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Nanoscale Insights into the Dynamics of Conductive
Filament Growth/Dissolution in 2D Material-Based

Memristors
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Kuibo Yin, and Litao Sun*

2D materials have drawn widespread attention as promising candidates for
electrochemical metallization (ECM) memristors. However, some critical
questions related to the resistance switching (RS) behaviors of 2D
material-based ECM memristors, such as the pathways of conductive

computing and large-scale neuromorphic
network applications.!'] Among them, the
electrochemical metallization (ECM) mem-
ristor is particularly representative.[*°] The
working mechanism of the ECM memris-

filaments (CFs) growth/dissolution, the chemical composition and crystal
structure of the CFs, remain largely unexplored. Herein, in situ transmission
electron microscopy is employed to investigate the evolution of CFs in Ag (or
Cu)/MoS, /W ECM memristors. Contrary to the traditional ECM theory, the
CFs are found to grow from the anode to the cathode and dissolve from the
cathode to the anode. Notably, Ag CFs with different crystal structures and
metallic sulfide-type CFs are observed in the memristors. These results
provide deeper insights into the RS mechanism in 2D material-based ECM
memristors and facilitate the optimization of memristive devices.

1. Introduction

With the rise of big data and artificial intelligence, the conven-
tional von Neumann architecture is facing severe challenges in
achieving highly efficient data processing and storage due to
its discrete nature of computing and storage. It is necessary to
develop novel storage and computational architectures to over-
come the von Neumann bottleneck. Memristors, with a sim-
ple metal/insulator/metal (MIM) structure, are considered as
promising candidates that exhibit great potential for in-memory
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tors is based on the formation and dissolu-
tion of conductive filaments (CFs) under the
electric field, enabling the reversible resis-
tance switching (RS) of the device between
a high resistance state (HRS) and a low re-
sistance state (LRS), namely the “SET” and
“RESET” processes.l'% Currently, ECM
memristors are mainly based on traditional
bulk materials and have achieved some
success.['>1] However, their 3D structure
inevitably constrains high-density integra-
tion. Due to atomic thickness and unique
physical properties, 2D materials are at-
tracting significant attention, providing
promising building blocks for ECM memristors.['*1% The MIM
configuration of ECM devices can be fabricated by incorporat-
ing 2D materials in a vertical or lateral stack between electrodes.
Compared to lateral devices, vertical ECM memristors based on
2D materials offer superior integration capabilities, fast switch-
ing speeds, high on/off ratios, low SET/RESET voltages, good re-
tention, and low energy consumption.[20-24]

Despite the fascinating progress, the underlying mechanism
of the RS characteristics in 2D material-based ECM memristors
has yet to be fully elucidated, which could impede the optimiza-
tion of these devices. In memristors based on monolayer 2D
materials (such as MoS, and h-BN), the RS is attributed to the
adsorption and desorption of metal ions at the point defects of
the materials.[>?’] In the case of multilayer 2D material-based
devices, the formation and dissolution of metallic CFs within
the 2D materials, similar to traditional oxide bulk material-based
ECM memristors, is believed to be the main cause of the RS
behaviors.!?*-3%1 Amorphous oxide bulk materials have ample in-
terstitial spaces, while most 2D materials are compact layered
crystalline in nature without a natural channel for metal ion mi-
gration across/through the multilayer structure. Therefore, the
dynamics of CFs in memristors based on 2D materials may be
different from those in bulk material-based memristors. On the
one hand, structural defects are required to form ion migration
channels. On the other hand, chemical reactions may occur be-
tween metal ions from the electrodes and ions from the 2D mate-
rials’ lattices. Although early attempts, primarily based on cross-
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sectional transmission electron microscopy (TEM) studies of pre-
switched devices and in situ conductive atomic force microscopy
characterization, have been made to reveal the evolution mech-
anisms of CFs within 2D material-based memristors,?13] these
provide only limited information about the CFs. The details about
the migration of metal ions through the 2D multilayers, the for-
mation and rupture process of CFs, and the chemical composi-
tion or crystalline structure of CFs during the RS operation re-
main largely unexplored.

