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Comprehensive Summary 

 

2D MoTe2, WTe2 and their alloys have received intensive research interest because of their unique properties arising from the polymorph structures, 
chiral anomaly, strong spin-orbit coupling, and so on. In this review, we have summarized recent advances of 2D MoTe2, WTe2 and their alloys from 
the materials perspective with special focus on the synthesis, electrical and magnetic properties. The polymorph structures of MoTe2, WTe2 and their 
alloys are presented first and then the preparation methods have been discussed, including mechanical exfoliation, metal-organic chemical vapor 
deposition (MOCVD), molecular beam epitaxy (MBE), chemical vapor deposition (CVD) and solution-phase method. After that, fascinating physical 
properties arising from the large spin–orbit coupling and non-trivial band structures have been summarized, including phase transition, optoelectri-
cal properties, Weyl semimetal state, superconducting and ferromagnetism. At last, potential device applications of MoTe2, WTe2 and their alloys are 
reviewed, including field-effect transistors (FETs), memory devices, spin-to-charge conversion, solar cells, and so on. 
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1. Introduction 

Two-dimensional (2D) materials, including graphene,
[1]

 hex-
agonal boron nitride,

[2]
 transition metal chalcogenides (TMCs),

[3-4]
 

black phosphorus,
[5]

 are promising for a variety of potential appli-
cations in electronics, photoelectronics,

[6-7]
 flexible electronics,

[8]
 

solar cells,
[9]

 and so on. Among these 2D materials, TMCs have 
attracted extensive attention because of the large family of mate-
rials with diverse chemical and physical properties.

[10-15]
 

Group VIB transition metal tellurides, i.e., MoTe2 and WTe2, 
are a special sub-family of 2D TMCs because of the diverse crystal 
structures and intriguing physical properties,

[16-17]
 arising from 

polymorph structures, chiral anomaly, strong spin-orbit coupling, 
and so on. For example, WTe2 has large non-saturating magneto-
resistance, which is promising for spintronic devices and magnetic 
memory.

[18-21]
 Td-MoTe2 and Td-WTe2 atomic layers are type-II 

Weyl semimetals,
[22-23]

 which are appealing for spin Hall effect 

devices.
[24-25]

 Alloying of 2D MoTe2 and WTe2 can fine tuning these 
physical properties or even yield new properties. For example, 
Weyl semimetal and superconducting states are observed in 
MoxW1−xTe2 with different composites.

[26]
 By Cr-doping, ferro-

magnetism emerges in MoTe2 and WTe2.
[27-28]

 
In this review, we have reviewed the preparation, properties, 

and device applications of 2D MoTe2, WTe2 and their alloys (Figure 
1). This review begins with the polymorph structures of MoTe2 
and WTe2 and the phase diagram of Mo-W-Te-Se. Then the prep-
aration methods for 2D MoTe2, WTe2 and the alloys are discussed, 
which include mechanical exfoliation, MOCVD, MBE, CVD and 
solution-phase method. Afterward, the properties of 2D MoTe2, 
WTe2 and the alloys are reviewed, including structural phase tran-
sition, optoelectronical properties, Weyl semimetal state, super-
conducting and ferromagnetism. At last, device applications of 2D 
MoTe2, WTe2 and the alloys are reviewed, including the 
field-effect transistors (FETs), memory devices, spin-to-charge 
conversion, solar cells and so on. 

2. Crystal Structure and Phase Diagram 

MoTe2 and WTe2 have three phases: 2H, 1T’ and Td. H or T re-
fers to hexagonal or trigonal coordination of metal atoms by the 
Te atoms, respectively. In the 2H phase (point group D3h), the 
Mo/W atoms have a trigonal-prismatic coordination by six Te at-
oms and layer-layer stacking is AB stacking (Figures 2A, D). While 
in 1T’ and Td phases, distorted octahedral coordination is formed 
and the layer-layer stacking is AA stacking (Figures 2B, C).

[29]
 The 

difference between 1T’ and Td phase is the three-dimensional 
arrangement (Figures 2E, F), presenting the monoclinic (94°) and 
the orthorhombic (90°) arrangement, respectively.

[30-31] 

Figure 2G shows a partial phase diagram of M-W-Te-Se. At 
room temperature, the thermodynamic stable phase for WTe2 is 
Td phase. Above 600 K, the thermodynamic stable phase of WTe2 
changes to 1T’ phase.  

As increase Se doping of MoTe2, the stable phase of 
MoSe2xTe2‒2x changes from Td phase to 1T’ phase at x = 0.4, then 
to 2H phase at x = 0.5. And when the temperature is lower than 
3.6 K, superconducting phase appears in Td phase of MoSe2xTe2‒2x 
with x < 0.5.   
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Figure 1  Physical properties and potential applications of 2D MoTe2, WTe2 and their alloys. 

 

Figure 2  Crystal structure of MoTe2 and WTe2 in (A, D) 2H phase, (B, E) 1T’ phase and (C, F) Td phase. (G) Phase diagram of MoSe2-MoTe2, MoTe2-WTe2 

and WTe2-WSe2. 

As increase W doping of MoTe2, the stable phase of Mo1‒xWxTe 
changes from 2H phase to Td phase at x = 0.1 when the tempera-
ture T < 274 K, while the corresponding stable phase is 1T’ phase 
when T > 294 K. 1T’ phase can transfer to Td phase in the cooling 
process. And the transition temperature from Td to 1T’ phase 
increases with the composition of W increasing.

[34]
 This trend is 

due to the change of phase free energy in MoTe2 with W substitu-
tion.

