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Non-volatile resistive switching, also known as memristor1 
effect, where an electric field switches the resistance states 
of a two-terminal device, has emerged as an important con-
cept in the development of high-density information storage, 
computing and reconfigurable systems2–9. The past decade 
has witnessed substantial advances in non-volatile resistive 
switching materials such as metal oxides and solid electro-
lytes. It was long believed that leakage currents would prevent 
the observation of this phenomenon for nanometre-thin insu-
lating layers. However, the recent discovery of non-volatile 
resistive switching in two-dimensional monolayers of transi-
tion metal dichalcogenide10,11 and hexagonal boron nitride12 
sandwich structures (also known as atomristors) has refuted 
this belief and added a new materials dimension owing to the 
benefits of size scaling10,13. Here we elucidate the origin of 
the switching mechanism in atomic sheets using monolayer 
MoS2 as a model system. Atomistic imaging and spectroscopy 
reveal that metal substitution into a sulfur vacancy results in 
a non-volatile change in the resistance, which is corroborated 
by computational studies of defect structures and electronic 
states. These findings provide an atomistic understanding of 
non-volatile switching and open a new direction in precision 
defect engineering, down to a single defect, towards achiev-
ing the smallest memristor for applications in ultra-dense 
memory, neuromorphic computing and radio-frequency com-
munication systems2,3,11.

With a combination of scanning tunnelling microscopy/scan-
ning tunnelling spectroscopy (STM/STS) and local transport stud-
ies, we observe that the sulfur vacancy, which is the predominant 
defect in MoS2 monolayers, does not serve as a low-resistance path 
in its native form, in stark contrast to the effect of oxygen vacancies 
in a metal-oxide memory. However, metal ions, such as gold ions, 
migrating from the bottom or top electrodes can be substituted into 
the sulfur vacancy, resulting in a conducting local density of states 
(LDOS), which drives the atomic sheet to a low resistive state. After 
the removal of the gold atom under a reverse electric field, defects 
recover their initial vacancy structure and the system returns to a 
high resistive state. This conductive-point switching mechanism 
resembles the formation of a conductive bridge memory14 at an 
atomic level. However, it is fundamentally different and unique as 
a single metal ion fills a single vacancy site in a crystalline lattice 
rather than forming a metal bridge through a highly disordered 
material. We found that the sulfur vacancies are stable at a 2 nm 
pitch, resulting in a memristor density of approximately 1 unit per 

4 nm2 (25 Tbit cm−2) with a cross-section of ~1 nm2 for an individual 
defect. Furthermore, with the precise control of defects and substi-
tution metal, the performance parameters, such as speed, energy, 
retention and endurance, can be tailored and new functionalities 
vis-à-vis a magnetic metal or reactive metal can be conferred.

MoS2 monolayers were prepared by exfoliation onto freshly 
deposited gold surfaces using a previously described gold-assisted 
mechanical exfoliation technique15 that yields large-area mono-
layers (Fig. 1a). The gold underlayer served both as a conductive 
substrate for STM investigations and as a bottom electrode for 
in  situ transport studies. Large-scale STM images (Fig. 1b and 
Supplementary Fig. 1) show continuous MoS2 monolayers that 
seamlessly cover the terraces and step edges of the underlying gold 
surface. Raman and photoluminescence (PL) spectra of the MoS2 
flakes are consistent with the characteristics of monolayer MoS2, as 
shown in Fig. 1c,d, respectively15. In these spectra, the broadening 
of the PL peak can be ascribed to the variations in the local strain 
caused by the relative crystal orientation of the underlying gold sur-
face and MoS2 monolayer15,16 and variations in the interface between 
the two. Furthermore, the PL signal is dominated by regions with 
weak Au–MoS2 interaction as the signal is quenched in the regions 
with a strong interaction.

All the exfoliated films were annealed at 250 °C for several hours 
in ultrahigh vacuum conditions before the initial STM investiga-
tions. These mildly annealed samples exhibit a hexagonal lattice of 
0.32 ± 0.02 nm periodicity of atomically clean MoS2 surface with a 
very low native defect density (Fig. 2a). However, after annealing 
the samples at 400 °C, a large number of defects (of the order of 
1013 cm−2) centred around the sulfur atom positions are observed 
(Fig. 2b). The dominant defects have been identified as sulfur mon-
ovacancies17,18 (VS), which are known to be the most common in 
both exfoliated and synthesized MoS2 monolayers19 due to their low 
formation energy.

