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nanoelectromechanical systems (NEMS). We fabricate suspended  
graphene/h-BN/MoTe2/h-BN (Gr/h-BN/MoTe2/h-BN) vdW hetero-
structures and investigate the phase transition behavior of 
MoTe2. We conveniently use the DC bias voltage (VDC) to elec-
trothermally heat up the suspended graphene that serves as a 
nanoscale hotplate. As the temperature of graphene increases, 
the heat propagates to the upper layers and the temperature of 
the MoTe2 flake increases. As the temperature rises, the ten-
sion level of the whole suspended vdW heterostructure mem-
brane increases due to the negative thermal expansion coef-
ficients (TECs) from both hexagonal boron nitride (h-BN) and 
graphene. As the applied voltage VDC gradually increases, we 
observe clear, controllable, and reversible phase transitions 
between 2H phase and 1T′ phase. After the MoTe2 fully converts  
to 1T′ phase, we gradually decrease the applied voltage and the 
MoTe2 changes back to 2H phase. With solid experiments and 
comprehensive clarifying results, this work demonstrates a novel 

platform for building MoTe2 phase transition nanoelectronic 
devices, toward future integration of phase-change random access 
memory and artificial neurons with tunable NEMS platforms.

2. Results and Discussions

Figure 1a illustrates the scheme of Gr/h-BN/MoTe2/h-BN 
(counting from the bottom to top according to stacking during 
fabrication) vdW heterostructure nanoelectromechanical reso-
nators with electrothermal excitation and tuning. The Gr/h-BN/
MoTe2/h-BN vdW heterostructure device is fabricated using the 
all-dry transfer method.[21] The graphene flake is first exfoliated 
on PDMS stamp and transferred onto pre-patterned substrates, 
followed by the transferring and stacking of h-BN, MoTe2, and 
h-BN, consecutively. The optical microscopy image of the Gr/h-
BN/MoTe2/h-BN vdW heterostructure resonator is shown in 
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Figure 1. Graphene/h-BN/MoTe2/h-BN van der Waals (vdW) heterostructure nanoelectromechanical resonators. a) Illustration of a circular drumhead 
graphene/h-BN/MoTe2/h-BN resonator on a pre-patterned substrate. (upper left inset: cross-section view of the vdW heterostructure; bottom right 
inset: crystal structure of MoTe2). b) Optical microscopy image of a graphene/h-BN/MoTe2/h-BN vdW heterostructure nanoelectromechanical reso-
nator. c) Analysis of coupling effects and signal transduction mechanisms of the vdW heterostructure resonators under Joule heating, for controlling the 
phase transition (PT). d) Fundamental-mode resonance of the vdW heterostructure in (b). e) MoTe2 Raman signatures measured from the suspended 
region in (b) (inset: zoom-in figure of 2H peak A′). Scale bar: 10 µm.
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Figure 1b. The few-layer graphene flake (black dashed lines) is 
first transferred onto the substrate, followed by another few-
layer h-BN flake (outer blue dashed lines) stacking on top of 
the graphene. The bottom h-BN layer on top of graphene is 
used to provide electrical isolation for MoTe2 from graphene. A 
few-layer MoTe2 flake (orange dashed lines) is then transferred 
on top of the bottom h-BN. Finally, another few-layer h-BN  
(inner blue dashed lines) is stacked to cover the MoTe2 to 
avoid environmental degradation and MoTe2 sublimation 
at high temperatures.[16] All the devices are fabricated on a  
pre-patterned substrate with a circular drumhead micro-
cavity (diameter ≈7.4  µm and a trench depth 2200  nm). After 
the device fabrication, the suspended vdW heterostructure 
is electro thermally heated up by a DC current from drain to 
source. In the meantime, a small RF voltage (vRF) is applied to 
excite the resonance. The small RF voltage gives rise to a small 
temperature vibration periodically, which generates a periodical 
thermal force on the vdW heterostructure. As the DC voltage 
(VDC) increases, several effects are coupled together to trigger 
the phase transition (Figure 1c). First, due to the electrothermal 
effect, the heat propagates to the upper layers and thus the 
temperature of MoTe2 increases. Second, due to the negative 
TECs of graphene and h-BN, the tension level of the whole 
suspended structure rises. To probe the temperature and strain 
level changes, Raman shifts and mechanical resonances are 
measured using the combined Raman and laser interferometry  
system (Supporting Information S1). Such a vdW heterostruc-
ture device shows clear resonances in moderate vacuum, with 
a fundamental-mode frequency ƒ  ≈ 14.7  MHz (Figure  1d),  
demonstrating the heterostructure membrane is clearly sus-
pended and vibrating. We also perform Raman measure ments 
to characterize the device. From the Raman measurement 
results, characteristic peaks of MoTe2 (Figure 1e),[22] graphene,[23] 
and h-BN[24] (Supporting Information S2) are observed. In  
particular, the phase of the MoTe2 is confirmed as 2H after  
fabrication. It should be noted that the 2H A′ peak splits into 
two subpeaks, which is a unique Raman characteristic for  
few-layer 2H MoTe2 samples.[22]

