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Many applications, such as memristors1, micro-motors2, 
electronic oscillators3 and sensors4, greatly benefit from 
recent trends in the area of ‘phase engineering’. The most 

prominent materials that are explored in this context are VO2 and 
NbO2, which can both undergo a Mott metal-to-insulator transi-
tion5, and amorphous-to-crystalline phase change materials such 
as Ge2Sb2Te5 (ref. 6). Recently, transition metal dichalcogenides 
(TMDs) have attracted considerable attention in the field of two-
dimensional (2D) phase engineering due to their polymorphism. 
TMDs exist in various crystalline phases, which exhibit semicon-
ducting, semimetallic and metallic properties. In some TMD com-
pounds the energy difference between the various phases is rather 
moderate7,8, so several groups are working on phase engineering in 
TMDs. For example, an in situ 2H to 1T phase transition in MoS2 
has been introduced by means of electron beam irradiation9, and 
this transition has also been achieved through lithium intercala-
tion10. However, MoS2 might not be the ideal candidate for TMD 
phase engineering. Because it has the lowest energy difference 
between the 2H and 1T′  phases among all TMDs7,8, MoTe2 appears 
to be the most promising compound for phase change applica-
tions. Experimental results for MoTe2 include a strain-induced 
semiconductor-to-metal transition11 and growth-controlled stabi-
lization of different MoTe2 phases by choosing a specific substrate12 
and through manipulation of the tellurization rate13 and growth 
temperature14–16. So far, the closest to a demonstration of electri-
cally assisted phase change switching is a 2H to 1T′  transforma-
tion in monolayer MoTe2 induced by electrostatic liquid gating17, 
albeit without fabricating two-terminal electrical devices to utilize 
the semiconductor–metal transition. Therefore, device-compatible 

methods to enable reversible switching between the different crys-
talline phases in MoTe2 have yet to be reported.

Ultimately, for device applications, controlling the crystal struc-
ture of a TMD compound with an electric field and introducing 
a reproducible phase transition between two distinctly different 
resistive states is most desirable. Here, we experimentally demon-
strate an electric-field-induced reversible structural transition in 
vertical devices made of MoTe2 and Mo1−xWxTe2 layers sandwiched 
between metal or graphene electrodes. A combination of electri-
cal measurements with scanning transmission electron micros-
copy (STEM) revealed the formation of a conductive filament in 
the TMD layer, made of a transient structure (named 2Hd) that can 
be viewed as a distorted 2H state, after applying an electrical field. 
Temperature-dependent measurements further confirmed that 
the newly formed 2Hd structure exhibits electrical properties that  
range from semiconducting to metallic, with devices showing 
temperature trends that are consistent with a metallic behaviour  
for the lowest observed resistance values, indicating that the 2Hd 
state is a transient state between the semiconducting 2H phase and 
the metallic 1T′  or Td phase.

2H-MoTe2- and 2H-Mo1−xWxTe2-based RRAM
Figure 1a shows a schematic as well as optical microscopy and SEM 
images of a typical vertical TMD resistive random access memory 
(RRAM) device under investigation. The top contact area is ∼ 0.1 μ m2.  
Our device design ensures that only vertical transport occurs 
between the two electrodes, with no lateral transport contribu-
tion. Because of the large aspect ratio between the top contact area 
and the flake thickness, spreading resistance contributions can be 
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ignored and the active device area is defined by the top contact  
area. Area-normalized I–V curves of exemplary vertical MoTe2 
devices are shown in Fig. 1b. For all measurements the bottom 
electrode was grounded. Experimental current densities follow the 
expected trend with thickness. Device characteristics are reproduc-
ible and do not change substantially after multiple scans between 
− 1 V and + 1 V.

The situation changes when the voltage range is extended. MoTe2 
devices can transition into a low resistive state (LRS), as illustrated 
in Fig. 1c, at a set voltage (here Vset =  2.3 V). Details about the form-
ing process are provided in the Supplementary Information. After 
the forming event, the device characteristics can be cycled to exhibit 
typical bipolar RRAM behaviour. Note that, after the forming has 
occurred, the high resistive state (HRS) always remains more con-
ductive than the original state of the device, indicating that a perma-
nent electronic change has occurred. For the case shown in Fig. 1c, 
the current ratio between the HRS and the LRS is ~50 at Vread =  1 V 
when the compliance is set to 400 μ A.

To further explore the switching mechanism in TMDs, RRAM 
cells with exfoliated MoTe2 layer thicknesses between 6 nm and 
36 nm were fabricated. All cells were non-volatile and stable (see 
Supplementary Fig. 2b for read disturb measurements). Before 
the forming process, the current per unit area through the vertical 
structures scales in an approximately inversely proportional man-
ner with the flake thickness for not too small voltages (Fig. 1b). 
However, once the system transitions into its LRS, the current levels 
(below compliance) are rather similar and do not show any coher-
ent scaling trend with the flake thickness or active device area. This 
observation is consistent with the notion that the formation of the 
conductive filaments that enable the LRS is not uniform but gives 
rise to local current paths. For flake thicknesses from 6 nm to 36 nm, 
the set voltages can be tuned from 0.9 V to 2.3 V (Fig. 2d). It is note-
worthy that the RRAM behaviour is independent of the contact 
metal used, which indicates that the switching mechanism does not 

involve tunnelling through the interfacial Schottky barriers or metal 
ion diffusion. For example, employing Ni or graphene instead of Ti/
Ni as the top electrode resulted in the same RRAM performance as 
reported here. In addition, a compositional energy-dispersive X-ray 
spectroscopy (EDS) line scan analysis through the filament area in 
the Ti/MoTe2/Au cross-section STEM sample shows that metal ion 
diffusion is not the reason for the observed RRAM behaviour in 
MoTe2 devices (Supplementary Section 3).

Next, we explored the impact of the material preparation and 
composition on the RRAM characteristics by extending the experi-
ments to 2H-MoTe2 samples obtained using different synthesis 
approaches, and also to 2H-Mo1−xWxTe2 alloys. The similar switch-
ing characteristics seen in MoTe2 devices fabricated using either 
commercially obtained material or single crystals synthesized in 
this work by chemical vapour transport indicate that the observed 
RRAM effect does not depend on the material processing conditions. 
Mo1−xWxTe2 devices exhibit very similar switching behaviour, and 
their set voltages also depend monotonically on the flake thickness 
(Fig. 2c,d). It is noteworthy that, although we are currently unable to 
resolve a quantitative trend of the set voltages as a function of com-
position x in Mo1−xWxTe2 alloys, the set voltages for the Mo1−xWxTe2 
devices show a tendency of being smaller than the set voltages of the 
MoTe2 devices. This implies that the critical electric field needed to 
trigger the RRAM behaviour may have been reduced in the alloys. 
Density functional theory (DFT) calculations8,18,19 and recent experi-
mental results20,21 indicate that the energy required to transform the 
semiconducting state into the metallic state is increasingly lower in 
Mo1−xWxTe2 alloys with increasing x, which in turn should reduce 
the set voltage in Mo1−xWxTe2 devices as compared to their MoTe2 
counterpart. Figure 2d shows experimental evidence of this trend.