STS measurements on the defect-free regions (Fig. 2c and 
Supplementary Fig. 2) show a bandgap of ~1.4 eV, which is consid-
erably lower than the optical bandgap (~1.8 eV) of monolayer MoS2 
and the bandgap values obtained from the STS measurements of the 
MoS2 monolayer on highly oriented pyrolitic graphite20. This reduc-
tion in the bandgap has been previously observed and attributed to 
charge transfer from the gold substrate21,22. While the VS defects are 
expected to introduce in-gap states17, STS measurements with stabi-
lization voltages outside the bandgap do not reveal the in-gap states 
and do not show a clear bandgap difference between the defect-free 
regions and defect locations. However, the STS spectra taken with 
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stabilization voltages within the bandgap (Vsample = −1.0 V) enable 
the observation of in-gap states (Supplementary Fig. 3a). When a 
smaller stabilization voltage (Vsample = −0.5 V) is used, the tunnel-
ling principally occurs between the tip and the gold substrate, and 
the electronic states of the gold surface can be identified23,24. In this 
case, the STS spectra measured at the defect-free regions and near 
the defects become identical again (Supplementary Fig. 3b). These 
measurements reveal that VS defects do not enhance the tunnelling 
current through the MoS2 monolayers or act like conductive fila-
ments in their original configuration.

Conventional STS measurements provide useful transport infor-
mation through atomically thin layers. However, the current den-
sity is limited due to the high tunnelling resistance of the vacuum 
gap between the STM tip and the sample surface, which may hinder 
the physical processes that normally occur in vertical metal–insula-
tor–metal (MIM) devices. To better replicate the MIM device struc-
ture and investigate the non-volatile resistive switching effect at the 
atomic scale, we employed a gold STM tip as the top electrode for 
transport measurements. The STM tip was fixed on the surface with 
a stabilization voltage within the bandgap and was further moved 
towards the MoS2 surface for 2–4 Å to form a stable physical contact. 
Then, d.c. electrical measurements were performed on this device 
configuration by sweeping the tip bias.

Transport measurements on the defect-free regions reveal a 
tunnelling-like current–voltage (I–V) behaviour for low bias volt-
ages (Fig. 2d). The I–V curves are asymmetric around the zero bias 
as a result of the two different contact geometries of the bottom 
and top electrodes (flat gold film versus sharp gold STM tip). Using 
the same tip and repeating the transport measurements around the 
defect sites reveal unipolar diode-like behaviour with suppressed 
charge transport for positive tip biases (Fig. 2e), possibly due to 
charge accumulation25 or tip-induced modification of the band 

structure26 around the defect sites. With further tip approaches, the 
I–V curves become more symmetric for both defect-free regions 
and at the defect positions (Supplementary Fig. 4), suggesting a flat-
ter and larger contact between the STM tip and MoS2 surface cover-
ing the pristine regions around the defects. STM imaging after these 
transport measurements do not present any visible modification of 
the MoS2 surface, confirming the generally non-invasive character 
of the low-bias transport measurements with gold STM tips.

While most transport measurements do not alter the MoS2 
surface and return I–V curves similar to those shown in Fig. 2d,e, 
occasionally, I–V curves that resemble resistive switching events 
between a high resistance value of 2.5 GΩ and a low resistance value 
of 110 MΩ can be observed at the defect location (Fig. 2f). Although 
it is enticing to associate these events to the modifications of the tip 
apex, we note that such resistive switching events have never been 
observed on defect-free MoS2 regions, directly establishing a con-
nection between the sulfur vacancy defects and switching events. 
STM images before and after such switching events (Supplementary 
Fig. 5) indicate that the switching events can initiate the formation 
of new defects and modifications on the terrace structure of the  
gold substrate.

