural properties of Group VI TMDs, which have potential
applications in photoelectronic, low-connect-resistance
and energy-harvesting devices. Doping with heteroatoms
is another efficient way to switch the ground state of basic
materials. The recent results on the electrostatic-doping-
driven phase transition of two-dimensional layered materi-
als show potential applications in memory and reconfigur-
able devices. Meanwhile, metallic phases provide a versatile
platform for investigations on the fundamental physical and
chemical phenomenon.

Despite the great progress already made in this research
field, some challenges still remain to be solved. As mentioned
above, most of the metallic structure of Group VI TMDs is
metastable, so that spontaneous reverting back to the semi-
conducting state due to the thermodynamic instability need
to be settled. Several compromised methods, including sur-
face functionalization and intercalated Li hydrogenation, have
been developed for enhancing the stability of metallic TMDs.
However, the surface-doping strategies could degenerate the
surface functional properties, while Li hydrogenation usu-
ally asks for an ultrahigh vacuum condition. Aforementioned
methods significantly sacrifice the extensibility of metallic
phase TMDs. Another challenge is the controllability to real-
ize the metal-insulator transition, especially at an ambient
condition. Clearly, post-growth conversion strategies are typi-
cal methods to achieve the phase conversion, but its operation
process is complicated. Thus, developing a direct phase-con-
trolled synthesis route is necessary. CVD is one of the most
promising alternative methods for the controllable synthesis
of layered materials, which can be used in phase engineering.
But its investigation is still in the infancy. Thus, more efforts
are still necessary to get the controllable phase transition in
Group VI TMDs and a stable phase transition is necessary for
their real applications.
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