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Several-layer 1T’-MoTe2 decomposes very little during heating up

to ∼550 °C under flowing argon when encapsulated by multilayer

hBN, as monitored by Raman scattering and optical microscopy,

but largely decomposes at much lower temperatures in incom-

pletely covered and uncovered regions. In covered regions there

are small amounts of tellurium product above ∼250 °C.

Transition metal dichalcogenide (TMD) van der Waals (vdW)
materials are potentially important because of their optical
and electronic properties. Their prospective applications come
from these properties and also from their promising electro-
catalytic activity in hydrogen evolution and hydrodesulfuriza-
tion reactions.1–3 In particular, the 2H (or α) phase of MoTe2
becomes a direct bandgap semiconductor in the one-to-few
monolayer limit and the less-studied 1T′ (or β) phase is
thought to be a possible quantum spin Hall insulator in the
monolayer form.4 Recent work suggests limited stability of the
several-layer TMD materials at elevated temperatures.5–8 These
observations and the likely need to operate under such con-
ditions during processing and applications are a potential
concern, more so for the tellurides than for the sulfides and
selenides. Bulk and few-layer 2H-MoTe2 have been studied at
high temperature,9 but the 1T′ phase has been studied only in
the bulk form.10 Here, we explore the stability of several-layer
1T′-MoTe2 to understand and improve the high-temperature
operation under a variety of conditions, including hexagonal-
phase boron nitride (hBN) encapsulation. vdW encapsulation

is known to be a good means of passivating other vdW layers11

and other nanolayers.12 We monitor the stability of 1T′-MoTe2
at elevated temperature (T ) with in situ optical microscopy and
Raman scattering; along with this, we see how 1T′-MoTe2
Raman peak frequencies vary with T.

MoTe2 was grown as in ref. 13. It was mechanically
exfoliated onto 285 nm SiO2 on Si chips and located by optical
contrast during x–y scanning, and encapsulated by hBN via
standard transfer procedures in a nitrogen-filled glovebox with
7 ppm or less of O2. The hBN was exfoliated outside the glove-
box and then picked up by slowly “stamping” a poly(propylene
carbonate) (PPC)-covered piece of polydimethylsiloxane
(PDMS) onto the desired piece of hBN and peeling off at 42 °C.
Then, inside the glovebox the hBN was positioned atop the
MoTe2, contacting it at 30 °C and letting it stick permanently
when the PPC melted upon heating to 85 °C. The chips were
soaked in acetone overnight outside the glovebox and cleaned
with isopropyl alcohol (IPA) to remove any remaining PPC
residue.

Subsequent testing and analysis were performed outside
the glovebox, with temperature cycling in a THMS600 Linkam
cell. Atomic force microscopy (AFM) determined the thickness
and uniformity of the MoTe2 and hBN. Each 1T′-MoTe2 flake
had a range of thicknesses; the thinnest region was studied
and this thickness is mentioned here. On one chip a 9 nm
(∼6 unit cells) MoTe2 flake, called Sample 1, was covered by
13 nm (∼40 layers) hBN. On a second chip there were two
flakes at different sites: a 4–5 nm (∼3 unit cells) flake covered
by 10 nm (∼35 layers) hBN, called Sample 2, and a 4 nm
(∼3 unit cells) flake covered by 5 nm (∼16 layers) hBN, called
Sample 3. These flakes, including the locations of the thinnest
region and of nearby flakes, and the lateral extent of the hBN
coverage, are shown in Fig. S1 and described in Table S1 in the
ESI.† The contrast was increased by 40% to make all the
provided optical micrographs clearer. Sample 2 was totally
covered. The examined, covered thin part of Samples 1 and 3
adjoined thicker parts of the flakes that were uncovered.
Within the Linkam cell, in situ optical images were taken with
a long-working-distance 50× objective and Stokes Raman
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spectra were acquired at the same point on MoTe2 in the
covered regions as seen in Fig. S1 in the ESI† during the temp-
erature cycles (514.5 nm argon-ion laser, 0.2–0.3 mW, ∼1 μm
spot size, 120 s).

