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Abstract

Memristive electrochemical metallization (ECM) devices based on cation migration and electrochemical metallization
in solid electrolytes are considered promising for neuromorphic computing systems. Two-dimensional (2D) layered
materials are emerging as potential candidates for electrolytes in reliable ECM devices due to their two-dimensionally
confined material properties. However, electrochemical metallization within a single-crystalline 2D layered material has
not yet been verified. Here, we use transmission electron microscopy and energy-dispersive X-ray spectroscopy to
investigate the resistive switching mechanism of an ECM device containing a single-crystalline 2D layered CrPS,
electrolyte. We observe the various conductive filament (CF) configurations induced by an applied voltage in an Ag/
CrPS4/Au device in the initial/low-resistance/high-resistance/breakdown states. These observations provide concrete
experimental evidence that CFs consisting of Ag metal can be formed inside single-crystalline 2D layered CrPS, and
that their configuration can be changed by an applied voltage. Density functional theory calculations confirm that the
sulfur vacancies in single-crystalline CrPS, can facilitate Ag ion migration from the active electrode layer. The
electrically induced changes in Ag CFs inside single-crystalline 2D layered CrPS, raise the possibility of a reliable ECM
device that exploits the properties of two-dimensionally confined materials.

Introduction originating from an active metal electrode and electro-

Resistive random access memory (RRAM) has attracted
much attention due to its excellent performance char-
acteristics (such as low power consumption and excellent
scalability) and simple structure'™®. Electrochemical
metallization (ECM) cells are one of the most promising
types of RRAM devices among the numerous emerging
nonvolatile memory technologies; they hold the potential
to facilitate novel memory or computing architectures
that can circumvent the von Neumann bottleneck®™®.
ECM devices operate using the migration of cations
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chemical metallization, and the resistance state changes
through the formation and dissolution of the conducting
bridge in the electrolyte. Typically, an ECM cell features a
simple metal—electrolyte (insulator)-metal structure, in
which a solid electrolyte layer is sandwiched between an
active metal electrode (Cu or Ag) and an inert metal
electrode (Pt or Au). The ECM cell can be switched
between a low-resistance state (LRS) and a high-resistance
state (HRS) through the application of an external voltage.
According to the conventional ECM mechanism, when a
positive bias is applied to the active metal electrode, the
electrochemically oxidized cations drift through the solid
electrolyte layer and are reduced with the help of elec-
trons provided by the inert metal cathode>®. This process
leads to the formation of conductive filaments (CFs),
which lower the device resistance state in a process
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referred to as “SET switching”. When the bias polarity is
reversed, an electrochemical process at a high local tem-
perature—induced by the Joule heating effect—facilitates
the diffusion of cations into the surrounding material
under a concentration gradient, which dissolves the CFs
and switches the device to an HRS in a process referred to
as “RESET switching”®™®, This characteristic has attracted
widespread attention from academic researchers, who
have identified the potential of this technology for use in
memristors, reconfigurable logic/analog circuitry, and
neuromorphic application systemsg’13 . Because ECM
devices operate on the basis of ionic carriers and their
resistive switching (RS) relies upon the ion movements
within the electrolyte, they have a particular advantage in
mimicking biological synapses due to the similarity of the
operation principles'*~*¢,

Moreover, ECM kinetics have been found to be highly
electrolyte dependent, leading to diverse filament growth
modes and structures'”'®, However, the random and
frequent migration of cations from the active metal
electrode into the electrolyte layer may result in poor
uniformity, inferior retention of the LRS, and deteriora-
tion of reliability in ECM devices. Therefore, it is neces-
sary to investigate solid electrolyte materials that can
localize and regulate the migration of cations on the
nanoscale level to further improve the RS performance of
ECM devices.

Because of the properties of two-dimensionally confined
materials, two-dimensional (2D) layered materials such as
graphene, transition metal dichalcogenides, and TMPS,
(TM = transition metal) are emerging as potential can-
didates for solid electrolytes in reliable ECM devices'*~*,
Understanding the fundamental mechanisms of RS
behaviors in new switching materials is crucial for
designing and optimizing the associated devices and
facilitates theoretical research on nanoscale materials.
Extensive efforts have already been made to elucidate the
RS mechanisms of various 2D layered materials. 2D
layered material-based memory devices typically show
that RS is controlled by the formation and rupture of CFs
consisting of oxygen vacancies in the oxide layers formed
on the material surfaces®’. Otherwise, filamentary paths
can be formed along the grain boundaries in poly-
crystalline 2D sheets, which can be grown by a chemical
vapor deposition method*>**, However, neither the sur-
face oxides nor grain boundaries show the properties of
two-dimensionally confined materials, and thus, they are
not expected to enhance the RS performance of 2D
layered materials. To date, the migration of cations within
a single-crystalline 2D layered material electrolyte in an
ECM device structure has not been explored.