We then investigate the phase transition of sandwiched 
MoTe2 sample by gradually increasing VDC. Figure 2 shows 
the Raman evolution of an 8-layer MoTe2-based vdW device 
with voltage sweeping. For pristine MoTe2 sample before Joule 
heating (VDC  = 0.0  V, Figure  2a), 2H E′ peak and 2H B′ peak 
are dominant, while in contrast, the 2H A′ peak is almost invis-
ible. When the VDC increases to 5.0  V, although the intensity 
of 2H E′, 2H B′, and 2H A′(L) peaks decrease, the 2H A′(R) 
peak becomes stronger (Supporting Information S4). Due 
to the anharmonic effect, the Stokes Raman peak intensity  
usually degrades with temperature elevation.[25] Therefore, 
the unusual intensity enhancement of 2H A′(R) suggests the 
appearance of new phase (1T′). Based on previously reported 
reversible MoTe2 phase transition, the peak positions of 2H 
A′ mode (170–171 cm−1) and 1T′ Ag (167–168 cm−1) are very 
close,[20,26] and the redshift of 2H A′ peak results in its overlap 
with 1T′ Ag peak. When the voltage approaches 6.9  V, the 2H 
A′(L) disappears, and thus starting at this point, the peak 
around 165 cm−1 could be regarded as a pure 1T′ Ag peak. 
With voltage further increasing, the intensity of 1T′ Ag mode  
continuously grows while other 2H peaks degrade (2H E′ mode)  

even vanish (2H B′ and 2H A′ modes). These observations 
clearly demonstrate the 2H→1T′ phase transition. At 8.9 V, all 
2H peaks disappear, indicating that the sample has completely 
transformed to 1T′ phase. It should be noted that another new 
peak, 1T′ D peak, appears at this point (VDC = 8.9 V), with even 
higher intensity than the 1T′ Ag peak. The appearance of 1T′ D 
peak is related to the defect generation at high temperature.[27] 
With bias voltage increased to VDC  = 9.0  V, only 1T′ D peak 
remains, and Ag peak is invisible because of the strong anhar-
monic effect.

