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Memristors hold great promise as building blocks for future computing architectures where memory and
logic are combined at the hardware level. However, scaling down the dimensions of memristive devices
has been limited by high leakage currents, thus inhibiting further progress. Recent studies have demon-
strated memristors with monolayers of MoS, and large high-to-low resistance ratios. Defects combined
with metallic ion migrations are often seen as a possible explanation for this behavior. A detailed under-
standing of the switching mechanisms, in particular the role of metal ion diffusion into vacancy sites and
crystal defects, remains elusive. Here we investigate how defect densities affect the performance of mono-
layer MoS, memristors. We experimentally demonstrate that the resistive switching ratio becomes larger
if the defect density in MoS, is increased. Furthermore, by means of ab initio quantum transport simula-
tions, we reveal the existence of an optimum range of defect densities and explore the theoretical limits
of monolayer MoS, memristors. Our results highlight the importance of defect engineering and control in

transition metal dichalcogenides memristors.
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I. INTRODUCTION

In a period where Moore’s scaling law is under siege [1]
and the demand for high-density memories is constantly
increasing [2], fundamentally new electrically switchable
structures are needed to further push technological lim-
its. Memristive devices (or memristors) have shown great
potential as alternative building blocks for nonvolatile
memories and computing applications beyond the von
Neumann architecture [3]. Moreover, memristors with
multiple resistive switching states enable the realization
of neuromorphic computing at a hardware level, making
it important to investigate such structures in depth [4]. The
initial conception of a memristor by Chua in 1971 [5] and
its experimental demonstration in 2008 [6] were followed
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by substantial research efforts to determine the physi-
cal mechanisms involved in memristive switching and
optimize their characteristics. Since then, several mem-
ristive mechanisms have been observed, such as electro-
chemical metallization [7], valence-change, [8] and phase-
change effects [9]. Current state-of-the-art memristor
cross-bar arrays feature approximately 10 nm-sized active
regions, at par with today’s silicon complementary metal
oxide semiconductor integrated circuitry [10]. A further
downscaling of memristors brings more challenges than
benefits, especially in terms of stability, reproducibility,
and robustness.

The rise of various two-dimensional (2D) materials such
as graphene and transition metal dichalcogenides (TMDs)
inspired alternative platforms for memristive devices
[11-18]. Recent reports have shown very low leakage
currents in monolayer (1L) MoS;-based memristors com-
pared to traditionally used oxides, allowing for thickness
scaling down to less than 1 nm [17,19,20]. However, the
mechanisms behind the memristive effects observed in 2D
materials are not yet understood, especially in devices
employing monolayers, for which reports present highly
contradictory results [17,21]. Moreover, a recent scanning
tunneling microscopy study has shown that point defects
such as sulfur vacancies can give rise to memristive behav-
ior through Au ion diffusion in monolayer TMDs [22].
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In multilayer structures independent studies have revealed
contrasting findings, attributing the switching mechanism
to either phase-transition or defect-mediated atomic migra-
tion [12,23]. A detailed investigation of the influence of
varying defect densities and fabrication process parame-
ters on the memristive characteristics in 2D TMDs is still
lacking.

Here we investigate the influence of defect densities
in monolayer MoS; on the resistive switching ratio. Our
experimental findings reveal that memristors comprised
of defective MoS, switch at lower voltages and exhibit
a stronger change in resistance than memristors made
of pristine MoS,. We support our observations with ab
initio quantum transport simulations and develop a model
that suggests the existence of an optimum range of defect
densities at which the resistive switching difference is
maximum. This work highlights the importance of defect
engineering in memristors built from 2D materials and
provides guidelines for enhancing performance.