Electric-field induced 2H to 2Hd transition
In general, the electroforming process in RRAM devices aims at cre-
ating a conductive filament by applying a sufficiently high electrical  
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bias, which in turn results in an electric field and Joule heating 
inside the sample22. The bipolar RRAM behaviour of the MoTe2 and 
Mo1−xWxTe2 devices shown in Fig. 2 suggests that the main driving 
force for the switching is the electric field rather than Joule heating 
(Supplementary Section 4). To confirm the formation of conductive 
filaments in the case of MoTe2 RRAM cells, conductive atomic force 
microscopy (C-AFM) measurements were carried out. First, a fully 
functional MoTe2 device was biased to form the LRS, and then the 
top electrode was removed by wet chemical etching as described 
in Supplementary Section 14. This approach allows access to the 
TMD surface after filament formation to perform a local analysis 
of the surface resistivity after the forming process has occurred. 
As shown in the inset of Fig. 3a (indicated by an arrow), a bright 
spot, ~80 nm in diameter, which was formerly covered by the top 
electrode (red rectangle), is indicative of a higher conductivity path 
through the TMD layer. For comparison, those MoTe2 flakes that 
did not undergo a forming process show a uniform highly resistive 
surface (Fig. 3b).

To identify the exact nature of the observed filaments, STEM 
of cross-sectional samples was utilized for both MoTe2 and 
Mo1−xWxTe2 devices. Before performing the STEM analysis, 
RRAM devices underwent the same forming process as described 
above to create conducting filaments in the TMD layers. In total, 
more than 20 devices were carefully analysed by STEM. Figure 3c 
shows a high-angle annular dark field (HAADF) STEM image of a 
Mo0.96W0.04Te2 device cross-section. The RRAM structure is clearly 
visible from the HAADF contrast (which is similar to the MoTe2 
device cross-section shown in Supplementary Fig. 10a,b). Note that 
the HAADF images display the TMD layer both in the active and 

non-active region, where the SiO2 isolation layer on top of the TMD 
is preventing RRAM operation. While only the original 2H phase 
is always observed in the non-active region, two structurally dis-
tinct domains can be clearly recognized in the active region; these 
domains are marked 2H and 2Hd, respectively, in Fig. 3d, which 
shows a magnified HAADF image of the red-marked box in Fig. 3c).  
The 2Hd region extends vertically throughout the whole TMD layer 
thickness in this case, but the cross-sectional view often displays 
the 2H and 2Hd structures simultaneously (Fig. 4a) when the cut 
through the device does not perfectly hit the filament core. The 
2Hd region in Fig. 3d is ~80 nm wide and is separated from adja-
cent 2H regions by boundaries marked as white dash-dotted lines in 
the figure. The width of the 2Hd region is consistent with the diam-
eter of the conducting filaments measured by C-AFM. Figure 3e  
shows an atomic HAADF image in the [110]2H zone axis of the 2H 
region, where well-resolved atomic columns of Mo/W and Te and 
interlayer van der Waals gaps of the hexagonal 2H structure are 
clearly visible. Figure 3f shows a structural HAADF image from the 
2Hd domain in the corresponding orientation. Instead of the well-
aligned atomic columns of the 2H structure, the atomic columns 
of the 2Hd structure are not clearly resolved (note that similar 2Hd 
structural features were observed for the MoTe2 device, as shown in 
Supplementary Fig. 10).

In an attempt to obtain additional structural information for the 
2Hd structure, the STEM sample was tilted 30° around the c axis 
to the [120]2H zone axis. For the 2H structure, Fig. 3g shows the 
well-resolved atomic columns of this phase. For the 2Hd structure, 
Fig. 3h shows ‘smearing’ of the Te and Mo/W atomic columns, dis-
placement along the c direction, and preserved interlayer van der 
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Waals gaps. Nanobeam diffraction was performed to determine the 
crystallography of the 2Hd structure. Figure 3i,j presents nanobeam 
diffraction patterns taken from the 2Hd regions in the [110]2H and 
[120]2H zone axes, respectively. These diffraction patterns are very 
similar to the corresponding pattern from the 2H region, which is 
surprising considering the clear differences in the atomic images 
of these two regions (Fig. 3e,f and 3g,h, as well as Supplementary 
Fig. 10d-f for the MoTe2 case). A detailed analysis of the elemen-
tal distribution of Te and Mo in the 2Hd region (see EDS scan in 

Supplementary Fig. 4) shows a similar Mo:Te stoichiometric ratio 
in the filament and pristine regions. However, due to the limitations 
in the STEM–EDS line-scan, such as the beam damage and sample/
beam drifting issues, the rapidly acquired EDS spectra cannot com-
pletely exclude the possibility of vacancies in the filament. Moreover, 
because the structural images from 2Hd do not show well-separated 
atomic columns, and the exact arrangement of atoms in the 2Hd 
structure varies from device to device and for different focused ion 
beam (FIB) cuts, with possible interference from overlapping with 
the 2H matrix, it is extremely difficult to derive a precise structural 
model for the 2Hd structure directly from the HAADF images by 
relying only on the positions and average composition of the col-
umns (Supplementary Section 9). Instead, we employed a more 
detailed experimental approach to better understand the observed 
2Hd structure.

Most of the devices studied in the way described above exhibited 
similar behaviour, with the 2H structure in the matrix and the 2Hd 
structure in the filament. However, one device, as shown in Fig. 4b, 
displayed a filament consisting of the 2H phase together with the 
orthorhombic Td phase. This is an unexpected finding, because 1T′  
MoTe2 should be more stable than the Td phase at room temperature 
and above (although the Td phase can be formed from the 1T′  phase 
at temperatures below ~240 K; ref. 23). This observation, which is 
substantiated by the fast Fourier transform pattern in the inset of 
Fig. 4b and the matching atomic structure model in Fig. 4c, is a clear 
indication that phases that are typically not stable in a bulk state can 
be stabilized in a heterostructure due to the particular boundary 
conditions.