In this work, the real-time dynamic evolution of the CFs in
2D MoS,-based memristors is systematically elucidated at the
nanoscale through in situ TEM observations. Several fundamen-
tal issues related to the RS effect are revealed, including the path-
way of CF growth/dissolution, the chemical composition, and the
crystal structure of the CFs. Contrary to the traditional ECM the-
ory, the CFs are found to grow from the anode to the cathode
and dissolve from the cathode back to the anode. Impressively,
Ag CFs with a hexagonal crystal structure (4H-Ag) are first ob-
served in the Ag/MoS, /W memristors. Furthermore, besides the
commonly reported pure metal (e.g., Ag or Cu) filaments, metal-
lic sulfide-type CFs are also observed in the MoS,-based ECM
memristors. This may mainly result from the chemical reaction
of metal ions with the free sulfur ions within the MoS, lattice.
These findings provide valuable insights into the RS mechanism
in 2D material-based ECM memristors and may facilitate the op-
timization of related memristive devices.

2. Results and Discussion

Here, chemical vapor deposition (CVD)-synthesized MoS, films
with a thickness ranging from several nanometers to tens of
nanometers were used as the RS medium. The films were char-
acterized using Raman spectroscopy, X-ray photoelectron spec-
troscopy (XPS), and TEM, confirming their relatively good qual-
ity and the presence of local atom vacancies (Figures S1 and S2,
Supporting Information). For the fabrication of the ECM verti-
cal memristor, the MoS, films were transferred onto an Ag (or
Cu) bottom electrode deposited on conductive n-doped silicon
substrates. Then, Au patterns used as the protection layers were
transferred onto the top of the MoS, film to form vertical Ag (or
Cu)/MoS, /Au structures (Figure S3, Supporting Information).
This process avoids lithography, which helps to minimize the
damage to the MoS, during device fabrication. Cross-sectional
specimens for in situ TEM studies were acquired using a focused
ion beam (FIB) system. Both the thickness and lateral size of the
sample were strictly controlled through the FIB milling process
to enable high-resolution observation of structural changes in the
memristors.

ECM memristors based on MoS, films were constructed in-
side a Cs-corrected TEM equipped with a TEM-scanning tunnel-
ing microscopy (TEM-STM) holder. As schematically illustrated
in Figure 1a, the cross-sectional sample welded onto a TEM grid
was fixed on the right side, while a W tip acting as the inert elec-
trode was mounted on a movable piezo manipulator on the left
side. The W tip was then controlled to contact the sample and
scrape off the Pt and Au protective layers covering the top of the
MoS, film, thereby enabling the subsequent directed attachment
to the MoS, layers to form an Ag (or Cu)/MoS, /W vertical struc-
ture (Figure S4, Supporting Information). This approach facili-
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tates the direct monitoring of microstructural changes within a
smaller (nanometer-scale) region, as the W tip is several nanome-
ters to tens of nanometers in size. During the electrical measure-
ment, the voltage was applied to the TEM grid while the W tip
was grounded.

Figure 1b shows the cross-sectional image of a pristine
Ag/MoS, /W memristor, which is typically in the high-resistance
OFF-state. Figure 1c,d show the images of the same device af-
ter being switched to the ON-state and subsequently reset to the
OFF-state, respectively. After several positive voltage sweeps, a CF
(marked by the red dotted line) suddenly appeared (Figure 1c),
indicating that the RS behavior originates from the formation of
CF. Notably, the portion of the CF located within the MoS, was
not readily apparent due to the relatively greater thickness and
lattice structure of MoS,, which hindered its clear imaging. Con-
versely, when a negative sweep voltage was applied, the device
abruptly switched back to the HRS, accompanied by the disap-
pearance of the CF (Figure 1d). High-resolution TEM (HRTEM)
image (Figure 1e) and its corresponding FFT pattern (Figure 1f)
confirm that the CF is composed of crystalline Ag. Figure 1g
shows the corresponding I-V curve, which exhibits a bipolar
switching behavior. During the positive voltage sweep, the de-
vice current rapidly increased at a voltage of 4.5 V and saturated
to a compliance current of 10 pA, indicating the fresh device
transitioned from the HRS to the LRS. Subsequently, during the
negative voltage sweep, the device abruptly switched back to the
HRS.

