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Abstract

The non-volatile resistive switching process of a MoS, based atomristor with a vertical structure
is investigated by first-principles calculations. It is found that the monolayer MoS, with a S
vacancy defect (V) could maintain an insulation characteristic and a high resistance state (HRS)
is remained. As an electrode metal atom is adsorbed on the MoS, monolayer, the semi-
conductive filament is formed with the assistance of V. Under this condition, the atomristor
presents a low resistance state (LRS). The ON state current of this semi-filament is increased
close to two orders of magnitude larger than that without the filament. The energy barrier for an
Au-atom to penetrate the monolayer MoS, via Vg is as high as 6.991 eV. When it comes to a
double S vacancy (Vs,), the energy barrier is still amounted to 3.554 eV, which manifests the
bridge-like full conductive filament cannot form in monolayer MoS, based atomristor. The
investigation here promotes the atomic level understanding of the resistive switching properties
about the monolayer MoS, based memristor. The physics behind should also work in atomristors

based on other monolayer transition-metal dichalcogenides, like WSe, and MoTe,. The
investigation will be a reference for atomristor-device design or optimization.

Supplementary material for this article is available online

Keywords: atomristor, monolayer MoS,, non-volatile resistive switching, 2D materials,

memristor, defect

(Some figures may appear in colour only in the online journal)

1. Introduction

In the past ten years, various kinds of non-volatile memory
[1-7] with excellent performances are developed for advanced
applications, such as in-memory computing technology [8—10],
which is an important strategy to possibly solve the famous
von Neumann bottleneck in data-intensive industry [11, 12].
Among these newly-developing components, resistive random-
access memory (RRAM) has emerged as a leading contestant
owing to its simply vertical metal-insulator-metal (MIM)
architecture as well as high-density storage ability [13].
Compared to traditional devices, two-dimensional material
based memristors, which possess the distinctive characteristics of
layered materials [14, 15], are anticipated to be shrunken in
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dimensions and ease of integration. Recently, the non-volatile
resistance switching (NVRS) effect have been demonstrated in a
single layer MoS, [a kind of transition-metal dichalcogenides
(TMDs)] or hexagonal boron nitride (4-BN) stuck in the middle
of metal electrodes with a vertical structure [16—18]. It was con-
sidered impossible within a time owning to the dilemma of
retaining insulating properties [16]. The memristor devices based
on atomically thin monolayer two-dimensional materials are also
called as atomristors [17], which could promote a further minia-
turization of newly-developing memory and computing devices.
Differing from the preceding multi-layer two-dimensional mat-
erial based RRAMs, where conductive channels were possibly
formed with assistance by grain boundaries [19-21], how to form
a conductive filament in an atomristor is yet confused. Because of
this, improving the cycle-to-cycle and device-to-device

© 2023 I0P Publishing Ltd
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Figure 1. (a) The schematic of a MoS, based atomristor device with metal electrodes. (b)—(d) Au atom adsorbed on pristine MoS, atomic
sheet: above (b) Mo site, (c) honeycomb, (d) S site. (e)—(h) Structures of MoS, with Au adsorption on (e) Vs, (f) Vimo, (&) Vs2, and (h) Vyes3. In
each case, the side view and top view are shown. The red circles indicate the vacancy position with Au adsorbed.

Table 1. The formation energies of different vacancies in monolayer
MOSz.

Formation energy (eV) S-rich Mo-rich
Vs 2.649 eV 1.089 eV
Vo 5227 eV 2.107 eV
Wo 4818 eV 7.939 eV
Wios3 6.871 eV 5311 eV

inconsistency is still a significant challenge for these atomically
thin devices [16, 17]. Though the origin of the NVRS process in
MoS, based atomristors has been considered to be related to the
electrode atoms adsorbed on TMD [22], whether the atoms could
penetrate a MoS, atomic sheet to form a bridge-like full con-
ductive filament is still unknown.

In this study, first-principles calculations [23, 24] asso-
ciated with Keldysh nonequilibrium Green’s function
(NEGF) theory [25] are adopted to simulate the atomic
migration process and electronic transport properties in a
MoS, based atomristor with a MIM structure. The results
manifest the resistive switching behavior in this atomic device
is originated from the dissociation-adsorption process of
electrode atoms on Vs. The conductive channel formed at low
resistance state (LRS) is a semi-filament rather than a full
filament going across the MoS, layer. The switching process
should be also applicable in the other TMDs (such as WSe,

and MoTe,) based atomristors. The investigation here will
promote the comprehension of these devices at atomic scale
and be a reference for the device design or optimization.