In Run 1, the Sample 1 flake was heated in ambient air from
50 to 500 °C, in 50 °C increments, with a 2 min wait at each
temperature before Raman analysis (Table S2 in the ESI†).
Optical microscopy showed degradation and then the dis-
appearance of the 1T′-MoTe2 starting at ∼300 °C in regions not
covered by hBN and at ∼400 °C in covered regions, and so
measurements were not made during cooling. This flake exhibi-
ted severe discoloration and shrank from the outskirts of the
flake inwards with increasing temperature, first in the un-
covered regions and then in the covered regions. Six to eight
MoTe2 Raman peaks were usually identified at room tempera-
ture in each MoTe2 sample, from ∼96 to 253 cm−1,14,15 in
addition to the Si peak near 520 cm−1. These peaks essentially
disappeared at 450 °C in this run, as seen in Fig. S2 in the ESI.†

In order to try to understand this deterioration and delay
its onset with increasing temperature (relative to that in Run
1), Samples 2 and 3 were studied on the same chip and so at
the same temperature, under an Ar flow (1 atm, 5 sccm), finer
temperature control and higher temperatures, and different
hBN coverage: Sample 2 was totally covered by hBN (Fig. 1a)
and Sample 3 was only partially covered (Fig. S1c in the ESI†).
After storing the chip in a vacuum desiccator for five days, in
Run 2 the chip was heated from room temperature to 50 °C,
and then 100–300 °C in 50 °C increments and cooled by the
reverse procedure. Then to explore higher temperatures, in
Run 3 the same chip, again after storing the chip in a vacuum
desiccator for five days, was heated from room temperature,
first to 100, 200 and 300 °C, and then to 325, 100, 350, 100,
375, 100, …, 600, 100 °C (Table S2 in the ESI†). Raman and
optical microscopy measurements were conducted at each
temperature after waiting for 5–10 min; at each temperature
above 300 °C, the optical micrographs are sharper in the sub-

sequent 100 °C cycle and so they are presented here. The
waiting period at each temperature was longer than that in
Run 1 to better compensate for sample motion caused by cell
thermal expansion. Such expansion led to optical defocusing
and lateral motion and the need to move the cell to enable
taking Raman spectra at the same single spot in Samples 2
and 3 at each temperature, using landmarks within the thin-
nest region in the covered flake (Fig. S1 in the ESI†). In Run 3,
during optical microscopy the laser was attenuated more than
in Run 2, by using additional neutral density filters, to
decrease the observed laser spot size and improve spot reloca-
tion. Regions in Sample 2 were analyzed with AFM after the
Run 3 sequence.

The optical micrograph in Fig. 1a shows Sample 2 and the
laser spot used for Raman probing (red arrow) before the
heating cycles. Sample 2 remained largely unchanged during
Run 2 to 300 °C and also up to ∼550 °C in Run 3 (Fig. 1d).
At higher temperatures, the Sample 2 flake became a bit
smaller and slightly discolored starting at 550 °C, though
much of it survived visually unchanged up to 600 °C (Fig. 1f),
including the region probed by Raman scattering. Also, there
was no observable evidence of photodegradation in this region
after ∼80 min of integrated irradiation during Runs 2 and 3.

Small, uncovered flakes below Sample 2 decomposed between
200 and 300 °C during Run 2 (Fig. S3 in the ESI†). The uncovered
regions of the partially covered flake above and to the right of
Sample 2 began to decompose at 300 °C (Run 3) and were no
longer present at and above 350 °C (Fig. 1b and c). Then, the
covered regions of that flake began to decompose near 400 °C,
and continued to decompose as the temperature increased and
were virtually no longer present at 600 °C (Fig. 1c–f).

Discolorization and deterioration were clear above 350 °C
(Run 3) for the covered regions of Sample 3 and it became very
pronounced at 425 °C (Fig. S4 in the ESI†). (The MoTe2 Raman
peaks became so weak that this sample was not probed by
Raman scattering at higher temperatures.)

Representative Raman spectra of covered 1T′-MoTe2
(Sample 2) are shown in Fig. 2 during Run 2 and in Fig. S5 in
the ESI† during Run 3. At room temperature, the main peaks
aside from the Si peak were due to MoTe2, at 112 (assigned
to Ag),

15 128 (Ag),
15,16 164 [(Ag)

16 or (Bg)
15], 191 (Bg),

15 and
253 cm−1 (Ag).

15,16 The peaks near 96 and 106 cm−1 were detect-
able but were too close to the cut-off of the laser blocking filter
for quantitative analysis.11 Similar spectra at room temperature
were seen for Samples 1 and 3 (Fig. S2 and S6 in the ESI†), but
the relative peak areas in the three prepared samples differed;
the ratios of the 164 cm−1 and 128 cm−1 peak areas were ∼6, 3,
and 1 in Samples 1, 2, and 3, respectively.

