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Abstract

:

Phase transitions are an intriguing yet poorly understood aspect of transition-metal-based materials; these phase transitions can result in changes to the refractive index, absorption coefficient, and other optical properties of the materials. Transition-metal-based materials exist in a variety of crystalline phases and also have metallic, semi-metallic, and semi-conducting characteristics. In this review, we demonstrate that alloyed W- and Mo-based dichalcogenides enable phase transitions in structures, with phase transition temperatures that are tunable across a wide range using various alloy models and modern DFT-based calculations. We also analyze the tuning the optical bandgap of the metal oxide nanoparticles through doping of the transition metal in a manner that is suitable for optical switching and thermal imaging. After the introduction and a brief illustration of the structures and their exceptional properties, we discuss synthetic methodologies and their application as part of important strategies toward the enhanced performance of transition-metal-based dichalcogenides and oxides. In the end, our conclusion highlights the prospects of 2D materials as phase transition materials due to their advantages in terms of scalability and adaptability.






Keywords:


transition metal; phase change; thermal imaging; optical switching












1. Introduction


A number of decades ago, researchers from all over the world began focusing on a broad category of two-dimensional (2D) transition materials that presented distinct challenges to our understanding of materials chemistry and physics. Two-dimensional nanomaterials are a broad category of crystals that range from complex compounds to elemental allotropes [1]. Transition metal dichalcogenides and oxides are the most prominent groups of 2D crystalline compounds [2]. Investigations of 2D materials have been stimulated by their intriguing optical, catalytic, and electronic characteristics. These characteristics can be tuned not only by functionalization, composition, and size but also by the phase and structure of the crystal. Two-dimensional materials often exhibit, for a given material, crystal phases with substantially diverse optical and electronic properties, a diversity that allows for unique phenomena [3]. As a result of their expectational characteristics and lower energetic switching costs, transition-metal-based dichalcogenides with the ability to switch between semi-metallic, metallic, and semi-conducting phases are of great interest for next-generation electronics, including those incorporating phase change memory and its corresponding applications [4].



Most research has focused on transition-metal-based dichalcogenides with semi-metallic distorted octahedral coordinate 1T′ phases, metallic octahedral coordinate 1T phases, and semi-conducting trigonal coordinate 2H phases [5]. Phase change and phase control have been observed in TMDs via alkali metal intercalations, electrostatic gating [6], alloying [7], joule heating [8], and thermal treatment [9].



Among binary transition metal dichalcogenides, MoTe2 has the smallest difference in energy between the 1T´ semi-metallic and the 2H semi-conducting phase, with the ability to further lower the energy gap by alloying with tungsten [10]. Furthermore, computational studies on MoTe2 monolayers have revealed that the minimal energy gap between the 1T′ and 2H phases allows for charging by electrostatic gating to achieve a phase transition [11]. As a result of its reversibility, energy efficiency, and speed, electrostatic phase changes via field-induced charge doping are a more desirable switching mechanism for advancing devices.



Wang et al. reported a reversible phase transition in the monolayer of MoTe2 and the first use of a gated ionic liquid at 220 K in a vacuum, confirming density functional theory (DFT) research [6]. Furthermore, we have expanded upon prior findings to demonstrate a phase transition in the range of MoTe2 thickness to bulk-like thickness (73 nm) from monolayers. This was achieved by the use of ionic liquid gating with N, N-diethyl-N-(2-methoxyethyl)-N-methylammonium bis (trifluoromethyl sulphonyl)-imide (DEME-TFSI) in air under ambient conditions. They showed convincing evidence of a partly irreversible 2H–1T′ transition using Raman spectroscopy, with the emergence of two different 1T′ Raman modes that are also widely detected in pure 1T′ but have not previously been reported in 1T′ MoTe2 generated by a phase change from the 2H phase [9]. Second, they showed how the formation of Te vacancies influences the phase transition not only electrostatically, but also mediate electrochemically during gating process. [11]. Te vacancies have also been demonstrated to decrease the energy gap between the phases of 2H and 1T′, as well as the doped density of charge required for switching MoTe2 flakes thicker than monolayers [12,13,14]. Furthermore, in this study, the polarization-resolved Raman spectroscopy results show that the 1T′ phase forms in polycrystalline materials, with domains produced heterogeneously and with a distinct 2H phase in crystallographic directions. These findings show that MoTe2 can change phase under a variety of practical conditions and thus indicate that MoTe2 has the potential for phase change memory. This also implies that targeted vacancy formation or the flake thickness might be an effective tuning parameter for phase change memory.