2. Computational methods

Vienna ab initio simulation package (VASP) [26] is
employed to carry out energy related calculations. The
Nudged elastic band (NEB) [27] method is taken to evaluate
the energy barriers for Au atom passing through the MoS,
monolayer. Perdew, Burke and Ernzerhof functional is chosen
to account the interaction of electron exchange and correla-
tion [28]. A 7 x 7 supercell is built for the monolayer MoS,
sheet, the cutoff energy is set to 500 eV. The k-points for
structure optimization and density of states calculations are
3 x3 x1land5 x5 x 1, respectively. The residual forces
convergence criteria for structure relaxation and energy-bar-
rier calculations are 0.01 eV-A~! and 0.05 eV'Afl, respec-
tively. The energy is considered to be converged as two
consecutive steps with an energy variation less than 107 eV.

The nonequilibrium quantum transport properties are
investigated by Nanodcal [29]. To simplify the model for
reducing large calculation demand, metal atom chains replace
plane electrodes (as seen in figure S1 in supporting infor-
mation) when I-V curves are evaluated. In calculating
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Figure 2. The E, for an Au-atom penetrating the (a) single layer
MoS, without defect, and MoS, with (b) V5 or (c) Vs, defect. The
points marked by purple dash circles indicate the energies of initial,
transition, final states as displayed in corresponding structural
snapshots in the insets.

processes, double-zeta polarized atomic orbital basis is
adopted [30]. Atomic potentials are described by standard
norm-conserving nonlocal pseudopotentials [31]. The 80
Hartree cutoff and 100 x 100 x 1 k-points are set. The 100 K
electronic temperature is used to set the electron occupation
via Fermi—Dirac distribution.

3. Results and discussions

Figure 1(a) presents the schematic picture of a MoS, based
atomristor. In fact, such an atomically thin non-volatile
memory has been successfully demonstrated in a recent
experiment [17]. According to previous research results, we
choose Au as the electrodes likewise. Generally, electrode
atoms tend to be adsorbed on monolayer MoS, under the
electric field [18]. In this process, the Fermi level (Eg) of
MoS,; could be altered and therefore it is important for the
resistive behavior, as seen in figure S2. For evaluating the
influences in its entirety, the structures of MoS, with Au
adsorption are exhibited in figure 1. The method to calculate
the adsorption energy (E,) is as below:

E, = Eru4Mos, — Eau — EMos. (n

where Ey 4 Mos, 1S the energy of pristine /defective MoS, with
Au adsorption, Eyys, is the pristine/defective MoS, energy,
Ej, is the energy of an isolated Au atom. Figures 1(b)—(d)
show the various adsorption states of Au atom on pristine
MoS,. We can see that an Au atom just can be adsorbed
weakly on MoS, without defect since the E, is between
—0.535 and —0.671 eV only. Hence, pristine monolayer
MoS, without defects can hardly provide a precondition for
forming non-volatile conductive channels. On the contrary,
adsorption of an Au atom on Vs, Vo, Vsr and Vg3 defects
(Here, Vios3 is for that a Mo atom and its surrounding three S
atoms are absent) are much more stable, and the E, is —2.365
~ —3.551 eV as seen in figures 1(e)—(h). Side/top views of
these adsorbed structures are shown as well. In our model, the
two S vacancies in a Vs, defect locate at opposite sides which
is in consistent with the experimentally observed Vg, defect in
monolayer MoS, [22, 32]. The results indicate that Au atom
can be chemisorbed on defective MoS, stably, which may
provide a possibility of realizing a conductive nonvolatility in
the atomristor. Based on the above results, it can be inferred
that the formation of conductive filaments in monolayer MoS,
is probably related to vacancies. This explains why the
resistive switching behavior cannot be observed on defect-
free areas in an experimental report [22]. In consideration that
the large-size defects (such as multi-vacancy) will bring about
an accumulation of metal atoms and cause a failure of short
circuit in device cells [33], therefore we mainly focus on the
mentioned small-size defects.

