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Abstract
[bookmark: _Hlk106974822][bookmark: _Hlk106975137][bookmark: _Hlk106974831]Among group IV transition metal dichalcogenides, MoTe2 is predicted to have the smallest energy offset between semiconducting 2H and semimetallic 1T' states. This makes it an attractive phase change material for both electronic and optoelectronic applications. Here, we report fast, non-destructive, and full phase change of Al2O3-encapsulated 2H-MoTe2 thin films to 1T’-MoTe2 using rapid thermal annealing at 900 °C. Phase change was confirmed using Raman spectroscopy after very short annealing duration of 10 s both in vacuum and nitrogen ambient. No thickness dependence of the transition temperatures was observed for flake thickness ranging from 1.5 nm to 8 nm. These results represent a major step forward in understanding the structural phase transition properties of MoTe2 thin films using external heating, and underline the importance of surface encapsulation for avoiding thin film degradation.

[bookmark: _Hlk106974895]MoTe2 is predicted to have the smallest energy offset between the trigonal prismatic semiconducting 2H structure and the distorted octahedral semimetallic 1T' structure amongst the group VI transition metal dichalcogenides (TMDs)1. This, along with the 2D layered nature of MoTe2, makes it a promising candidate as a phase change material (PCM) for low-power nonvolatile switches in high density memory applications2, reconfigurable RF modules 3 and neuromorphic computing4,5. Moreover, a thickness-dependent bandgap of  1eV highlights the possibility of 2H-MoTe2 to be used in tunable optical filters and photodetectors in the near infrared region9–11. It should be noted that not all applications demand repeatable and reversible phase change. For example, the local and non-reversible phase change of 2H-MoTe2 to 1T’-MoTe2 has been proposed in order to improve contact resistance to the source and drain regions of lateral channel transistors.6–8 To fulfill its potential in these applications, a fundamental understanding of the conditions that trigger the 2H to 1T’ phase transition in MoTe2 must first be established. 
[bookmark: _Hlk106190298][bookmark: _Hlk106190331]A variety of experimental methods have been attempted to induce this transition. Experimental results for phase control of MoTe2 during the growth process have been reported wherein the growth temperature and cooling rate12–14, tellurization flux rate7,15 and the choice of a growth substrate16 can all be tuned. While important for material synthesis, these approaches cannot be adopted for all device applications. Wang et al. 17 demonstrated the 2H to 1T’ structural phase change in monolayer MoTe2 films driven by ionic liquid gating, where they used Raman spectroscopy and second harmonic generation to show the reversibility of such phase transition. This approach of was further extended to multilayer 2H-MoTe2 films by Zakhidov et al. 18 to attempt phase transition at room temperature and in air, but it did not lead to the complete phase change, with the 2H and 1T’ phases coexisting for MoTe2 films thicker than a monolayer. It also resulted in the formation of Te vacancies via electrochemical reactions on the MoTe2 surface. While ionic liquid gating is a useful method to investigate material properties, this approach cannot be utilized in practical device applications due to integration and stability issues 19,20. Strain21 and laser heating22,23 have also been used to attempt phase change from 2H to 1T’. Although Raman spectroscopy has previously been used to confirm the change of phase in the MoTe2 films21–23, the report by Chen et al. 24 on intrinsic phonon bands of high quality 1T’-MoTe2 , raises question regarding the final product achieved in the above-mentioned papers, since the Raman peaks assigned to the 1T’ phase in those studies are similar to the Te metalloid Raman modes, which is a by-product of sample degradation. Hou et al.25 used a ferroelectric substrate to modulate the conductance of 1T’-MoTe2 , demonstrating a drop in conductance compared to the initial 1T’ film. Hydrogen plasma treatment has also been reported to change the electrical conductivity of MoTe2 thin films, but no clear demonstration of structural phase transition was made in that report26. Zhang et al. demonstrated the ability to induce a phase transition from the semiconducting 2H to a higher conductivity distorted transient phase 2Hd via the application of an electrical field in vertical MoTe2 devices27. 
Thermal actuation of GeTe-based PCM switches has been studied for a long time, where an inline heater is used to trigger a fast (on a s-timescale) amorphous – crystalline phase change3,28. The thermally-driven 2H – 1T’ crystalline-crystalline phase transition in MoTe2 appears to be much slower. In our experiments, the 2H – 1T’ transition in bulk MoTe2 was achieved after about 24 h vacuum annealing at 970 C (not shown). Recently, Ryu et al. 6 demonstrated phase transition of h-BN encapsulated exfoliated 2H-MoTe2 using high- temperature vacuum annealing (1000 °C) and long annealing times of 3 h.
[bookmark: _Hlk106975009]In this work, we study the thermally driven and non-destructive phase transition in MoTe2 from semiconducting 2H to semimetallic 1T' via rapid thermal annealing (RTA). We report a phase change temperature of 900 °C using Al2O3 as an encapsulation layer. We observed the phase change in a much shorter annealing duration of 10 s, both in vacuum and N2 ambient. We demonstrate that capping the MoTe2 with Al2O3 is crucial to preserving materials’ integrity and consequently inducing a phase transition. These results help to understand phase transitions in van der Waals layered materials, and move MoTe2 closer towards practical use in optoelectronic and electronic applications.
[bookmark: _Hlk104106757]The 2H to 1T’ phase transition was studied in Al2O3-capped MoTe2 exfoliated films as shown in Figure 1. Bulk single crystals of MoTe2 were fabricated using the chemical vapor transport (CVT) method. Polycrystalline MoTe2 powder was sealed in evacuated quartz ampoules with a small amount of I2 (5 mg/cm3), which served as a transport agent. The ampoules were annealed at 950 °C to 1000 °C for 7 d, followed by cooling to room temperature at a rate of 10 °C/h to 20 °C/h to stabilize the 2H phase. The 1T’ phase was stabilized by ice water quenching.
[bookmark: _Hlk104106818]MoTe2 thin films of each phase were mechanically exfoliated from the bulk crystals on 300 nm thick SiO2 layer on high conductivity p++-Si wafers using the Scotch tape technique. The wafers were annealed at 300 °C in N2 ambient to remove tape residues. 2 nm of aluminum was thermally evaporated and then allowed to oxidize in air to form an oxide layer which acts as a seeding layer for the subsequent deposition of a 10 nm Al2O3 capping layer using plasma atomic layer deposition (ALD) at 150 °C29. The capped MoTe2 structures were then put in the RTA furnace (Annealsys RTP) for the annealing experiments. The RTA is ramped up at a rate of 10 °C/s followed by 10 s of dwell time at 900 °C. The system then rapidly cools down to room temperature in less than 5 min (Figure 1b). Figure 1 (a) Cross section schematic of Al2O3 encapsulated MoTe2 in RTA furnace. (b) Temperature profile of the RTA used for phase change experiment.