In this work, we report the formation and rupture of CFs
through Ag ion migration inside a single-crystalline 2D van
der Waals (vdW) solid electrolyte material within an ECM
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device structure. Various CF configurations—induced by
applied voltage in an Ag/CrPS,/Au device in the initial/LR/
HR/breakdown states—are directly observed using ex situ
transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDS). This study provides
clear experimental evidence that CFs consisting of Ag can
be formed inside single-crystalline 2D layered CrPS,, and
their configuration can be changed by the applied voltage.
Density functional theory (DFT) calculations also confirm
that Ag ion migration from the active electrode layer to the
sulfur vacancies of the CrPS, layer is an energetically
favorable process. The electrically induced change in Ag
CFs inside single-crystalline CrPS, raises the possibility of a
reliable ECM device exploiting the properties of two-
dimensionally confined materials.

Materials and methods
Fabrication of ECM devices with CrPS, electrolytes
Ag/CrPS4/Au cross-point devices were fabricated on
SiO,/Si substrates. Single-crystalline CrPS, was grown
from high-purity Cr, P, and S powders using a chemical
vapor transport method. Mechanically exfoliated CrPS,
layers on poly(methyl methacrylate) were transferred onto
the bottom Au electrodes with a width of 3 um, which
were deposited on SiO, substrates. The top Ag electrodes
with ~110-nm thickness and 3-pm width were deposited
via electron-beam evaporation. The electrodes were pat-
terned using electron-beam lithography and a lift-off
process. To test metal migration into bulk CrPS,, Ag or
Cr top layers were deposited onto bulk CrPS, on SiO,
substrates using electron-beam evaporation. The detailed
process has been previously reported in the literature®.

Analysis of electrical properties

The I-V curves of the ECM devices were obtained by
sweeping DC bias voltages between the top Ag and bot-
tom Au electrodes (at room temperature) using a semi-
conductor parameter analyzer (Agilent 4156B), for which
the bottom electrode was grounded.

Analysis of microstructures and atomic arrangements

The microstructure of the Ag/CrPS,/Au device in each
resistance state was analyzed by a TEM (Talos F200X,
Thermo Fisher, USA) equipped with Super-X EDS,
including four 200 keV silicon drift detectors to monitor
the structural and compositional changes. Wedge-shaped
samples for TEM analysis were prepared with a dual-
beam focused ion beam (Helios NanoLab 600, Thermo
Fisher, USA) system using Ga™ ions at 30 keV through the
backside milling method.

Theoretical calculation
We performed the DFT calculations under a generalized
gradient approximation (GGA) for exchange-correlation
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(xc) functionals®*®, implemented in the Vienna ab initio

simulation package®”*®. The kinetic energy was set to
400 eV, and projector augmented wave potentials®>*°
were used to describe the electron—ion interactions. For
the vdW corrections, Grimme’s DFT-D3 method>!—
based on a semiempirical GGA-type theory—was adop-
ted. In calculations, we used supercells for mono- and
bilayer CrPS, with an X-antiferromagnetic phase, which
was the ground state of bulk CrPS,**** (Supporting
Information, Figure S1 and Table S1): mono- and bilayer
CrPS, were constructed from the bulk with optimized
magnetic ordering and lattice parameters. To describe the
vacancy defects inside CrPS,, we investigated several
configurations with vacancy defects in CrPS, by obtaining
the vacancy formation energy (Eypg) per unit cell:
Evee = Edefective CrPS; — (%)Ecwsp where  Egefective CrPS,
and Ecps, are the total energies of defective and defect-
free CrPS,, respectively. Here, n is the total number of
atoms for defect-free CrPS,, while nq is the number of
defect atoms in defective CrPS,. As a result, we obtained
favorable configurations of CrPS, with mono- and diva-
cancy defects in S atoms. On the other hand, the energy
barrier for the penetration of Ag atoms into CrPS, was
calculated by the nudge elastic band (NEB) method.
Within the supercells of monolayer and bilayer CrPS,
with lateral cell parameters a =10.98 and b =7.45, two
kinds of pathways for the Ag atom were considered: the
migration of Ag atoms through monolayer CrPS, and that
between adjacent CrPS, layers. All atomic coordinates
were optimized until the Hellmann—Feynman forces were
<0.2 eV/A. For the Brillouin-zone integration, we used a
(2x3x1) grid in the gamma-centered scheme.