The MoTe2 Raman peaks varied with temperature, as dis-
cussed below; during Run 3, these Raman peaks were small at
575 and 600 °C. Other peaks were seen during the temperature
ramps. The peak near 143 cm−1 in Fig. 2 after heating Sample
2 is assigned below to solid Te. It was weak at the beginning of
Run 3 and no longer present above ∼300 °C (Fig. S5 in the ESI†).
This peak was present and much stronger in the Raman spectra
of Sample 3 during Run 2 (Fig. S6 in the ESI†) and a second and

Fig. 1 Optical micrographs of Sample 2 and nearby MoTe2 flakes,
during Run 3: (a) at Troom at the beginning of the run, and then after
being heated to (b) 325 °C, (c) 475 °C, (d) 550 °C, (e) 575 °C, and (f )
600 °C and then cooled to 100 °C. The red arrow in (a) points to the thin
region in Sample 2, where it was probed by Raman scattering. The blue
arrows in (b) and (c) identify large regions in the flake above and to the
right of Sample 2, when this covered part of MoTe2 starts to disappear.
The green arrows in (e) and (f ) show further decomposition and the
lateral movement of parts of that flake.
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even larger peak appeared at ∼123 cm−1, which is also assigned
to Te below; the relative strength of these two peaks appears to
be the same in each spectrum. At and above 200 °C this
∼123 cm−1 peak overshadowed the 128 cm−1 MoTe2 peak. Both
Te peaks appeared at 100–150 °C during Run 2 for Sample 3 and
were present up to 300 °C, and in the ramp down to 25 °C
(Fig. S6 in the ESI†). The Raman spectrum at 25 °C in Run 3 was
the same as the last Run 2 spectrum, with these two same
strong Te peaks, which then did not change much with increas-
ing temperature in Run 3 up to ∼350–400 °C (Fig. S7 in the
ESI†); these and the other MoTe2 peaks decreased at the final
probed temperature, 425 °C, when the sample deteriorated. This
∼123 cm−1 Te peak was not seen in Sample 2, but is likely the
origin of the low-energy shoulder of the 128 cm−1 MoTe2 peak at
and above 100 °C in Fig. 2. The two Te Raman peaks were not
seen for Sample 1 in Run 1, which had been heated in air.

At 298 K, there are A1 and ETO peaks in bulk trigonal Te at
120.4 and 140.7 cm−1 and at ∼121 and 146 cm−1 for amorphous
Te.17 These crystalline peaks appear to shift down to ∼115.4 and
134.3 cm−1 for nanoplates and nanorods of Te.18 After heating
and cooling to room temperature, the ∼123 and 143 cm−1

Sample 3 peaks were near those for bulk crystalline and amor-
phous Te, but both were much higher than those for “nano” Te.
The ratio of the heights of these two Sample 3 peaks was
∼3 to 1. This is the same ratio as that for bulk trigonal Te, both
with linear polarized incident and unpolarized detected light (as
was used here), and differs from the more nearly equal strengths
for amorphous Te, ∼4 to 3 peak height ratio,17 and so the new
Sample 3 peaks were likely due to largely crystalline tellurium.

Except when the damage was apparent from the optical
micrographs, the Raman spectra at ambient temperature after
heating were essentially the same as those before heating in each
run, aside from the appearance of the Te peaks. For example, the

prominent 164 cm−1 1T′-MoTe2 peak returned to within roughly
0.5 cm−1 of its original value after heating and cooling. The
Raman spectra of MoTe2 and Te were effectively the same at the
end of Run 2 and at the beginning of Run 3. During Run 3, the
MoTe2 peak frequencies in Sample 2 returned to the same values
at 100 °C after each increase in T up to 600 °C in Run 3, after cali-
bration using the Si reference peak. The changes in the MoTe2
Raman peak areas in Sample 2, in the ∼3 unit cell, optically-thin
probed region, suggest that its thickness changed by much less
than a monolayer, again until deterioration was noted.

The Te Raman peaks that appeared in Sample 3 were much
larger than the initial largest MoTe2 peaks in this optically
thin sample. This does not mean that there was more Te than
MoTe2, but that the Raman cross-sections for the Te peaks are
much larger than those for the MoTe2 peaks and that a solid
Te coverage that averages much less than a monolayer of Te in
the probed region could be easily noted. The Te peaks seen for
Sample 2 likely correspond to submonolayer Te coverage and
to MoTe2 decomposition much less than a monolayer; this
decomposition may well have been much less than that for
Sample 3 (which had much larger Te peaks) (see below).