II. DEVICE PREPARATION

Our memristors were built by sandwiching 1L-MoS,
between a 1L-graphene top electrode and a 50 nm gold
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(Au) bottom electrode, in a vertical charge transport con-
figuration [cf. Fig. 1(d)]. For protection, we cover the top
graphene electrode by a thin layer of hexagonal boron
nitride (A-BN). MoS, crystals synthesized by chemical
vapor transport with 99.9999% purity were purchased
from 2D Semiconductors®. MoS,, graphene, and 4-BN
flakes were mechanically exfoliated from bulk crystals
on Si/Si0O, substrates. A poly-dimethylsiloxane (PDMS)
stamp covered by a thin polycarbonate film [24] was used
to sequentially pick up top 4-BN, graphene, and MoS;
flakes in air. The resulting stack was then transferred on
top of Au electrodes prepatterned by photolithography on
a glass substrate (see Sec. S1 in the Supplemental Mate-
rial for more details [25]). It is known that evaporation of
contact metals, including Au, can introduce a significant
amount of defects in MoS, and lead to metal-MoS, chemi-
cal bonding [26]. The use of graphene as a top electrode
in our devices allows for evaporation-free fabrication,
thereby preventing any inadvertent defect generation in
MoS, due to metal evaporation and decoupling the influ-
ence of contact metallization on the memristive behavior,
something that has been largely overlooked so far. The
dry pickup and assembly avoids polymer and solvent con-
tamination at any stage, resulting in pristine interfaces.
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(a) Ilustration of the MoS, treatment process. MoS, exfoliated on a Si/SiO, substrate is annealed in high vacuum (HV) at

400°C for 1 h during which some sulfur atoms escape the MoS, crystal lattice due to the high temperature, resulting in a defective
MosS,; flake. (b),(c) Photoluminescence spectra of (b) an as-exfoliated (pristine) MoS, flake on Si/SiO; substrate and (c¢) after HV
annealing at 400°C (defective). X, Xz and X ~ refer to the A-exciton, B-exciton and trion spectral contributions respectively, fitted
with Voigt distribution functions. Both spectra were measured from the same MoS, region with 532 nm laser excitation at 24 uW
power under ambient conditions and were normalized to the peak intensity of the spectrum in (b) for ease of comparison. The inset in
(b) shows an optical microscope image of the MoS, flake before annealing (monolayer outlined by black dashed line). The scale bar
is 12.5 um. (d) Schematic illustration of a memristor built by sandwiching 1L-MoS, between graphene and Au electrodes. The top
h-BN flake used for encapsulation has been omitted from the illustration for clarity. Electrical measurements were performed using
pulsed voltage sweeps to eliminate hysteresis. After each write pulse, the device resistance was probed with a much lower read voltage
(Vteaa = 100 mV). Pulse duration and period are 10 ms and 30 ms, respectively. (e),(f) Pulsed /-7 measurements of memristors with
pristine and defective 1L-MoS, flakes showing an enhanced switching behavior after high-temperature annealing. The black arrows
indicate the voltage sweep directions in both plots. All measurements were carried out in air at room temperature.
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Moreover, the asymmetric electrode configuration allows
for material-oriented analysis of the results connecting the
memristive effect to Au ion diffusion, as discussed later
in this paper. Furthermore, the top 4#-BN encapsulation
avoids material degradation during measurements under
ambient conditions. Thus, the above fabrication method-
ology preserves the purity and high crystal quality of our
MoS, flakes at every step, allowing us to study MoS; in its
pristine state, in contrast to previous studies [17]. In order
to compare the memristive performance between pristine
MoS; and those with increased defect densities, we also
built devices by intentionally introducing defects in MoS;
flakes after exfoliation.