Results and discussion

Figure la, b displays the basic structure and cross-
sectional TEM image of a CrPS,-based ECM device. The
ECM device is fabricated on a SiO,/Si substrate and
consists of four layers: Au (top electrode, TE) with a
thickness of 30—50 nm; Ag (active TE) with a thickness of
150-200 nm; CrPS, (solid electrolyte) with a thickness of
150-200 nm; and Au (bottom electrode, BE) with a
thickness of 50—-100 nm. The cross-sectional TEM image
in Fig. 1b reveals that all layers of the device were stacked
with well-defined and clear interfaces. The metal elec-
trodes were fabricated using electron-beam (e-beam)
lithography, e-beam evaporation, and lift-off processes.
The flakes of the 2D-layered CrPS, (synthesized by a
chemical vapor transport method) were mechanically
exfoliated and aligned on the patterned Au BE using a
transfer method. Although this device had not been
exposed to additional stimuli (such as heat and electricity)
after fabrication, the upper part of the CrPS, layer (near
the Ag active TE) shows brighter contrast than the other
regions of the CrPS, layer in Fig. 1b. Because samples

Page 3 of 9

prepared by a focused ion beam can be contaminated by
debris from the materials in the upper part during milling,
the bright materials observed in the CrPS, layer can be
regarded as debris from the Ag layer. To avoid these
unintended artifacts in the CrPS, layer, all samples—
including the device in Fig. 1a—were prepared using the
backside milling method (Supporting Information, Figure
S2). Because the bright region is located near the Ag
active TE, the bright contrast can be attributed to the Ag
atoms infiltrating into the CrPS, layer. The detailed ionic
distributions of this initial state are described in Fig. 2.

To evaluate the performance of the device, a direct
current (DC) voltage was applied to the Au/Ag TE while
the Au BE was grounded, as shown in Fig. 1c. Despite the
bright contrast in the TEM image of the upper part of
CrPS, in the initial state, this initial state shows high
resistance values of ~10'>Q. An electroforming process
under a compliance current of 0.1 mA was required to
induce initial RS behavior followed by reproducible RS.
The electroforming process for Au/Ag/CrPS,/Au devices
was achieved by applying a high voltage (=412 V), under
which the conductance suddenly increase; this is referred
to as Viyming (green square in Fig. 1c). After electro-
forming, the resistance state of the CrPS, layer could be
easily and reversibly converted between an LRS and HRS
with the help of very low switching voltages. Through
RESET switching, which occurred at Vieset = —0.33 V, the
device abruptly returned to an HRS, and the current flow
was considerably suppressed (red square in Fig. 1c).
Subsequently, when a positive bias exceeding Ve = 0.33 V
was applied to the Ag TE, the device was switched to an
LRS, and a high current flow was permitted (blue square
in Fig. 1c). In addition, the device exhibited good reten-
tion and endurance characteristics (Supporting Informa-
tion, Figure S3). This process has been observed in dozens
of devices and can also be found in previously reported
literature®>.

Because the CrPS, layer in the initial state shows a
bright area in the TEM image in Fig. 1b, it was first
necessary to verify the crystallinity of the CrPS, used in
this device. We analyzed the atomic arrangement of a
mechanically exfoliated CrPS, flake without deposition of
electrode materials using TEM (Fig. 1d). The CrPS, flake
(size: ~20 um; thickness ~200 nm) exhibited a single-
crystalline monoclinic structure (Cyy;). The surface nor-
mal direction through the thickness was in the [001]
direction.