After the MoTe2 has completely transformed to 1T′ phase, 
we gradually reduce the DC voltage (Figure 2b). Because device 
cooling is much slower than heating in vacuum, we always wait 
for 5 to 10 mins till the Raman signal is stabilized before further 
reducing the voltage. With the voltage decreased to 8.1 V, 1T′ Ag 
peak and 2H E′ peak appear, indicating the initialization of the 
reverse 1T′→2H phase transition. When the voltage is reduced 
to 7.0  V, both 1T′ Ag peak and 2H E′ peak become stronger  
compared with those at VDC = 8.1 V, with, however, different rea-
sons. The intensity increment of 1T′ Ag peak only results from 
decreasing temperature and thus reducing anharmonic effect. 
In contrast, the enhancement of 2H peak intensity is attributed 
to both reverse 1T′→2H phase transition and reducing anhar-
monic effect. This conclusion could be further supported by the 
trend when voltage drops from VDC = 7.0 to 2.0 V. Due to the 
reversible phase transition, 1T′ Ag peak disappears completely 
while the 2H E′ peak becomes dominant. The vanishing of 
1T′ peak shows the completion of reversible phase transition. 
When VDC reduces to 0.0 V, as all the 2H peaks reappear and no 
1T′ peak exists, MoTe2 converts back to the original 2H pristine 
state completely, clearly demonstrating the MoTe2 phase transi-
tion is a controllable and reversible process. To see the phase 
transition clearly, we extract and plot Raman peak intensity 
with voltage variation. The peak intensity ratio of 1T′ Ag peak 
over the sum of 1T′ Ag peak and 2H E′ peak is used to charac-
terize the 1T′ ratio of the MoTe2 sample during phase transition 
(Figure  2c,d). The approach to determining 1T′ peak intensity 
is described in Supporting Information S5.[20] It is noticed that 
there is a small phase transition hysteresis between the voltage 
increasing and decreasing branches, which might be attributed 
to the temperature variation hysteresis, that is, under the same 
voltage, there are still temperature differences between the 
voltage increasing and decreasing processes. Figure  2d shows 
the 1T′ ratio with voltage sweeping in a 14-layer MoTe2-based 
vdW device (Device #2). The two devices exhibit a similar phase 
transition trend (the 1T′ ratios in these devices are determined 
from data in Supporting Information S3–S5).

Besides Raman peak intensity variation, another phenom-
enon during voltage sweeping is the Raman peak shift, that is, 
all Raman peaks redshift to the lower frequency regime and 
blueshift to higher frequency with temperature increases and 
decreases, respectively. The Raman peak position variation 
allows us to estimate the device temperature. The MoTe2 and 
graphene temperature are calculated using the equation

300300Kω ω χ ( )= + −T KT
 (1)

where T is temperature, ωT is Raman peak position at  
temperature T, ω300K is Raman peak position at room tem-
perature (300K), and χ is first-order temperature coefficient 
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(−0.015 cm−1 K−1 for graphene G peak[28] and −0.0164 cm−1 K−1 
for MoTe2 2H E′ peak[29]). Because of the disappearance of the 
2H peak E′ after MoTe2 transitioning to 1T′, the 1T′ Ag peak 
position shift is used to calibrate temperature of the phase tran-
sition completion point (Supporting Information S6). Figure 3  
shows the measured lattice temperature of graphene and 
MoTe2 at the device center region (Raman measurement spot) 
for two devices during reversible phase transition, tuned by 
applied bias voltage VDC. For the 8-layer MoTe2 device (Device 
#1, Figure  3a,b), the 2H→1T′ phase transition starts at 440 K 
(VDC  = 5.0  V). Above  this point, two phases coexist together 
and 1T′ phase ratio keeps increasing. At around 1180 K  
(VDC = 8.9 V), the MoTe2 sample is fully converted to 1T′ phase. 
Because the phase transition completion temperature is very 
close to previously reported values (1200 K, purple dashed line 
in Figure 3[16,30]), tension does not play a crucial role in phase 