[35-36]
 As increase Se doping of WTe2, the stable phase of 

WSe2‒2xTe2x starts to change from Td phase to 2H phase at x = 0.6. 
In MoTe2, the ligand field stabilization energy (ΔLFS) is close to 

the CDW phase stabilization energy (ECDW), resulting in a small 
energy difference between the 2H-MoTe2 and Td-MoTe2 phases. 
For WTe2, the larger W-Te distance reduces ΔLFS and increases 
ECDW, resulting in a more stable Td phase.

[37]
 Both Td-MoTe2 and 

Td-WTe2 have semimetallic band structures (Figures 3A, B).
[32-33]

 
The unique electronic structure is from the following two aspects. 
First, a 0.5 eV overlap of Te 5p- and W 5d-like bands along Γ-Y  

 

Figure 3  Band structures of MoTe2 in (A)[32] and WTe2 in (B).[33] 

leads to the splitting of t2g orbitals, which contributes to the den-
sity of states (DOS) minimum at the Fermi level. Second, electron 
and hole states form small pockets, which cross the Fermi 
energy.

[38-39]
 Furthermore, the bulk of Td-WTe2 has a smaller indi-

rect band gap at Γ-point than the monolayer, which contributes to 
the different electrical behavior of the bulk and monolayer of 
Td-WTe2.

[39]
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3. Preparation 

Many methods have been developed to prepare 2D MoTe2, 
WTe2 and the alloys, such as mechanical exfoliation, MOCVD, MBE, 
CVD, solution-phase method, and so on. Table 1 summarizes the 
methods and growth conditions for the preparation of 2D MoTe2, 
WTe2, and the alloys. 

3.1. Mechanical exfoliation of bulk crystals 

First, bulk single crystals of MoTe2, WTe2 and the alloys are 
grown by chemical vapor transport (CVT) (Figure 4A) and then the 
crystals are exfoliated to 2D flakes on substrates. In CVT process, 

precursors and transport agent are sealed in ampoule, which are 
then put into a two-zone furnace. Precursors react with the 
transport agent and yield gaseous compound at one end, and 
then transport to the other end and decompose to the target 
materials in the crystal form.

[44]
 The choice of transport agent is 

important to transport effects because transport rates are propor-
tional to the partial pressure difference of source and sink.

[45]
 And 

temperature is a vital parameter in CVT process, in order to keep 
the constant of reaction equilibrium = 1 favoring crystal growth. 

2D MoTe2, WTe2, and the alloys are more difficult to be me-
chanically exfoliated than the sulfides and selenides due to the 
strong interlayer Te-Te interactions in the tellurides. Au-assistant 

 

Figure 4  Illustration of methods for the preparation of MoTe2, WTe2, and the alloys: (A) mechanical exfoliation,[40] (B) MOCVD,[41] (C) MBE,[41] (D) CVD,[42] 

and (E) solution-phase method.[43] 

Table 1  Summary of the preparation methods for MoTe2, WTe2, and the alloys 

Material Method Metal precursors Assistant Temperature Phase Domain size 

MoTe2 CVT[46] Mo TeBr4 1000 oC 1T’ 
 

 
CVD[47] Mo/MoO3 — 700 oC 1T’, 2H 30 μm 

 
CVD[48] Mo film — 510 oC 2H 2.5 cm 

 
CVD[49] Mo/MoO3 FeTe2 650 oC 1T’, 2H 3.2 nm, 4.1 nm 

 
CVD[50] Mo — 650 oC 1T’, 2H 10 μm 

 
CVD[51] MoO3 NaCl 650—800 oC 1T’ 30 μm 

 
CVD[52] MoO3 α-Al2O3 720 oC 1T’ 10 μm 

 
CVD[53] (NH4)6Mo7O24 NaOH, iodixanol 610 oC 1T’ 20 μm 

 
CVD[54] (NH4)6Mo7O24 C24H41NaO6 700 oC 1T’ 10 μm 

 
CVD[55] Mo 

 
700 oC 2H 2.34 mm 

 
CVD[56] MoO3 

 
650, 680 oC 2H,1T’, Td 10 μm 

 
CVD[57] MoO2 KI 700 oC 1T’ 47 μm 

 
CVD[58] Mo 

 
535—635 oC 2H, 1T’ 

 

 
CVD[59] MoO3 

 
750 oC 2H, 1T’ 

 

 
CVD[60] MoO3, MoCl5, Te 

 
780 oC 1T’ 150 µm 

 
CVD[61] (NH4)6Mo7O24·4H2O KCl 750—800 oC 1T’ 200 µm 

 Liquid -phase[43] MoTe2 Ethanol 25 oC 2H 500 nm 

 Liquid -phase[62] MoCl5, Te Ethanol 25 oC 2H nanometers 

 Liquid Phase[63] MoTe2 IPA 25 oC 2H 1 µm 

WTe2 CVT[64] W 
 

1223 oC Td 48.90 nm 

 
MBE[65] W 

 
250 oC 1T’ tens of nm 

 
CVD[61] (NH4)10W12O41·xH2O KCl 750—800 oC 1T’ 320 µm 

 
CVD[66] WCl6 

 
500 oC Td tens of nm 

 
CVD[60] WO3, WCl6, Te 

 
820 oC Td 350 μm 

 
CVD[67] (NH4)2WO4 KI 700 oC 1T’ 7 μm 

 
CVD[68] W 

 
800 oC Td 15 nm 

 Liquid method[69] WCI6,Te oleic acid 300 oC Td 100 nm 

 Liquid -phase[62] WCl6, Te Ethanol 25 oC 2H nanometers 

MoS2‒xTex CVD[70] MoS2 — 600—700 oC 2H 40 μm 

 
CVD[71] MoS2 NaOH 600 oC 2H 30 μm 
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Continued 