In most ECM devices, the transition mechanism
between LRS and HRS is known to be the formation and
rupture of CFs inside the insulator. A previous report™
suggested that higher switching voltages were required in
an ECM device with a thicker CrPS, layer due to both the
migration of Ag ions in the thicker CrPS, layer and the
formation of longer CFs. In addition, it was argued that
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Fig. 1 Structure and resistive switching (RS) characteristics of an electrochemical metallization (ECM) device with a single-crystalline CrPS,
electrolyte. a schematic diagram and b cross-sectional transmission electron microscopy (TEM) image. ¢ RS characteristics of an ECM device with a
single-crystalline CrPS, electrolyte. d TEM image of a single-crystalline CrPS, flake. The inset of (d) shows its fast Fourier transform pattern.

both LRS and HRS could be maintained for a long time
due to the stably formed filaments. The behaviors of these
filaments are attributable to the oxidation and reduction
of migrated ions originating from the active TE materials
(such as Ag and Cu) in the solid electrolyte®. Therefore,
we investigated the behavior of Ag ions in the CrPS, layer,
which is the solid electrolyte in our device. To understand
the mechanism underlying the RS characteristics of
CrPS,, we analyzed four cross-sectional samples of the
Au/Ag/CrPS,/Au devices in their initial state, LRS, HRS,
and breakdown state using TEM and observed the for-
mation and rupture behaviors of filaments in CrPS,.
Because the chemical composition of CrPS, is not iden-
tical in all samples, the quantitative values of atomic
compositions are not suitable for accurately studying the
changes occurring during cyclic tests. Therefore, we
compared the trends in the compositional change through
the thickness direction for these samples. We analyzed the
composition of the whole device to determine the changes
in average composition and distribution through the
thickness. Figure 2 shows the high-angle annular dark-
field scanning TEM (HAADF STEM) images, EDS map-
ping images, and line profiles indicating compositional

changes through the thickness direction of the Au/Ag/
CrPS,/Au devices in the initial state, LRS, and HRS. In
particular, devices in stable HRS and LRS were obtained
after more than 10 cycles of DC voltage sweeps.

Ag atoms were detected in the CrPS, layer near the upper
interface of the device in the initial state (Fig. 2a). To verify
the reason for the infiltration of Ag, we analyzed a Ag/CrPS,
sample obtained halfway through the process of fabricating a
Au/Ag/CrPS,/Au device (Supporting Information, Figure
S4). It was found that Ag atoms could infiltrate into the
CrPS, layer during the e-beam deposition process without
any additional electrical or thermal stimulation. After a
positive bias was applied to an Au/Ag/CrPS,/Au device, the
device switched to an LRS, and Ag was detected evenly
across the whole CrPS, layer, although the CFs were not
clearly defined (Fig. 2b). After a negative bias was applied to
an Au/Ag/CrPS,/Au device, the device switched to an HRS,
and the concentration of Ag significantly decreased across
the whole CrPS, layer (Fig. 2c). A considerable number of Ag
atoms remained at the interface between the Ag TE and
CrPS, layer, which was similar to the initial state. In contrast,
Ag atoms also remained at the interface between CrPS, and
the Au BE of the device in the HRS.
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To measure the compositional changes through the
thickness direction, we analyzed the EDS line profile,
which showed the change in normalized atomic compo-
sition from the TE to the BE (Fig. 2d). The concentration
of Ag in the CrPS, layer in the initial state rapidly
decreased from 22 at.% at the Ag/CrPS, interface to 1.8 at.
% at the center of the layer. The average Ag concentration
in the entire initial state CrPS, layer was 4.6 at.%. Despite
the absence of additional stimulation, a considerable
quantity of Ag can infiltrate into the surface of the CrPS,
layer in the initial state. Because electroforming is the first
migration process of Ag from the Ag TE to the Au BE in
single-crystalline CrPS,, a large quantity of energy is
required to form the first Ag filament. It is anticipated
that the initial presence of Ag in CrPS, may help CFs form
during the electroforming process with relatively low
energy consumption. Furthermore, these Ag atoms pre-
sent in the initial state can induce forming-free RS
behaviors*’, which might be useful in reducing power
consumption and improving the uniformity of switching
behavior**.

After the device was switched to LRS, the concentration
of Ag increased to 50 at.% at the Ag/CrPS, interface and
to 20 at.% at the center of the CrPS, layer. The average Ag
concentration in the whole CrPS, layer also increased to
28.5at.%. After the device was switched to HRS, the
concentration of Ag decreased to 20 at.% at the Ag/CrPS,

interface and to 3.3 at.% at the center of the CrPS, layer.
The compositional distribution of Ag in the HRS was
similar to that observed in the initial state. To confirm the
compositional changes of CrPS,, we compared the ratios
of Cr, P, and S in the CrPS, layers of all devices. The ratios
of Cr, P, and S in the CrPS, layers were 1:0.7:3.2 (initial
state), 1:0.8:2.9 (LRS), and 1:0.6:2.7 (HRS). Because the
initial composition of each device differs, direct compar-
isons of these values are not suitable. However, we
observed decreasing trends in the S concentration after
electrical stimulation compared to the initial state. These
findings imply that repetitive electrical stimulation indu-
ces more S vacancies, which may facilitate the movement
of Ag ions in the CrPS, layer.