To further study the dynamic growth of the CFs, a positive
sweep voltage was applied to an Ag/MoS,/W memristor. The
growth of the CFs with voltage changes was recorded, and rep-
resentative frames are shown in Figure 2a—c. Upon the appli-
cation of the positive sweep voltage, the MoS, layer exhibits
pronounced deformation, indicating the migration of Ag ions
through the basal layer and the formation of migration chan-
nels. As the voltage reaches ~4.1V, the electrical current exhibits
a significant surge and rapidly reaches the compliance current
(I.) of 500 nA (Figure 2d), demonstrating the complete CF for-
mation, although it was not visibly apparent at that moment.
Subsequently, as the voltage gradually drops to 3.2 V, the con-
tinued growth of CFs makes them clearly visible (indicated by
the red arrows in Figure 2c). The corresponding HRTEM im-
age (inset in Figure 2d) indicates that the composition of the
CFs is Ag. Furthermore, the growth of CFs was also studied in
a Cu/MoS, /W memristor (Figure 2e-h). Similarly, obvious CFs
(highlighted by red dashed lines in Figure 2f) are observed in the
device after the application of a positive voltage sweep, spanning
across the MoS, layers and bridging the Cu and W electrodes. No-
ticeable distortion of MoS, layers is evident (indicated by arrows
in Figure 2g), and the MoS, lattice is disrupted, which facilitates
the subsequent injection and migration of Cu ions, thereby lead-
ing to the nucleation and formation of CFs. The formation of CFs
is responsible for the device switching from the HRS to the LRS
(Figure 2h). HRTEM image in the inset of Figure 2h suggests
the CFs are composed of Cu with a body-centered cubic struc-
ture. Additionally, the observed downward bending of MoS, lay-
ers suggests that CF growth proceeds from the anode toward the
cathode, which is also consistent with the observation in other
Cu/MoS, /W and Cu/MoS, /Pt devices (Figures S5 and S6, Sup-
porting Information).

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UBD17 SUOWILLID SAIER.D B |qedi(dde ay) Aq peueAob a8 Saole YO 9SN JO SaIN 10} AidTaUIIUQ AB]IAN UO (SUOTHPUOD-PUR-SUWLBIALICD" A 1M Afe.d 1 jBul [Uo//Sty) SUONIPUOD pue swie | ay) 89S *[9202/90/cT] uo Akeiqi8uliuo A8|IM ‘ASIBAIUN 1seauinos Ad T6/605202 SAPE/Z00T OT/I0p/u0d A3 Im Ale.d 1 jBul U0 paoueApe//Sdiy WOl j papeojumod ‘S ‘520z ‘v8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

e "..
el T D

TEM Gri

«Q
-
m
o

1E-6

1E-7

1E-8

Current (A)

1E-9

Voltage (V)

Figure 1. Construction of Ag (or Cu)/MoS, /W vertical memristors and in situ electrical measurement. a) Schematic illustration of the construction of
the memristors. b—d) Cross-sectional TEM images of (b) a fresh Ag/MoS, /W memristor, (c) the memristor in the LRS, and (d) the device after a RESET
operation, respectively. The CF in (c) is highlighted by the red dotted line. e) HRTEM image of the CF region. f) The corresponding fast Fourier transform
(FFT) pattern of (e). g) In situ I-V characteristic curve showing a bipolar switching behavior of the memristor. The voltage sweep direction is indicated

by the arrows.

The CF growth from the anode toward the cathode devi-
ates from the conventional ECM theoretical model, which pre-
dicts that metallic precipitates nucleate at the cathode and sub-
sequently extend toward the anode. According to the conven-
tional ECM mechanism, metallic atoms at the anode are oxi-
dized into metal ions under a positive bias. These ions then mi-
grate through the switching layer and are reduced at the inert
cathode if they do not capture electrons during their transport
through the RS medium. This behavior is well established for
traditional solid-state electrolytes such as GeS, and GeSe, 33!
which exhibit high solubility and mobility for specific metal ions.
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For instance, Ag filaments have been observed extending from
the Au cathode toward the Ag anode in an Ag/As,S,: Ag/Au
structure,**) and Cu filaments have been reported growing from
the Pt-Ir cathode toward the Cu anode in a Cu/Cu-GeTe/Pt-Ir
device.l”]