Material Method Metal precursors Assistant Temperature Phase Domain size 

 CVD[72] MoO3 NaCl 750 oC 1T’  

 MOCVD[73] Mo(CO)6 — 400 oC 2H, 1T’ 10—20 nm 

MoSe2‒xTex CVD[74] MoO3 NaCl 750 oC 2H 60 μm 

 
CVD[72] MoO3 NaCl 750 oC 2 H 

 

 
CVD[75] MoO3 NaCl 750 oC 2H, 1T’, Td 50 μm 

 
CVD[76] MoO3 NaCl 700 oC 2H 20—30 μm 

 
CVD[76] (NH4)2MoO4 C24H41NaO6 700 oC 2H 20 μm 

 MBE[77] Mo  300 oC 1T’ 100 nm 

WS2‒xTex CVD[71] WS2 NaOH 600 oC 2H 30 μm 

 
CVD[78] WO3 NaCl 825 oC 2H, 1T’ 24 μm 

 
CVD[79] WO3 NaCl 800 oC 1H, 1T’ 35—50 μm 

WSe2‒xTex CVT[80] W TeCl4 980 oC 2H, Td 90 μm 

 
CVT[72,81] W I2 850-1010 oC 2H, Td 6 mm 

 
CVD[79] WO3 NaCl 800 oC 1H, 1T’ 13—23 μm 

 MBE[82] W  250oC 2H, 1T’  

MoxW1‒xTe2 CVT[83] Mo, W I2 900-1000 oC 1T′, Td 
 

 
CVT[84] Mo, W TeCl4 750 oC 2H, Td 

 

 
CVT[85] Mo, W Br2 850 oC 

 
9 mm 

 
CVD[86] MoO3, WO3, WCl6, Te 

 
710 oC 1T’ Tens of µm 

 
CVD[26] WO3, MoO3 NaCl 700-850 oC 1T′, Td ∼100 μm 

 
CVD[87] MoO3, WO3, WCl6, Te — 825 oC 1T′, Td 400 nm 

 
CVD[88] MoO3, WO3, WCl6, Te — 760, 820 oC 2H, Td 300 nm 

 
CVD[89] MoO3, WO3, WCl6, Te — 820 oC 2H, Td Films of ∼cm 

 
CVD[31] Te, MoO3, and WCl6 — 680~720 oC 1T′, Td ≈150 nm 

 Liquid Phase[69] MoCl5, WCl6, Te oleic acid 300 oC Td 100 nm 

CrxMo1‒xTe2 CVT[27] Mo, Cr Te 950 oC 2H 0.2mm 

 Liquid Phase[27] CrxMo1-xTe2 ethanol 25 oC 2H nanometers 

CrxW1‒xTe2 CVT[28] W, Cr Te 1050 oC Td 3 mm 

 

mechanical exfoliation technique is helpful to solve this 
problem.

[92-94]
 As is shown in Figure 5A,

[90]
 an adhesion metal layer 

(Ti or Cr) is first deposited on Si/SiO2 substrate, then Au film is 
evaporated on substrate. After that a fresh surface of layered 
crystal is cleaved from tape and put on the surface of Au film. 
Millimeter-size monolayer flakes remain on the surface of Au film 
when the tape is removed. This is because the interaction be-
tween Au and MX2 is stronger than interlayer interaction in 
MX2.

[93]
 Monolayer flakes can be transferred to arbitrary sub-

strates after being etched in KI/I2. Polydimethylsiloxane (PDMS) 
can be substitute of tape to keep substrate cleaner.

[93] 

 

Figure 5  (A) Schematic illustration of the Au exfoliation process.[90] (B) 

Mechanical exfoliation process with the assistance of Ni.[91] 

A layer-resolved splitting (LRS) method has also been devel-
oped to achieve the production of wafer-scale (5 cm) monolayer 
by splitting single stacks of thick 2D materials grown on a single 
wafer.

[91]
 As illustrated in Figure 5B, Ni film is deposited on the 

thick material for splitting 2D material with the substrate. Another 
Ni film is used for exfoliating the thick material to monolayer. 

3.2. Metal-organic chemical vapor deposition (MOCVD) 

In MOCVD process (Figure 4B), chalcogen and organo-metal 
precursors are usually used. This method has the advantage of 
well controllability of precursors partial pressure. But the draw-
backs are the slow growth rate and small domain size of the 
as-prepared thin films.

[95]
 

There are two deposition systems in MOCVD: hot-wall system 
and cold-wall system. The cold-wall is favorable for minimizing the 
deposition of precursors on substrate, thus reducing contamina-
tion.

[41]
 Few-atomic-layer MoTe2 and MoSxTe2‒x (0 ≤ x ≤ 2) have 

been obtained by MOCVD.
[73]

 The percentage of S in the alloy 
increases with the increase of S/Te molar ratio. But the trend be-
comes slow down when the S/Te molar ratio is 3.15, which is due 
to the large difference between the electronegativity and atomic 
radius of S and Te.

[96]
 

3.3. Molecular beam epitaxy (MBE) 

MBE can produce 2D crystals with high quality because the 
utilization of ultra-high vacuum (UHV) system and high purity 
sources (Figure 4C). This technique is also controllable for the 
growth of alloys. WSe(2−x)Te2 and MoSe2(1−x)Te2x have been synthe-
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sized by MBE utilizing highly ordered pyrolytic graphite (HOPG) as 
substrate. And the growth rate on HOPG is about 3/4 of that when 
MoS2 is used as a substrate,

[77]
 which is due to the various sticking 

of Mo-containing precursors on different substrates. Due to the 
low flux density of Te and the higher enthalpy of formation of 
W-Te (38 ± 5 kJ/mol) compared to W-Se (185.3 ± 5.5 kJ/mol), 
more Te precursor concentration is required to realize the incor-
poration of Te into alloys.