To precisely tune the characteristics of any material, one must first understand its atomic structure. When no crystals are accessible for a single crystalline structural analysis, the structure of a crystal may typically be solved using an X-ray powder diffraction pattern. Furthermore, if the quality of the experimental data is minimal or the structure is incredibly unique, predicting the entire structure from powder data becomes extremely challenging [15]. Multiple computational techniques have been proposed to predict the crystal structure, leading to improvements in the structural determination of novel materials as well as material design processes [16,17,18,19]. Although there have been some significant advancements, crystal structure modelling has long been known to be among the most difficult problems in material science [20,21].



Transition-metal-based oxides are an important family of crystal forming and phase change materials. Transition metal oxides are important in a vast range of applications, from electronics to catalysis. It is widely noted that GGA [22] functionals, including PBE, cannot accurately represent the structure of electronic systems such as correlated oxides of transition metals [23].



The reason behind this is GGAs self-interaction inefficiency [24], which results in electron over-delocalization on the 3d orbital of TMs as well as the 2p orbital of oxygen. As a result, even an intrinsic electronic structure becomes inaccurate [25]. The dilemma of de-localization of the orbitals in 3D can be solved by the Hubbard parameter, which localizes the electrons on the atoms of a transition metal, but it fails to solve the dilemma of oxygen 2p orbital electron over-delocalization [26]. Recent work has conclusively illustrated that functionals of hybrids exclusively localize the density into the 2p orbitals, while DFT + U does not always do so [27]. Consequently, GGA + U underestimates the bandgap of transition metal monoxides [28]. Furthermore, if the aim is to estimate unique crystal structures, it is unclear whether a specific value of U should be employed if the material is completely novel [29]. Problems with the correction of U could be handled by using hybrid and exact exchange DFT [30], which increases the localization on oxygen and the TM atom and also has an influence on the sites of energy levels of transition metal d orbital and the p orbitals of oxygen. Among the fundamental differences between hybrid functionals and the GGA + U method is that the quantity of the exact exchange in hybrid DFT is not set for each material [31]. Additionally, hybrid functionals with twenty percent exact exchange have been shown to accurately represent the optical and electronic characteristics of transition metal oxides [32]. In the present work, we demonstrate that alloyed W- and Mo-based dichalcogenides enable phase transitions in the structure and that phase transition temperatures are tunable across a wide range using various alloy models and up to date DFT-based calculations. They analyze the temperature–composition phase diagram of alloys comprising pure Mo- and W-based TMDs and compare them to corresponding bulk material investigations. They also analyzes the optical bandgap of metal oxide nanoparticles, which can be tuned by doping with a transition metal, which could be suitable for different applications.




2. Phase Change


We analyze here the phase change between the semi-metallic 1T′ phase and the semi-conducting phases of MoTe2 flakes. Their thickness ranges from monolayers to a few layers, which, in terms of their electrical and spectroscopic characteristics, means they are regarded as bulk-like, though they remain optically thin [6]. Gated DEME-TFSI zeolite was used to infuse charge into MoTe2 as it has been proven to produce a charge density substantial enough to trigger a phase shift. The 1T′ and 2H phases show distinct crystal structures with different phonon modes. Raman spectroscopy was used to examine the results of the phase change.