Two different treatments were used to generate defects
in our devices: high-temperature annealing in high vac-
uum at 400°C; and argon (Ar) sputtering in a plasma
chamber at room temperature. Both of these methods have
previously been shown to introduce defect sites in the
MoS, crystal lattice [22,27,28]. The annealing process
is illustrated in Fig. 1(a). We confirmed the generation
of defects through photoluminescence (PL) spectroscopy.
Figures 1(b) and 1(c) show the PL spectra of a monolayer
MoS, flake before (pristine) and after high vacuum (HV)
annealing (defective) treatment. A strong enhancement
of the A-exciton (X4) PL contribution is observed after
annealing. This enhancement originates from the intro-
duction of sulfur vacancies (V) in MoS, upon annealing
that act as sites for physisorption of N, and O, molecules
present in air [29]. These molecules lead to an effective
p-doping of MoS,;, thereby decreasing the free-electron
density, and resulting in a stronger X, PL emission [30].
It must be noted that this strong PL enhancement cannot
be explained by the release of built-in strain and elimina-
tion of polymer residues (if any) upon annealing, as these
effects were previously shown by us to not result in any
appreciable PL increase in MoS; [31]. However, in order
to further test the creation of defects during HV annealing,
we performed studies on the localized increase of PL effi-
ciency as a function of illumination time, an effect that has
been attributed to sulfur vacancies in ambient conditions
[32]. Measurement results and discussion on that matter
can be found in Sec. S2 of the Supplemental Material [25].
In case of Ar-sputtered MoS, flakes, a reduction in the
PL emission was observed, in strong contrast to annealed
flakes, which can be attributed to the formation of more
extended defects including MoSg, Mo, and S vacancies
[33], resulting in a decrease of the PL quantum yield (see
Sec. S2 of the Supplemental Material [25]). Lastly, in order
to study the impact of defects introduced during evapo-
ration of metal electrodes on the memristive behavior of
MoS, devices, we also fabricated devices with graphene
as the bottom electrode and evaporated Au as the top
electrode, following an inverse stacking sequence. It has
been shown that during Au evaporation, Mo and S atoms
can be substituted by Au atoms, leading to defects in the

MoS; layer [26] that can favor the formation of conductive
channels and thereby enhance the memristive effect.

1. ELECTRICAL CHARACTERIZATION

The memristive performance of the devices prepared
with different defect densities and fabrication procedures
was electrically characterized by applying a voltage pulse
sequence and measuring the current with a low-noise
source meter. A periodic triangular bipolar pulsed sweep
was performed with an offset voltage Vie.q to allow for
low-voltage estimation of the resistance after every applied
pulse [see Fig. 1(d)]. Pulsed electrical measurements have
a dual benefit. Firstly, continuous electrostatic stress for
long periods of time is avoided, which was found to
increase the lifetime of our devices and allowed us to
study their behavior at voltages as high as 7.5 V without
any apparent degradation. Secondly, this procedure pre-
vents any inadvertent parasitic hysteresis due to charge
accumulation from influencing our measurements [34].
This ensures that the hysteresis we observe arises solely
from a nonvolatile resistance change, indicative of mem-
ristive behavior. Pulsed /-7 measurements of devices with
pristine and vacuum annealed MoS, are plotted for com-
parison in Figs. 1(e) and 1(f), respectively. Every point in
the plot corresponds to the average value of the current
flow during an applied voltage pulse versus the magni-
tude of that pulse. In the pristine device, we only observe
a weak hysteresis even after applying significantly high
voltages (Vpeax = £7 V). In the case of vacuum annealed
MoS;, the hysteresis gets enhanced and appears at lower
applied voltages compared to the pristine MoS, device.
We attribute this effect to the increased defect density
of the MoS, flake caused by high-temperature annealing.
This is an indication that an increase in defect density
can provide the means for a stronger memristive perfor-
mance.

We also find that the devices switch from a high-
resistance state to a low-resistance state only with a
positive voltage applied at the Au electrode and with
the graphene electrode grounded. This polarity-dependent
switching behavior is an indicator of material-specific
properties. More specifically, we attribute this observation
to the migration of Au ions from the Au electrode to defect
sites in the MoS, flake. It is well known that Au atoms can
ionize and migrate under the influence of an applied elec-
tric field. Defect sites offer an energetically favorable state
for Au ions to bond with the MoS; crystal. This process can
be reversed by flipping the direction of the applied electric
field. Since bound Au atoms at the MoS, flake lower the
resistance of the Au-MoS, interface, this can lead to resis-
tive switching effects when excited with a bipolar voltage
sweep [22]. We also observed an increased hysteresis in
devices with Ar-sputtered MoS; as well as in those with
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evaporated Au as a top electrode, which further corrobo-
rates our hypothesis. A comparison of /-} measurements
from differently treated devices can be found in Sec. S3 of
the Supplemental Material [25].