This finding and the fact that we had observed a span of LRS 
values for different compliance settings and scanning conditions 
prompted us to perform temperature-dependent electrical mea-
surements. We carefully compared the temperature-dependent 
electrical properties of the intrinsic 2H phase with the HRS and 
LRS states, as well as with reference devices fabricated from 1T′  
MoTe2. The test devices were set to the HRS and LRS, respec-
tively, at room temperature, and then characterized as a function 
of temperature from 160 K to 400 K at a voltage of 0.5 V. Devices 
kept their original state (either LRS or HRS) during the full tem-
perature cycle. Figure 4d shows the result of our temperature-
dependent characterization. Both the intrinsic 2H state and the 
HRS show a distinctly higher resistance at lower temperatures, 
which is consistent with semiconducting behaviour. On the other 
hand, for the LRS devices there is a clear spread in the temper-
ature-dependent resistance slopes with a decreasing slope for 
decreasing sample resistance in the LRS. Interestingly, the lowest 
resistance values that we observed in the LRS and the correspond-
ing slopes as a function of inverse temperature are approaching 
what was measured for reference 1T′  MoTe2 samples. Moreover, as 
shown in Supplementary Section 11, the device with the Td phase 
shown in Fig. 4b exhibited the lowest observed resistance values 
after setting. The sum of these observations in conjunction with 
the observed 2Hd structure and Td phase from STEM after set-
ting provides experimental evidence that the observed 2Hd struc-
ture is a transitional structural state between 2H and 1T′  or Td 
(Supplementary Section 9). Devices that exhibit the lowest LRS 
values are electrically more similar to the 1T′  or Td phase, while 
devices with higher LRS exhibit a transient 2Hd state.

To explore whether the observed 2Hd structure is theoretically a 
(meta)stable new phase, DFT calculations were carried out based on 
the model proposed in Supplementary Section 9. Preliminary calcu-
lations show that the 2Hd structure is non-stable and relaxes towards 
the 2H phase (Supplementary Section 10). Note that this finding 
remains inconclusive, because the boundaries between the different 
structures as observed in the experiments; Figs. 3d and 4a,b) that 
can be expected to drastically impact the energy landscape for the 
various states in MoTe2 are not captured in this DFT simulation.  
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Moreover, due to the limitation of the experiments, vacancy diffu-
sion or other effects cannot be completely excluded for the forma-
tion of the observed 2Hd structure. Future studies are needed to 
investigate all plausible mechanisms.

2H-MoTe2-based RRAM under pulsed operation
Pulse measurements were used to explore the switching speed to 
toggle between the two states in MoTe2. Figure 5a shows the applied 
set and reset voltages across the device as a function of time. The set 
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voltage of this device is 1 ±  0.1 V (Supplementary Fig. 6), and the 
effective set pulse width is accordingly smaller than 10 ns. Notice 
that the uncompensated parasitic capacitance contributions of the 
set-up did affect the shape of the pulse curve. From Fig. 5b it is 
apparent that the device resistance changed from the HRS to the 
LRS after the pulse set operation, and increased again after the reset 
pulse, in accordance with our expectations. Note that the current 
compliance settings in the continuous sweep and pulse modes are 
unavoidably different, resulting in different HRSs before set and 
after reset in Fig. 5b. This confirms that changing the 2H state into 
the 2Hd state can be achieved with appropriate voltage pulses of 
less than 10 ns. This value only represents an upper bound for the 
switching time since the experimental set-up did not permit per-
forming faster pulse measurements. The intrinsic switching speed is 
believed to be even higher than this initial demonstration.

Al2O3/MoTe2-based low-programming-current RRAMs
For device applications, the LRS resistance should be sufficiently 
large that the voltage drop across the interconnects is negligible to 
ensure proper write/read operation. In addition, the current ratio 
between the LRS and HRS has to be as large as possible to allow 
the fabrication of sizable memory arrays. In this context the above-
mentioned performance specifications are not ideal, and a modified 

TMD-based memory cell needs to be developed. To limit the cur-
rent through the cell, a tunnelling barrier (Al2O3) was added into 
the stack.

Figure 6a shows multiple I–V measurements on an Al2O3/MoTe2 
RRAM cell, indicating a stable and reproducible memristive switch-
ing of this device. Unlike the previously discussed MoTe2-only 
RRAM cells, modified Al2O3/MoTe2 stacks immediately transi-
tioned into an LRS when the applied bias reached 2.9 V, without the 
previously observed electroforming process. Moreover, no current 
compliance through external circuitry is needed—another desir-
able feature in RRAM cells. The stability of the RRAM cell is further 
underlined in Fig. 6b. The extended stack also gave rise to a much 
larger current ratio between the LRS and HRS of 105–106 as well as 
nonlinearities (IVoperation/I1/2Voperation based on a V/2 scheme) of ~100 
for the LRS, and a resistance in the HRS state larger than 10 TΩ  
(limited by our measurement equipment). The latter is critical for 
reduced static leakage power consumption and allows the maximum 
RRAM array size to be increased. Moreover, the low current level in 
the HRS and LRS may eliminate the need for selector devices24. All 
of the above highlights the relevance of this structure for sub-1 μ A 
programming currents for selectorless RRAM applications.

Notably, Al2O3 is one of the early materials investigated for 
RRAM applications. However, in our preliminary testing of vertical 
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Ti/Au/Al2O3/Ti/Ni device structures, repeated voltage sweeps did 
not result in any filament formation and instead led to destructive 
breakdown at voltages in the 1.35 V range (Supplementary Fig. 17). 
While we cannot entirely exclude the possibility of filament for-
mation in the Al2O3 layer of the Al2O3/MoTe2 stack, the electrical 
data can be qualitatively understood if filaments are only formed in 
MoTe2, but do not reach through the Al2O3 layer, in this way limit-
ing the LRS conductivity to a much lower, more desirable value of 
~10 MΩ  as compared to the MoTe2-only RRAM cells. In fact, the 
current levels reached in the LRS of the Al2O3/MoTe2 RRAM cell 
are consistent with the maximum current levels achievable before 
breakdown in the Ti/Au/Al2O3/Ti/Ni stack.

Outlook
In this Article, an electric-field-induced reversible transition from 
the semiconducting 2H to a higher conducting 2Hd phase in verti-
cal MoTe2 and Mo1–xWxTe2 RRAM devices has been achieved. Cross-
sectional STEM confirmed that the 2Hd state is formed after a set 
voltage is applied and that this structure can be described as a tran-
sient state between the semiconducting 2H and the metallic 1T′  or 
Td phase. Temperature-dependent electrical measurements indicate 
that the 2Hd state can exhibit semiconducting to metallic behaviour 
depending on the status of the transient state. Td and 2H co-exist-
ing phases in MoTe2 were observed at room temperature. Our work 
demonstates the possibility to locally and selectively engineer phase 
transitions in TMD layers with an electric field, and demonstrates the 
potential of TMDs for these types of resistive switching applications.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41563-018-0234-y.
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Methods
Device fabrication and electrical measurements. A layer of Ti/Au 
(10 nm/25 nm;acting as a bottom electrode) was deposited onto a 90 nm silicon 
dioxide (SiO2) layer located on top of a highly doped silicon wafer. Next, TMD 
flakes from either MoTe2 (2D Semiconductors and NIST) or Mo1–xWxTe2 (NIST) 
were exfoliated onto this electrode using a standard scotch tape technique, followed 
by thermal evaporation of 55 nm SiO2 (acting as an insulating layer). Device 
fabrication was completed by depositing a Ti/Ni (35 nm/50 nm) top electrode. For 
Ti/Au/Al2O3/MoTe2/Ti/Ni vertical devices, a 3-nm-thick Al layer was deposited 
onto the bottom electrode before its oxidation in an oxygen-rich environment 
at 250 °C for 6 h. This process formed a 4.5-nm-thick Al2O3 layer. MoTe2 flakes 
were then peeled onto the Al2O3-covered bottom electrodes. The isolation and top 
electrode formation were identical to the original process flow discussed above for 
vertical TMD RRAM devices.