2.1. Phase Change (Bulk-Like MoTe2)


By Raman spectroscopy, the gating cycle of MoTe2 was obtained as shown in Figure 1a,b. A distinctive vibration mode is observed out of the plane for 2H at 173 cm−1, while it is observed at 234 per cm in the plane. The A1g peak has a low intensity, which is a property of the bulk as the vibrations are reduced by the interactions of multiple layers. The peak at 120 cm−1 is broader. The peaks that appear in the range of 270 to 350 cm−1 are due to the anion TFSI as well as the cation DEME in zeolite [33]. No significant peaks are observed when the voltage is increased by four electron volts. The voltage required for a phase change is 4.0 V, as shown by the initial development of a small 1T′ A1g peak at 168 cm−1 s. The Raman peaks of 1T′ are comparable with the reported values and confirm the phase change. This voltage initiates the nucleation of 1T′ domains in the flakes of 2H [34]. At 4.2 V, there is a significant rise in the intensity of the 1T′ A1g peak, which is accompanied by a reduction in intensity and a widening of the 2H E2g peak.



Simultaneously, it was observed that the formation of peaks occurs at 78 as well as 90 per cm, which also indicate the 1T′ modes of A1g and B1g. These peaks have not been identified in 2H to 1T′ MoTe2 phase transition observations, yet they have frequently been described in the DFT and CVD (chemical vapor deposition) growth literature as substantial 1T′ peaks [35]. Raman modes are inversely proportional to the phonon lifetime, with wider linewidths indicating a rapid decay of the phonon, which is attributable to an increase in defects.



Multiple impacts are noticed when the charge is removed. The 78 and 90 cm−1 peaks vanish at 3 V, confirming that they are caused by gate-induced phase transitions. The 168 1T′ peak, on the other hand, is still present but weakens. This reduction in the intensity of both 1T′ and 2H E2g peaks correlate with a rise in the intensity of the A1g and 2H E2g peaks above their initial intensity [36,37]. At this point, the increase in intensity is not fully understood, although it is more likely due to multiple beams of reflection and interference which is a reliable in layered 2D materials.



Similarly, amplification of the Raman peaks were observed while adjusting the thickness of the substrate beneath graphene, as well as during graphene and MoS2 intercalation. The 1T′ MoTe2 phase transitions to the 2H phase at 1 V, with a peak corresponding to the 2H A1g phase observed at 172 cm−1. In short, the process of the phase change in thick flakes tends to be slightly reversible.




2.2. Phase Change (Bilayer MoTe2)


A similar phase change phenomenon also appears in bilayer MoTe2 as it does in bulk-like MoTe2. The peaks of the 2H E2g and 2H A1g phases begin with relatively equal intensities, as is typical for bilayer MoTe2. The peak 2H E2g voltage does not fall until it reaches 4 V. When the voltage is 4V, the intensity drops significantly, and wide peaks of 1T´ are observed at 80 cm−1 and 90 cm−1, as shown in the below Figure 1c,d. When the flake is discharged, it only reverses to the phase of 2H at 0 V, demonstrating that somehow a significant kinetic barrier generates hysteresis, as described earlier. The intensities of the 2H peaks are higher at 0 V before gating, which we equate to the phenomenon of optical interference. We additionally see that the amplitude of the 2H E2g peak is less than the 2H A1g peak, which is consistent with monolayer MoTe2 and signifies the transition from bilayer to monolayer MoTe2, although we are unable to ascertain at which voltage the thinning originated. Despite being thin, the phase change is not the consequence of irreversible heating pyrolysis, since change is reversible to the 2H phase after cycling.




2.3. Phase Change Mechanism


The 2H E2g peak does not ever completely vanish, as in the bilayer and bulk-like investigations outlined in the previous section, demonstrating the presence of 1T′ and 2H phases. The existence of these peaks indicate two possibilities. Primarily, the phase change happens on the top, or perhaps the upper few layers, and the characteristics of the 2H Raman spectrum come from the sublayer [38]. However, even in the uppermost layers, the phase transition is incomplete, and the Raman spectra indicate domains at the interface of 1T′ and 2H as well. We suggest that the reported result is a confluence of both phenomena [39].



