
Appl. Phys. Lett. 121, 033101 (2022); https://doi.org/10.1063/5.0097844 121, 033101

© 2022 Author(s).

Phase transition of Al2O3-encapsulated
MoTe2 via rapid thermal annealing

Cite as: Appl. Phys. Lett. 121, 033101 (2022); https://doi.org/10.1063/5.0097844
Submitted: 02 May 2022 • Accepted: 05 July 2022 • Published Online: 19 July 2022

 Rohan Sengupta, Saroj Dangi,  Sergiy Krylyuk, et al.

https://images.scitation.org/redirect.spark?MID=176720&plid=1831941&setID=378288&channelID=0&CID=674603&banID=520717297&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=788809d8616e6a613de283ebda7292702e3c1855&location=
https://doi.org/10.1063/5.0097844
https://doi.org/10.1063/5.0097844
https://orcid.org/0000-0002-7567-5390
https://aip.scitation.org/author/Sengupta%2C+Rohan
https://aip.scitation.org/author/Dangi%2C+Saroj
https://orcid.org/0000-0003-4573-9151
https://aip.scitation.org/author/Krylyuk%2C+Sergiy
https://doi.org/10.1063/5.0097844
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0097844
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0097844&domain=aip.scitation.org&date_stamp=2022-07-19


Phase transition of Al2O3-encapsulated MoTe2 via
rapid thermal annealing

Cite as: Appl. Phys. Lett. 121, 033101 (2022); doi: 10.1063/5.0097844
Submitted: 2 May 2022 . Accepted: 5 July 2022 .
Published Online: 19 July 2022

Rohan Sengupta,1 Saroj Dangi,1 Sergiy Krylyuk,2 Albert V. Davydov,2 and Spyridon Pavlidis1,a)

AFFILIATIONS
1Department of Electrical and Computer Engineering, North Carolina State University, Raleigh, North Carolina 27695-7911, USA
2Materials Science and Engineering Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

a)Author to whom correspondence should be addressed: spavlidis@ncsu.edu

ABSTRACT

Among group VI transition metal dichalcogenides, MoTe2 is predicted to have the smallest energy offset between semiconducting 2H and
semimetallic 1T0 states. This makes it an attractive phase change material for both electronic and optoelectronic applications. Here, we report
fast, nondestructive, and full phase change in Al2O3-encapsulated 2H-MoTe2 thin films to 1T0-MoTe2 using rapid thermal annealing at
900 �C. Phase change was confirmed using Raman spectroscopy after a short annealing duration of 10 s in both vacuum and nitrogen
ambient. No thickness dependence of the transition temperatures was observed for flake thickness ranging from 1.5 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.
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MoTe2 is predicted to have the smallest energy offset between the
trigonal prismatic semiconducting 2H structure and the distorted
octahedral semimetallic 1T0 structure among 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 applications,2 reconfigurable RF modules,3 and neuromor-
phic computing.4,5 Moreover, a thickness-dependent bandgap of
�1 eV highlights the possibility of 2H-MoTe2 to be used in tunable
optical filters and photodetectors in the near infrared region.9–11 It
should be noted that not all applications demand repeatable and
reversible phase change. For example, the local and nonreversible
phase change of 2H-MoTe2 to 1T0-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
1T0 phase transition in MoTe2 must first be established.

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 rate,12–14 the tellurization flux
rate,7,15 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 1T0

structural phase change in monolayer MoTe2 films driven by ionic liq-
uid gating, where they used Raman spectroscopy and the second har-
monic generation to show the reversibility of such phase transition.
This approach was further extended to multilayer 2H-MoTe2 films by
Zakhidov et al.18 to attempt phase transition at room temperature; in
air, it did not lead to the complete phase change, with the 2H and 1T0

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 1T0. Although Raman spectroscopy has previously
been used to confirm the change of phase in the MoTe2 films,21–23 the
report by Chen et al.24 on intrinsic phonon bands of high quality 1T0-
MoTe2 raises question regarding the final product achieved in the
above-mentioned papers, since the Raman peaks assigned to the 1T0

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 ferro-
electric substrate to modulate the conductance of 1T0-MoTe2, demon-
strating a drop in conductance compared to the initial 1T0 film.
Hydrogen plasma treatment has also been reported to change the elec-
trical conductivity of MoTe2 thin films, but no clear demonstration of
structural phase transition was made in that report.26 Zhang et al.
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demonstrated the ability to induce a phase transition from the semi-
conducting 2H to a higher conductivity distorted transient phase 2Hd

via the application of an electrical field in vertical MoTe2 devices.
27

Thermal actuation of GeTe-based PCM switches has been stud-
ied for a long time, where an inline heater is used to trigger a fast (on a
ls-timescale) amorphous–crystalline phase change.3,28 The thermally
driven 2H–1T0 crystalline–crystalline phase transition in MoTe2
appears to be much slower. In our experiments, the 2H–1T0 transition
in bulk MoTe2 was achieved after about 24 h vacuum annealing at
970 �C (not shown). Recently, Ryu et al.6 demonstrated phase transi-
tion of h-BN encapsulated exfoliated 2H-MoTe2 using high tempera-
ture vacuum annealing (1000 �C) and long annealing times of 3 h.