Electrical characterization of the devices was performed at room temperature 
using a parameter analyser (Agilent 4156C). A Keysight B1500A semiconductor 
device analyser was used for switching speed measurements.

TMD synthesis and characterization. Both 1T′ - and 2H-Mo1–xWxTe2 crystals 
(x =  0, 0.03, 0.04, 0.07 and 0.09, where x is the atomic fraction of W) were produced 
at NIST using the chemical vapour transport method. First, polycrystalline 
Mo1–xWxTe2 powders were synthesized by reacting stoichiometric amounts of 
Mo (99.999%), W (99.9%) and Te (99.9%) at 750 °C in a vacuum-sealed quartz 
ampoule. Next, Mo1–xWxTe2 crystals were grown at 950–1,000 °C using ~1 g of poly-
Mo1–xWxTe2 charge and a small amount of I (99.8%, 5 mg cm−3) sealed in evacuated 
quartz ampoules. The ampoules were ice-water-quenched after 7 days of growth, 
yielding Mo1–xWxTe2 crystals in the metallic 1T′  phase. The 1T′ -Mo1–xWxTe2 
alloy crystals were then converted to the semiconducting 2H phase by annealing 
in vacuum-sealed ampoules at 950 °C for 24 h (or at 750 °C for 72 h) followed 
by cooling to room temperature at a 10 °C h−1 rate. 2H-MoTe2 crystals were also 
obtained by chemical vapour transport growth at 800 °C for 140 h using TeCl4 
(99.9%, 5.7 mg cm−3) as a vapour transport agent. At this temperature, which, in 

accordance with the Mo-Te phase diagram25 is below the 1T′ → 2H phase transition 
temperature, MoTe2 crystals grow directly in the 2H phase.

The crystal structure and composition of the Mo1–xWxTe2 samples were 
determined by powder X-ray diffraction and energy-dispersive X-ray spectroscopy 
in SEM, respectively. More detailed information on crystal preparation and 
characterization can be found in ref. 20.

Conductive AFM measurement. C-AFM was performed in a Veeco Dimension 
3100 AFM system. All AFM images were taken in contact mode using SCM-PIT 
tips (Bruker). The conductive tip consisted of 0.01–0.025 Ω  cm antimony-doped Si 
coated with PtIr.

TEM/STEM structural characterization. An FEI Nova NanoLab 600 DualBeam 
(SEM/FIB) system was used to prepare cross-sectional TEM samples. Electron-
beam-induced deposition of 1-μ m-thick carbon was initially deposited on top of 
the device to protect the sample surface, followed by 2-μ m ion-beam induced Pt 
deposition. To reduce Ga ion damage, in the final step of preparation the TEM 
samples were thinned with 2 kV Ga ions using a low beam current of 29 pA and 
a small incident angle of 3°. An FEI Titan 80–300 probe-corrected STEM/TEM 
microscope operating at 300 keV was used to acquire both nanobeam diffraction 
patterns and TEM images in TEM mode as well as atomic-resolution high-angle 
annular dark field (HAADF) images in STEM mode.

Data availability
The data that support the plots within this paper are available from the 
corresponding author upon request.
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Supplementary Text 

Section S1: MoTe2 based RRAM electroforming process 

Pristine metal-MoTe2-metal devices exhibit reproducible I-V curves shown as pink dotted line in 

Fig. S1(a) and (b) as long as a critical, TMD thickness dependent forming voltage is not reached. 

Measuring beyond this forming voltage results in the RRAM behavior as described in the main 

text, triggering the resistive switching behavior. Once a filament is formed, a set voltage lower 

than the forming voltage is used to switch between the HRS and LRS of the cell. When a reverse 

polarity electric field is applied, rupture of filaments causes the back transition to the HRS. Note 

that the set voltage has approximately a linear dependence on the flake thickness for not too thick 

layers (see Fig. 2(d)) indicating that a critical electric field is needed to trigger the memristive 

behavior. Cycling the MoTe2-based RRAM cells multiple times as shown in Fig. S1(b) results in 

similar and stable performance specs with set voltages varying by about 0.2 V. 

Section S2: Current compliance setting effect on RRAM performance 

For a metal oxide based RRAM cell, the LRS resistance can be controlled by the set current 

compliance which in turn determines the diameter and/or the number of conductive filaments 

formed, and the HRS resistance can be changed by the reset voltage through the modulation of 

the ruptured filament length. MoTe2-based RRAM cells, as presented here, show the same 

behavior as evident from Fig. S2(a). As expected, the higher the current compliance, the lower 

the LRS resistance becomes. The flake thickness for the device in Fig. S2 is 7 nm. Fig. S2(b) 

shows the performance of the same device under a 0.5 V read disturb with the current 

compliance set to 800 A. Both states show a stable resistance value over 1000 s at room 

temperature.  

Section S3: Impact of the choice of metal electrodes on the RRAM behavior 

To date, some preliminary studies have demonstrated memristive behavior in two-terminal 

TMD-based devices1-5. However, these advancements are yet to provide a viable route towards 

the development of scalable high performance RRAM cells. All of the above instances 

memristive switching depends on, or is mediated by uncontrollable defects or oxygen vacancies 

in the active material. In contrast, here we present for the first time vertical bipolar RRAM cells 

with areas in the 0.1 m2 range from exfoliated single crystals of MoTe2 and Mo1-xWxTe2 alloys, 

where the switching is mediated by a controllable 2H to 2Hd or Td transition as shown by various 

characterization methods in the main text. 

In Fig. 1(c), Ti/Ni is used as top contact and Au is utilized as the bottom electrode. In order to 

understand the role of the metal electrode in the observed RRAM behavior, Ni and graphene are 

used here to replace the top contact Ti/Ni (where Ti is adjacent to the MoTe2 film). As apparent 

from Fig. S3, RRAM behavior is very obvious in both types of devices. This set of experiments 

thus indicates that the RRAM behavior reported here is independent of the particular metal 
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contact choice, indicating that the switching mechanism does not involve the interfacial Schottky 

barriers. More importantly, using graphene, which is known to be an excellent diffusion barrier 

for metals6 also results in the same RRAM switching, clearly indicating that the metal electrode 

and diffusion of metal atoms into the TMD layer does not play a role in the observed switching 

behavior. 

