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hundred with diverse properties in terms 
of their composition, bandgap, mobility, 
strain limit, etc.[4] The semiconductor 
industry can considerably benefit from 
the broad platform provided by the port-
folio of 2D materials to advance electron 
devices, especially memory devices that is 
currently the technology driver.

In this context, non-volatile resistive 
switching (NVRS) device, also known col-
loquially as memristor[5] or atomristor[6] in 
atomically thin material, is an emerging 
memory device where the device resist-
ance can be modulated between a high 
resistance state (HRS) and a low resist-
ance state (LRS) via an electrical field. 
This phenomenon has been observed in 
various multilayer 2D materials, including 
graphene oxide,[7] functionalized or partly 
oxidized TMDs,[8,9] and degraded black 
phosphorus (BP).[10] In 2015, monolayer 
MoS2 was shown to feature NVRS in a 

lateral device structure.[11] Though lateral structures can offer 
an additional terminal for field-effect control, they, unfortu-
nately lack the integration density achievable with two-terminal 
vertical memory devices. Moreover, the gap between two lat-
eral electrodes flanking the MoS2 flake has been on the order 
of micrometer and thus a high switching voltage (≈20–100  V) 
was needed. In contrast, it is the conventional thinking in 

Non-volatile resistive switching (NVRS) is a widely available effect in 

transitional metal oxides, colloquially known as memristors, and of broad 

interest for memory technology and neuromorphic computing. Until recently, 

NVRS was not known in other transitional metal dichalcogenides (TMDs), an 

important material class owing to their atomic thinness enabling the ultimate 

dimensional scaling. Here, various monolayer or few-layer 2D materials are 

presented in the conventional vertical structure that exhibit NVRS, including 

TMDs (MX2, M = transitional metal, e.g., Mo, W, Re, Sn, or Pt; X = chalcogen, 

e.g., S, Se, or Te), TMD heterostructure (WS2/MoS2), and an atomically thin 

insulator (h-BN). These results indicate the universality of the phenomenon 

in 2D non-conductive materials, and feature low switching voltage, large ON/

OFF ratio, and forming-free characteristic. A dissociation–diffusion–adsorption 

model is proposed, attributing the enhanced conductance to metal atoms/

ions adsorption into intrinsic vacancies, a conductive-point mechanism 

supported by first-principle calculations and scanning tunneling microscopy 

characterizations. The results motivate further research in the understanding 

and applications of defects in 2D materials.

2D materials have attracted much attention in the last decade 
due to their remarkable electronic, optical, mechanical, and 
thermal properties.[1–3] After graphene was systematically iden-
tified and elucidated in 2004, more and more 2D materials have 
been re-discovered and investigated, including transition metal 
dichalcogenides (TMDs) and hexagonal boron nitride (h-BN).[1] 
Now the collection of 2D materials has expanded to several 
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metal oxides that resistance switching cannot scale below a few 
nanometers because of excessive leakage.[5,12] Owing to the sim-
ilar consideration of tunneling or leakage currents that may pass 
through the atomically thin barrier, monolayer 2D  materials 
were not expected to exhibit NVRS in the industrially popular 
metal/active material/metal vertical structure. Even in recent 
publications about novel 2D materials based vertical structure 
memristors, most of the reports have been on multilayer[13] or 
even thick materials.[14] Fortunately, that contemporary view was 
overturned by our first demonstration of NVRS in monolayer 
MoS2 and h-BN sandwiched between two metal electrodes, sub-
stantially reducing the interelectrode distance to sub-nanome-
ters, and resulting in the thinnest memory cells with smaller 
switching voltages (0.5–3 V) and higher density prospects.[6,15,16] 
In this paper, we expand the collection of 2D  atomic sheets 
showing NVRS to a dozen materials, indicating its potential 
universality in ultrathin non-metallic 2D materials. Moreover, 
we propose the dissociation–diffusion–adsorption (DDA) model 
to describe the common mechanism behind bipolar NVRS in 
2D crystalline monolayers, a model supported by density func-
tional theory (DFT) calculations showing favorable adsorption 
of metal atom/ion into native defects (e.g., sulfur vacancy in 
MoS2). Our work elucidates a broad library consisting of var-
ious 2D atomic sheets with different electronic, thermal, and 
mechanical properties for applications including high-density 
memory, neuromorphic computing, flexible nanoelectronics, 
and radio-frequency (RF) switches.[6,17–19]