In contrast, in the Ag (or Cu)/MoS,/W devices investigated
in this study, the unique layered structure of 2D MoS, is ex-
pected to exhibit substantially lower metal-ion mobility than that
of conventional solid-state electrolytes, rendering the reduction
of metal ions within the MoS, film a plausible pathway. On this
basis, the CF growth in MoS,-based ECM memristors is de-
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Figure 2. Dynamic growth of the CFs and the corresponding RS behavior. a—c) TEM images and corresponding d) I-V characteristics of an Ag/MoS, /W
memristor under the positive sweep voltage. The inset shows a HRTEM image of the CF. e,f) TEM images of a fresh Cu/MoS,/W memristor and the
device in the LRS, respectively. g) Enlarged TEM images of the regions highlighted by blue rectangles in (e,f). h) I-V curve of the Cu/MoS, /W device
under the positive voltage sweep. The inset shows a HRTEM image of the CF. i) Schematic illustrations depicting the mechanism of CF growth.

scribed as shown in Figure 2i. Upon application of a positive
voltage to the active electrode (Ag or Cu), metal atoms (M) are
oxidized to form mobile metal ions (M%*), which drift toward
the cathode under the applied electric field. Due to their limited
mobility in MoS,, metal ions are reduced to metallic atoms after
only a short migration distance. Repeated oxidation-reduction cy-
cles promote the progressive accumulation of metal atoms at the
anode/MoS, interface, eventually leading to CF nucleation in lo-
calized regions. Once formed, the CF nucleus effectively extends
the anode, creating a preferential pathway for ion migration to-
ward the CF tip under the intensified local electric field.*®] As the
CF elongates, the layered MoS, structure undergoes distortion
and destruction, which reduces migration barriers and further
facilitates ion transport. With continued growth, the CF eventu-
ally bridges the cathode, forming a highly conductive pathway
through the MoS, layers and switching the device to the LRS.

Considering that the device is exposed to electron beam irra-
diation during the dynamical observation, control experiments
were conducted with the electron beam switched off to evaluate
the influence of electron beam-induced artifacts (Figure S7, Sup-
porting Information). The results confirm that the electron beam
irradiation has little effect on CF formation and that the electric
field is the primary driver of CF growth.
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Besides, the dissolution of the CFs was also investigated in the
Ag (or Cu)/MoS,/W memristors (Figure 3; Figure S8, Support-
ing Information). The memristors were first switched to the LRS,
after which negative sweep voltages were applied while recording
the dissolution dynamics. Figure 3a—c presents CF dissolution in
an Ag/MoS, /W memristor under a negative sweep voltage (0 V —
—6 V). As the voltage increases, the tip of the CF connected to the
W electrode thins and eventually ruptures, leaving some residu-
als and causing a drop in electrical current (Figure 3d). During
CF dissolution, the structural deformation in MoS, induced by
CF formation can partially recover upon CF complete dissolu-
tion (Figure S9, Supporting Information). Nevertheless, in some
cases, significant lattice damage caused by CF formation, cou-
pled with incomplete CF dissolution, results in residues embed-
ded within the MoS,, thereby maintaining relatively stable chan-
nels. A representative example is shown in Figure 3e, where a CF
embedded in the MoS, interlayer (outlined by red dashed lines)
progressively dissolves and retracts from the W electrode under
a negative sweep voltage. After 39 s, dissolution largely ceases,
leaving a stabilized CF residue within the MoS,. This incomplete
dissolution of CF preserves an enlarged interlayer spacing (indi-
cated by red arrows), thereby sustaining a channel for subsequent
CF reformation.
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Figure 3. Dissolution of the CFs and the corresponding RS behaviors. a—c) TEM images of an Ag/MoS, /W memristor and corresponding d) |-V char-
acteristics under the negative voltage sweep. e) Time-sequence TEM images illustrating CF dissolution in another Ag/MoS, /W memristor. f) Schematic

illustrations showing the mechanism of CF dissolution.