[82]
 

3.4. Chemical vapor deposition (CVD) 

CVD is a versatile method for the synthesis of 2D MoTe2, WTe2 
and the alloys. Mo or MoO3 is usually adopted as the metal pre-
cursor for the growth of 2D MoTe2. W or WCl6 is usually used as 
metal precursor for the growth of 2D WTe2. 2D alloys of MoTe2, 
WTe2 can be obtained by telluride the binary TMDs or the simul-
taneous evaporation of chalcogen precursors to react with metal 
precursors.

[26,70-71,74,79]
 In the reaction process, molecular sieves 

can be used to control evaporation rate of metal precursors and 
adsorb the silicon telluride byproducts, thereby controlling the 
thickness of 2D crystal.

[51,97-98]
 In some works, Te is mixed with 

metal precursors, for reducing the melting point of metal precur-
sors. 

The growth can be one-step growth and two-step growth de-
pending on the experimental details. In the one-step process, 
metal precursors and substrate are put on the upstream, down-
stream of the tube, respectively. In a two-step growth, the surface 
of substrate is covered with metal precursors before CVD growth 
by magnetron sputtering, evaporation or spin coating. The latter 
method is easier to obtain monolayer single crystal for the uni-
form distribution of metal precursor compared to one-step pro-
cess. 

For most works on the CVD growth of 2D MoTe2, WTe2 and 
the alloys, NaCl/NaOH are usually used as assistant agents. The 
salts can reduce the melting point of metal oxides and also react 
with metal oxides to form metal oxychlorides, which can evapo-
rate more easily. Alkali metals (Na, K, Li) decrease the reaction 
energy barriers and then increase the reaction rate (Figure 
6A).

[71,101-102]
 Furthermore, Avetik R. Harutyunyan et al. have found 

that Na ions can act as surfactant (Figure 6B), chemically passiv-
ating the surface of monolayer MoS2. This can release in-plane  

 

Figure 6  (A) Reaction mechanism of salt-assisted CVD.[99] (B) The illustra-

tion of releasing in-plane strain in 2D materials in the addition of Na in 

CVD.[100] 

strain, which limits 3D islanding and facilitates 2D growth.
[100]

 
Halides also have effects on the reaction dynamics. MoS2 edge is 
passivated by halogens. And the low Mo-X (X = I, Br, Cl, F, and O) 
bond dissociation energies (Eb) produce low reaction barriers, 
contributing to a larger crystal size according to Brønsted-Evans- 
Polanyi (BEP) relation.

[103]
 

The addition of salt facilitates the doping of heteroatoms into 
binary TMDs. For example, the substitutional doping of Fe, Co, 
and Mn into MoS2 is realized with the assistance of salt because 
the volatilization of the dopant precursors is promoted, which 
alters the electronic structure and phonon properties of MoS2.

[104]
 

Different structural phases of MoTe2 and WTe2 can be ob-
tained by controlling the growth parameters, such as precursors 
ratio, temperature, gas flow, etc. For example, MoO3 or Mo as 
metal precursor obtains 2H and 1T’ MoTe2, respectively. This is 
because larger strain is induced when Mo transfers to MoTe2, 
which makes 1T’ phase more stable.

[47]
 And 1T’ MoTe2 is available 

with the addition of iodine due to the lower total energy.
[57]

 In 
addition, 1T’ MoTe2 is favored at low temperature and low gas 
flow. The reason is that the 1T′ phase is more stabilized against 
the 2H phase when Te vacancies is high.

[58-59]
 So insufficient tellu-

ride makes the production of 1T’ phase easier.
[105]

 For WTe2, 1T’ 
and Td phases have been prepared, while 2H phase has not been 
synthetized.  

Changing the ratio or heating temperature of precursors is a 
common way to synthesize 2D alloys of MoTe2, WTe2 with differ-
ent compositions.

[31,74-75,79]
 Usually, 1T’/Td phase is favorable 

when the ratio or heating temperature of Te increases. Gas flow 
can also change the product composition. For WS2(1‒x)Te2x, at high 
Te concentration in mixed alloys, increasing H2 gas flow makes the 
existence of 1T’ phase be favorable.

[78]
 This is because, on the one 

hand, the reactive activity of Te with WO3 is lower than that of S, 
but the addition of H2 improves the reactive activity of Te with 
precursors, increasing the Te component in WS2(1‒x)Te2x.

[79,106-107]
 

On the other hand, the stability of 1T’ phase is enhanced at H2 gas 
flow.

[108]
 Roshan Jesus Mathew et al. have found that temperature 

and cooling rate are the key factors determining the phase of 
MoxW1‒xTe2. Td-Mo0.29W0.72Te1.99 and 2H-&Td Mo0.32W0.67Te2.01 are 
grown at 820 °C and 760 °C, respectively. And faster cooling rate 
contributes to the forming of mono-phase.

[89]
 

3.5. Solution-phase method 

Solution-phase method includes liquid exfoliation and chem-
ical synthesis in solution phase. The advantages of solution-phase 
method are low temperature synthesis, easily to obtain disper-
sions, more choices of substrates and mass production. 