In this work, a dozen 2D materials were investigated for non-
volatile resistive switching, including transition metal sulfides 
(MS2, M = Mo, W, Re, Sn), transition metal selenides (MSe2, 
M = Mo, W, Re, Sn, Pt), a transition metal telluride (MoTe2), a 
TMD heterostructure (WS2/MoS2), and an insulator (h-BN), as  
shown in Figure 1a–c. Transition metal sulfides, selenides, 
and tellurides are the most common 2D TMDs to date. Here, 
we purposely pick these representative 2D TMDs, and h-BN 

corresponding to semiconductor and insulator materials, 
respectively.[1] These selected 2D materials can be readily grown 
as mono or few layers with unambiguous characterization of 
material quality and thickness. More 2D films are expected to 
be added to this library as material synthesis and transfer pro-
gresses. In addition, the van der Waals interlayer interaction 
enables the possibility to reassemble different 2D materials into 
vertically stacked heterostructure,[20] and resistive switching 
in a representative WS2/MoS2 heterostructure is also demon-
strated in this work. All different atomically thin 2D materials 
and their combination provide various building blocks with 
unique electrical, thermal, and optical properties for a large 
range of memory applications.[20] Crossbar devices (Figure 1d,e) 
were mainly employed to investigate the NVRS behavior with 
the stacking of Au (bottom electrode, BE)/2D material (active 
layer)/Au (top electrode, TE).[21] Au was initially chosen as a 
noble metal electrode to rule out potential memory effect from 
interfacial metallic oxides.[6] Subsequently, other common 
metals such as Cu, Ni, Ag, 1L graphene (at interface, device 
structure from top to bottom Au/1L graphene/MoS2/Au/
SiO2/Si)[6] have also been successful electrodes for observing 
the intrinsic NVRS in 2D materials.[6,15,19] The bottom elec-
trodes were prepared on Si/SiO2 substrate and then a specific 
2D material was subsequently transferred onto it, followed by 
the top electrode lithography and deposition. The device area, 
defined by the overlapped region between BE and TE, can be 
down to 0.1 × 0.1 um2.

All the 2D materials investigated here were obtained from 
collaborators or commercial vendors.[22–25] The majority of the 
2D materials in this work are monolayer films except for few-
layer SnS2, SnSe2, PtSe2, and MoTe2 owing to the difficulty in 
acquiring high-quality and air-stable monolayer counterparts. 
Raman spectroscopy (Figure  2) were performed to verify the 
layer thickness, crystal quality, and phases. As an example TMD 
material, MoS2 has two characteristic peaks, corresponding to 

Figure 1. Materials and device structures. a–c) Schematics for diverse 2D atomic sheets used as the active layer in memristors, including: a) TMD, 
b) h-BN, and c) TMD heterostructure. d) Schematic and e) optical image of metal–2D material–metal sandwich structure for crossbar devices, where 
2D materials are functioning as the insulating barrier.
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the in-plane vibrational E2g mode at 386 cm–1 and the out-of-
plane vibrational A1g mode at 405 cm–1. The frequency differ-
ence (≈19 cm–1) is in good agreement with that reported for 
monolayer characteristics of MoS2.[26] Raman measurements 
performed among different locations on MoS2 samples show 
nearly the same frequency difference between the two modes 
E2g and A1g, suggesting a uniform monolayer film. While the 
Raman spectrum of MoTe2 can help identify the thickness as 
well as the phase. The modes observed in our MoTe2 samples 
are A1g (176 cm–1), E1

2g (236 cm–1), and B1
2g (290 cm–1).[27] The 

B1
2g mode, which originates from the interlayer interactions in 

the 2D limit, is a signature of few-layer MoTe2, which is absent 

in monolayer or bulk samples. In addition, A1g and E1
2g modes 

are the fingerprint for 2H MoTe2 in contrast to 1T′ MoTe2.[28] All 
other Raman spectra are consistent with previous reports.[29–31] 
In addition, other characterizations using photoluminescence 
for MoS2, MoSe2, WS2, and WSe2, and atomic force microscopy 
(AFM) for MoTe2 are shown in Figures S1 and S2, Supporting 
Information, indicating high quality and uniformity, and offer 
complimentary validation of film thickness.