Then defect formation energy in single layer MoS, is
calculated by the equations [34]:

Ef = Eqet — Eot + Y _nip (2)

Hymo +2x Hs = lLLMOSZ (3)
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Figure 3. (a) Calculated -V curves of defective MoS, with V5 and Vj,, respectively. (b) Schematics of MoS, based atomristor without
filament (left) and with a semi-filament (right). The orange blocks schematically represent electrodes. (c) Simulated /-V curves of MoS,

atomristor.

Table 2. Calculated current of Vs, /Vs without and with Au adsorption
at 0.5 V.

Condition Current at 0.5 V State
|7 8.3766 x 107! A HRS
Au-Vi, 47319 x 1008 A LRS
Vs 1.1753 x 1008 A HRS
Au-Vs 83504 x 1007 A LRS

where Ey is the formation energy, Eq. is the energy of a
defective MoS, supercell, Ey, is the pristine MoS, energy
with the same size of the supercell. The n; and ; are the
counts and chemical potential of atom i being doped or
removed in the system, respectively. Equation (3) restricts a
scope for the permissible values of the chemical potentials for
S and Mo atoms, within restriction about their sum under the
thermal equilibrium state. In this research, the S and Mo
chemical potentials at their respective rich conditions were
chosen as the energy of each atom of the orthorhombic bulk
a-S (solid) and the body-centered cubic bulk Mo (solid),
respectively. iyy.s, 18 the energy per unit of pristine MoS,. As
seen in table 1, compared to Vy, and Vyos3, Vs and Vs, defects
with lower formation energies should be the dominant
intrinsic defects in monolayer MoS,, which is consistent with
a previous experimental observation [32]. Therefore, we
mainly focus on V5 and Vi, defects for further discussions. In

fact, these two kinds of defects were indeed mainly observed
in the experiment [22].

The adsorption of Au atoms on monolayer MoS, with
vacancies provides a possibility of forming conductive fila-
ments, but whether bridge-like filaments like the case in
monolayer #-BN [33] could form in MoS, based atomristor is
still unclear. Usually, in the switching process, metal atoms of
electrode are inclined to transfer along the direction of electric
field. Hence, the formation of bridge-like conductive fila-
ments in atomristors should be accompanied with migrations
of Au atoms, which is not easily observed through exper-
imental methods. Then, the difficulty level that an Au atom
penetrates the single layer MoS, is required to be investi-
gated. To come up with a feasible migration path of the metal
atom, energy barriers (E,) for an Au atom penetrating the
MoS, monolayer at different conditions are simulated. The E,
for an Au atom penetrating the pristine MoS, is 7.863 eV
[figure 2(a)], which is a very high barrier. With regards to the
defective MoS,, the E, for Au atom going through is
decreased as seen in figures 2(b)—(c). But the E, for Au atom
going through MoS, via Vs is 6.991 eV [figure 2(b)], and the
one for the case of Vi, is still as high as 3.554 eV [figure 2(c)].
Therefore, the bridge-like conductive filaments are not able to
be formed through V5 or Vi, because of the high enough E,.
When further enlarging the size of defect, the E, for an Au
atom going through the MoS, via V.53 can be lowered to
1.683 eV, which is still a relatively high barrier. In addition,
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Figure 4. Transmission coefficient versus electron energy at zero-
bias in defective monolayer MoS, with (a) Vi, (b) V5 and (c) Au
adsorbed Vs, respectively. The Fermi levels are at 0 eV.

the formation energy of Vjs3 in monolayer MoS, is sig-
nificantly higher than that of monovacancy, which makes it
less likely to be produced in the growth process. In fact, Vios3
was seldom observed experimentally in both chemical vapor
deposition growth and exfoliated monolayer MoS,
[17, 22, 32]. Therefore, unlike the bridge-like full-filament

formed in the single layer #-BN based memristor [33], the
forming of conductive channel under control of applied vol-
tages in MoS, atomristor should be a kind of semi-filament
without an Au penetration-migration process. This is con-
sistent with a recent experimental observation [22].