In addition, STM investigations reveal a second type of defect, 
which presents triangular symmetry (Fig. 3a) with darker contrast 
than the nearby VS defects and are recognized as a sulfur diva-
cancy27 (VS2), the second most common defect in exfoliated MoS2 
monolayers with a VS:VS2 defect ratio of ~10:1 (ref. 28). Similar to VS 
defects, STS measurements on the VS2 defect sites show a bandgap 
virtually identical to those of defect-free regions, as shown in Fig. 
3f. When the transport measurements described above are repeated 
on the VS2 defect sites, a switching behaviour (a ‘set’ event from high 
to low resistance state) can be triggered at a tip bias of ~1.8 V, where 
a discontinuity is observed in the I–V curves (Fig. 3b). After the  
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Fig. 1 | Material characterization. a, Optical image of exfoliated large-area monolayer MoS2 flakes on a gold thin film. Scale bar, 100 µm. Inset: schematic 
of the structure. b, STM image showing large, defect-free MoS2 monolayers covering the terrace and step edges of the underlying gold film. Scale bar, 2 
nm. c, Raman spectra of monolayer MoS2 flakes, showing the main in-plane (E12g

I
) and out-of-plane (A1g) vibrational modes. d, PL spectrum.
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current reaches the compliance limit (330 nA), the bias is decreased, 
and hysteresis is observed in the I–V curves. STM images taken 
at the same location after the switching event show that the dark 
spot is replaced by a bright protrusion of ~0.5 Å height (Fig. 3c and 
Supplementary Fig. 6). The stability and height of the bright spot 
indicate that the vacancy defect has been occupied by a substitu-
ent atom. STS measurements at the bright spot show a non-zero 
density of states at the Fermi level, revealing the metallic charac-
teristics of the defect site (Fig. 3f). Furthermore, the transport data 
at low bias voltages indicate that the zero-bias resistance decreases 
from 225 to 50 MΩ. While the measured on/off ratio is relatively 
small compared with larger micrometre devices10, it should be 
noted that the resistance of the atomic-scale contact between the 
STM tip and the defect site, that is, the contact resistance, probably 
plays a role in diminishing the intrinsic on/off ratio. Nevertheless, 
for practical consideration, there are additional degrees of freedom 
available for device engineering to improve the on/off ratio, such as 
the choice of metal electrode and the use of higher bandgap mono-
layers (for example, WS2 (ref. 10) or hexagonal boron nitride (ref. 
12)). First-principles calculation based on the density functional 
theory for Au–MoS2–Au atomistic models and non-equilibrium 
Green’s function for transport reveal that gold-ion adsorption into 
a staggered divacancy results in a noticeable change in the current 
(Supplementary Fig. 7), which is consistent with the experimental 
observations. Subsequent transport measurements with an oppo-
site tip bias trigger a second resistive switching event from low to 
high resistance (the ‘reset’ event) at the same defect site where the 
resistance sharply increases at a tip bias of approximately −1.1 V 

(Fig. 3d). Subsequent STM imaging data at the same location show 
that the defect returns to its original vacancy state after the reset 
event (Fig. 3e).

To elucidate the nature of the defect before and after the switch-
ing event, we compared the measured STM dI/dV spectra with the 
calculated LDOS for an agglomerated VS2 vacancy on the opposite 
sides of the MoS2 monolayer and with defect structures where the 
top sulfur vacancy of the VS2 complex is substituted with the gold 
atom. The simulated STM images (Fig. 4) qualitatively match the 
experimental STM images with the VS2 defects, presenting a much 
higher contrast than VS, and gold substitution showing a bright 
protrusion at the centre of the defect site. Importantly, the LDOS 
calculations (Fig. 4 and Supplementary Fig. 8) show finite elec-
tronic states around the Fermi level after gold substitution in both 
VS and VS2 defects, indicating a metallic-like behaviour near these 
gold absorption sites, which were initially insulating. These calcula-
tion results corroborate the experimental observations according to 
which gold substitution at the defect site by a positive electric field 
introduces conducting electronic states around the Fermi level to 
reduce the resistance, while gold removal from the defect site by an 
opposite field returns the system to its insulating state.