In order to observe NVRS memory effect, DC electrical 
measurement was first performed on MoS2-based memris-
tors. Figure 3 shows representative I–V switching curves for 
MoS2, starting from the HRS, and featuring low currents in 

Figure 2. Raman spectra for various 2D materials used as the active layer. Raman spectra of monolayer (1L) MoS2, WS2, MoSe2, WSe2, h-BN, and 
few-layer (FL) MoTe2 on Si/SiO2 substrate, 1L ReS2, ReSe2 and FL SnS2, SnSe2 on sapphire substrate, 1L WS2/MoS2 heterostructure on Au foil, and FL 
PtSe2 on Au film. Raman spectroscopy can be used to verify layer thickness, crystal quality, and phases of various 2D materials. A 532 nm laser was 
used for Raman studies.
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a fresh device. As the voltage sweeps to ≈1.75  V, the current 
abruptly increases to the compliance limit of 1 mA, which is 
commonly used to protect the device from hard breakdown.[5] 
This transition from HRS to LRS is the SET process. After-
ward, the device remains in the LRS until a sufficient negative 
bias is applied. As the voltage sweeps to ≈−1 V, the device is 
switched back from LRS to HRS (the RESET process). Fur-

thermore, to rule out any undesirable effect due to damage 
caused by e-beam deposition, we prepared devices with trans-
ferred top electrodes onto MoS2

[32] rather than direct deposition 
(Figure S3, Supporting Information). The devices with trans-
ferred TE also exhibit similar resistive switching behavior, 
indicating that the resistive switching is not originating from 
the damage by e-beam deposition.

Figure 3. Representative I–V switching curves for various 2D materials. Typical I–V curves of resistive switching behavior in crossbar devices for 1L 
MoS2, WS2, ReS2, MoSe2, WSe2, ReSe2, h-BN, and FL SnS2, SnSe2, MoTe2, and litho-free device for monolayer WS2/MoS2 heterostructure, and multilayer 
PtSe2. The y-axes are normalized as current density J. The device areas are 1 × 1 μm2 for MoS2, WS2, ReS2, SnS2, WSe2, ReSe2, SnSe2, MoTe2, and h-BN. 
10 × 10 μm2 device areas for MoSe2 and PtSe2, and 20 × 20 μm2 for WS2/MoS2 heterostructure.
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Inspired by the switching phenomenon in MoS2, we 
expanded to a larger collection of related materials in Figure 3. 
Interestingly, all the 2D materials investigated in our work 
exhibit resistive switching behavior with similar characteris-
tics in switching voltage, ON/OFF ratio, RESET current, etc. 
The differences of switching performance among various 2D 
materials may be obscured behind cycle-to-cycle and device-to-
device variations. For non-volatile resistive switching devices, 
variations are one of the major challenges due to the stochastic 
nature of the switching process.[33,34] Therefore, reducing vari-
ability for practical applications is an essential matter, which 
is expected to benefit from further advances in 2D material 
growth, device optimization, and testing protocol. Some miti-
gation strategies in material and interface engineering,[5,35] and 
programming optimization that can constrain the electrical 
variability[33] has proved to be effective for conventional transi-
tional metal oxide memories. These techniques are necessary 
follow-up studies in order to develop 2D materials for practical 
memory benchmarking and applications.