[63,109]
 

In the liquid exfoliation method (Figure 7A), bulk materials are 
mixed with a suitable solvent, followed by ultrasonic exfoliation. 
The solvent, such as N-methyl-pyrrolidone (NMP), ethanol and 
isopropanol (IPA), is used to minimize the energy of exfoliation.

[63]
 

After centrifugation and filtration, 2D MoTe2 nanosheets were 
obtained.

[43]
 In the chemical synthesis method, 2D telluride can be 

chemically synthesized in solution phase directly.
[27]

 Figure 7B 
uncovers that Te nanoparticles can be chemically transformed into 
MoTe2 or WTe2 thin films. The synthesis enables precise control of 

 
Figure 7  (A) Liquid exfoliation of MoTe2 nanosheets.[43] (B) Chemical 

synthesis of MoTe2 and WTe2 in solution phase.[62] 
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the number of atomic layers from a monolayer to multilayers.
[62]

 
Yifan Sun et al. have synthesized few-layer WTe2 and MoxW1‒xTe2 
nanostructures (30—50 nm). The crystal structure can be adjusted 
by changing the amount of metal reagent.

[69]
 

4. Physical Properties 

4.1. Structural phase transition 

The small energy difference (35 meV/unit cell) between 1T’ 
phase and 2H phase of MoTe2 makes the phase transition easy.

[32]
 

For example, selective growth of the 2H phase has been realized 
by prolonging the reaction time or maintaining excessive Te.

[50,55]
 

While annealing of 2H MoTe2 with insufficient Te leads to the 
growth of the 1T’ phase.

[55]
  

Reversible phase transition between 2H and 1T’ phase can be 
used to control the growth from a single nucleus, so as to grow 
two-dimensional single crystal. For example, Yu Ye et al. have fab-
ricated 2.5 cm monolayer 2H MoTe2 from polycrystalline T′ MoTe2 
film successfully by adopting a single-crystalline 2H MoTe2 nano-
flake as crystal seed.

[48]
 

Reversible phase transition of 2D MoTe2, WTe2 and the alloys 
is appealing for novel devices, such as ohmic-contact homojunc-
tions and phase change memory (PCM) devices.

[17,111]
 Chemical 

doping as well as external fields, such as pressure,
[36]

 electric 
field,

[17,112]
 can induce the phase transition. The mechanism of 

phase transition is relevant to the d-DOS splitting and the compe-
tition of the ligand field stabilization energy and the energy of 
periodic lattice distortion.

[37]
 

The structure phase transition can be characterized by Raman 
spectroscopy. Figure 8A shows the temperature-dependent Ra-
man spectra of a seven-layer (7L) 1T’-MoTe2 in the cooling pro-
cess.

[110]
 Both 1T’ and Td MoTe2 contain 12 atoms in a unit cell, 

leading to 36 vibrational modes. Nevertheless, monoclinic 1T’ 
MoTe2 has 18 Raman-active phonon modes (12 Ag modes and 6 

 

Figure 8  (A) Raman spectra of 7L 1T’-MoTe2 at various temperature.[110] 

(B) Raman spectra of WS2(1−x)Te2x with different composition.[78] 

Bg modes, Au and Bu modes are Raman-inactive), while all the 
vibrational modes (12 A1 + 6 A2 + 6 B1 + 12 B2) are Raman-active 
for orthorhombic Td-MoTe2.

[113]
 

As the temperature decreases, phase transition from 1T’ 
phase to Td phase occurs at 150—120 K, where shear mode A1

1  
emerges at ~12 cm

−1
 and Ag

6  at ~128 cm
-1

 splits to multiple 
peaks. But the splitting of Ag

6  mode in cooling process occurs 
before transition temperature at the same time, this phenomenon 
can also be observed in no-transition sample, suggesting that the 
emergence of shear mode at ~12 cm

−1
 is the prominent charac-

teristic of 1T’-Td phase transition.  
Additionally, when the thickness of 1T’-MoTe2 is down to ≤ 4 

layers (4L), no phase transition occurs in the cooling process. The 
origin of phase transition may be variations in the local strain. 
Because the phase transition from 1T’ to Td is realized by relative 
sliding of adjacent layers, it might be sensitive to local strain.

[114]
 

For 2H-WS2, the in-plane mode (E′) at 350 cm
−1

 and the 
out-of-plane mode (A1

′ ) at 420 cm
−1

 are the characteristic 
peaks.

[115-116]
 As is shown in Figure 8B,

[78]
 WS2(1−x)Te2x alloy main-

tains 2H phase as Te composition below 50%, degeneration of 
2LA(M) mode and splitting of E′ peak around 350 cm

‒1
 can be 

observed due to the introducing of Te atoms. When the Te com-
position achieves 50%, 2H phase transfers to 1T’ phase. The 
WS2-like E′ mode disappears due to the break of W-S mode. At the 
same time, several Raman peaks appear below 300 cm

−1
, which 

are related to the W-Te vibration in 1T’-WTe2, like A1 modes at 120 
cm

−1
, 132 cm

−1
, 162 cm

−1
 and 213 cm

−1
.
[61]

 When Te composition 
varies from 0 to 1, the continuous redshift of A1

′  maybe arise 
from the high-frequency vibration caused by the large atomic 
weight of Te atoms. 

STEM is another method to observe phase transition. For 
WS2(1−x)Te2x, the forward and backward offsets of Te atoms from 
the original 1H lattice sites are discovered by scanning transmis-
sion electron microscopy–annular dark field (STEM-ADF).

[79]
 At 

high Te concentration, higher local displacement of Te atoms 
breaks hexatomic ring in 1H phase, inducing the transition to 1T’ 
phase. 

