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Volatile MoS, Memristors with Lateral Silver lon Migration

for Artificial Neuron Applications

Sofia Cruces, Mohit Dineshkumar Ganeriwala, Jimin Lee, Lukas Vilkel, Dennis Braun,
Annika Grundmann, Ke Ran, Enrique Gonzdlez Marin, Holger Kalisch,
Michael Heuken, Andrei Vescan, Joachim Mayer, Andrés Godoy, Alwin Daus,*

and Max Christian Lemme*

Layered 2D semiconductors have shown enhanced ion migration capabilities
along their van der Waals (vdW) gaps and on their surfaces. This effect can be
employed for resistive switching (RS) in devices for emerging memories,
selectors, and neuromorphic computing. To date, all lateral molybdenum
disulfide (MoS,)-based volatile RS devices with silver (Ag) ion migration have
been demonstrated using exfoliated, single-crystal MoS, flakes requiring a
forming step to enable RS. Herein, present volatile RS with multilayer MoS,
grown by metal-organic chemical vapor deposition (MOCVD) with repeatable
forming-free operation is presented. The devices show highly reproducible vol-
atile RS with low operating voltages of ~2V and fast-switching times down to
130 ns considering their micrometer-scale dimensions. The switching mecha-
nism is investigated based on Ag ion surface migration through transmission

1. Introduction

2D layered materials, including semicon-
ducting transition metal dichalcogenides
(TMDCs), have long been known to allow
ion intercalation and migration within their
van der Waals (vdW) gaps and on their
surfaces."™**! More recently, these unique
properties have been utilized to demon-
strate applications such as emerging
memory technologies, electronic switches
(e.g., as selectors), and neuromorphic
computing.® %211 [n certain device con-
figurations, the number and type of defects
and specific intrinsic properties of layered

electron microscopy, electronic transport modeling, and density functional
theory. Finally, a physics-based compact model is developed and the imple-
mentation of the volatile memristors as artificial neurons in neuromorphic

systems is exploredd.

2D materials (2DMs) have been shown to
influence  device performance and
variability.'3#272% In the case of resistive
switching (RS), the presence of defects
such as cracks, lattice deformations, and
dopants can positively impact RS, for exam-
ple, lower the switching voltages.””-*®! This
is in contrast to 2DM-based field effect transistors, which require
nearly defect-free 2DMs to ensure high charge carrier mobility,
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low charge trap density, structural stability, and resistance to
degradation over time.”***! Hence, understanding the growth
of large-scale layered 2DMs is important for delivering
application-specific materials for future integration into semi-
conductor fabrication lines.*’~*%

Lateral devices for RS applications have three main advantages
when compared to vertical stacks: 1) the selector functionality can
be included; 2) the signal transmission and learning function can
be performed simultaneously; 3) they offer spatiotemporal infor-
mation processing.*>*? Previously, RS devices based on lateral
ion migration on smooth molybdenum disulfide (MoS,) surfaces
have been reported./”1%1733735 However, these approaches are
limited to nonscalable device configurations employing mechan-
ically exfoliated MoS, or single-crystal MoS, flakes and face scal-
ability, uniformity, and variability issues.”'%'2'7** In addition,
metal-organic chemical vapor deposition (MOCVD) or chemical
vapor deposition (CVD) have been used to grow large-area 2DM
films.*13¢37] Thus far, lateral devices with memristive behavior
induced by vacancy or grain boundary migration in CVD-grown
monolayer MoS, have been studied. However, the voltages
applied to switch these devices to their on-state were between
3.5 and 20V, which is too high for low-power applications, such
as neuromorphic computing.**3% Moreover, these lateral MoS,
devices required “forming” to initiate RS, that is, the application
of large voltages and currents to induce the first switching event.
These factors can induce damage or lead to high device-to-device
variability.?**% In addition, neuromorphic computing concepts
typically involve integration with advanced complementary metal
oxide semiconductor (CMOS) circuits, which cannot easily pro-
vide such high voltages. Moreover, the potential of lateral 2DM-
based resistive switches as artificial neurons remains largely
unexplored.[*#!