As discussed above, the growth direction of the CF is from
the anode to the cathode. Consequently, the thinner part of the
CF is located near the cathode (W electrode), which is obvious
in Figure 3a. It is expected that the current density is highest at
the narrowest point of the filament, where the local resistance is
maximum. The combination of high current density and resis-
tance produces intense localized Joule heating, facilitating oxida-
tion and dissolution of the CF. As a result, the rupture of the CF
occurs at the CF/W electrode interface, and dissolution proceeds
from the W electrode toward the Ag (or Cu) electrode (Figure 3f).
During the dissolution process, some residuals of the CF may re-
main due to the partial dissolution. Under multiple RESET oper-
ations or one RESET process with a longer duration, the CF may
completely dissolve. These residuals could influence the RS per-
formance. On the one hand, some smaller residuals can serve as
nucleation sites for the reformation of complete CFs during the
subsequent SET process. On the other hand, however, more ro-
bust residuals may hinder the successful RESET process, causing
the device to maintain the LRS. Therefore, the control of the size
of the initial CF is critical during the CF formation process, and
appropriate voltages and compliance currents should be applied.

In addition to the growth/dissolution dynamics of the CFs that
can influence memristor performance, the chemical composi-
tion and crystalline structure of the CFs could also be crucial fac-
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tors affecting the RS performance, as they typically determine the
electrical resistance states of the memristors. Therefore, the con-
sistency of the chemical composition and crystalline structure
usually plays an important role in the uniformity of the device
performance. In general, the CFs in ECM memristors are usu-
ally composed of pure active metal (such as Ag or Cu),[*2] which
is also confirmed in our in situ experiments. Moreover, in the
ECM memristors with Ag as the active metal electrode, Ag with a
face-centered cubic (fcc) structure is comprehensively accepted as
the composition of the CFs,!%#3% which is commonly observed in
our experiments (Figure 4a—c; Figure S10, Supporting Informa-
tion). Figure 4a presents the TEM image of a typical Ag/MoS, /W
memristor that has been switched to the LRS, where the CFs are
marked by red dashed lines. The corresponding HRTEM image
and FFT pattern (Figure 4b,c) of the orange rectangle region con-
firm that the CF is composed of fcc-Ag. Interestingly, in some
cases (for example, Figure 4d—f), the Ag CFs exhibit a hexago-
nal crystal structure (4H-Ag). These phenomena indicate that Ag
atoms may crystallize into different crystal structures (including
fcc-Ag and 4H-Ag) during the Ag CFs growth, which should be
given much attention, as there are significant differences in the
physical properties between fcc-Ag and 4H-Ag. Theoretical calcu-
lations suggest that 4H-Ag exhibits 130 times higher in-plane
resistivity compared to the common fcc-Ag.??! Therefore, the ex-
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Figure 4. Metal CFs and metal sulfide CFs in the Ag/MoS,/W memristors. a,d,g) TEM images of Ag/MoS,/W memristors in the LRS. b,e,h) HRTEM
images of the regions framed by the orange, yellow, and blue boxes in (a), (d), and (g), respectively. ¢,f,i) Corresponding FFT patterns of (b), (e), and

(h), respectively.

istence of Ag CFs with different crystal structures may lead to
obvious resistance state differences, thereby affecting the unifor-
mity of the device performance. The formation of 4H-Ag CFs may
be attributed to both the crystalline structure of the Ag electrode
and the template effect of the MoS, layer. It is highly probable
that the Ag electrode prepared via electron beam evaporation or
thermal evaporation contains 4H-Ag components; a similar phe-
nomenon has been previously reported in the preparation of Ag
film by magnetron sputtering,[**] which can serve as an epitaxial
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template for the formation of 4H-Ag CFs. Additionally, the hexag-
onal lattice of MoS, can also act as an epitaxial template for Ag
deposition, favoring the formation of 4H-Ag over fcc-Ag due to
minimal lattice mismatch. Since 4H-Ag is metastable, it is ex-
pected to transform into fcc-Ag after multiple electrical cycles,
primarily driven by Joule heating.