To further comprehend the resistive switching mechan-
isms in the atomristor, Keldysh nonequilibrium Green’s
function and density functional theory (NEGF-DFT) quantum
transport method is employed to simulate the /-V character-
istics of the monolayer MoS, atomristor. The I~V curves of
defective monolayer MoS, are calculated first. Simulation
results in figure 3(a) manifest the single layer MoS, with Vg
could still maintain an insulation characteristic with low
current, while monolayer MoS, with W, shows an insuffi-
cient insulation characteristic which means relatively large
leakage current and thus blocks its application for RRAMs.
Hence, Vj1, should be reduced in MoS, based atomristors.
Considering the high resistance state (HRS) of the MoS,
based atomristor as fabricated [17], we mainly focus on Vg
defect below. In terms of experimental observations, Vs is
indeed the dominant defect in monolayer MoS, [17, 32].
Figure 3(b) displays the atomristor without/with an Au-atom
adsorption onto Vg of monolayer MoS, and figure 3(c) pre-
sents the calculated I-V curves of these structures. We can see
that when the conductive filament is not existing (i.e. no Au
absorption), the atomristor is set to HRS. Once the conductive
channel is formed via Au adsorption, the cell is turned to
LRS. The ON state current of this semi-filament is increased
close to two orders of magnitude larger than that without
filament (HRS). That is to say, the MIM structures with and
without Au-atom adsorption can be the ON and OFF states of
this atomically thin device. In fact, adsorption and desorption
processes of Au atoms were indeed observed experimentally
on the surface of monolayer MoS, [22]. The ON/OFF ratio
calculated here is close to two orders of magnitude, and is
larger than that of the experimental observation [22]. This is
probably caused by the low current compliance limit which
was set in the experiment as the setting will result in a lower
ON state current. We should note that the Vg, vacancy could
also provide a signal contrast by Au adsorption as shown in
table 2. However, the LRS current related to Vg, is much
lower compared to that of Vs, indicating a higher conductive
ability of the Au-V5 semi-filament in the devices comparing to
the case of the Au-Vs, semi-filament. Hence, we mainly dis-
cuss the conductive behavior about V.

To elucidate the characteristic of defects in resistive
behaviors, transmission coefficients of defective MoS, (at
zero bias) versus electron energy were analyzed. As shown in
figures 4(a) and (b), there is a significant difference of
transmission coefficient between the two configurations
around Fermi level. For the case of Vj,, there is an obvious
transmission peak at Fermi level. While for the case of Vs,
there is no evident transmission peak at Fermi level. This
could explain the significant leakage current observed in the
Wi based monolayer MoS,, as calculated in figure 3(a). It
also explains why the V5 based MoS, could maintain a good
insulation property. Additionally, when an Au atom is
adsorbed on Vs, it can be found that there is a noticeable
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Table 3. The calculated current ON/OFF ratio of different
monolayer TMD based atomristors at 0.5 V due to forming the Au-
Vs /se/Te semi-filament.

Current ON/OFF ratio at

Atomristors based on different TMDs 05V
MoS, 71
WSe, 229
MoTe, 19

transmission peak appearing at Ep, as seen in figure 4(c).
Hence, the Au adsorption process related to V5 could indeed
enhance the conductivity in out-of-plane direction of mono-
layer MoS,. The calculated structures of RESET (HRS) and
SET (LRS) states are also presented in figure S1. It can be
clearly seen that the conductive channel is a kind of semi-
filament.

Next, the formation process of a semi-filament is pre-
sented with a simplied model in figure 5. At initial state, the
monolayer MoS, is in HRS without Au adsorption [as seen in
figure 5(a)]. As the Au atom dissociates from the surface of

the top electrode [see figure 5(b)], the Au atom tends to
interact with a nearby Vg defect and be adsorbed on it. Then, a
semi-filament is formed, i.e. the final state as seen in
figure 5(c). The energy barrier for this process is also calcu-
lated using the NEB method, which is reasonably as low as
0.378 eV [as seen in figure 5(d)] indicating the dissociation
and adsorption processes would happen under the action of
the electric field.