In addition, Fig. S4 shows EDS line-scan results for MoTe2 based RRAM devices. The devices 

underwent multiple cycles from the HRS to the LRS. A detailed comparison of the elemental 

distribution of Te and Mo in the filament and close to the filament regions with the Te to Mo 

distribution of the pristine structure in the non-active region (Fig.S4(a-d)) suggests almost no 

change in the Mo:Te stoichiometry. However, the existence of vacancies cannot be entirely ruled 

out due to the limited resolution of the EDS scans. Moreover, the EDS line scan analysis shows 

that metal ion diffusion is not the reason for the observed RRAM behavior in MoTe2 devices. It 

should be noted that the weak Ti and Au signals detected in the MoTe2 layer near the Ti/MoTe2 

and MoTe2/Au interfaces (Fig. S4(e-h)), arise most likely from sputtering contamination during 

FIB ion milling, as well as from multi-scattering of a small amount of electrons and X-rays 

which were re-directed into the neighboring sample area. For example, a Cu signal from the 

copper TEM sample grid was typically present in the TEM EDS spectrum, as observed in Fig. 

S4(g-h). Our EDS analysis further supports the above statement that the RRAM behavior is not 

related to the metal ion diffusion mechanism. 

Section S4: Bipolar RRAM behavior in MoTe2 devices 

Fig. S5 showing log and linear I-V curves of a 7 nm thick MoTe2 device, which proves that the 

MoTe2 and MoxW1-xTe2 based RRAM devices are not unipolar and Joule heating does not have 

a significant impact on the RESET processes. The numbers in the figures are the scanning 

sequences. First, 0 - 1.2 V is applied to SET the device to the LRS (1), then the scan direction is 

reversed back (2). Next, the voltage is swept from 0 – 2V (3) and back (4). The device keeps its 

LRS and remains almost unchanged. Next, the polarity of the voltage is reversed and a scan from 

0 – (-1.2) V is performed (5), and back (6), RESETTING the device to its HRS. Therefore, we 

conclude that the main driving force for the bipolar switching is the electric field, rather than 

Joule heating. 

Section S5: Performance of 2H-MoTe2 based RRAM under pulsed operation 

Fig. S6 shows the I-V curve of the device used for the high switching speed measurement 

displayed in Fig. 5(a) and (b) of the main text. An 8 nm MoTe2 device with a set voltage of ~1 V 

and a set voltage variation of about ±0.1 V is employed. A Keysight B1500A semiconductor 

device analyzer was used to generate the pulse with a minimum (i.e. tool limited) width of 10 ns. 

The voltage applied on the device was affected by the parasitic capacitance contributions of the 

measurement set-up, and the effective set voltage width is less than 10 ns as shown in Fig. 5(a) in 

the main text. Note that there are different current compliance settings in the pulse measurement 
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(400 A and 1 mA) compared to the continuous sweep mode, resulting in slightly different LRS 

resistance values for these two modes of measurement, since the current compliance determines 

the diameter and/or the number of conductive filaments formed as discussed in Section S2. 

 

Section S6: Electrical characterization of the Mo0.96W0.04Te2 alloy 

Fig. S7 displays a typical transfer characteristic of a 2H-Mo0.96W0.04Te2 field effect transistor 

(FET), indicating that the ternary compound shows clear semiconducting behavior with device 

characteristics similar to the case of MoTe2. 

Section S7: MoTe2/ Mo0.96W0.04Te2 switching mechanism exploration by STM and STS 

In order to explore the filament formation mechanism further, STM was used to perform a 

detailed surface analysis at room temperature. 2H-MoTe2 and 2H- Mo0.96W0.04Te2 layers were 

exfoliated from a 2H-MoTe2 and 2H- Mo0.96W0.04Te2 bulk crystals (2D Semiconductors and 

NIST respectively) onto Au pads using standard scotch tape techniques. An Omicron ultrahigh-

vacuum (UHV) STM was used to perform the surface analysis of MoTe2 and Mo0.96W0.04Te2 at 

room temperature. During all measurements, the electrochemically etched tungsten tip was 

grounded and the voltage was applied to the Au pad. All STM images were recorded at a 

tunneling current of 2 nA and a bias voltage of -0.9 V. The STM data were analyzed with WSxM 

software7.  

 

Fig. S8 (a) shows a representative STM image of the pristine exfoliated MoTe2 flake. The atomic 

surface structure of the 2H-phase of the MoTe2 single crystal demonstrates the expected C3 

symmetry with an interatomic distance of 0.34 nm. Imaging was performed with a bias voltage 

of -0.9 V. To mimic the situation in MoTe2 RRAM cells under forming conditions, a bias of -3 V 

was applied to a contact underneath the TMD relative to the STM tip while scanning. Next, an 

STM image was taken again at a bias of -0.9 V. As apparent from Fig. S8 (b) the surface image 

appears drastically different after voltage application, and non-uniform bright regions are clearly 

visible in the figure. ‘Protrusions’ with a height of 0.3 nm to 0.6 nm on the sample surface are 

clearly observed, which are interpreted as possible topographic changes in conjunction with 

changes in the local density of states (LDOS) (see discussion below). Next, scanning tunneling 

spectroscopy (STS) measurements were performed at four distinct locations as marked by the 

colored squares 1 through 4 in Fig. S8 (b). Locations 1 and 2 fall into the region of alteration, 

while 3 and 4 are located in the unperturbed region of the sample that we will label as “pristine” 

in the following discussion. Fig. S8 (c) shows the obtained I-V characteristics at the four 

locations. Higher current levels in particular for small applied voltages are observed for locations 

1 and 2 (the modified areas) if compared with 3 and 4 (pristine areas). The corresponding dI/dV 

curves shown in Fig. S8 (d) are a measure of the local density of states (LDOS). While 

characteristics obtained for the pristine areas (locations 3 and 4) indicate the presence of a 

sizable bandgap in the range of 0.85 eV, consistent with the extracted bandgap of 2H-MoTe2 

from electrical measurements8, the LDOS of locations 1 and 2 shows a finite density of states 



5 

 

even at zero bias, implying that these regions had become metallic or reflect the behavior of a 

small bandgap semiconductor after a forming voltage had been applied. At a first glance, the 

positions of atoms in the modified (red circle) and the pristine (green circles) regions occur 

identical (C3 symmetry) as shown in the zoom-in Fig. S8 (b). However, by comparing the 

positions of atomic sites along the red and green dashed lines, a clear distortion between 

tellurium atoms in the pristine and voltage disturbed areas is apparent. The atomic rows of Te in 

the pristine and voltage modified areas are rotated relative to each other by 3 to 6 as shown in 