The observation of hysteresis in the /-V characteristics
of our devices is a strong indicator of the occurrence of
resistive switching. To gain further insight we also char-
acterized the resistance at low voltages during the pulsed
sweep. After every applied pulse, the device resistance is
measured at Vi, = 100 mV, as indicated in Fig. 2(a),
which shows a time-trace of the applied sweep. Figure 2(b)
presents the change in resistance AR = Ry — Ryeag during
the pulsed voltage sweep, where R is the resistance mea-
sured before starting the sweep and Rye,q is the resistance
measured after each pulse. Results from different devices
are shown for comparison. “Pristine MoS,” no. 1 and no.
2 refer to two devices fabricated without any treatment of
the MoS; flake. “Au evaporated” no. 1 and no. 2 refer to
two devices featuring an evaporated Au top electrode and
a graphene bottom electrode and using otherwise untreated
MoS,. “Ar sputtered” and “vacuum annealed” refer to
devices with MoS, flakes treated with the corresponding
methods. In all devices the same voltage sweep range was
used with Ve = =4 V. We define the on region as the
region after the application of the highest voltage pulse and

off
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(b) -

off region off region

Time
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o— pristine MoS, no.2 v

Au evaporatedno.1 —<¢— Ar sputtered
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FIG. 2. (a) Time-trace of the applied voltage sweep. Black
solid arrows indicate the low-voltage regions where the resis-
tance is measured. Black dashed arrows indicate the voltage level
positions for 0, 4, and —4 V. Pulse duration 7, = 10 ms and
pulse period 7 = 30 ms. Red and blue arrows indicate the time
instances where the R, and R ; values are measured, respec-
tively. (b) Time-trace of the low-voltage resistance difference AR
for different devices measured during the pulsed voltage sweep
presented in (a). The resistance is measured with Vie,q = 100 mV
after every applied pulse. An increase in AR in the on region
can be observed for all devices. Defective devices show a much
stronger increase in AR compared to pristine ones.

before the application of the lowest. The region before and
after the on region is referred to as the off region. A clear
difference in the magnitude of AR between pristine and
defective devices can be seen, with the latter exhibiting a
stronger change in AR.

We use AR to compare different devices since it can-
cels out any other series resistances such as contact and
graphene sheet resistance. However, resistance also scales
with the vertical junction area in every device, which is
difficult to estimate accurately from optical microscope
images due to edge effects at the graphene/MoS,/Au junc-
tion interface. Therefore, the switching ratio, which is an
experimental quantity that is immune to the variations in
junction areas among different devices, was also investi-
gated. The switching ratio is given by R /R, where R
and R, are the resistances of the device after the appli-
cation of the largest and the smallest voltage pulses, as
indicated in Fig. 2(a) with blue and red arrows, respec-
tively. The total resistance measured also includes the
series graphene sheet resistance which can vary between
devices. To estimate its contribution to the overall resis-
tance and subtract it from R ; and R, values we estimated
the graphene sheet resistance per unit length by fabri-
cating a multielectrode device where Au electrodes with
different spacings were connected by one graphene flake
and performing transmission line measurements. The esti-
mated graphene resistance was then subtracted from the
total device resistance according to the graphene electrode
length used in each device.