We use density functional theory (DFT) computations on a structure that consists of a lithium atom resting on top of a 2H MoTe2 bilayer. To evaluate the doping of the bilayer by electrons, the lithium atom is used as a substitute for the ionic liquid [40,41,42]. The charge amount that passes from an atom of lithium to the bottom layer is a significant factor [43]. For these estimations, we computed the relative charge of the unpaired electron arising from the lithium atoms, N(z), at three distinct positions in the unit cell above the z bilayer, as represented in the below Figure 2.
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In the above equation [44], the first term represents the Li + bilayer charge density, while the second term represents the bilayer charge density. We demonstrate that there is no noticeable charge density beyond the initial layer, despite the position of the Li atom with regard to the surface.



According to the hypothesis, Te vacancies induced by the gating mechanism enable the mobility of Te atoms, influencing the transfer of charge across layers. Moreover, we propose that the 1T’ A1g and 1T’ B1g modes suggest a few-layer phase transition, wherein additional layers of 1T’ enhance the Raman peaks and allow them to be observed. This proposition is based on two observational data points: first, the 1T′ mode peaks at 80 and 90 cm−1 do not always disappear and appear simultaneously with the primary peak, implying a layer-by-layer phase change process. Furthermore, the peaks arise or vanish simultaneously with the decrease or increase in the above-mentioned peaks, demonstrating that the loss of the pure 2H signal is correlated to the observation of the peaks of 1T′. We may expect a significant 2H E2g signal from the base of pure 2H layers, which are not altered in the bulk-like scenario. At 3 V, the 80 and 90 cm−1 1T′ peaks vanish, the 168 cm−1 1T′ peak is maintained, and the 2H E2g peak intensifies, indicating that the subsurface layers of 1T′ have reverted to 2H while only the topmost layer of 1T′ remained. Such observations are also valid in the case of a bilayer, although the uncertainty of how the thinning begins makes such a prediction difficult to prove.



Interestingly, when we characterize the spectrum as a bilayer or a monolayer owing to thinning in the bilayer experiment at 4 V, the 2H E2g peak does not disappear entirely [44]. This analysis reveals that the phase transition to 1T′ from 2H is not complete, with patches of 2H MoTe2 existing in the layer. Therefore, it is assumed that the phase shift arises in the topmost layers, indicating that the lateral distribution of the change in phase is not significant. We further investigate the feasibility of the hypothesis that the phase change is driven by the intercalation of DEME cations in flakes of MoTe2. However, we observed no indications of intercalation when utilizing ex situ XRD [45]. Additionally, when intercalation increases the local thickness of the flake and varies the length of the optical path for interference, the hue of the flake varies from the edge to the center. In these trials, however, the color change took place simultaneously throughout the entire flake surface.





3. Synthesizing Strategy of Material


A sustainable synthesis of nanoscale 2D TMDCs exhibiting homogeneous characteristics is crucial for applying their unique optical and electronic features. Here, we discuss the various approaches for top-down exfoliation of bulk materials and for bottom-up syntheses and evaluate their respective merits. Designing strategies for synthesizing vast areas and homogenous layers is crucial for applications such as ultrathin electronic gadget production and extensible, translucent optoelectronics. As proven earlier for graphene, the development of ultra-thin synthesis techniques utilizing CVD (chemical vapor deposition) on metallic substrates and epitaxial growth on SiC substrates has enabled large yields [46] in the fabrication of devices [47,48,49]. Furthermore, certain CVD techniques for synthesizing nanoscale MoS2 films onto insulating substrates have been proposed [50,51]. Several CVD-related approaches are outlined below. In many of these procedures, the resultant MoS2 film thickness is influenced by the concentrations or thicknesses of the starting precursors; however, precise control of the number of layers throughout a broad area is yet to be accomplished. CVD synthesis of MoS2 has also been observed, with recently CVD-grown graphene on Cu foil serving as a substrate pattern, yielding single-crystal layers of MoS2 several microns thick. Such CVD investigations are still preliminary; nevertheless, they show promise for future research that will result in the development of materials other than MoS2. A hydrothermal synthesis has also been used to chemically synthesize MoS2 [52] and MoSe2 [53]. Matte et al., recently outlined numerous ways for synthesizing WS2, MoS2, WSe2, and MoSe2, as well as detailing the reactions of molybdic and tungstic acid with thiourea at high temperatures to provide an appropriately layered TMDC material [54,55]. Such processes produce moderately better materials, with typical flake sizes ranging from a few nanometers to a few microns in size, although the flakes thicknesses have not been proven to be monolayers.