To confirm the morphology of Ag filaments and its
effect on the crystallinity of the CrPS, layer, we obtained
scanning TEM (STEM) and high-resolution TEM
(HRTEM) images of the CrPS, layers (Fig. 3). From the
low-magnification images in Fig. 2b, we can assess the
concentration and distribution of Ag in the CrPS, layer;
however, we cannot distinguish the configuration of
filaments. In the STEM images of the CrPS, layer in the
LRS, it can be seen that the Ag filaments were clearly
defined in CrPS, (Fig. 3a). Ag ions in CrPS, at the LRS
heavily accumulated in the region near the Ag/CrPS,
interface. These Ag ions moved to the BE and formed
filaments to connect the TE and BE. Because this image
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Fig. 3 Microstructure of the conductive filament and single-crystalline CrPS,. a Scanning transmission electron microscopy (STEM) image of the
CrPS, layer in the low-resistance state (LRS). b Magnified STEM image and ¢ energy-dispersive X-ray spectroscopy mapping image of Ag atoms,
obtained from the area marked by the dashed red rectangle in (a). High-resolution transmission electron microscopy (HRTEM) images of CrPS, layers
in the d initial state, e LRS, and f high-resistance state. The insets of (d-f) show the corresponding fast Fourier transform patterns.

represents a small volume of the whole device, only one
filament, consisting of many branches connecting the TE
and BE, is visible. To distinguish the Ag filaments more
clearly from the CrPS, layer, we magnified the area
marked by the dashed red rectangle in Fig. 3a (Fig. 3b)
and analyzed the EDS map of Ag atoms (Fig. 3¢c). The
concentration of Ag at the filaments was higher than that
in the CrPS, matrix layer. To confirm the changes in the
CrPS, layer during the RS process, we compared the
crystallinity of the CrPS, layer in each state (Fig. 3d—f).
The HRTEM image and its fast Fourier transform (FFT)
pattern show that the CrPS, layer in the initial state was
a single crystal, despite Ag atoms infiltrating from the
interface. In addition, the Ag atoms did not form solid-
state phases in the CrPS, layer (Fig. 3d). Unlike samples
in the other states, the LRS sample featured additional
spots in the FFT pattern (Fig. 3e), which matched the
patterns of the Ag and Ag,O phases (Supporting Infor-
mation, Figure S5). The CrPS, layer in the LRS retained
its crystallinity despite the existence of solid-state phases
(including Ag) in the CrPS, layer. The observed Ag
phases indicated that the Ag CFs consisted of crystalline
phases. In the HRTEM image obtained for a CrPS, layer
in the HRS (Fig. 3f), the Ag phase was removed, and the
CrPS, retained a single-crystalline phase. The CrPS,
layer could maintain its single-crystalline structure
during RS induced by electrical stimulation, regardless of
the presence of Ag phases.

To compare the breakdown state with other states, we
applied +10V (exceeding the value of SET voltage) to a
Au/Ag/CrPS,/Au device, which made the device metallic
(Supporting Information, Figure S6). STEM and EDS data
obtained after the breakdown process revealed that Ag
atoms also accumulated near the Ag/CrPS, interface and
formed many thick filaments distributed evenly in the
CrPS, layer. In the breakdown state, the concentration of
Ag was higher than that in the LRS, and the ratios of P
and S compared with Cr were decreased to 1:0.5:2.1 (Cr:P:
S). These results implied that the device was nonfunc-
tional at high Ag concentration, accompanied by a
decrease in P and S. Furthermore, a large current flow is
known to cause Joule heating, which causes physical
damage, interferes with device operation, and can even
induce complete device breakdown.