4.2. Optoelectronical properties 

The band gap of MoTe2, WTe2 and the alloys varies from 0 to 
about 2 eV. MoTe2 is applied for ultraviolet, visible light, and in-
frared detection.

[117-120]
 In addition, Ren et al. have found that 

Td-WTe2 has significant photoresponse in a broadband range from 
visible to far-infrared at room temperature.

[121]
 And Hongda Li et 

al. have fabricated MoTe2/WTe2 heterostructures, which are can-
didates for high-speed optoelectronic device with sub-picosecond 
photo-carrier lifetime.

[122]
 

Composition-dependent alloys exhibit wide range band gap, 
which is favorable for absorbing or emitting light in a wide spec-
tral range. Figures 9A, B show composition-dependent photolu-
minescence spectra of MoS2xTe2(1−x) and WS2(1−x)Te2x. The PL peaks 
shift to shorter wavelength as the S composition increases.

[78]
 

While no PL peak is found in 1T′ phase (Figure 9C).
[78]

 

 

Figure 9  Composition-dependent photoluminescence spectra of (A) MoS2xTe2(1−x)
[73] and (B) WS2(1−x)Te2x.

[78] (C) Composition-dependent band gap in 

WS2(1−x)Te2x.
[78]  
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4.3. Weyl semimetal state 

The magnetoresistance measurements can reveal dynamics of 
charge carriers and characteristics of Fermi surface of a material. 
Large magnetoresistance (LMR) is an uncommon property for 
most of magnetic compounds. As is shown in Figure 10A, an 
extremely large and non-saturating positive magnetoresistance is 
obtained in layered WTe2 at low temperatures and high magnetic 
field.

[20]
 Such exotic behavior is explained in the framework of 

Fermi surface compensation, which makes WTe2 a possible 
candidate for type-II Weyl semimetal.  

The Weyl semimetal has the non-trivial Fermi-arc surface 
states that connect the Weyl nodes on the surface Brillouin zone. 
This chiral anomaly will lead to a negative magnetoresistance 
owing to the chiral zero modes of the Landau levels of the 3D 
Weyl cones.

[22]
 As is shown in Figure 10B, gate-tunable negative 

longitudinal magnetoresistance is observed in layered WTe2.
[123]

 
This phenomenon is highly angle-sensitive and is suppressed by a 
small angle between the electric and magnetic fields, consistent 
with the distinctive feature of a type-II Weyl semimetal. The 
direction-dependent negative magnetoresistance is also observed 
in the layered MoxW1−xTe2 (Figure 10C).

[26]
 Further analysis shows 

a relationship of Rs(B) ∝ −B
2
 at high-field (Figure 10D) that is 

consistent with the theory expectation of chiral-anomaly-induced 
negative MR, also proving that MoxW1−xTe2 is a type-II Weyl 
semimetal.

[26,123-127]
 The origin of low-field cusp-like dip (Figure 

10B) is weak antilocalization (WAL), which is induced by the 
spin-orbit coupling (SOC).

[18,128-130]
 And the WAL effect can be 

enhanced with the decrease of thickness.
[130]

 

4.4. Superconductivity 

At zero field, the intrinsic superconductivity exists in MoTe2, 
but it is absent in WTe2. For MoTe2, the superconducting transi-
tion temperature Tc is 0.1 K in the bulk, and Tc is 0.5 K in the 
few-layer. The origin for the enhancement of Tc in thinner layers is 
the stronger coulomb repulsion interaction in the thinner layers, 
which is characterized by a predominant W 5d orbital character at 
the Fermi level.

[60]
 

Superconductivity can emerge in WTe2 at high pressure, via 

proximity effect, or with chemical doping. In details, supercon-
ductivity emerges and LMR effect disappears in WTe2 when pres-
sure increases to 10.5 GPa. A possible explanation is the unbal-
ance between electron and hole populations under elevating 
pressure.

[131]
 Miao et al. have found proximity-induced supercon-

ductivity in few-layer WTe2 with Tc = 6.4 K based on WTe2/NbSe2 
van der Waals heterostructure.

[132]
 For chemical doping, Ya Deng 

et al. have observed superconductivity exists in MoxW1−xTe2 (x > 
0.5) and the superconducting fraction [R( 𝑇c

onset ) − R(0.3 
K)]/R(𝑇c

onset) increases with the rising of Mo fraction (Figure 
11A).

[26]
 The linear relation between Hc2 and T indicates that the 

measured Mo0.8W0.2Te2 is a 2D superconductor (inset of Figure 
11C).

[133-135]
 And R. Dahal et al. have found that high pressure 

increases Tc in Mo1−xWxTe2, which arises from the softening of the 
interlayer Te-Te vibration modes.

[36,136]
 Also, superconductivity 

exists in KxWTe2 with a Tc of ~2.6 K, which is ascribed to elec-
tron-doping effect of K ions. And the original structure of WTe2 
has not been damaged, which exhibits that WTe2 is still of the 
topological nontrivial state.

[137]
 

Dramatic enhancement of superconductivity enhancement 
has been observed in Se- and S-doped Td-MoTe2 bulk samples 
(Figure 11B).

[75,138]
 Compared with the pristine MoTe2, Tc is im-

proved by nearly 13-fold in the MoTe1.8S0.2 and 36-fold in the Mo-
SeTe. The magnetotransport measurements demonstrate the 
potential s+−-wave two-band superconductivity due to a dominant 
interband coupling.

[75]
 The enhanced Tc can be explained by the 

introduction of low-diffusivity electrons by the S or Se substitu-
tions, which may have a larger superconducting gap. As seen from 
Figure 11D, the simulation fitted by the two-band model is con-
sistent with the experimental data.