There was no evidence of crystalline (or polycrystalline) oxide
peaks, MoO2 (360, 510, 575, and 748 cm−1),19 MoO3 (158, 285,
666, 820, and 995 cm−1 for the powder),20 and TeO2 (426 and
611 cm−1),21 from the Raman peaks during Run 1 (with heating
in air) or during Runs 2 and 3 (heating in Ar, and potentially
due to residual air). There was no evidence of the formation of
2H-MoTe2 from the Raman peaks in any run, which is consist-
ent with the transformation from the 2H phase to the 1T′ phase
in bulk MoTe2 seen above 400 °C in ref. 5.

Every MoTe2 peak Raman shift decreased with higher temp-
erature for each sample and run, both in the heating and
cooling cycles. Increased broadening with increased T was also
seen, but was harder to characterize well because of overlap-
ping peaks and small signal sizes. Fig. 3 shows the representa-
tive Raman shifts of Raman peaks of covered 1T′-MoTe2
during heating and cooling cycles, here for Sample 2 in Run 2
and the heating cycle in Run 3 for the two largest peaks; for
Run 3, raw data and data calibrated using the known Si
Raman peak frequency at 100 °C are shown. Other Sample 2
peaks are not characterized because they were weak or over-

Fig. 2 Raman spectra of encapsulated 1T’-MoTe2 at various tempera-
tures (Sample 2, Run 2) under an Ar flow. The blue and red spectra were
acquired during the temperature ramp up and down, respectively. The
brown arrows point to the two largest MoTe2 peaks and the green arrow
shows the emergence of a tellurium peak ∼143 cm−1 at higher
temperatures.

Fig. 3 Raman shifts versus temperature of the two largest Raman
peaks, (a) ∼128 cm−1 and (b) ∼164 cm−1, of the covered 1T’-MoTe2
Sample 2 during the up (red) and down (black) ramps of Run 2 and the
up ramp of Run 3 (orange), including linear fits vs. temperature for each.
The data for Run 3 are also shown recalibrated to the Si Raman peak
(blue).
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lapped with Te peaks and Sample 3 peaks are not analyzed
because of the large Te peaks. The frequencies of the two largest
peaks were fit as a function of temperature T, and each fits well
with a linear fit in this temperature range (Table S3 in the ESI†),
as expected from thermal expansion and a three-phonon coup-
ling model at higher temperatures;22 they had comparable
slopes. Averaging the intercepts and slopes for the three cycles,
using the calibrated Run 3 results, the fit is 131.72 (±0.13) cm−1 –

[0.011088 (±0.000282) cm−1 K−1]T (K) for the 128 cm−1 peak and
167.08 (±0.06) cm−1 – [0.011039 (±0.000525) cm−1 K−1]T (K) for
the 164 cm−1 peak. Aside from variations due to errors in the
peak fitting procedure, the small differences in the room-
temperature peak frequencies of 1T′-MoTe2 could be due to
different thicknesses, different adhesion and strain, different
effects due to thermal expansion in the cool down ramps, and
different contact with hBN. The thermal expansion contribution
depends on the mode, the number of layers in the flake, the rela-
tive thermal expansion coefficients of the layer and the substrate,
and how well the flake adheres to the substrate during T changes.

Fig. 4 shows the ex situ AFM traces of the parts of the
Sample 2 flake before Run 2 (in a) and then after Run 3 (in b
and c). Fig. 4a and b include the region probed by Raman scat-
tering (within the triangular, thinnest multilayer region out-
lined in Fig. S1b in the ESI†). Fig. 4c was taken to the right of
this region and the entire MoTe2 flake, near the edge of the
hBN layer. Fig. 4b and c show the presence of nanoparticles,
which are presumably Te nanoparticles, and so Fig. 4c shows
that there were particles away from the Sample 2 flake but still
within the encapsulated region and no particles outside the
encapsulated region. This suggests that at some temperature
as high as 600 °C there was migration of nanoparticles, other
adsorbates, and/or product vapor under the hBN, and that pro-
ducts that migrated towards the edge could leave the covered
region, possibly through folds or wrinkles, and that the
particles were then no longer bound to the substrate and the
products could be carried away by the flowing argon. (The
Te vapor pressure is 100 Pa (0.75 Torr) at 775 K and 1000 Pa
(7.5 Torr) at 888 K,23 so transport in any MoTe2/hBN gaps
might be possible, along with transport on the surfaces.) It is
not clear how important this is at lower temperatures.

Optical microscopy definitively shows that the Sample 2
flake decomposed less than the Sample 3 flake at elevated
temperatures, and this is likely because it was covered by hBN
better, with the MoTe2 flake extending beyond the hBN in
Sample 3. The hBN layer being thicker in Sample 2 did not
make it more stable because both hBN layers were multilayer.
This greater stability of Sample 2 was also seen in the thin
region by the stability of the MoTe2 Raman peaks at the same
T where optical microscopy indicated stability. Both samples
were more stable than Sample 1, which was not totally covered
by hBN and heated in air rather than in Ar.