Fig. S8 (b). The same phenomenon is observed when Mo0.96W0.04Te2 devices are analyzed by 

STM. Last, it is important to note that – like in the RRAM cell – features of enhances 

conductivity that were created by applying a voltage of -3 V can be turned semiconducting again 

by applying a voltage of opposite polarity. To demonstrate this behavior, setting and resetting 

was performed in an in-situ STM experiment. Note that in this measurement set-up the exact 

value of the set/reset voltage at the flake underneath the STM tip was not known. This is an 

important statement since MoTe2 based RRAM devices can be set again with too large reset 

voltages. Fig. S9 (a) shows an STM image of a MoTe2 flake after applying -3V, while Fig. S9 (b) 

shows an image after +3 V scanning. In order to compare those two images, the bright spot 

marked 1 was used as a point of reference. Relative to this point, areas 2 through 5 were marked 

that showed bright spots in Fig. S9 (a). In Fig. S9 (b) the bright spots 3 and 4 have been changed 

back to “pristine” (darker) surfaces as expected when applying a reverse voltage. One also 

notices that portions of the MoTe2 lattice adjacent to positions 3 and 4 became bright, which 

indicates that the voltage of +3V has had two effects: a) it changed some bright regions back into 

pristine portions (RESET) and b) altered some pristine parts to become bright (SET) 

simultaneously.     

The above findings are in principle consistent with our observations, reported in the main text, 

that an electric field induced reversible structural transition is achievable in MoTe2 and Mo1-

xWxTe2. However, the STM and STS data presented here may not perfectly correlate to the 

RRAM behavior reported in the main text due to the different boundary conditions, for example, 

the presence vs. absence of a top electrode covering the surface. Moreover, it should be noted 

that the STM experiment can only characterize the MoTe2 surface rather than the whole layer of 

frequently tens of nanometers in thickness. 

The sum of these observations leads us to believe that MoTe2 undergoes a reversible structural 

transition from a semiconducting to a higher conductive state under application of an electric 

field, which is responsible for the RRAM behavior observed by us and reported in the main text. 

Section S8: STEM analysis 

The same 2H to 2Hd structural transition discussed in the context of Fig. 3 in the main text for 

the Mo0.96W0.04Te2 device was also observed in MoTe2 based devices. Fig. S10 (a) shows a low-

magnification bright-field transmission electron microscopy (TEM) image of a MoTe2 device 

cross-section. In the image two regions can be identified: Area 1, which corresponds to the 
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original 2H structure outside of the active electrical contact, and Area 2, which corresponds to 

the electrically cycled part of the device. Fig. S10 (b) shows a higher magnification TEM image 

of the Ni/Ti/MoTe2/Au/Ti/SiO2 multilayered architecture of the active region. The contact 

between Au and MoTe2 is not continuous and shows 5 nm to 20 nm wide voids distributed along 

the interface. Fig. S10 (c) shows a typical nano-beam diffraction (NBD) pattern of the MoTe2 

crystal in the Area 2. The pattern can be indexed as the [110] zone-axis of the 2H structure. No 

apparent differences could be recognized in all the areas by NBD mapping. Atomic resolution 

HAADF scanning transmission electron microscopy (STEM) was further employed to study the 

local defects of the MoTe2 crystal in Area 2. Fig. S10 (d) shows a typical atomic image of the 

unperturbed 2H phase in most of the region in Area 2, representing a characteristic atomic 

structure of [110] zone-axis. At the MoTe2/Au interface, Te atoms connect closely with the Au 

atoms, ensuring low resistance contact formation for electrical measurements. Although no 

difference has been noticed by NBD analysis, a filament region was recognized in the MoTe2 

layer stack using atomic resolved HAADF-STEM analysis. Fig. S10(e,f) show high 

magnification atomic images of the distorted 2Hd structure in the filament. As shown by the 

black circles, this 2H  2Hd distortion led to formation of a double layer Te structure from 

single Te layer in the original 2H phase. In addition, a relative shift of the MoTe2 subunit cells 

can be identified by the round-dot and square-dot black lines, suggesting that the original atomic 

sites of the 2H structure were “shuffled” along the c-direction, thus, partially obscuring the van-

der-Waals gap between the Te-Mo-Te tri-layers. It is difficult to understand precisely the nature 

of disorder in the 2Hd structure from the STEM characterization. However, the NBD and STEM 

analyses suggest that the 2Hd structure is a distorted modification of the 2H structure and is 

interpreted by us as a transient state toward the 1T' or Td phase. 

 

After RESET, two structures were observed in the active region, a distorted 2Hd state and the 

original 2H phase, which indicates that the RESET process only leads to a partial recovery (see 

Fig. S11).  

 

Section S9: Model description of the transition from 2H to 2Hd 

While the 2H structure is based on the -AbA-BaB- stacking of hexagonal layers with MoTe6 

prismatic coordination, the stacking sequence in the 1T' and Td phases changes to -AbC-BcA- 

with octahedral coordination. Since 2H is a higher-symmetry structure (P63/mmc) in comparison 

to 1T'/Td, its transformation into latter with preserved 2D-layers coherency should result in 

possible six variants of 1T'/Td that are related by nearly-60˚rotation around the [001]2H axis. Our 

simulation of electron diffraction patterns in Fig. S12(a) shows that 2 out of 3 orientational 

variants of 1T'/Td have patterns similar to 2H in [110] zone-axis. One can indeed expect very 

similar electron diffraction patterns of 2H in [110] zone-axis (as well as it’s equivalent [100] and 

[010] zone-axes) and the 2-out-of-3 corresponding variants of 1T (P21/m, a = 0.633 nm, b = 

0.3469 nm, c = 1.386 nm, α = 90 °, β = 93.92 °, γ = 90 ° ) and Td (Pmn21, a = 0.3477 nm, b = 

0.6335 nm, c = 1.3889 nm, α = 90 °, β = 90 °, γ = 90 °) phases. It would be difficult to 
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differentiate the three phases by analyzing the diffraction patterns in this particular orientation 

within the experimental error. However, 1T and Td phases can be easily differentiated from 2H 

in appropriate crystallographic orientation. Fig. S12(b) shows that all the corresponding patterns 

of 1T and Td phases produce additional reflections compared with that of 2H in [120] zone-axis, 

which means that in this particular orientation 1T and Td phases can be differentiated from the 

2H phase. As mentioned above (see Fig. 3(i, j) and Fig. S10(c)), no such additional reflections 

have been observed in the distorted 2Hd region.  