We performed Raman spectroscopy (Horiba XPloRA PLUS) using a 532 nm laser at low power of 2.5 mW on exfoliated 2H and 1T' flakes before and after capping with Al2O3. Raman was also used to monitor the phase of the MoTe2 films after the annealing experiments. We also performed X-ray diffraction (XRD) on our exfoliated samples before the RTA process to confirm the crystal structure of MoTe2. Tapping mode Atomic Force Microscope (AFM) (MFP-3D) was used to determine the thickness of the MoTe2 flakes. 
The Raman spectra of as-exfoliated and Al2O3-capped MoTe2 thin films were measured prior to RTA. As shown in Figure 2a, the observed peaks are consistent with the characteristic phonon modes of each phase. For 2H-MoTe2, these are the A1g mode at 170 cm-1, E2g mode at 234 cm-1 and B2g mode at 289 cm-1 30. The B2g mode is absent in bulk but is observed in few layer 2H-MoTe2 due to breaking of translational symmetry of the crystal. The characteristic phonon modes of 1T’-MoTe2  are the Ag modes located at 109 cm-1, 126 cm-1, 162 cm-1 and 257 cm-1 and a Bg mode located at 190 cm-1 31. The Raman modes before and after passivation show that capping of the MoTe2 flakes with Al2O3 does not degrade their quality as evidenced by the constant line widths of the 2H E2g peak (6.5 cm-1) of  and the 1T’ A1g peak at 126 cm-1 (7.5 cm-1).24,32 XRD scans on the exfoliated films shown in Figure 2b correspond well to the literature and further validate the monocrystalline nature of the exfoliated films.13 [bookmark: _Ref74045123]Figure 2 (a) Raman spectra of pristine 2H and 1T' MoTe2 before and after Al2O3 capping. (b) XRD spectra of pristine 2H and 1T' flakes.

Initially, bare 2H and 1T’-MoTe2  films were put in the RTA furnace and subjected to thermal annealing in vacuum. Annealing temperature was varied from 300 °C to 600 °C, with no sign of phase transition. Moreover, at 600 °C, the MoTe2 films degraded. As shown in Figure 3a, 2H-MoTe2 flakes show no Raman signal after the 600 °C anneal, which proves that an encapsulation layer is necessary to protect MoTe2 from decomposition during high temperature treatments. This agrees with published reports where 2H-MoTe2 has been passivated with monolayer graphene for high temperature experiments to protect it from thermal decomposition33. Figure 3 (a) Raman spectra of bare 2H MoTe2 after 600 °C vacuum anneal. (b) Raman spectra of 2H MoTe2 after 10 s of 900 °C vacuum anneal (310-5 Torr) and N2 ambient anneal (10 Torr), showing signs of phase change. (c) Raman spectra of 1T' MoTe2 after 10 s of 900 °C