Impressively, in addition to the conventional pure metallic
CFs, metallic sulfide-type CFs were also observed in our exper-
iments. Figure 4g—i shows a Ag,S CF in an Ag/MoS,/W mem-
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Figure 5. Schematic illustration of the possible formation mechanism of metal sulfide (M,S,) CFs through direct chemical reactions between metal ions

and free sulfur ions.

ristor. The HRTEM image (Figure 4h) of the CF region framed
by a blue rectangle (Figure 4g) reveals typical lattice spacings of
3.6, 2.38, and 2.42 A, which can be indexed as the (110), (103),
and (013) planes of monoclinic Ag,S along the [331] zone axis,
confirming that the formed CF is Ag,S. Moreover, another ex-
ample of an Ag,S CF is shown in Figure S11 (Supporting In-
formation). Similarly, a CF composed of Cu,S was also found
in a Cu/MoS,/W memristor (Figure S12, Supporting Informa-
tion). These observations reveal that metallic sulfide-type CFs
could form in the MoS,-based memristors, which has not been
reported before. Moreover, since both Ag and Cu can form metal
sulfides with varying stoichiometric ratios (such as Ag, .S and
Cu,S;), different metal sulfides (M, S,) may form depending on
the specific situation. A previous study revealed that a Ti,S,
layer forms at the Ti/MoS, interface in Ti/MoS,/Pt memris-
tors through XPS characterization. However, the Ti, S, layer only
functions as a sulfur ion reservoir, while CFs consisting of sul-
fur vacancies lead to the RS phenomenon.*!] In contrast, metal
sulfide CFs were directly observed in our cases through in situ
TEM, and these CFs directly determined the RS phenomenon,
rather than relying on sulfur vacancies to form the CFs. It should
be noted that although the exact composition of the internal CF
region of MoS, cannot be determined based on the external CF
portion, this at least suggests that the metal sulfides participate
in the overall composition of the CF and directly influence the RS
behaviors.

The observed formation of metal sulfides suggests that a
chemical reaction between migrating metal ions and sulfur ions
may occur during CF growth. Specifically, one possible mecha-
nism involves the direct chemical reaction of active metal ions
with mobile free sulfur ions within the MoS, matrix (Figure
5). Crucially, CVD-synthesized MoS, film inherently possesses
a high density of sulfur vacancies (V,), which serve as reservoirs
for ionic sulfur species and as preferential sites for lattice distor-
tion under an electric field. During CF formation, the interplay
between the migrating metal ions and the Mo$, lattice, coupled
with localized volume expansion, promotes the generation of ad-
ditional sulfur vacancies via S—Mo bond rupture, thereby increas-
ing the concentration of mobile free sulfur ions. Under the ap-
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plied electric field, these liberated sulfur ions migrate counter to
the electric field direction, while active metal ions from the anode
drift toward the cathode. Upon encountering each other, the op-
positely migrating ions undergo electrochemical reactions (M**
+ 8 > M,S)), leading to the nucleation of metal sulfide clus-
ters. Progressive coalescence of these clusters ultimately results
in the formation of a metal sulfide CF extending to the cathode.
Once the CF connects to the cathode, a notable decrease in the
overall electrical resistance is observed.

Additionally, there may be another possibility, namely migrat-
ing metal ions could occupy molybdenum vacancies (Vy,,) within
the MoS, lattice and subsequently form chemical bonds with
adjacent sulfur ions, thereby leading to the formation of metal-
lic sulfide CFs (Figures S13 and S14, Supporting Information).
However, this pathway would necessitate the generation of a
substantial population of molybdenum vacancies. Considering
the relatively high formation energy barrier associated with such
vacancies,*?] this mechanism is therefore unlikely to represent
the dominant route for metallic sulfide CF formation. It is note-
worthy that during CF growth, the conventional ECM process
may occur concurrently, potentially incorporating pure metal
(Ag/Cu) into the final composition of the CFs.