Moreover, 2D materials offer multiple advantages in terms 
of switching performance including relatively low SET and 
RESET voltages, which are desirable in terms of power con-
sumption. In addition, our devices do not require an electro-
forming process, which is necessary for most conventional 
transition metal oxide based memristors to create a soft-
breakdown filament.[5] The ON/OFF ratio (the ratio of resist-
ances at HRS and LRS) can reach up to 106 and multiple ON 
resistance states can be achieved under different compliance 
current,[6] highlighting its potential in multi-level memory 
cells and neuromorphic computing. Multiple references also 
support that 2D materials based memory devices have prom-
ising applications in neuromorphic computing.[13,19] Further-
more, our preliminary endurance test shows that ReSe2 based 
memristor, as an example, can operate over 240 manual 
cycling in ambient atmosphere (Figure S4, Supporting Infor-
mation). However, comprehensive reliability characteristics 
of 2D memory devices are still ongoing, and better perfor-
mance can be expected after the optimization of material, 
fabrication, and testing protocol. As an example of material 
optimization, it was found that partial introduction of oxygen 
into multilayer MoS2 substantially improved the endur-
ance to over a million cycles.[36] A comparison with other 
emerging 2D NVRS devices has been included in Table  S1, 
Supporting Information.

In order to elucidate the mechanism of non-volatile resis-
tive switching in 2D monolayers, we propose a dissociation-
diffusion-adsorption (DDA) model, illustrated in Figure 4a. 
In our device metrics, the symmetric electrodes choice (both 
TE and BE are gold in most cases) enables the formation of 
conductive point from either the top or bottom electrode.[12] 
The first step “dissociation” is based on the metal atom/ion  
dissociating from a cluster of metal atoms at the electrode–2D 
material interface. This process depends on the choice of metal 
electrode. Au electrodes, as a noble metal, were selected in this 
work to rule out any effect from interfacial metal oxidation to 
ensure that 2D materials play the essential role in the switching 
event. In addition, Au has relatively low atomization enthalpy 
(the amount of enthalpy change when a chemical substance’s 
bonds are broken and the component atoms are reduced to 

individual  atoms) among various transition metals and thus 
can serve as an appropriate electrode.[37] First-principle calcu-
lation results show that the dissociation energy required to 
move an Au atom sufficiently far from the bulk Au surface is 
3.80  eV. This dissociation step is a common prerequisite for 
conventional conductive-bridge memory that relies on the for-
mation of metal ions to create a conductive filament and has 
been investigated in previous reports,[38] so we will focus on the 
subsequent diffusion and adsorption steps.

After Au atom/ion dissociates from the electrode, it is 
either directly adsorbing (chemical bonding) into a vacancy 
when in close proximity (Case 1), or it first weakly bonds to 
the pristine region and then diffuses across the surface and 
finds a vacancy to fill and bond (Case 2). Both scenarios are 
illustrated schematically in Figure 4a. Case 1 is a simpler sce-
nario including only two steps “dissociation” and “adsorption” 
courtesy of the initial close proximity to a vacancy. In contrast, 
Case 2 involves all 3 steps and is expected to be more common 
because the adsorbed neutral Au atom (Au) or positively 
charged Au ion (Au+1) in the pristine region are energetically 
favorable compared to their isolated states as indicated by 
related calculations shown in Table S2, Supporting Informa-
tion. Benefitting from the simplicity of Case 1, we are able to 
conduct first-principle calculations for all 12 materials investi-
gated in this work. However, for the more probable Case 2, we 
focus on MoS2 as a prototypical monolayer in the TMD family, 
owing to the system complexity.

For the simpler scenario of Case 1, the dissociated Au is in 
an isolated state and tends to directly get adsorbed into the 
defect, resulting in an atomic-scale conductive point that causes 
switching from a high-resistance state to a low-resistance state. 
The most common defects for 2D materials are believed to 
be vacancies, for example, S vacancy in MoS2, Se vacancy in 
MoSe2, B vacancy in BN, etc.[39,40] According to our first-prin-
ciple calculations, there is no barrier energy for Au to move 
in and bind with the defect site, which is straightforward to 
understand since isolated Au is unstable and the system energy 
can decrease as Au moves toward a defect site. Figure  4b and 
Table S3, Supporting Information, shows the calculated adsorp-
tion energy of Au atom/ion into a vacancy site for various 
2D materials. The negative adsorption energy (the energy differ-
ence between final state and initial state) indicates that adsorp-
tion is energetically preferable and releases energy, whereas a 
positive value means that the adsorption requires extra energy. 
Our calculations on diverse 2D materials suggest a common 
trend that both Au+1 and Au are energetically favorable to be 
adsorbed into defects, resulting in a SET process. To be more 
specific, Au+1 is the most favorable candidate, then neutral 
Au, and finally, negatively charged Au ion (Au–1), which is the 
least energetically favorable for binding to the vacancy site.  
A primary reason for such a trend is that Au+1 is the most ener-
getically unstable in an isolated vacuum state thus releasing the 
most energy when covalently binding to a vacancy site, followed 
by the neutral Au atom and then Au–1.