Here, we study volatile 2DM-based lateral memristive devices
operating through silver (Ag) ion migration with low operating
voltages and high reproducibility, including their potential as
artificial neurons. We demonstrate forming-free, volatile RS in
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micron-sized memristive devices fabricated with multilayer
MoS, grown by MOCVD.*'"* We explore the current-voltage
(I-V) characteristics and switching dynamics of devices with lat-
eral distances between electrodes (gaps) down to =1 pm.
Furthermore, we present highly reproducible volatile RS with
over several hundred cycles, fast switching down to 130ns,
and low switching voltages of ~2 V, which is a notable advance-
ment for micron-sized lateral 2DM-based memristive devi-
ces.P83%* The experimental realization is complemented
with a physics-based model supported by ab-initio simulations.
The model connects the migration dynamics of Ag ions with
electron transport along our palladium (Pd)/MoS,/Ag structures.
Finally, we use the model to show the potential operation of our
MoS, volatile memristors as artificial neurons in neuromorphic
systems.

2. Results and Discussion

The devices investigated in this work consisted of multiple layers
of MOCVD-grown Mo$S, with one Pd and one Ag electrical con-
tact. The Ag ions can migrate on the surface of the MoS, layers
and modulate the channel conductivity, driven by a lateral elec-
trical field. Figure 1a shows a schematic of such a lateral MoS,
memristive device.

MoS, was grown via MOCVD on 2” sapphire and wet trans-
ferred onto a SiO,/Si substrate (see Experimental Section). The
metal contacts were deposited by electron-beam (e-beam) evapo-
ration of 50 nm Pd and 50 nm Ag. An additional 50 nm alumi-
num (Al) layer was evaporated on top of the Ag contacts to avoid
Ag tarnishing!*"! (see Figure S1, Supporting Information). The
MoS, channels in the gap between contacts were patterned via
reactive ion etching (RIE), and afterwards, the complete removal
of MoS,; next to the channels, was verified via Raman mapping
(Figure S2, Supporting Information). Figure 1b shows a top-view
optical microscopy image of a fabricated device with a gap size of
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Figure 1. Cross-section of the device structure and material characterization data. a) Schematic and b) optical microscopy image of our Al/Ag/MoS,/Pd
device. c) Top-view SEM image of the crystalline structure of MoS, after device fabrication. The white triangles (marked in red) indicate possible multilayer
nucleation sites. d) TEM images of both electrodes and MoS,. €) AFM image of MOCVD MoS, as grown on 2" sapphire. f) AFM image of MoS, after
transfer to SiO,/Si. The inset height profile shows a thickness of ~6 nm.
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5 pm. The experiments included devices with gaps between ~1
and ~6 pm. Figure 1c displays a top-view scanning electron
microscopy (SEM) image of the polycrystalline structure of
MoS, after device fabrication. Two different features can be dis-
tinguished: white triangles (marked in red), which are probable
multilayer nucleation sites, and brighter white features, which
may be vertically aligned sheets from the growth process. The
images do not show photoresist residues on the MoS, surface
from the fabrication process. High-resolution transmission elec-
tron microscopy (HRTEM) cross-section images of the Pd and
Ag/Al top contacts on MoS, are presented in Figure 1d. The lay-
ered 2D structure of the multilayer MoS, film can be clearly rec-
ognized, with an interlayer distance of 6.24 0.05A, which
coincides with reported values in the literature.'**®! Figure 1e
presents an atomic force microscopy (AFM) image of the poly-
crystalline, as-grown MoS, on 2” sapphire. Figure 1f depicts
the morphology of the material after transfer, and the inset
height profile indicates a thickness of ~6 nm. HRTEM cross-
sectional images at two different positions on the Pd electrode
side revealed slight thickness variations in the MoS, of approxi-
mately five layers (Figure S3, Supporting Information). In addi-
tion, we performed Raman analysis of the as-grown material on
sapphire and after transfer. The measurements were not taken at
the exact same location, which could lead to a slight frequency
difference due to thickness variation in the sample.*”] The
extracted Elzg and A, peaks of MoS, coincide with the literature
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values for more than four layers or the bulk, which is in agree-
ment with the AFM and HRTEM data (see Figure S4, Supporting
Information).*”*¥!