transition and phase transition is mainly driven by temperature 
change in Device #1. The temperature of graphene is 2000 K 
when VDC = 8.9 V. This large temperature difference between 
graphene and MoTe2 at this point could be explained by the 
significantly different thermal conductivity between graphene  
(5000  W/(m⋅K)[31]) and MoTe2 (42  W/(m⋅K)[32]), and different 
interfacial thermal conductance between graphene/h-BN  
(52.2 MW/(m2⋅K)[33]) and MoTe2/h-BN (17.0 MW/(m2⋅K)[33]). 
Considering that MoTe2 and MoS2 have very similar crystal 
structure, it is reasonable to speculate that interfacial thermal 
conductances at MoS2/h-BN and MoTe2/h-BN are similar. After 
the device has fully transformed into 1T′ phase, we reduce the 
applied voltage (Figure 3b). When the temperature is reduced 
to 925 K (VDC  = 8.1  V), the MoTe2 flake starts to transition to 
2H phase and this reversible phase transition process com-
pletes at 386 K (VDC = 2.0 V). The phase transition of a 14-layer 
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Figure 2. Evolution of Raman spectra measured during reversible phase transition in MoTe2 vdW heterostructure devices. Evolution of MoTe2 Raman 
spectra with voltage VDC a) increasing and b) decreasing in an 8-layer MoTe2-based vdW device. 1T′ phase ratio of MoTe2 with the voltage sweeping in 
c) Device #1: an 8-layer MoTe2-based vdW device and d) Device #2: a 14-layer MoTe2-based vdW device.
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MoTe2 device (Device #2) is described in Figure 3c,d. The 2H 
to 1T′ phase transition process starts at 455 K and completes at  
1050 K. Although two devices exhibit similar phase transi-
tion initialization temperature, the completion temperature in 
Device #2 (1050 K) is noticeably lower than the one in Device 
#1 (1180 K), suggesting that the other energy input (should be 
tension in this scenario) plays an important role in the phase 
transition in Device #2. The reversible phase transition (1T′ to 
2H) starts at 810 K and completes at around 460 K.

In order to estimate the possible impact from the strain 
effect induced by Joule heating, we measure the resonance 
frequency under different VDC, which allows us to extract the 
average thermal strain experienced by the heterostructure. The 
resonance frequency of the heterostructure can be written as 
follows

( )

2

2

Hetero
4

0 th
2

2

2

π ρ ζ
γ γ ( )( )= +

+








f

k na D

a

a

D
k a

mn
mn

 (2)

where 
12(1 )

Y,Hetero
3

2
ν

=

−

D
E t

 is the flexural rigidity, ζ is coefficient of 

adsorbed mass, t is the total thickness of the heterostructure, γ0 
is the initial tension, and a is the radius of the microtrench.[34] 
EY,Hetero and ρHetero are effective Young’s modulus and density 
of the heterostructure, which can be calculated as below

( )
Y,Hetero

Y,Gr Gr Y,BN BN,bottom BN,top Y,MoTe MoTe

Gr BN,bottom BN,top MoTe

2 2

2

=

+ + +

+ + +

E
E t E t t E t

t t t t
 (3)

Hetero Hetero Gr Gr BN BN,bottom BN,top MoT 2 MoTe2ρ ρ ρ ρ( )= + + +t t t t te  (4)

Electrothermally induced tension (γth) can be obtained from 
measured frequency by using Equation 2. After obtaining elec-
trothermally induced tension, we calculate the average thermal 
strain (εth,avg) experienced by the suspended heterostructure 
using the following equation

th,avg
th

Y,Hetero

ε
γ

=
E t

 (5)