With respect to the “diffusion” step in Case 2, Figure  4c 
shows the calculated diffusion pathway and barrier energies 
(the energy difference between transition state and initial state) 
of Au along MoS2 surface from the top of one S atom to the 
top of a neighboring S atom in the pristine region away from 
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any defect site. The detailed barrier energy values of the diffu-
sion step are presented in Table S4, Supporting Information. 
According to our first-principle calculations, the energy barrier 
for the Au atom/ion hopping from one S atom site to another 

is notably low (<0.1 eV), suggesting that Au atom/ion can easily 
move around the pristine region at room temperature. This is 
reasonable since the adsorption of Au atom/ion in the pristine 
region is weak, which makes them very mobile on the surface.

Figure 4. Calculated energy results and STM observations for dissociation–diffusion–adsorption (DDA) model. a) The schematics of different states in 
the DDA model. Case 1 (direct adsorption of Au in a vacancy) and Case 2 (Au first bonding to pristine region followed by diffusion across the surface 
for adsorption into a vacancy) are presented in black at the top and in blue at the bottom, respectively. b) The adsorption (or binding) energy of Au on 
a vacancy site for a dozen different 2D materials (Case 1). Inset: the schematic for adsorption step in Case 1 initially with isolated Au in a vacuum state. 
The energy difference between initial state and final state is the binding energy. c) Calculated diffusion pathway and barrier energy of the Au atom/ion 
from the top of one S atom to the top of a neighboring S atom in the pristine region of the MoS2 surface (Case 2). The barrier energy is the amount 
of energy that must be added to go from the energy level of the initial state to that of the transition state as shown by black, red, and blue arrows for 
Au, Au+1, and Au–1, respectively. The considerably low energy barriers for Au diffusion across the pristine surface indicates that Au can easily move 
around. d) Calculated adsorption pathway and barrier and binding energies of an Au atom/ion from the top of one S atom in the pristine region to 
the S vacancy site on the MoS2 surface (Case 2). The barrier energy and binding energy for Au+1 are indicated by red arrows. The relatively low barrier 
energy and large negative adsorption energy for Au/Au+1 indicates that both of them are favorable candidates for switching from both the kinetic and 
energetic viewpoints. Mo, S, and Au are shown in the color of magenta, yellow, and orange, respectively. The S vacancy on the surface is highlighted  
by the red dashed circle. e) STM image of monolayer MoS2 surface with multiple VS defects. A gold STM tip is placed on a defect location (marked with 
the arrow) and employed as a top electrode for an emulated device operation. f) An electric field (tip positive) causes dislocation of a gold atom from 
the STM tip. The gold atom (marked with the arrow) is absorbed at the VS defect site and stably remains in this site during a subsequent STM imaging. 
g) STM image of the same area after the gold atom is removed from the defect site (marked with the arrow) with a device emulation under a reversed 
electric field. In addition to the removal of the gold atom, some VS defects also diffuse during set-reset events. Scale bars:1 nm.
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Regarding the concluding “adsorption” step in Case 2, 
Au will eventually diffuse to the atom close to the defect site, 
and subsequently bind to it, since Au can easily move around 
the surface. Figure  4d and Table S5, Supporting Information, 
present the calculated energies for transition and final states 
during the adsorption step. The low energy barrier (≤0.18  eV) 
suggests that Au/Au+1 is able to adsorb from the pristine region 
to the vacancy site, especially at elevated temperatures due to 
the thermal heating from the increased electrical current. Fur-
thermore, this process releases a significant amount of energy 
(≥1.72 eV). The low energy barrier and large amount of energy 
released indicate that the adsorption of Au/Au+1 from the pris-
tine region to the vacancy site is favorable both kinetically and 
energetically. On the other hand, the reversed process, that is, 
the Au/Au+1 departing the vacancy site to the pristine region, 
has a much higher energy barrier (1.89 eV). This suggests that it 
is much more difficult for Au/Au+1 to desorb from the vacancy 
site. Therefore, Au/Au+1 can stably bind to the vacancy site, 
acting as a conducting channel for LRS. In the RESET process, 
a high current passes through the conductive point or channel, 
providing adequate energy to overcome the barrier and driving 
Au/Au+1 away from the defect site. In contrast, the Au–1 ion has 
the highest energy barrier and the smallest binding energy. 
Thus, the Au–1 ion is the least favorable option to participate 
in the memory switching from both the kinetic and energetic 
viewpoints and is not likely to play an important role in resis-
tive switching for the two scenarios discussed.