Motivated by the NVRS mechanism proposed above
based on monolayer MoS,, another two examples of mono-
layer TMDs including WSe, and MoTe, are further investi-
gated and their atomristor /-V switching behaviors are also
demonstrated in figure 6. In these two cases, Au atoms can also
be adsorbed on WSe, and MoTe, stably via Vs, and Vp, with
adsorption energies of —2.556 eV and —3.213 eV, respec-
tively. Unsurprisingly, the calculated E, for an Au atom
penetrating the TMD monolayer with Vy (Vs., Vr.) are still
high: 5.260 eV for WSe; and 3.617 eV for MoTe,. As shown
in table 3, the atomristor based on monolayer WSe, have a
lager ON/OFF ratio than those of MoTe, and MoS,. As the
absorption process of Au atoms, monolayer MoTe, has a larger
adsorption energy (—3.213 eV) than MoS, (—2.543 eV) and
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WSe, (—2.556 eV) do. However, MoTe, monolayer with Te
vacancies is reported to undergo phase transitions with external
stimuli such as laser exposure [35, 36]. Hence, considering the
Au-atom absorption mechanism, the MoTe, based atomristor
may not be stable enough. As for the electronic properties,
monolayer WSe, have a lager current ON/OFF ratio compared
to that of MoS, (as seen in table 3), indicating WSe, may be a
better choice for non-volatile atomristor applications. These
results manifest that the semi-filament mechanism proposed
here should be also possibly applied in atomristors based on
other monolayer TMDs.

We should note that, in vertical-structure memristors
based on 2D materials, the grain boundaries could also play
an important role in the formation of conductive filaments,
especially for the cases of multi-layered 2D materials
[19-21]. In this study, we mainly focus on the point-defect-
related mechanism because previously reported memristors
based on monolayer MoS, use the single-crystalline samples
[17], and it has been found the point defects play a significant
role in those devices [22]. Also, the memristor based on point
defects in single-crystalline monolayer 2D materials is good
for developing the memristor technology with an ultrahigh
integration density and low power consumption. The grain
boundaries in monolayer 2D materials can also influence the
performance of memristor/atomristor, which is an important
subject and worth further studying. On the other hand, the
monolayer MoS, based memristor with different electrodes
[37] may have different performances, whether the device
with other electrodes will possess a better performance is an
important issue and worth investigating in the future. Com-
pared to the typical memristors based on bulk or film mate-
rials (such as the prototype metal/oxides/metal memristor)
[38, 39], the thickness of atomristor studied in this work could
be scaled down to atomic scale. Compared to the memtran-
sistor based on 2D materials [40, 41], the monolayer 2D
materials based vertical memristor devices with the simple
MIM structures are of preference owing to the smaller foot-
print and denser integration [17].

4. Conclusion

In this research, the non-volatile resistive switching
mechanism of MoS, based atomristor is investigated by
DFT calculations combined with NEGF transport theory. It
was found that the monolayer MoS, with V5 could maintain
an insulating characteristic along out-of-plane direction, so
a HRS is remained. When Au atom is adsorbed on atomic
sheet with Vg, the semi conductive filament is formed and
thus a LRS can be presented. The ON state current of this
semi-filament is increased close to two orders of magnitude
larger than that without the filament (OFF state). That is
qualitatively consistent with the previous experimental
result [22]. The energy barrier for an Au atom penetrating
the monolayer MoS, via Vs is as high as 6.991 eV. When it
comes to Vs,, the energy barrier is still amounted to a large
value of 3.554 eV, which manifests the bridge-like full
conductive filaments, happening in monolayer Ah-BN,

cannot form in the MoS, based atomristor. The semi-fila-
ment proposed in the MoS, atomristor means a lower ON/
OFF ratio than that of monolayer 4-BN memristor [33].
However, owing to the lack of penetration process, the
switching operation in MoS, atomristor should be easier to
be controlled. That may be a reason why the monolayer
MoS, based memristor has a better endurance and a lower
SET voltage than that of the 42-BN atomristor [17, 42]. At
present stage, the endurance of the monolayer MoS, based
memristor is just hundreds of cycles, which no doubt needs
further improvements in future for practical applications. In
addition, our results suggest that the performance of the
atomristor could be optimized if Mo vacancies can be
reduced by defect engineering. Two other TMD samples
including WSe, and MoTe, are testified to be able to work
in a similar NVRS mechanism. The work here exhibits a
critical atomic picture of NVRS mechanism in TMD based
memristors at their ultrathin limit, which may benefit the
developments of the high-density integration RRAM
technology.
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