Both decomposition and transport may depend on the
overall coverage of the flake by hBN and also on the conformal
coverage of the hBN layer and how it may vary with the local
topography of the MoTe2 flake, which has a range of thick-
nesses. Good local conformal coverage may mean slower
decomposition at a site and slower transport to and from it.
The decomposition may be slower because products cannot
leave the hBN-covered surface and/or the decomposition was
slowed down due to products that remain on the surface and/
or any altered composition of the remaining surface layer. The
ex situ AFM suggests that there was transport under the hBN,
at least near 600 °C. Any transport at lower temperature might
affect the results quantitatively, but should not significantly
affect the main findings.

The entire Sample 2 flake would decompose at the same
rate if MoTe2 decomposition was not sensitive to the local
number of monolayers and if contact with hBN was the same.
So, Te would be formed at the same rate, but Te transport
might depend on the local topography and affect the amount
of observed Te at the site probed by Raman scattering.
However, this would not affect the observed thickness of the
remaining MoTe2, which was essentially unchanged in Sample
2 until the high-T limit was reached. (The MoTe2 Raman peak
areas should vary linearly with thickness here, aside from res-
onance changes with thickness, because the MoTe2 (and any
Te overlayer) are optically thin, as is clear from the large signal
from the Si substrate. Increased T would increase Stokes scat-
tering rates due to phonon populations, aside from possible
changes in Raman susceptibility.)

The much smaller solid Te Raman signal in Sample 2 than
that in Sample 3 might be due to slower local decomposition,
and/or also due to faster transport of Te away from this site
and/or faster decomposition away from this site combined
with slower Te transport to this site; this could be caused by
better encapsulation and/or better conformal coverage locally
or on other regions of the flake. The Sample 2 Te signal in Run
2 decreased when 300 °C was reached, which may indicate that
transport away from this site was important then. The small Te
signals at even higher temperatures in Run 3 may indicate
larger transport rates from the site than the decomposition
rates at it. Combined with no noticeable changes in the MoTe2
peaks until ∼550 °C, this may instead mean that the extent of
the Te formation at lower temperatures was limited by features
such as defects or slower decomposition due to products
remaining on or leaving from the surface.

Fig. 4 Ex situ AFM traces of the probed region of Sample 2 at room
temperature (a) before and (b) after all the heating and cooling cycles of
Runs 2 and 3, showing the presence of nanoparticles, presumably com-
posed of Te, under the hBN. The region probed during Raman scattering
is in the triangular area, outlined in red, in Fig. S1(b);† here Sample 2 is
the thinnest. (c) The rightmost edge of the hBN on Sample 2, after these
runs; no nanoparticles are observed outside the boundaries of the hBN.
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Some of the reasons why encapsulation conferred improved
thermal stability here may be similar to those deduced in a
previous study of van der Waals layers covering and passivating
nanoparticle monolayers from oxidant gases.12 That study
showed that imperfect passivation by van der Waals overlayers
was not due to the effect of molecular diffusion through van
der Waals layers, which was too slow to be measured under the
stated experimental conditions, but due to diffusion pathways
beneath the overlayer. It suggested that the effectiveness of
passivation was not sensitive to the van der Waals overlayer
thickness, but on how well it covered the samples, and particu-
larly its lateral extent.

At the intermediate temperatures studied, stability may be
enhanced by the increased local partial pressure of Te vapor,
due to hBN trapping and the relatively high equilibrium Te
vapor pressure, through the reverse of MoTe2 sublimation,
MoTe2(s) = MoTe2−x(s) + xTe(g). (Sublimation may be impor-
tant in MoTe2 decomposition.) However, MoTe2 decomposes at
the highest investigated temperatures, so this stability
mechanism is not dominant then.

Conclusions

Complete encapsulation by hBN greatly increases the tempera-
ture at which significant decomposition of 1T′-MoTe2 begins, to
∼550 °C, compared to partial or no hBN coverage. Still some
decomposition products are seen at lower temperatures. This
could affect device processing and performance, but some Te
loss from the surface may bode well for electrolytic and hydro-
desulfurization applications. Improved passivation and passiva-
tion even above 550 °C might be expected with improved
encapsulation, as may occur for MoTe2 flakes and samples of
uniform thickness. Raman scattering and optical microscopy
have been shown to be valuable in situ tools to evaluate stability.
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