To experimentally support the dissociation–diffusion–adsorp-
tion model discussed above, we used a scanning tunneling 
microscope fitted with a gold tip. Scanning tunneling micros-
copy (STM) was initially used for atomic resolution imaging of 
the MoS2 surface to locate and identify the sulfur vacancy defects 
(Figure  4e). Imaging was followed by a controlled physical 
contact of the gold STM tip with the MoS2 surface and voltage 
sweeps to emulate a two-terminal vertical memory device oper-
ation. The STM image of the same location after a SET event 
shows a bright protrusion on the surface (Figure  4f). Stability 
of new defect under STM imaging shows that protrusion is not 
a diffusing atom. Instead, it is strongly bonded to surface and 
identified as a gold atom absorption at sulfur vacancy site.[41] A 
voltage sweep with opposite polarization can trigger a RESET 
event in which the gold atom is removed from the defect site 
(Figure  4g).  The differences in sharpness and contrast of the 
STM images before and after the set-reset sequence show that 
the tip apex has been modified owing to the dissociation of a gold 
atom from the STM tip. As an extensive STM measurement, we 
not only landed the STM tip on top of the sulfur vacancy, but 
also in a defect-free region. As shown in Figure S5, Supporting 
Information, compared to the I–V curves which resemble resis-
tive switching events observed at the defect locations, electrical 
measurements on defect-free regions reveal a tunneling-like 
I–V behavior with no switching phenomenon, supporting the 
essential role of defects (e.g., S vacancy) in a switching event.[41] 
To further elucidate the electronic nature of the defect before 
and after the switching event, the local density of states (LDOS) 
calculations (Figure S6, Supporting Information) show finite 
electronic states around the Fermi level after gold substitution 
in sulfur vacancy, indicating a metallic-like behavior near these 
gold absorption sites, which were initially insulating.

DDA model and related DFT calculations have a couple 
of imperfections. First, DFT calculation for benchmarking 
analysis is challenging. A number of variables, for example, 
defect density, defect category, Au states, electrical field, can 
be changed over a large range, making accurate prediction of 
NVRS in different materials computationally very expensive. 
But some insight can be learned from calculation results, for 
example, if a region contains very few defects, it is difficult for 
Au to find a defect site and stably bond to it (adsorption), and 
thus the adsorption may become the rate-limiting step. While 
for a defective region, adsorption becomes easy and other 
steps may take over the dominant role. Furthermore, although 
DDA model is established for monolayer resistive switching 
behavior from both theoretical and experimental perspectives, 
the physical mechanism for few-layer films is still not clear. 
Our hypothesis is based on conductive path through weak 
point(s)/region(s) in the thin film (e.g., grain boundary).[19] New 
methods and investigations are needed to fully understand the 
intriguing underlying physics in multilayer 2D-based devices.