[75]
 

4.5. Ferromagnetism 

The intrinsic ferromagnetism in 2D materials offers the oppor-
tunity to spintronic devices.

[139-141]
 It is also vital to realize the 

magnetic control of topological phase and quantum anomalous 
Hall effect.

[142-146]
 But it is still challenging and more exploration is 

needed. 
The pure WTe2 bulk material is diamagnetic. By introducing  

 

Figure 10  (A, C) The magnetoresistance versus magnetic field of WTe2, MoxW1−xTe2 in different angle between the magnetic field and the crystal c, a 

axis, respectively.[20,26] (B) The magnetoresistance versus magnetic field of WTe2 at various gate voltages.[123] (D) The magnetoresistance of MoxW1−xTe2 at 

various temperatures.[26] 

 

Figure 11  (A) The R-T behavior of MoxW1−xTe2.
[26] (B) The phase diagram of MoTe2−xSx.

[138] (C) Magnetic field dependence of Rs in pristine Mo0.8W0.2Te2 

sample at various temperatures.[26] (D) Temperature dependence of perpendicular upper critical field µ0Hc2,⊥ for MoSe0.95Te1.05 thin films.[75] 
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Figure 12  (A) Temperature dependence of magnetic moment in bulk Cr0.01-WTe2 under zero external magnetic field.[28] (B) Anomalous Hall effect (AHE) 

for Cr0.02–WTe2 samples with magnetic field range from ‒14 to 14 T.[28] (C) M-T curves and (D) M-H curves of bulk Cr-2.1 MoTe2 sample with magnetic 

field applied along the out-of-plane and in-plane direction.[27] 

 
the Cr element into layered Td-WTe2, near-room temperature 
ferromagnetism with a Curie temperature (Tc) of up to 283 K is 
successfully achieved.

[28]
 The Tc and saturated magnetic moment 

can be well tuned by the Cr valence states, which are closely re-
lated to the doping concentrations of Cr.

[147-148]
 Bulk Cr0.01-WTe2 

has two Tc (Figure 12A), which is attributed to the coexistence of 
high and low valence states of Cr. The saturation magnetic mo-
ment is changed from 2.26 emu·g

–1
 for Cr0.01-WTe2 to 4.20 emu·g

–1
 

for Cr0.02-WTe2. The long-range order of ferromagnetism is also 
confirmed by the electrical transport properties. The Hall re-
sistance of Cr-doped WTe2 shows a clear “S” shape (Figure 12B), 
which is attributed to the anomalous Hall effect (AHE). 

More robust ferromagnetism is also found in the layered 
Cr-doped 2H-MoTe2.

[27]
 By regulating the Cr doping concentration, 

the highest Tc of up to 275 K and the highest Ms of 4.78 emu·g
−1 

have been achieved. Most intriguingly, the magnetization curves 
of all Cr-doped MoTe2 crystals display obvious hysteresis loops 
with a strong magnetic anisotropy along the out-of-plane direc-
tion (Figures 12 C&D), which indicates the intrinsic ferromag-
netism rather than the defect-induced ferromagnetism in 
Cr-doped MoTe2. 

5. Device Applications 

5.1. Field-effect transistors (FETs) 

FET is a basic component of the integrated circuit. 2D MoTe2, 
WTe2 and the alloys have attracted much attention for the high 
mobility, ferromagnetic properties, ambipolar properties.

[149-150]
 

For Td-WTe2, it has high mobility up to 2100 cm
2
·V

−1
·s

−1
.
[132]

 But 
semimetal properties inhibit its application in FETs. Fortunately, 
doping can open up a band gap.

[78]
 For example, for MoxW1‒xTe2, 

with the increase of Mo doping, phase transition from Td to 2H 
occurs.

[88]
 The transfer curves of FET indicate the corresponding 

semimetal, p-type semiconductor behaviors. Figure 13A illustrates 
the structure of FET. Furthermore, as shown in Figure 13B, with 
the rise of Se doping percent, ambipolar behavior in MoSe2xTe2‒2x 
transfers to n-type behavior arising from the increase of band 
gap.

[151]
 This phenomenon can be explained by the theory of 

Schottky-barrier field effect transistors (SBFETs).
[152-156]

 For 

MoS2xTe2‒2x, as the increase of S content, the conduction behavior 
changes from p-type to n-type and the on/off ratio rises due to 
the larger band gap (Figure 13C).

[73] 

5.2. Resistive random access memory (RRAM) 

Memory devices are essential building blocks in integrated 
electronic system.

[157]
 Appenzeller and co-workers have fabricated 

the Mo1−xWxTe2 and 2H MoTe2-based memory devices (Figure 
14A).

[17]
 As the bias voltage increases, phase transition happens 

(2H to 1T’) accompanying conductivity change from high resistive 
state (HRS) to low resistive state (LRS) (Figure 14B). Set voltage 
lowers for thinner Mo1−xWxTe2. And Mo1−xWxTe2 needs lower set 
voltage than MoTe2 (Figure 14C). Therefore, Mo1−xWxTe2-based 
RRAM exhibits higher performance. This interesting result pro-
vides the possibility of potential application for MoTe2 and WTe2 
based nonvolatile memory. 

5.3. Spin-to-charge conversion 

The efficient generation and control of spin polarization via 
charge-to-spin conversion (CSC) in topological materials are de-
sirable for future spintronic and quantum technologies.