The STEM findings strongly suggest that the regions designated as 2Hd are the filaments 

responsible for the LRS with the following structural characteristics: (1) 2Hd is a structural 

derivative of 2H, as can be judged from the similarity of their reciprocal lattices, i.e. 

electron diffraction patterns, and from a correspondence of van-der-Waals gaps in both structures; 

(2) the identity of 2H and 2Hd elemental compositions suggests that the 2H  2Hd transition is 

polymorphic, with structural changes due to local atomic displacements.  

In order to understand the 2Hd structure, we consider the possibility of its structural relation with 

the known polymorphs of 2H-MoTe2, i.e. 1T' and Td phases, which are both electrically 

conducting. In fact, Td phase inclusions have been observed in the 2H matrix (see Fig. 4(b)). 

Hereinafter, we corroborate that the 2Hd filament is a transient state representing an incomplete 

process of switching from 2H to 1T' or Td phase structurally.  

By a carefully analysis of the distorted atomic images of 2Hd, we have constructed a P1 structure 

(see Fig. S13(a)) as a derivative of 2H with atomic displacements to match the major zone axes 

high-resolution images, e.g., in Fig. 3(f, h). This P1 structure also gives the diffraction patterns 

that match experimental NBDs in Fig. 3(i, j) (see Fig. S13(b)). Fig. S13(a) lists the 

crystallographic parameters of the P1 structure derived from matching HAADF images from 2Hd 

regions. The structure represents a change of flat atomic layers of 2H to corrugated ones with a 

shift of atoms along the c-direction, but without changing the -AbA- stacking sequence. Analysis 

of the structural models of 1T', Td and P1 shows many similarities not only in diffraction patterns, 

but also in structural projections. With this proposed 2H  2Hd  1T'/Td transition model in 

mind, we suggest that the 2Hd filament is a transient state representing an incomplete process of 

switching from 2H to 1T'/Td phase structurally and electronically. Therefore, the distorted 2Hd 

region can be interpreted as a transient state, with atoms displaced from 2H toward one of the 

lower symmetry structures, with the presence of local 1T'- or Td-type regions. With a sufficient 

fraction of such regions in the filament and their inter-connectivity, the electrically conductive 

pathways, comparable with characteristics of 1T' and Td phases, become possible. 

Section S10: DFT modeling of 2H, 1T, and 2Hd structures 

To explore the energetics and relative stability of the 2Hd transient state, ab initio calculations 

were conducted to evaluate total structural energies for fully relaxed 2H, 1T', and 2Hd structures. 

The Vienna ab initio simulation program (VASP, version 5.4.4)9-12 was used for all density-
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functional theory (DFT) calculations, with projector augmented waves (PAW) and a generalized 

gradient approximation (GGA) for exchange energies. Electronic degrees of freedom were 

optimized with a conjugate gradient algorithm. Valence electron configurations were: Mopv: 

4p5s4d; Te: 5s25p4.  Van der Waals interactions were accounted for by the non-local correlation 

functional of Klimes et al.13 An 800 eV cutoff-energy was used in the "high precision" option, 

which converges absolute energies to within a few meV per MoTe2 formula-unit.  

As it can be seen from Table S1, 2H is the ground-state for MoTe2 in its bulk state, while the 

formation energies for 1T' and 2Hd
relaxed structures are positive (where 2Hd

relaxed is a product of 

relaxation from the 2Hd state). Since we are focusing on a transient 2H to 1T' state, additional 

linear-response calculations were conducted to estimate the response of the 2Hd
relaxed structure to 

energy perturbations. The calculations show that the 2Hd structure is mechanically unstable and 

that its structural relaxation leads to a 2Hd
relaxed state, which is very similar to 2H but of lower 

P1 symmetry (see Fig. S14), as determined with the FINDSYM program14. Note that since the 

formation energy of 2Hd
relaxed structure is within the DFT error from that of 2H, a clear conclusion 

about the stability of the 2Hd
relaxed state cannot be drawn. Moreover, we notice that boundaries 

between different structures as observed in the experiment (see Figs. 3(d), 4(a) and (b)) that can 

be expected to drastically impact the energy landscape for the various structures in MoTe2 are 

not captured in this DFT simulation. Thus, to unambiguously verify the observed 2Hd structure 

theoretically, a comprehensive multiscale modeling that includes external fields, i.e., electrical, 

thermal and stress-related, will be beneficial to shed more light on the (meta)stability of the 2Hd 

structure and reversibility of 2H  2Hd transition in MoTe2 layers. 

Table S1. DFT-calculated total energies and lattice parameters for fully relaxed 2H, 1T and 2Hd  

                       structures in the absence of electrical field 

Structure U (eV per MoTe2 formula), 
relative to 2H structure 

Space group Lattice constants (nm) 

2H 0 P63/mmc a=0.3573, b=0.3573, c=1.4268 

=90, =90, =120 

1T' 0.029 P21/m a=0.6402, b=0.3540, c=1.3964 

=90, =93.74, =90 

2Hd (input to DFT) - P1 a=0.7038, b=0.3519, c=1.3964  

=90, =90, =120 

2Hd
relaxed 0.013 P1 a=0.6223, b=0.3561, c=1.4499 

=89.99, =89.02, =90 

 

Section S11: LRS of MoTe2 based RRAM devices  

In our work, we observe a wide span of LRS values due to different compliance settings, 

scanning conditions, and different devices surface conditions. Fig. S15 is a zoom-in image of 

linear scale I-V curves of many vertical MoTe2 RRAM devices. It is apparent that the LRS in the 
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black dotted measurement is much more linear than for other devices – this device was 

confirmed to be in its Td phase using STEM.   

Section S12: Temperature stability of 2Hd structure 

In order to test the high temperature retention properties of the 2Hd structure, devices were set to 

their LRS, and annealed and read at 400 K. An exemplary result is shown in Fig. S16 (a). 6 

devices were monitored - none of them showed a change of resistance when annealed at 400 K 

for 24 h, indicating the 2Hd structure is stable at 400 K. Next, these devices were annealed at 523 

K (250 ºC) (Fig. S16(b)), and re-measured at room temperature. After 8 h of annealing, 3 out of 

6 devices dropped back to their HRS, which indicates that the 2Hd is not stable at these elevated 

temperatures. 

Section S13: Al2O3/MoTe2 based RRAM  

Fig. S17 shows I-V characteristics of a Ti/Au-Al2O3-Ti/Ni stack. Al2O3 is one of the early 

materials that was investigated for RRAM applications. However, for our film even repeated 

voltage sweeps did not result into any filament formation. Al2O3 layers underwent a destructive 

breakdown at voltages in the 1.35 V range.  

Section S14: C-AFM exploration of the switching mechanism in MoTe2 RRAM 

Since the top electrode in our RRAM design prevents a locally resolved scan of the currents 

through a MoTe2 flake after formation when employing a C-AFM (Veeco Dimension 3100 AFM) 

measurement, the top electrode had to be carefully removed prior to any further characterization. 