In summary, we report non-volatile resistive switching 
behavior in various monolayer and few-layer 2D materials 
in TMDs, heterostructure and h-BN, alluding to a universal 
effect in 2D atomic sheets. A dissociation–diffusion–adsorption  
model is proposed, and detailed DFT calculations and STM 
observations are provided to support the model, which reveal 
that metal atom/ion adsorption into an individual vacancy 
can serve as a conductive point for NVRS. This is in contrast 
to transitional metal oxides where an extended conductive fila-
ment is required. The library of atomically thin 2D materials 
featuring non-volatile resistive switching can provide a prom-
ising platform for exploring the sub-nanometer scaling limit for 
emerging device concepts in non-volatile memory and neuro-
morphic computing. Our results motivate further research in 
defect and interface engineering, and the energetics and appli-
cations of defects in 2D materials.

Experimental Section

Material Source: A few 2D thin films were purchased from various 
companies, including MoS2, ReS2, and ReSe2 from Sixcarbon 
Technology. SnS2 and SnSe2 were obtained from 2D Semiconductors. 
Other materials were provided by the authors’ collaborators and details 
about the growth recipe can be found in previous publications.[22–25,42] 
Monolayer MoSe2, WS2, WSe2 samples were prepared at 500  °C for 
24 h by wafer-scale MOCVD.[23] PtSe2 layers (≈3 nm) were grown by the 
direct selenization of Pt seeds (0.5  nm) in a CVD furnace on Au thin 
film.[24] As for heterostructure MoS2/WS2 film on Au foil, after finishing 
the CVD growth of monolayer WS2, the WS2/Au sample was then 
transferred to another furnace for subsequent MoS2 CVD growth.[22] 
h-BN was synthesized by CVD on Ni foil using ammonia borane powder 
as precursor.[25] MoTe2 flakes (HQ Graphene) were exfoliated onto a 
(285 nm) SiO2/Si substrate using standard scotch tape technique.

Device Fabrication: Most materials were investigated using the crossbar 
device structure. For crossbar devices, BE were patterned by e-beam 
lithography and then deposited by e-beam evaporator (Cr 2 nm/Au 80 nm). 
Then 2D thin films were transferred on BE using either poly(dimethylsiloxane)  
(PDMS) stamp transfer[43] (used for MoS2, WS2, MoSe2, WSe2, ReS2, 
ReSe2, SnS2, MoTe2) or poly (methylmethacrylate) (PMMA) etching 
transfer[44] (used for h-BN and SnSe2). For determining the appropriate 
transfer method for different 2D materials, the key consideration was 
based on the hydrophilic nature of the growth substrate. This was 
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because hydrophilic substrate was a prerequisite for PDMS transfer. In a 
PDMS stamp transfer process, 2D  materials were in conformal contact 
with PDMS and then the whole system PDMS/2D layer was soaked in 
deionized water for about 30 min. Some growth substrates used in the 
study are hydrophilic, for example, SiO2 and mica. For those substrates, 
water could diffuse into the interface between the growth substrate and 
2D material with the subsequent release of the latter in what was known 
as water-assisted transfer. The PDMS/2D material stamp was aligned on 
to BE and then heated the whole system up to 90 degree for lifting PDMS 
and leaving 2D materials on substrate. For h-BN on Ni foil and SnSe2 on 
sapphire, PMMA etching transfer was preferred. An ≈200  nm thick layer 
of supporting polymer PMMA was spin-coated and baked on a hotplate 
at 150  °C for 5  min. The PMMA/h-BN/Ni (or PMMA/SnSn2/sapphire) 
stack was then immersed into etchant (NH4)2S2O8 (or NaOH) to etch the 
growth substrate. After triple-rinsing with deionized water, the sheet can be 
transferred onto the final substrate with prefabricated BE. After the transfer, 
the sample was left to dry out for 12  h at room temperature, followed 
by annealing at 150 °C for 10 min. The devices were then left for 24 h in 
acetone to remove the protective PMMA layer. All transferred samples 
were annealed in ultrahigh vacuum (UHV) at 300 °C for 2 h to remove any 
possible polymer residue. After transfer, TE were patterned and deposited 
using the same process as BE.