[158-161]
 An 

outstanding feature of 2D MoTe2, WTe2 and the alloys is their 
novel spin topology in the electronic band structures with unex-
pected large CSC efficiency. By using the spin-torque ferromag-
netic resonance (ST-FMR) technique, the CSC efficiency in 
WTe2/Py samples is evaluated (Figure 15A).

[158]
 The thickness- 

dependent CSC efficiency of the bulk WTe2 layer reaches 0.51 at 
6—7 GHz and the interfacial DMI is as large as −1.78 mJ·m

−2
 (Fig-

ure 15B).
[158]

 A charge current density of ~2.96 × 10
5
 A·cm

−2
 suf-

fices to switch the magnetization of the Py layer (Figure 15C). 
Controlling spin–orbit torques by crystal symmetries is also 
achieved in WTe2/Py bilayers (Figure 15D).

[159]
 An out-of-plane 

antidamping torque is generated when current is applied along a 
low-symmetry axis of bilayer sample, but vanished when current 
is applied along a high-symmetry axis.

[159]
 

The highly efficient and unconventional CSC is also observed 
in the WTe2/graphene heterostructure spin-valve device at room 
temperature.

[160-161]
 The detected spin polarization in WTe2 is dif-

ferent from the conventional bulk spin Hall effect and surface 
states dominated Rashba–Edelstein effect. The unconventional  

 

Figure 13  (A) Schematic diagam of FET structure.[151] (B) Transfer characteristic (Ids−Vg) of MoSe2xTe2−2x (x = 0—1) alloys.[151] (C) Composition-dependent 

threshold voltages and on/off ratios of MoS2xTe2(1−x) (0 ≤ x ≤ 1) atomic layers.[73]  
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Figure 14  (A) Schematic of RRAM device structure. (B) I-V curves of 

Mo0.96W0.04Te2. (C) Set voltages of MoTe2 with different fabrication meth-

od and Mo1−xWxTe2 with x = 0—1.[17] 

 
Figure 15  (A) The ST-FMR spectra for the WTe2(19.6 nm)/Py(6 nm) de-

vice with the current in the b-axis and θ = 40°.[158] (B) The thickness-de-

pendent CSC efficiency of WTe2 from ST-FMR averaged between 6 and 7 

GHz.[158] (C) The switching process of WTe2/Py bilayer captured by MOKE 

images.[158] (D) ST-FMR resonances for a WTe2(5.5 nm)/Py(6 nm) sample 

with current applied along the a-axis, with the magnetization oriented at 

40° and 220° relative to the current direction.[159] 

spin conductivity in WTe2 is allowed by considering strain as well 
as the WTe2/graphene interface to break the crystal symmetry 
(Figure 16).

[160]
 This indicates that WTe2 can be utilized for spin 

injection and detection in the all van der Waals heterostructure 
devices. 

5.4. Solar cell 

Topological Weyl semi-metals (TWS) hold great potentials in 
electrocatalytic applications.

[162-166]
 In TWS, the conduction bands 

and valence bands cross near the Fermi energy level, i.e., Weyl 
points, which can increase charge mobility as well as fasten elec-
tron−hole separation and then decrease the electron−hole re-
combination.

[167-169]
 In addition, topologically protected surface 

states of TWS are free from impurity/defect scattering which fa-
vors charge transport.

[170-173]
 As is shown in Figure 17, Shemsia 

Mohammed Hudie and co-workers have utilized MoxW1‒xTe2 as 
the counter electrode (CE) of dye-sensitized solar cells (DSSCs).

[88]
 

The result shows that the efficiency and photocurrent densities of 
Td-MoxW1‒xTe2 are both higher than those of Pt electrode and 
Td-&2H-MoxW1‒xTe2 (Figures 17B, C). 

 

Figure 16  (A) Schematic of measurement geometry and colored device 

picture for electrical detection of unconventional CSC in WTe2. (B—C) The 

nonlocal spin-valve measurement and corresponding Hanle spin preces-

sion signal observed in WTe2/graphene heterostructure at room temper-

ature.[160] 

 

Figure 17  (A) Illustration of working mechanism in dye-sensitized solar 

cells. The IPCE (B) and J-V (C) curves of Td-Mo0.29W0.72Te1.99/CC, Pt/CC elec-

trodes, bare CC, and Td- & 2H-Mo0.32W0.67Te2.01/CC.[88] 
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6. Conclusions and Perspectives 

In conclusion, we have discussed the preparation, properties, 
and applications of 2D MoTe2, WTe2 and their alloys. However, so 
far, research on the atomic-thickness MoTe2, WTe2 and their alloys 
is still in its infancy. For fabrication, considering the strong inter-
layer interaction, mechanical exfoliation is of low efficiency, which 
restricts its practical applications. CVD method holds the potential 
for mass production with high quality and low cost. But the poor 
reactivity of Te makes the CVD synthesis difficult. MBE and 
MOCVD can yield clean and high-quality samples but with high 
cost, small domain size. Solution-phase method exhibits the traits 
of low temperature, easily to obtain dispersions, more choices of 
substrates and mass production. In the synthesis and post process 
of the 2D tellurides, the poor air stability and high chemical activ-
ity is a trouble issue. In the property and device aspects, Weyl 
semimetal state, optoelectronical properties, superconductivity, 
and ferromagnetism are fascinating properties in 2D MoTe2, WTe2 
and their alloys. Based on these promising properties, 2D MoTe2, 
WTe2 and their alloys hold potentials for FETs, memory devices, 
spintronic devices, energy, and so on. 2D MoTe2, WTe2 and their 
alloys are also promising for static random-access memory, logical 
NOT-AND gate, and five-stage ring oscillator. 
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