Next, Al2O3-capped 2H and 1T’-MoTe2 samples were annealed at high temperatures between 500 °C and 900 °C. No phase change is observed at temperatures below 900 °C. However, after annealing of the capped 2H-MoTe2 films at 900 °C, we observed a structural phase transition from 2H to 1T’. As shown in Figure 3b, the 2H E2g and A1g peaks disappear and characteristic 1T' A1g and Bg peaks appear. The phase transition temperature corresponds well with the phase diagram reported in literature.34 The small full width at half maximum (FWHM) of the Raman modes Ag at 126 cm-1 (~8.8 cm-1) and Bg at 190 cm-1 (~12 cm-1) show that the resulting 1T’ phase is of high quality.24 We also performed the annealing experiments both in vacuum at 3×10-5 Torr and in N2 ambient at 10 Torr and achieved the complete phase change in both cases. This shows that ambient pressure does not play a significant role in the phase transition process and that properly passivated MoTe2 phase change devices using inline heaters can be possibly designed for operation at atmospheric conditions. In the literature, claims have been made that laser irradiation22 and strain engineering21 can be used to induce phase change between 2H and 1T'. However, measurements by these groups also include Raman peaks at 124 cm-1 and 138 cm-1, which are similar to the Te metalloid Raman bands arising from sample degradation.24,35 This raises questions regarding the final product in those samples. In our case, the Raman spectra for fully phase converted 1T’-MoTe2 do not show a signal between 130 cm-1 and 155 cm-1, which proves that the 1T' obtained is of high quality and thermal annealing of capped 2H-MoTe2 has not led to sample degradation.
Figure 3c shows Raman spectra of Al2O3-encapsulated 1T’-MoTe2 annealed at 900 C for 10 s. According to the MoTe2 phase diagram, the 1T’ – 2H transition is not expected at this temperature. Instead, we observed peaks at 155 cm-1 and 242 cm-1, similar to what is reported as the unstable 1T phase by Empante et al. 14 and as Mo6Te6 by Zhu et al. 33. Further investigations are needed to reveal the true nature of the annealed 1T’-MoTe2 films. 
To further confirm the absence of sample degradation, we used AFM to monitor the thickness and surface morphology of the MoTe2 thin films throughout the fabrication and annealing processes. Figure 4a shows the AFM line scan of 1.5 nm bilayer 2H-MoTe236 film after exfoliation. After capping, the MoTe2 thickness is measured to be (1.5 ± 0.05) nm which could be due to the roughness in the deposited Al2O3. Also, as shown in Figure 4b, the MoTe2 flake is conformally covered with Al2O3 without formation of islands, as expected when the Al seed layer is used29. After annealing at 900 °C, the thickness of the MoTe2 remains the same, which further proves the fact that there is no degradation after the thermal annealing. This is in contrast to the report where a laser was used to attempt phase change from 2H to 1T' 22,23, which led to sample thinning 22. [bookmark: _Ref74048116]Figure 4 AFM scan showing height profile of (a) As exfoliated 2H MoTe2 (b) Al2O3 capped 2H MoTe2 (c) 2H MoTe2 after phase change at 900 °C.

[bookmark: _Hlk106976021]Using AFM, it was also possible to identify exfoliated films of varying thicknesses, namely ranging from 1.5 nm to 8 nm. Neither AFM nor Raman indicated a thickness dependence for the temperature required for 2H to 1T' phase change as shown in Figure 5. This can be explained by the fact that we are using an RTA furnace for our heating experiments. The RTA heats the entire substrate, which has a larger thermal capacitance compared to the MoTe2 flakes. The use of a dedicated inline heater for the MoTe2 films might introduce thickness dependence on the temperature required for phase transition, and may also reduce the time needed for the transition to occur.  Figure 5 Raman spectra for 1.5 nm, 3 nm, 5 nm, and 7 nm 2H MoTe2 before heat treatment (solid-black) and after 900 °C heat treatment (dotted-red). The temperature required for phase change is independent of the thickness of the flake.

[bookmark: _Hlk104105013]In conclusion, we have reported the complete and nondestructive 2H to 1T’ phase change of Al2O3-passivated MoTe2 within 10 s using rapid thermal annealing at 900 °C. We have shown that Al2O3 passivation plays an important role in the phase change process by preventing flake degradation at high temperatures. No thickness dependence of the transition temperatures was observed for flake thickness ranging from 1.5 nm to 8 nm. Also phase change was observed both in vacuum and at 10 Torr N2 ambient pressure, which points to the possibility of operating MoTe2 phase-change devices at atmospheric conditions. 
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