Taking the aforementioned under consideration, in
Fig. 3(a) we plot the switching ratios R /R, for sweeps
performed with different Vo values for all devices. Here
the values of Ve have been adjusted to account for the
voltage drop across the graphene sheet. We observe that
in the case of pristine devices, the ratio reaches a mod-
est value of 1.1 only at high V. voltages around 6.5 V.
On the other hand, for devices with higher MoS, defect
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FIG. 3. (a) Switching ratio R /R, as a function of Vpe. for all
reported devices. (b) A comparison of the maximum switching
ratios achieved for the different MoS, treatments associated with
different defect types and densities. Colors in the plot correspond
to the legend shown at the bottom.
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density, the ratio reaches values as high as 1.6 at much
lower Ve values. This clearly indicates that memristive
switching depends on the defect density. In Fig. 3(b), we
plot the maximum ratio achieved experimentally for the
different MoS, treatment procedures. Interestingly, we find
that vacuum annealing leads to the highest switching ratio
at low Vpeac voltages. Our PL measurements reveal that
in this case mainly S vacancies are created in the crys-
tal whereas in the cases of Ar sputtering and evaporation
of Au as a top electrode, more extended defect sites are
expected to be created. The existence of extended defect
sites lowers R ;. and hence when Au atoms diffuse into the
vacancy sites, a smaller change in R, is observed leading
to a lower switching ratio.

Our measurements indicate that the switching ratio can
be enhanced by increasing the defect density of MoS,.
However, we did not observe switching ratios higher than
1.7. This observation is in contrast to recent reports of
vertical graphene/MoS;/Au structures where switching
ratios up to 10* were observed [17]. One of the proba-
ble reasons for this contradiction is the fabrication process
reported in [17], which includes invasive steps, such as
direct contact with polymers and solvents such as PDMS
and de-ionized water. Direct contact with these materi-
als compromises the interface quality and can introduce
contaminants and could explain the unusually high R ;
observed for subnanometer tunnel barriers. We note, how-
ever, that some studies report tunneling resistances closer
to those observed in our study [21]. An increased mem-
ristive effect was also reported for transfer-free and litho-
free fabrication with evaporated top electrodes [17]. In
an effort to reproduce these results, we fabricated and
tested devices with evaporated Au top electrodes without
any success. The only distinguishable difference between
our work and [17] is the use of chemical vapor depo-
sition (CVD) grown 1L-MoS, vacuum annealed at 600
K, instead of high-quality pristine flakes as in our work.
The main differences between CVD-grown and exfoli-
ated MoS; is that the former typically hosts a higher
defect and grain boundary density, lower interface quality
and more process contaminants like oxides and multilayer
domains.

IV. QUANTUM TRANSPORT MODELING

In order to further our understanding of the memristive
behavior of MoS, we performed ab initio quantum trans-
port simulations [35]. Illustrations of the studied configu-
rations are presented in Figs. 4(a)4(c). The three models
account for different MoS,; crystal configurations, namely
(a) pristine, (b) including a single sulfur vacancy (V;), and
(c) including a migrated Au atom at the V site. We denote
the resistances for the three configurations by R, R, , and
R, . The resistances are evaluated at 100 mV bias voltage
and the cell area of the simulation is 4 = 2.14 x 3.79 nm?.
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FIG. 4. (a)Ac) Illustration of the atomic models simulated
with (a) pristine MoS;, (b) one sulfur vacancy Vi and (c) with
one Au atom at the V' site. (d) Simulation results and model fit
for the resistances evaluated in the device models presented in
(a)~(c) for different defect densities. R, is the resistance evalu-
ated for the model in (¢), R, is the resistance evaluated for the
model in (b), and the resistance for defect density p; = 0 (pris-
tine) is the resistance for the model in (a). The fit function is
given by Eq. (1). (e) Calculated values of resistance difference
R, —R,, and switching ratio R, /R, using the fitted values
in (d).

The resistances are calculated for an interlayer distance of
d =4.7 A [Fig. 4(c)]. This interlayer distance has been
chosen as the one where R, — R, is maximum since
the resistance difference diminishes at smaller and larger
interlayer distances due to metal- induced gap states, and
high tunneling resistances, respectively (see Sec. S4 in the
Supplemental Material for more details [25]).