Figure 4a shows the measured resonance frequency  fres 
under increasing voltage for the 8-layer MoTe2-based vdW 
device. With voltage VDC increasing, due to the tension increase 
upon heating from the negative TECs of graphene and h-BN, 
the frequency of the device increases. It can be seen that in the 
low voltage regime (VDC = 0 to 4 V), because the temperature 
does not increase significantly in this regime, the frequency is 
almost invariant with the applied voltage. From VDC  = 3.5 to 
8.0  V, the frequency rises with applied voltage, which could 
be attributed to the significant temperature elevation (corre-
sponding to MoTe2 temperature increasing from 400 to 900 K). 
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Figure 3. Temperature variation of MoTe2 and graphene measured during reversible phase transition. Temperature a) increasing and b) decreasing of 
Device #1 (8-layer MoTe2 device) with the DC voltage increasing and decreasing, respectively. Temperature c) increasing and d) decreasing of Device #2 
(14-layer MoTe2 device) with the DC voltage increasing and decreasing, respectively. The green, orange, and overlapped green/orange regions represent 
2H phase, 1T′ phase, and 2H+1T′ mixed phase, respectively.
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Beyond VDC  = 8.0  V, because of the transition from negative 
TECs to positive TECs of graphene and h-BN at high tempera-
ture (>1600 K),[35] the frequency decreases slowly with applied 
voltage. In the reversed (backward) phase transition process 
of Device #1, with the voltage decreasing from VDC  = 9.0 to 
2.0 V, the frequency variation shows three regimes. In the first 
regime (from VDC = 9.0 to 6.5 V), because of significant temper-
ature lowering, the frequency decreases with applied voltage. In 
the second regime (VDC  = 6.5 to 4.0  V), the frequency shows 
an unusual gentle rise with voltage decreasing. One possible 
reason for this variation might be the formation and move-
ment of tiny bubbles at the interfaces in the heterostructure 
(Supporting Information S8). In the third regime (VDC  = 4.0 
to 2.0 V), the temperature effect becomes dominant again and 
frequency reduces with voltage decreasing. Utilizing the fre-
quency variation results, we further extract the corresponding 
εth,avg, shown in Figure  4b, and we obtain that at the phase 
transition (2H to 1T′) completion point the thermal strain  
εth,avg≈ 0.055% for this Device #1. We notice that there is a  
tension difference (frequency difference) between the final state 
and initial state for Device #1. This difference could be attrib-
uted to the annealing effects or morphology change (wrin-
kles) at the interfaces in the device. Device #2 (Figure  4c,d) 
exhibits overall similar frequency variation trends as those in 

Device #1, but with two differences. First, the tension level of 
Device #2 at phase transition (2H to 1T′) completion point is 
εth,avg≈ 0.15%, much higher than that in Device #1, which is 
consistent with the fact that the phase transition temperature 
of Device #2 is much lower than that of Device #1. Second, 
the frequency and tension level of the initial state are close to 
those of the final state, demonstrating that there is no meas-
urable morphology change (wrinkles) during the heating and 
cooling process.

With the temperature calibration and strain estimation, we 
plot the 1T′ ratio in 2H to 1T′ phase transition process versus 
coupled effects of MoT2 lattice temperature and thermal strain 
(Figure 5). In Device #1 (Figure 5a), the phase transition begins 
at TMoTe2 = 440 K with a strain level around εth,avg ≈ 0.01%. As 
the voltage VDC increases, the temperature and thus thermal 
strain level elevates; consequently, the 1T′ phase ratio becomes 
increasingly dominant. When the temperature approaches 
TMoTe2  = 1180 K and a strain level around 0.055%, the MoTe2 
flake has completely transitioned to 1T′ phase. In Device #2  
(Figure 5b), the 2H to 1T′ phase transition starts at TMoTe2 = 455 K,  
with tension level around εth,avg  ≈0.039%; and it completes at 
1050 K with tension around 0.12%. The lower phase transition 
completion temperature in Device #2 is attributed to the rela-
tively higher thermal tension induced by Joule heating.