Formation energies of the defect structures are critical for deter-
mining the stability of these defects and the transitions between 
them. In MoS2 monolayers, the formation energy for the VS (VS2) 
vacancy varies between 1.3 to 2.9 eV (2.9 to 5.9 eV) for the Mo-rich 
and S-rich limit, respectively (Supplementary Fig. 9). While these 
defect sites are expected to be stable at room temperature and 
under standard STM imaging conditions, due to their relatively low  
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Fig. 2 | Atomistic characterization of MoS2 monolayers. a, Atomically resolved STM image of exfoliated monolayer MoS2 on a gold film showing the 
defect-free regions. Scale bar, 1 nm. b, VS defects whose density can be increased by vacuum annealing (of the order of 1013 cm−2). Locations of sulfur and 
molybdenum atoms are shown in purple and cyan, respectively. The distance between the defects is ~2 nm. Scale bar, 1 nm. c, The dI/dV spectrum taken 
from a defect-free region is shown in green, while the one taken from and around the defects is shown in black (Vsample = −2.5 V; I = 100 pA). The red dashed 
lines are guides for the eye to indicate the bandgap. Inset: schematic of the STM/STS measurements with a vacuum gap for the imaging and spectroscopy 
measurements. d, Representative I–V curves for the transport measurements on defect-free regions, which presents an asymmetric diode-like behaviour. 
Inset: schematic of the transport measurements with a gold STM tip mimicking an atomic-scale MIM device structure. e, Unipolar diode-like I–V curves 
representing the majority of transport measurements on the VS defect sites. f, Resistive switching events observed at two different defect locations during 
the transport measurements.
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formation energy, sulfur vacancies can still be created via the 
field-induced removal of S atoms by the STM tip at high bias volt-
ages and reduced tip–sample distances29. Similarly, substitutional 
gold defects have a binding energy of around −3 eV (refs. 30,31) per 
gold atom, which is in the same range as that for the sulfur atom 
in the MoS2 monolayer. Enhanced electric fields around the tip 
apex allow the migration of gold atoms to the defect sites or the 
removal of absorbed species from them32, providing a stable plat-
form for reversible operations. The current densities observed in 
single-defect memristors (of the order of 107 A cm−2) are comparable 
to mesoscopic-scale devices10 and well below the maximum current 
densities previously reported between an STM atomic contact and 
a metal surface33. Furthermore, the density of sulfur vacancies can 
be globally altered by annealing the samples in a vacuum or S-rich 
atmospheres22. Therefore, MoS2 monolayers and similar transitional 
metal dichalcogenides are an ideal platform for the energetically 
inexpensive controlled formation of vacancy defects to seed switch-
ing events.

In summary, we report a one-to-one correlation between resis-
tive switching and metal adatom absorption at the vacancy defects 
of MoS2 monolayers. Due to their inherent layered structure, MoS2 
provides a sharp, clean interface with metallic top and bottom elec-
trodes that prevent excessive tunnelling currents even in the pres-
ence of vacancy defects. However, adatoms from the electrodes can 
be absorbed in these vacancy sites under a suitable electric field, 
resulting in a reversible change in the resistance of the MoS2 MIM 
device. The reported resistance switching effect is expected to 
exist in similar 2D materials. The atomic-scale understanding and 
control of the resistive switching of a single defect represents the 
smallest memristor unit and paves the way for advanced memory 

applications including ultra-dense storage and neuromorphic com-
puting systems.
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Fig. 4 | Atomistic defect simulations and spectral calculations for monolayer MoS2. a, Pristine structure. b, VS in the top layer. c, VS2. d, Gold substitution 
on the top VS2 defect. Top: simulated STM images. Middle: experimental images for the corresponding defect structures. Bottom: calculated LDOS. Scale 
bars, 1 nm.
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Methods
Sample preparation and STM measurements. Very-large-scale monolayer MoS2 
flakes were mechanically exfoliated on freshly deposited Au films (30 nm Au with 
1 nm Ti adhesion layer) on 90 nm SiO2/Si substrates as described previously15. The 
exfoliated MoS2 could be easily identified with an optical camera that guided the 
STM tip on top of the monolayer regions for performing the imaging, spectroscopy 
and transport studies. Before the first set of STM measurements, the samples 
were annealed at a temperature of 250 °C for several hours in ultrahigh vacuum 
conditions (pressure less than 10−10 torr) to remove water and weakly bonded 
molecules. At this stage, we observed a small number of sulfur vacancy defects 
with a measured defect density of less than 1012 cm−2. Initial STM investigations 
were performed with gold or tungsten STM tips. The samples were later annealed 
at 400 °C to increase the sulfur vacancy density. Afterwards, STM and in situ 
transport measurements were performed with gold STM tips, which were etched 
using a 50% saturated KCl solution. All the STM measurements were performed 
with a variable-temperature STM system operated at 100 K. The quality and 
sharpness of the STM tips were tested with STM/STS measurements on a clean 
Au(111) surface before being used on the MoS2 surface. For the STS measurements, 
a modulation signal of 20 mV at 1 KHz was used.