To do so, we used PMMA as etch mask to define the etching area and Nickel etchant TFB to 

etch away the top Ni contact and BOE to remove the Ti layer to access the TMD. We carefully 

checked that this etching approach did not harm the TMD and did not result in any additional 

features during the C-AFM measurements that would be unrelated to the forming process. 
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Fig. S1. Typical I-V curves of a vertical MoTe2 RRAM showing the forming process. (a) 

RRAM forming for a 10 nm thick flake including first set and reset. (b) Multiple sweeps after 

forming had occurred for a 15 nm flake. Note the rather narrow “band” of set voltages. Current 

compliance is set to 400 A for both cases.  

 

Fig. S2. Current compliance setting effect on RRAM performance and its stability. (a) DC 

switching characteristic for a 7 nm thick MoTe2 flake for different current compliances. (b) 

shows read disturb measurements for the same RRAM device at 0.5 V with the current 

compliance set to 800 A. 
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Fig. S3. Impact of the choice of metal electrodes on the RRAM behavior. (a) The intrinsic 

and RRAM curves of a vertical MoTe2 device with Ni as top contact. The Au bottom pad is the 

source in these measurements. (b) The intrinsic and RRAM curves of a vertical graphene-

MoTe2-graphene device. The top graphene layer acts as the source in these measurements. (c) A 

schematic and optical images of a graphene-MoTe2-graphene device. Note that the bottom 

graphene is located on a Au pad and that the top graphene layer is capped by a Ti/Ni electrode to 

ensure true vertical transport. 
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Fig. S4. EDS line-scan analysis on a device in its low resistive state (LRS) after repeatedly 

cycling the device from the HRS to the LRS. (a) HAADF-STEM image showing a filament 

and the line-scan positions in an active region. (b) Line-scan close to the filament. (c) Line-scan 

in the filament. (d) Reference line-scan from a non-active region. (e) Line-scan across the 

filament showing no evidence of Ti or Au presence in the MoTe2 layer. Blue lines showing the 

interfaces of the Ti/MoTe2 and MoTe2/Au layers. The red arrows and numbers indicate the 

positions where individual single pixel raw EDS spectra were extracted for figures (f-h), 

respectively.  
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Fig. S5. Bipolar RRAM behavior in MoTe2 devices. Multiple scans on a MoTe2 based RRAM 

device plotted (a) on a logarithmic and (b) on a linear scale. 

 

Fig. S6. I-V curve of a 8 nm MoTe2 device with a set voltage of 1.0±0.1 V. 
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Fig. S7. Transfer characteristic of a Mo0.96W0.04Te2 back-gated device. 

 

 

VDS=0.2, 0.5V 
tox=90 nm 
Mo0.96W0.04Te2 
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Fig. S8. STM and STS analysis. (a) STM image (filtered) of the pristine MoTe2 surface. (b) 

STM image (filtered) of a portion of the surface region in (a) after a voltage of -3 V was applied 

to a contact underneath the TMD relative to the STM tip. The zoom-in image indicates that the 

position of Te atoms has changed after voltage application. The Te rows in the voltage modified 

region are rotated ~3° relative to the atomic rows in the pristine part. However, the C3 symmetry 

of the atomic lattice is still clearly visible (green circles for pristine part and red circles for 

modified area). All images were recorded at tunneling currents of 2 nA and a bias voltage of -0.9 

V. (c) shows I-V characteristics obtained by STS measurements corresponding to locations 1 

through 4 in (b). (d) shows the corresponding dI/dV spectra with the blue band indicating the 

position of the valance band edge and the orange band indicating the position of the conduction 

band edge for the pristine MoTe2 in agreement with the I-V characteristics of locations 3 and 4. 

Note that 1 and 2 suggest the absence of a bandgap (or existence of a very small gap) after 

voltage application. 

 

Fig. S9. STM analysis with different voltage polarity. (a) STM image of a MoTe2 surface after 

applying -3V. (b) STM image of the same MoTe2 surface in (a) after +3V scanning. 
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Fig. S10. STEM measurement and analysis on MoTe2 device. (a) Bright-field TEM image 

showing the cross-section of a MoTe2 device with ‘Area 1’ denoting the electrically non-active 

region and ‘Area 2’ denoting the electrically cycled active region. (b, d, e, f) images were taken 

from Area 2. (c) Nano-beam diffraction pattern taken along the [110]2H zone-axis from (e,f) area. 

(d) Atomic resolution HAADF image showing the typical undisturbed 2H structure of the MoTe2 

crystal along the [110]2H zone-axis, also showing the atomic contact at the interface of MoTe2 

and the bottom Au-electrode. (e, f) HAADF images showing the details of the distorted 2Hd 

structure. Black and white circles denote the recognizable Te-sites and Mo-sites respectively. 

Black round dot and square dot lines illustrating the atomic shift in the neighboring layers along 

the view direction. 

 

Fig. S11. HAADF image shows a distorted structure (2Hd) and 2H phase in the filament for 

a MoTe2 device in HRS. 
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Fig. S12. Simulated electron diffraction patterns of 2H, 1T and Td phases. Simulated 

electron diffraction patterns of 2H phase in (a) [110] zone-axis and (b) [120] zone-axis, together 

with the patterns of their corresponding variants of 1T and Td phases. Note that 2-out-of-3 
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patterns of the variants of 1T and Td depicted in (a) show similarity with that of 2H in [110] 

zone-axis, unlike the [120] zone-axis case depicted in (b).  

 

Fig. S13. P1 model. (a) Crystallographic parameters of the proposed 2Hd structure derived from 

matching HAADF images from 2Hd regions, together with detailed projection of the atomic 

model. The structure represents a change of flat atomic layers of 2H to corrugated, with shift of 
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atoms along the c-direction, but without changing the -AbA- stacking sequence. (b) Simulated 

diffraction patterns showing 2/3 of the variants of 2Hd have similar patterns as that of 2H both in 

[110]2H and [120]2H zone-axes. 

 

 

Fig. S14. Comparison of the projections of the atomic models of 2H and relaxed 2Hd 

structure calculated by DFT. The corresponding top-views and side-views show that the 

relaxed 2Hd structure is very similar to 2H structure. 
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Fig. S15. Linear scale I-V curves of vertical MoTe2 RRAM devices after forming. 

 

 

Fig. S16. Temperature stability of the LRS. (a) Read pulse test for one exemplary MoTe2 

based RRAM device annealed at 400K for 24h. (b) Read pulse test for one exemplary MoTe2 

based RRAM device annealed at 523K. The LRS (2Hd structure) for this particular device 

changed back into its HRS (2H phase) after 8h. 

 

Td phase is found 

in this device. 
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.  

Fig. S17. I-V curve of a metal-Al2O3-metal device with an area of 330nm x 400nm. Note that 

the Al2O3 film breaks down at about 1.35 V. 
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