By increasing the number of defects in the cell area of
the simulation we can evaluate the resistances as a func-
tion of defect density (colored dots in Fig. 4(d)). Due to
limits on the cell area size posed by computation time, the
region of low defect densities cannot be easily explored,
thus we employ a classical model to predict the resistance
as a function of defect density p;. The estimated overall
resistance can be written as

Rpr X Rd
Ri+ (R — Ra) pa x A

R (pa) = )

where R, refers to either R, or R, , depending on the con-
figuration. Details on the formation of the model can be
found in Sec. S5 of the Supplemental Material [25]. We
use the simulation results to fit the function in Eq. (1).
The result is shown in Fig. 4(d). Both R, and R, drop
with increasing p; due to defect states that appear inside
the MoS, bandgap (see Fig. S6d in the Supplemental
Material). R, takes on lower values than R, , which
highlights the importance of Au migration in resistive
switching. The difference in resistance R, — R, , as well
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as the switching ratio R, /R, are plotted as a function
of pgs in Fig. 4(e). Interestingly R, — R, is not mono-
tonic but features a maximum in the low p; region. On
the other hand, the switching ratio R, /R, increases con-
stantly with p,, with a tendency to saturate. Although the
ratio increases for high p4, the resistances R, and R,
drop significantly, making the performance dependent on
any other possible series resistances present in the sys-
tem. However, in the region where R, — R, is maximum,
the ratio R, /R, is already at half of its maximum value,
making this region preferable for memristive operation.
These results reveal the need for defect engineering of
such memristive devices for optimized performance. Fur-
thermore, for p; — oo, R, /R, = 6.8. Although the case
of infinite p; seems nonphysical, it can be translated to
the situation of an Au scanning tunneling microscope tip
over a Vy site exchanging an Au atom. Recent studies
have experimentally demonstrated this, reporting a very
similar switching ratio for the same interlayer distance
range [22]. This increases the validity of our simula-
tions. Furthermore, our experimental observations confirm
the theoretical prediction that increasing the defect den-
sity of the material increases the AR and the R /R
ratio.

V. DISCUSSION

The objective of our study is to explore the limita-
tions of monolayer 2D memristors from a theoretical and
experimental perspective. Even in the optimal case of the
simulation model the high tunneling current in the off state
due to the presence of defects does not allow switching
ratios higher than 7.

The simulated and experimentally observed resistance
ratios are of the same order of magnitude. The small dis-
crepancy observed may be due to limited knowledge of the
actual defect densities in the fabricated devices or due to
sample imperfections, such as bubbles and/or unaccounted
contact resistances. Additionally, in our simulations we
assume that all the ¥ are filled immediately and abruptly,
whereas in reality the occupation of the V; by Au ions
happens gradually.

Another important result is that R, (the R ; value) drops
significantly with increasing p,; due to defect states in the
bandgap while the switching ratio saturates at the same
time. We note that some previous studies reported surpris-
ingly strong memristive effects [17]. We have not been
able to experimentally reproduce these observations. Our
theoretical treatment provides further evidence that such
strong memristive effects in monolayer MoS, cannot be
achieved solely due to defects. Our experimental obser-
vations support this claim and emphasize the need for
further studies to clarify the exact mechanisms respon-
sible for the strong memristive effects reported in recent
studies.

VI. CONCLUSION

To conclude, we fabricated different monolayer MoS;
memristive devices by employing noninvasive fabrication
methods with pristine, Ar-sputtered and vacuum-annealed
MoS,, as well as devices with evaporated Au as a top
electrode. We compared their memristive performance and
showed that with increased defect density, both AR and
the R /R, ratio get enhanced. We attribute this effect
to Au ion migration into MoS, defect sites. Our experi-
mental observations are in good agreement with numerical
and theoretical models. Moreover, we explored the rela-
tion between defect density and memristive performance
and revealed the existence of an optimum range of defect
densities for designing efficient memristors. Additionally,
we compared our results with previous studies and con-
cluded that Au ion migration cannot be the sole reason for
the reported results in [17]. Still, our analysis establishes
a clear understanding of the role of defects in resistive
switching in MoS, monolayers and provides guidelines
for controlling their memristive performance. Finally, our
work provides theoretical insights into the relation between
defect density and memristive performance for memristors
based on ion migration.
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