The discovery of metal sulfide CFs has expanded the diver-
sity of available CFs. On the one hand, metal sulfides are typi-
cally semiconductors with electrical conductivity significantly dif-
ferent from that of pure metals, which may affect the perfor-
mance uniformity of memristors. On the other hand, the exis-
tence of metal sulfide CFs could introduce additional electrical
resistance states, thereby facilitating multi-state storage applica-
tions based on 2D materials. Given these potential implications,
arational device design should be considered to harness the ben-
efits while mitigating the potential drawbacks. This may involve
optimizing the material composition and device structure to en-
sure consistent CF formation and reliable RS behavior. For exam-
ple, strategies include preparing high-quality 2D materials with
fewer vacancies, inserting a nanoscale Al,O, layer between the
active metal electrode and MoS, to prevent direct reactions be-
tween metal ions and sulfur ions, or applying nanosecond electric
pulses (<100 ns) to minimize Joule heating and avoid long-range

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UBD17 SUOWILLID SAIER.D B |qedi(dde ay) Aq peueAob a8 Saole YO 9SN JO SaIN 10} AidTaUIIUQ AB]IAN UO (SUOTHPUOD-PUR-SUWLBIALICD" A 1M Afe.d 1 jBul [Uo//Sty) SUONIPUOD pue swie | ay) 89S *[9202/90/cT] uo Akeiqi8uliuo A8|IM ‘ASIBAIUN 1seauinos Ad T6/605202 SAPE/Z00T OT/I0p/u0d A3 Im Ale.d 1 jBul U0 paoueApe//Sdiy WOl j papeojumod ‘S ‘520z ‘v8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

sulfur ion migration. Additionally, further investigation into the
underlying mechanisms and the factors influencing the forma-
tion of metal sulfide CFs could provide valuable insights for de-
vice engineering and performance optimization.

3. Conclusion

In summary, the real-time dynamic evolution of CFs in 2D MoS,-
based vertical ECM memristors was systematically investigated
at the nanometer scale through in situ TEM observations. Con-
trary to the traditional ECM theory, the CFs in the MoS,-based
memristors were found to grow from the anode toward the cath-
ode, and dissolve from the cathode back to the anode. This
growth/dissolution mode is attributed to the low metal ion mo-
bility across the layers of the 2D MoS,. Intriguingly, Ag CFs
with both fcc and hexagonal crystal structures were found in the
Ag/MoS, /W memristors. Furthermore, metallic sulfide-type CFs
were also observed in the memristors, resulting from the chem-
ical reaction of metal ions with the free sulfur ions. The discov-
ery of metallic sulfide-type CFs could facilitate multi-state storage
applications based on 2D materials. These findings provide fun-
damental insights into the RS mechanism in 2D material-based
ECM memristors and could promote the further optimization of
memristive devices based on 2D materials.

4. Experimental Section

Preparation of the Ag (or Cu)/MoS,/Au structures: First, a 30 nm Ag
(or Cu) electrode with a 4 nm Ti (or Cr) adhesion layer was deposited on
n-type heavily doped conductive silicon substrate by electron beam evapo-
ration or thermal evaporation. Second, MoS, films purchased from Shen-
zhen SixCarbon Technology Co., Ltd, were transferred onto the Ag (or Cu)
electrode through a surface-energy-assisted transfer process.[*344] Finally,
a 30 nm Au pattern as the protection layer was transferred on top of the
MoS, film to form Ag (or Cu)/MoS,/Au structures (see more details in
Supporting Information).

In Situ TEM Experiments: The cross-sectional TEM specimens were
prepared using a dual-beam FIB system (Thermo Scientific Helios 5CX).
During the fabrication process, the samples were thinned down by ion
beam milling with an accelerating voltage of 30 kV and low beam currents,
followed by two steps of fine polishing with low-energy Ga ions milling (5
kV, 41 pA and 2 kV, 39 pA, respectively). In situ TEM experiments were
conducted in a Cs-corrected TEM (FEI Titan 80-300) operated at 300 kV.
The sample was fixed on one side of the TEM-STM holder (Zeeptools Pi-
coFemto). A W tip, serving as the inert electrode, was controlled to scratch
the top Pt and Au protective layers of the sample to subsequently contact
with the MoS, film, forming an Ag (or Cu)/MoS,/W vertical memristor
structure. Electrical measurements were performed by applying bias to the
TEM grid with a Keithley 6430 analyzer while the W tip was grounded.

Supporting Information

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