Nanoscale layers of TMDCs can be peeled from their parental crystalline structure using adhesive tape adhered to surfaces [56,57], then optically characterized utilizing light interference approaches, which has been described for graphene [58]. This approach could also be used to mechanically exfoliate layered materials such as BN, dichalcogenides, and oxide nanosheets into single sheets [59]. Mechanical cleavage yields single-crystal flakes of exceptional purity and uniformity, which are appropriate for primary characterization and device fabrication [60].



This approach, however, is not scalable [61] and does not allow for the systematic control of flake thickness or size [62]. A concentrated laser spot has reportedly been applied to minimize the MoS2 monolayer thickness by thermal ablation at micro scale resolution, but the requirement for laser raster scanning makes it challenging for scale up [63]. Liquid phase TMDC compositions are extremely promising for producing huge numbers of exfoliated nanosheets [64]. Other advancements include composites and hybrids formed by reliable mixed dispersions of various materials, as well as thin coatings and films developed by filtering, spray painting, and medical blading [65].



Even though solution-based graphene has been utilized to achieve higher frequency flexible electronics with a current gain cut-off frequency of 2.2 GHz, we anticipate that solution-based TMDCs will still have analogous promising aspects for the fabrication of flexible electronics and composites. The diffusion of TMDs anions enables liquid exfoliation of such layers [66]. Morrison and co-workers developed the intercalation approach in the 1970s and subsequently developed exfoliation to thin layers in the 1980s, and both technologies are gaining traction again [67].



The conventional process involves submerging bulk TMDC powder into a solution of a lithium-containing substance, such as n-butyllithium, for more than a day to allow the lithium ions to intercalate, followed by exposing the intercalated substance to water. The liquid between the layers vigorously reacts with the lithium to produce H2 gas, which rapidly separates the layers. Lithium-based intercalation and exfoliation yielded solution-phase flakes of MoS2. Even though such chemical exfoliation approaches provide substantial amounts of submicron monolayers, the resultant exfoliated material varies structurally and electrically from the composite [68]. Regarding MoS2, the approach modifies the exfoliated nanosheets’ electronic structure from metallic to semiconducting, as well as altering the Mo atom coordinates from trigonal crystalline (2H-MoS2) to octahedral (1T-MoS2). Annealing at 300 °C can trigger a phase transition from 2H-MoS2 to 1T-MoS2, regaining Mo atom coordination as well as the pristine material’s semiconducting bandgap, as demonstrated by the re-emergence of bandgap photoluminescence [69]. For nanoelectronic and optoelectronic devices, effective control over the nanosheet thickness and size is likely to be required. By comparison with graphene, novel layer-controlled chemistries or post-synthesis flake sorting by film thickness and lateral size might also provide an alternative.