In this work, we study the thermally driven and nondestructive
phase transition in MoTe2 from semiconducting 2H to semimetallic 1T0

via rapid thermal annealing (RTA). We report a phase change tempera-
ture of 900 �C using Al2O3 as an encapsulation layer. We observe the
phase change in a much shorter annealing duration of 10 s, in both vac-
uum 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
toward practical use in optoelectronic and electronic applications.

The 2H to 1T0 phase transition was studied in Al2O3-capped
MoTe2 exfoliated films as shown in Fig. 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 (5mg/cm3), which served as a
transport agent. The ampoules were annealed at 950 �C to 1000 �C for
seven days, followed by cooling to room temperature at a rate of
10–20 �C/h to stabilize the 2H phase. The 1T0 phase was stabilized by
ice water quenching.

MoTe2 thin films of each phase were mechanically exfoliated
from the bulk crystals on a 300nm thick SiO2 layer on high conductiv-
ity pþþ-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 �C.29 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 5min [Fig. 1(b)].

We performed Raman spectroscopy (Horiba XPloRA PLUS)
using a 532 nm laser at low power of 2.5 mW on exfoliated 2H and
1T0 flakes before and after capping with Al2O3. Raman spectroscopy
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 Fig. 2(a), 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 1T0-MoTe2 are the Ag modes located at 109, 126, 162, 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) and the 1T0 A1g peak at
126 cm�1 (7.5 cm�1).24,32 XRD scans on the exfoliated films shown in
Fig. 2(b) correspond well to the literature and further validate the
monocrystalline nature of the exfoliated films.13

Initially, bare 2H and 1T0-MoTe2 films were put in the RTA fur-
nace and subjected to thermal annealing in vacuum. Annealing tem-
perature 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 Fig. 3(a), 2H-MoTe2 flakes show no Raman signal after the 600 �C
anneal, which proves that an encapsulation layer is necessary to pro-
tect MoTe2 from decomposition during high temperature treatments.
This agrees with published reports where 2H-MoTe2 has been passiv-
ated with monolayer graphene for high temperature experiments to
protect it from thermal decomposition.33

Next, Al2O3-capped 2H and 1T0-MoTe2 samples were annealed
at high temperatures between 500 and 900 �C. No phase change is
observed at temperatures below 900 �C. However, after annealing of

FIG. 1. (a) Cross-sectional schematic of Al2O3-encapsulated MoTe2 in the RTA furnace. (b) Temperature profile of the RTA used for phase change experiment.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 033101 (2022); doi: 10.1063/5.0097844 121, 033101-2

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/apl


the capped 2H-MoTe2 films at 900 �C, we observed a structural phase
transition from 2H to 1T0. As shown in Fig. 3(b), the 2H E2g and A1g

peaks disappear and characteristic 1T0 A1g and Bg peaks appear. The
phase transition temperature corresponds well with the phase diagram
reported in the 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) shows that the resulting 1T0 phase is of high
quality.24 We also performed the annealing experiments both in vac-
uum at 3� 10�5Torr and in N2 ambient at 10Torr and achieved the
complete phase change in both cases. This shows that ambient pres-
sure 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 condi-
tions. In the literature, claims have been made that laser irradiation22

and strain engineering21 can be used to induce phase change between
2H and 1T0. However, measurements by these groups also include
Raman peaks at 124 and 138 cm�1, which are similar to the Te metal-
loid 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 1T0-MoTe2 do not show a

signal between 130 and 155 cm�1, which proves that the 1T0 obtained
is of high quality and thermal annealing of capped 2H-MoTe2 has not
led to sample degradation.

Figure 3(c) shows Raman spectra of Al2O3-encapsulated 1T0-
MoTe2 annealed at 900 �C for 10 s. According to the MoTe2 phase dia-
gram, the 1T0–2H transition is not expected at this temperature.
Instead, we observed peaks at 155 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 1T0-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
4(a) shows the AFM line scan of a 1.5 nm bilayer 2H-MoTe2

36 film
after exfoliation. After capping, the MoTe2 thickness is measured to be
(1.56 0.05) nm, which could be due to the roughness in the deposited
Al2O3. Also, as shown in Fig. 4(b), the MoTe2 flake is conformally cov-
ered with Al2O3 without formation of islands, as expected when the Al
seed layer is used.29 After annealing at 900 �C, the thickness of the
MoTe2 remains the same, which further proves the fact that there is

FIG. 2. (a) Raman spectra of pristine 2H and 1T0 MoTe2 before and after Al2O3 capping. (b) XRD spectra of pristine 2H and 1T0 flakes.

FIG. 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 (3 � 10–5 Torr) and N2 ambient
anneal (10 Torr), showing signs of phase change. (c) Raman spectra of 1T0 MoTe2 after 10 s of 900 �C.
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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
1T0,22,23 which led to sample thinning.22

Using AFM, it was also possible to identify exfoliated films of
varying thicknesses, namely, ranging from 1.5 to 8 nm. Neither AFM
nor Raman indicated a thickness dependence for the temperature
required for 2H to 1T0 phase change as shown in Fig. 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 dedi-
cated 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.

In conclusion, we have reported the complete and nondestruc-
tive 2H to 1T0 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 to 8 nm. The phase change was also
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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FIG. 4. AFM scan showing height profile of (a) as-exfoliated 2H MoTe2, (b) Al2O3 capped 2H MoTe2, and (c) 2H MoTe2 after phase change at 900 �C.

FIG. 5. Raman spectra for 1.5, 3, 5, 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.
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