Before each transport measurement, the gold STM tip was fixed on the surface 
using a stabilization voltage within the bandgap of MoS2 to ensure a reduced 
vacuum gap between the tip and MoS2 surface. Then, the STM tip was further 
approached to the surface to provide a stable mechanical and electrical contact. 
The high mechanical strength of MoS2 prevented any damage to the tip and the 
sample during the physical contact26. For transport measurements, a compliance 
current of 3.3 nA or 330 nA was used. To protect the MoS2 monolayers and tip apex 
from irreversible modifications, the transport experiments were first performed 
with a low compliance current. If a switching event is not observed, the compliance 
current was increased, and the measurements were repeated. STM and transport 
studies were performed in atomically flat and clean regions away from the 
mesoscopic-scale inhomogeneities of MoS2 and the underlying gold film.

Raman spectroscopy and PL measurements. Raman spectroscopy and PL 
measurements were performed in ambient conditions on a Renishaw inVia system 
using a 532 nm wavelength source. The typical spot size of the laser beam was 
around 1.5 µm. While the MoS2 regions are much larger than the spot size, the size 
of the randomly oriented gold grains is limited to tens of nanometres due to the 
thin-film growth on the amorphous SiO2 surface. The granular structure of the 
underlying gold film creates local variations in the Au–MoS2 interface and the local 
strain of the MoS2 monolayers, which broadens both PL and Raman peaks. Due 
to the suppression in PL, signal integration times of up to 30 min were required to 
obtain the reported PL spectra.

Computational methods. To simulate the STM images of a single sulfur vacancy, 
double sulfur vacancy and gold atom adsorbed on top of the vacancy site in 
monolayer MoS2, we carried out plane-wave density functional theory calculations 
by using the Vienna ab initio simulation package34. Projector augmented-wave 
pseudopotentials were used for electron–ion interactions, and the generalized 
gradient approximation with the Perdew–Burke–Ernzerhof functional35 was 
adopted for the exchange–correlation interactions. Monolayer MoS2 was modelled 
by periodic slab geometry, where a vacuum separation of 21 Å in the out-of-plane 
direction (z direction) was used to avoid spurious interactions between the 
periodic images. An 8 × 8 supercell of monolayer MoS2 (in-plane lattice constant, 
~25.51 Å) was built to model the sulfur vacancies and gold atom adsorption, 
where all the atoms were relaxed until the residual forces were below 0.01 eV Å–1. 
The plane-wave cutoff energy was set at 280 eV, and 3 × 3 × 1 k-point sampling 
was used. Based on the optimized structures, we then obtained the partial charge 
density from VASP for a specific electronic band or at a specific bias energy. 
Finally, constant-current STM topographic images were computed using the 
converged partial charge densities within the Tersoff–Hamann approximation36.

For transport calculations, a small piece of MoS2 sheet is used in an MIM 
structure comprising two Au(111) outer layers. Two MIM structures of  

Au–MoS2–Au with and without gold adsorption were optimized by the ab initio 
tool, QuantumWise 2017.2. The first-principles calculations were performed using 
Kohn–Sham density functional theory37 with generalized gradient approximation 
for the exchange and correlation interactions. To minimize the computational 
cost while ensuring accuracy, 50 Hartree is set as the mesh-cutoff energy and 
10 × 5 × 1 k-points are sampled in the Brillouin zone. The semi-empirical 
dispersion potential, DFT-D2, is added to describe the van der Waals forces. 
Both MIM structures are optimized until the atomistic force is below 0.03 eV Å–1. 
Subsequently, the standard non-equilibrium Green’s function is used to compute 
the I–V characteristics of both structures.

Data availability
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available within the Letter and its Supplementary Information. Extra data are 
available from the corresponding author upon reasonable request. Source data are 
provided with this paper.
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