The electronic structure of semiconducting TMDs is represented by MX2, where M = W or Mo and X = Se, Te, or S. All combinations have hexagonal symmetry and are thus part of the P63/mmc group. The strained and unstrained electronic structures of TMD monolayers were estimated via DFT-based methodologies [70] as embodied in the Vienna ab initio simulation software (VASP). Electron–ion interactions were handled using PAW (projector-augmented wave) potentials, whereas electron exchange–correlation interactions were handled using Perdew Burke Ernzerhof’s GGA (generalized gradient approximation). A conjugate gradient approach was used to optimize the atomic coordinates and lattice vectors to achieve the unstrained configuration [71]. To form the strained cell in the case of strained geometries, the lattice vectors were modulated at a constant rate and atoms were permitted to relax. Atomic relaxation was carried out until the interatomic forces fell below 0.01 eV, which was determined to be sufficient for obtaining relaxed parameters. During relaxation computations, a k-point sample of 35 × 35 × 1 was employed, and a denser mesh of 45 × 45 × 1 was considered after relaxation to yield densities of states and charge densities. For all computations, a plane wave cut-off of 400 eV was employed, and a vacuum of about six layers was provided to preclude interaction between periodic images of slabs in the z-direction, as shown in Figure 3.



To examine various configurations of strained cells, the strain was applied to all TMDs in a symmetrical as well as an asymmetrical manner. Mainly, five different types of strain distributions were studied, which included (i) expansion in the x-direction (xx), (ii) expansion in y-direction (yy), (iii) homogeneous biaxial expansion in x- and y-directions (xx + yy), (iv) expansion in the x-direction and compression in the y-direction (xx + yy), and (v) compression in the x-direction and expansion in the y-direction (yy − xx) with the same magnitude of strain.



The first three strain profiles correspond to tensile strain, while the latter two are examples of pure shear strain. Except for the pure shear strain where the system is expanded in the x-direction and compressed in the y-direction, all types of strain profiles lead to an increase in the lattice parameter as compared to its optimized value in the below Table 1 [72].
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Figure 3. An iso-surface plot of the charge density (n) of chalcogenide atoms of monolayer MoS2 (top), MoSe2 (middle), and MoTe2 (bottom) when they are expanded along the x-/y-direction and compressed along the y-/x-direction (xxyy/yyxx) by 2%, 6%, and 10%. The isosurface value was taken as 0.05 e/Å3 (reprinted with the permission of ACS Nano). 
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4. Applications


Two significant application categories include electroluminescence and photoluminescence. Photons are radiated in electroluminescence in response to an electrical stimulus; this feature is important in optoelectronic devices, which include LEDs and laser diodes. In photoluminescence, a photon is absorbed and afterwards re-radiated, occasionally with a different energy. The recombination of holes and electrons in direct bandgap semiconductors emits photons substantially more accurately than in indirect bandgap semiconductors. Graphene lacks a bandgap and needs chemical treatment to generate new bandgaps that optically luminesce; however, monolayer semiconductor materials such as TMDCs have direct bandgaps, making them suitable candidates for the active light-emitting layer in prospective flexible optoelectronics [75,76]. Electroluminescence from MoS2 exfoliated by lithium intercalation and integrated into a nanocomposite polymer matrix is a good example of electroluminescence in TMDCs. Photoluminescence is observed in monolayer MoS2, which has a direct bandgap, and the quantum yield of monolayer MoS2 photoluminescence is substantially greater than that of bilayer and bulk MoS2. Nevertheless, as previously stated, the photoluminescent quantum yield measured in MoS2 is significantly lower than what would be expected for a direct gap semiconductor, but much work would be required to comprehend the photoluminescence emission and quenching processes before viable optoelectronic devices can be fabricated.



Thermal and optoelectronic devices employ electronic charge and spin to transmit signals, respectively. Another useful attribute of charge carriers is the valley index, which corresponds to the confinement of holes or electrons in distinct conduction band minima as well as valence band maxima with the same energies but in distinct positions in momentum space, possibly leading to a ‘valleytronics’ device [77]. Materials that exhibit high spin splitting, which can be caused by numerous factors that drive the system out of equilibrium or by phase transitions, allow for the maintenance of spin-polarized carrier populations and are required for device fabrication. As a result of the lack of inversion symmetry and the significant spin–orbit coupling, spinning and valley physics are also coupled. Three different groups have established valley confinement in monolayer MoS2, where the carrier populations in various valleys can be regulated by optically stimulating the samples with circularly polarized light. Such an advancement might pave the way to a new domain of valleytronics devices. The above spin, orbit, and valley features are particular to TMDCs and may lead to new unanticipated applications.