It is noticeable that the shape of the CFs formed inside
CrPS, differed from the conical CFs formed inside the
general vertical devices reported in previous studies®~’.
Because the Ag atoms (migrated into CrPS, in the initial
state) can function as seeds for CF growth, the CFs
formed inside the CrPS, showed dendrite structures near
the upper interface. The migration of Ag appeared to be
guided by S vacancies, with the CFs most likely growing
along with them. The presence of these S vacancies can
lead to stable switching phenomena; this is analogous to
the case of defects and grain boundaries, which have
previously been introduced to control CF growth and
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reduce its randomness®®. Ag ion migration through S
vacancies within a single-crystalline 2D material can
reduce the randomness of CF growth and thus improve
the durability, uniformity, and reliability of the device.
Furthermore, the implementation of high-performance
devices operating at low operating voltages is expected to
become possible if defects are controlled. It was con-
firmed that the forming voltage of the Ag/CrPS,/Au
device could be reduced by controlling defects within
CrPS, using a reactive ion etching process (Supporting
Information, Figure S7).

To verify our hypothesis of Ag migration during the
switching process and to explain the formation of Ag CFs
inside the CrPS, layer, we performed spin-polarized
density functional theory (DFT) calculations. In parti-
cular, we investigated the penetration of Ag atoms into
CrPS, with and without vacancy defects. It was previously
reported that Cu atoms easily pass through graphene
containing enlarged vacancy defects®. Thus, we con-
sidered mono- and divacancy defects of S atoms in CrPS,
to show the relationship between the penetration of Ag
atoms and the sizes of vacancy defects in CrPS,. First, we
studied the binding behaviors of Ag atoms on the surface
of monolayer CrPS, with and without vacancy defects.

Figure 4 shows the adsorption of an Ag atom on (a)
defect-free CrPS, and defective CrPS, with (b) mono- and
(c) di-vacancy defects of S atoms. We obtained the
binding energy (E,) per surface unit cell using the fol-
lowing equation: Ej, = —{EAg/Crps4 — (Ecrps4 —|—EAg) },
where Exg/cips,, Ecips,, and Eag are the total energies of
Ag-adsorbed CrPS,, isolated CrPS,, and a single Ag atom,
respectively. We observed that the Ag atom had a larger
E,, (by ~0.4eV) on defective CrPS, with mono- or diva-
cancy defects than on defect-free CrPS,, as shown in Fig. 4.
This suggested that Ag atoms tend to be adsorbed on
defective CrPS, rather than on defect-free CrPS,. To
study the penetration of Ag atoms into CrPS, (as a
function of the size of vacancy defects), we obtained the
energy barriers for the migration of Ag atoms through
monolayer CrPS, by using nudged elastic band (NEB)
calculations. In Fig. 4d, the first penetration step indicates
the atomic configuration of the Ag atom adsorbed on the
CrPS, surface shown in Fig. 4a—c. Our calculations
revealed that the Ag atom has the lowest energy barrier
(of 1.70 eV) when passing through the surface of defective
CrPS, with divacancy S defects compared to the cases of
defect-free CrPS, and defective CrPS, with monovacancy
S defects. However, despite the vacancy defects in CrPS,,
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the Ag atom on CrPS, with monovacancy defects had a
larger energy barrier than that on defect-free CrPS, due to
its strong binding behavior on the surface of CrPS, with
monovacancy defects. The energy barrier of Ag atoms was
significantly decreased on CrPS, with divacancy defects
due to the ample space inside the CrPS,. Figure 4e shows
the energy barrier for the migration of Ag atoms between
adjacent CrPS, layers. The lowest-energy barrier between
adjacent CrPS, layers with divacancy defects was obtained
for the migration of Ag atoms. This indicated that Ag
atoms could more easily pass through CrPS, as the size of
vacancy defects increased and that they tended to move
along the vacancy defect sites inside the CrPS, layers.

Conclusion

In summary, we analyzed the mechanism behind the RS
behavior of ECM devices using CrPS, (an emerging 2D
insulator) as an electrolyte. TEM measurements revealed
that the RS behaviors of ECM devices were caused by the
formation and rupture of CFs composed of Ag atoms
infiltrating into the CrPS, layer. It was confirmed that the
CrPS, layers retained their single-crystalline structures,
while Ag atoms migrated through the CrPS, layers,
leading to the formation and rupture of the CFs. DFT
calculations demonstrated that Ag atoms migrated more
readily through defective CrPS, layers with S divacancy
defects than through defect-free CrPS, layers or defective
CrPS, layers with S monovacancy defects. These results
showed that cations can migrate within a 2D layered
single-crystalline material electrolyte in an ECM device
structure, and the two-dimensionally confined properties
of the material can thereby be utilized to enhance the
durability, uniformity, and reliability of the device.
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