Compared to the crossbar device, which requires transfer and 
lithography, two materials—heterostructure (MoS2/WS2) and PtSe2, 
were prepared using litho-free and transfer-free process, because 
they are grown on conductive substrate (Au) that could be directly 
employed as a global BE. And thus, no transfer was needed and TE were 
deposited through a shadow mask without any lithography. Figure S7a,b, 
Supporting Information, presents the schematic and optical image of 
litho-free and transfer-free device. Compared with crossbar devices, 
transfer-free devices had exactly the same stacking—Au/2D  material/
Au, but was realized using a simpler process with lower risk of 
polymer contamination at the expense of a relatively larger device area 
(>100  um2). The I–V switching curves based on MoS2 using litho-free 
and transfer-free device, and crossbar device are shown in Figure  S7c, 
Supporting Information, and Figure  3, respectively. The favorable 
comparison of the same material with different device structures 
indicated that the switching phenomenon was intrinsic regardless of 
differences in process flow.

Characterization: The DC characteristics of the devices were taken on 
a Cascade probe station with an Agilent 4156 semiconductor parameter 
analyzer under ambient conditions. Raman and photoluminescence were 
performed on a Renishaw in-Via system using a 532 nm laser source.

STM measurements were carried on monolayer MoS2 flakes 
mechanically exfoliated on a gold film. Samples were annealed up to 
400  °C to increase sulfur vacancy density. STM imaging and device 
emulation experiments were performed with gold STM tips. To ensure 
a stable mechanical and electrical contact during the device emulations, 
the gold STM tip was first fixed on the surface using a stabilization 
voltage within the bandgap of MoS2 than the tip was further approached 
to the surface for 2–4 Å.

Theoretical Calculations: Plane-wave density functional theory (DFT) 
software VASP[45] was utilized for first-principle calculations. The 
projector-augmented-wave (PAW) pseudopotentials were used for 
electron–ion interactions, and the generalized gradient approximation 
(GGA) in the flavor of the Perdew–Burke–Ernzerhof (PBE) functional[46] 
was adopted for the exchange-correlation interactions. For various 2D 
monolayer materials, including MoS2, MoSe2, MoTe2, WS2, WSe2, ReS2, 
ReSe2, SnS2, SnSe2, PtSe2, and BN, they were modeled by a periodic slab 
geometry with a vacuum separation of 21 Å in the out-of-plane direction. 
Similar setting was used to simulate the vertical heterostructure 
WS2/MoS2. Monolayer 2D materials were used because the Au 
interaction with the surface and defect site is only localized on the top 
layer. For the unit cell, all atoms were relaxed until the residual forces 
were below 0.01 eV Å−1 and in-plane lattice constants were also optimized 
using the option of ISIF = 4 with the cutoff energy set at 400 eV. Different 
2D materials had different lattice constants, and therefore different 
k-point samplings were used accordingly: 24 × 24 × 1 for MoS2, MoSe2, 

MoTe2, WS2, WSe2, SnS2, SnSe2, PtSe2, and WS2/MoS2; 12 ×  12 ×  1 for 
ReS2 and ReSe2; 30 ×  30 ×  1 for BN. Based on the optimized unit cell, 
a supercell structure was subsequently built to model the interaction 
between the surface and Au. The supercell size was also different 
depending on the 2D material’s unit cell size: 5  ×  5  ×  1 supercell for 
MoS2, MoSe2, MoTe2, WS2, WSe2, SnS2, SnSe2, PtSe2, and WS2/
MoS2; 3  ×  3  ×  1 supercell for ReS2 and ReSe2; 7  ×  7  ×  1 supercell for 
BN. To simulate the interaction between the Au and a vacancy on the 
2D  material surface, a chalcogenide atom (S, Se, or Te) was removed 
from the TMDs supercell structure, while a boron atom was removed 
from the BN supercell structure. For all supercell systems, the k-point 
sampling was chosen as 4  ×  4  ×  1, and all atoms were relaxed until 
the residual forces were below 0.01  eV Å−1. Finally, to calculate barrier 
energies for Au diffusion on the surface and around the vacancy site, the 
nudged elastic band (NEB) method was used. Four intermediate images 
along the reaction path were created for the NEB optimization (force 
criterion is 0.05 eV Å−1) to find the transition state and the barrier energy.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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