5. Conclusions


We have outlined the rapid advancement of transition-metal-based chalcogenides and oxides in the last decade to contribute as a reference for future researchers in this area. We described the idea of a 2H to 1T′ phase transition in MoTe2 flakes after ionic liquid gating under ambient conditions, with the thickness of the flake ranging from bulk MoTe2 to monolayer MoTe2. We demonstrate that the phase transition is temporary by electrostatic and also electrochemical doping mediated by the creation of Te vacancies, which was substantiated by Te metal formation. Since not all the 2H in a specific layer is changed to 1T′, the process produces a mixture of phases, with the transition possibly occurring outside of the initial layer. Furthermore, the 1T′ domains are nucleated by variable crystal orientations, resulting in a loss of the 1T′ Raman spectrum’s polarization dependency. This report also signifies the importance of an electrochemical and an electrostatic mechanism of switching, as well as of the implications of Te defects and the need for a thorough understanding of them. Pre-treating MoTe2 devices by annealing or electrochemical destabilization to create Te defects may be a means to adjust the transition voltage into the desired range for phase change memory applications. Generally, there are many promising advantages of the tunability of transition-metal-based dichalcogenides. However, much more research is still needed to boost further advancements.
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Figure 1. (a,b) In situ Raman spectra progression of a bulk-like 60 nm MoTe2 flake under ionic liquid gating from 0 V to 4.5 V to 0 V. (a) highlights the transition voltage at 4.0 V in (b) and shows the appearance of the 1T′ peaks at ~78 cm−1, ~90 cm−1, and ~168 cm−1. (c,d) In situ Raman spectra progression of a bilayer MoTe2 flake under ionic liquid gating from 0 V to 4.5 V to 0 V. (Reprinted with the permission of ACS Nano.). 
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Figure 2. Varying the position of a lithium atom on a MoTe2 layer. (Reprinted with the permission of ACS Nano.). 
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Table 1. Lattice constants.
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Strain

	
xx

	
yy

	
xx + yy

	
xx − yy

	
yy − xx

	
Reference






	
MoS2 (a0 = 3.18 Å)

	




	
2%

	
3.20

	
3.23

	
3.24

	
3.15

	
3.21

	
[73]




	
4%

	
3.21

	
3.28

	
3.31

	
3.12

	
3.24




	
6%

	
3.23

	
3.32

	
3.37

	
3.09

	
3.28




	
8%

	
3.24

	
3.37

	
3.43

	
3.06

	
3.31




	
10%

	
3.26

	
3.42

	
3.50

	
3.03

	
3.35




	
MoSe2 (a0 = 3.32 Å)

	




	
2%

	
3.33

	
3.36

	
3.38

	
3.28

	
3.35

	
[74]




	
4%

	
3.35

	
3.41

	
3.45

	
3.25

	
3.38




	
6%

	
3.37

	
3.46

	
3.51

	
3.22

	
3.42




	
8%

	
3.38

	
3.51

	
3.58

	
3.19

	
3.45




	
10%

	
3.40

	
3.56

	
3.65

	
3.16

	
3.49




	
MoTe2 (a0 = 3.55 Å)

	




	
2%

	
3.56

	
3.60

	
3.62

	
3.51

	
3.58

	
[72]




	
4%

	
3.58

	
3.65

	
3.69

	
3.48

	
3.62




	
6%

	
3.60

	
3.70

	
3.76

	
3.44

	
3.66




	
8%

	
3.62

	
3.76

	
3.83

	
3.41

	
3.69




	
10%

	
3.64

	
3.81

	
3.90

	
3.38

	
3.74
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