Small 2022, 2205327

Figure 4. Frequency and strain evolutions measured for two MoTe2-based vdW devices with varying voltage and temperature during the reversible 
phase transition. Frequency evolution of a) Device #1: an 8-layer MoTe2 device and b) Device #2: a 14-layer MoTe2 device with varying applied voltage. 
Thermal strain of c) Device #1 and d) Device #2 with varying temperature.
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3. Conclusions

In summary, we have demonstrated reversible and control-
lable MoTe2 crystalline phase transition via electrothermal-
mechanical tuning on a vdW heterostructure resonant 
nanoelectromechanical systems (NEMS) platform. By electro-
thermally heating the graphene nano-hotplate, the temperature 
of each layer in the vdW heterostructure and thus the thermal 
strain elevates. From measured Raman shift, we observe MoTe2 
transitions from 2H phase to 1T′ phase with rising temperature 
and strain level. In reverse, with voltage decreasing and thus 
temperature plus tension reducing, the 1T′ MoTe2 converts 
back to 2H phase. The coexistence of 2H phase and 1T′ phase 
suggests that the MoTe2 phase transition may be a gradual 
process. By monitoring the tension level from the resonance 
frequency, we find that tension could significantly lower the 
MoTe2 phase transition completion temperature. This work 
demonstrates, for the first time, a novel platform for revers-
ible MoTe2 phase transition, with only two-terminal inputs 
needed, manufacturable on regular SiO2-on-Si substrates. From 
an engineering perspective, this paves the way toward further 
integrating reversible MoTe2 phase transition devices onto 
CMOS as it requires no other special substrates or additional 
components. This work opens a new avenue for designing and 
building phase transition MoTe2 multiphysical devices that can 
capitalize on NEMS-enabled tuning and control, for memory 
and neuromorphic computing applications.

4. Experimental Section

Fabrication of Suspended Graphene/h-BN/MoTe2/h-BN van der Waals 
Heterostructure: The bottom graphene flakes are first exfoliated from 
graphite crystals on PDMS and then transferred onto the pre-patterned 
microcavities on SiO2-on-Si substrates using the all-dry transfer 
method.[21] Following the 1st transfer, bottom h-BN layer, MoTe2 layer, 
and top h-BN layer are transferred on top subsequently, one by one. The 
bottom h-BN is employed to isolate graphene and MoTe2, and the top 
h-BN is used to encapsulate MoTe2 and prevent it from degradation. The 
diameter of the circular microtrench or microcavity is typically around 
10 µm with a depth around 2.2 µm.

Raman Scattering Measurement: The graphene/h-BN/MoTe2/h-BN 
vdW heterostructure devices are preserved in a vacuum chamber and 
measured using a custom-built micro-Raman spectrometer. The Raman 
spectrometer is integrated into an optical interferometric resonance 
measurement system (Figure S1, Supporting Information). In the 
Raman measurement, a 532 nm laser is focused upon the center of the 
vdW heterostructure. The spot size of laser is around ≈1  µm and the 
power of the 532  nm laser is lower than 200 µW. The electrical power 
applied to heat up graphene is 6  mW when graphene reaches 1200 K. 
The laser power is significantly lower than the electrical power applied.[36] 
Raman scattered light from the device is collected in backscattering 
geometry and then guided to the spectrometer (Horiba iHR550) with a 
2400 g mm−1 grating. Raman signal is recorded using a liquid-nitrogen-
cooled CCD.

Interferometric Resonance Measurement: The resonance characteristics 
of the vdW heterostructure devices are measured by an ultrasensitive 
optical interferometry system that we have  built and meticulously 
engineered for systematically investigating 2D NEMS made of various 
2D materials and their vdW heterostructures. The resonance motion 
is electrothermally excited by applying an RF signal vRF coupled with 
a strong DC signal to drive the vdW heterostructure membrane. The 
resonance motion is detected by employing the same 532  nm green 
laser with power below 300 µW to avoid laser heating,[36] and the 
resonant motion-modulated optical interferometry signal is fed to a 
photodetector. A network analyzer is used to provide the sweeping RF 
drive signal, and to measure the resonance signal transduced by the 
photodetector.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5. Coupled effects of varying temperature and strain in the 2H to 1T′ phase transition process in a) Device #1: an 8-layer MoTe2-based vdW 
device and b) Device #2: a 14-layer MoTe2-based vdW device.
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