We performed [-V measurements of the lateral MoS,-based
memristors by applying a voltage to the Ag electrode while the
Pd electrode and the back gate were grounded. Figure 2a
presents ten subsequent voltage sweeps in both positive and neg-
ative polarities that show similar volatile RS behavior. The -V
sweeps were conducted first in the positive direction from 0 to
5V (arrow number 1) and back to 0 V (arrow number 2), followed
by the same procedure in the negative direction. This first switch-
ing cycle is marked in blue to show that the initial RS required no
forming event at higher voltages. In addition, first switching
cycles of several forming-free devices are shown in Figure S5,
Supporting Information. This behavior was specifically observed
for devices with gap sizes ranging between =1 and =2 pm.
Figure 2b displays over 416 switching cycles on a device with
a gap size of ~1.2 pm. For a better visibility of the low currents,
the I-V curves are displayed in logarithmic scale in Figure S6,
Supporting Information. Initially, the device is in a high-
resistance state (HRS) during the forward sweep until the transi-
tion to a low-resistance state (LRS) occurs at an “on-threshold”
voltage (V;on) of 2.1 V. For this measurement, the current com-
pliance (CC) was set to 1 pA. The initial resistance states for dif-
ferent devices are displayed in Figure S7, Supporting Information.
Moreover, Figure S8, Supporting Information displays the
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Figure 2. DC |-V characterization of Pd/MoS,/Ag memristive devices. a) 10 I-V curves recorded in both voltage polarities. Arrows 1 and 2 show the
voltage sweep direction. The first sweep is marked in blue. b) Over 400 consecutive switching cycles from a 1.2 pm gap device. The characteristic voltages
are marked on the curves. c) Cumulative distribution function of V; o, Vi off and Vj,14 Of the data displayed in b). (d) Dependence of V, ., on the gap size

for different devices with different numbers of subsequent RS cycles.
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forming -V curves of those devices that required forming in
Figure S7, Supporting Information. The device remained in the
LRS during the backward sweep until it switched back below a
“hold” voltage (Vioa) of ~1.7 V. The original HRS was reached
at an “off-threshold” voltage (Viof) of ~0.2V. Moreover, we
observed volatile RS over several cycles at a comparatively higher
CC (see Figure S9, Supporting Information).

Furthermore, we conducted I-V sweeps on four devices with
different metal combinations with and without MoS, to support
our hypothesis that the RS originates from Ag ion migration on
or between the MoS, layers. We observed volatile RS only for the
Pd/MoS,/Ag device (see Figure S10, Supporting Information).

We plotted Vi on, Vios and Vioq of the 416 switching cycles in
a histogram as an indirect measure of endurance and fitted the
data with a Gaussian distribution (Figure S11, Supporting
Information). The statistical distribution of the characteristic vol-
tages shows reasonably low standard deviations () of ~0.1 V and
low cycle-to-cycle variabilities of V,o, and Vioq of 4.76 and
5.95%, respectively. Figure 2c presents the normalized cumula-
tive distribution functions (CDFs) of Vi on, Vhoid, and V; o of the
416 switching cycles, confirming the low variability among them.
We attribute this low variability to the polycrystalline nature,
thickness variations, and specific topography of our MOCVD
MoS$, layers, in combination with our micron-sized devices.’®39
Since the numbers of grain sizes and thickness variations are
high in each device, the variability in current transport is reduced
because the individual differences in the resistance average
out.*”! The dependence of V, ., upon the gap size between elec-
trodes is plotted in Figure 2d, with all subsequent I-V sweeps for
each device displayed in Figure S12, Supporting Information.
The devices with gap sizes under 2.1 pm did not require a form-
ing step, as previously mentioned. Devices with gap sizes of
3.9pum and above, in contrast, required larger initial voltages
between 10 and 50V, depending on the gap size, to exhibit
RS behavior. An extended plot of the dependence of V., upon
the gap size for both with forming and forming-free devices is
shown in Figure S13, Supporting Information.

The forming-free switching of the 1 and 2 pm devices is strik-
ingly different from that in prior works using single—crystal exfo-
liated MoS,, where forming was always necessary, and switching
occurred only in submicron gaps.”'?! Additionally, as illustrated
in Figure 2d, the mean V, ., for the device with a 1.2 pm gap size
is 2.1 V. This value is mostly lower than or at least equal to the
reported V.., values for devices with similar or shorter gap
sizes.[73%38:395051] A henchmarking table with more parameters
is available in Table S1, Supporting Information.

We analyzed the switching dynamics to characterize the tran-
sient behavior of our devices. Thus, we studied the time-
dependent current-response of the devices upon application
of voltage pulses with various amplitude and timing parame-
ters.”?*¥! The switching time (t,,) was defined as the time
needed to reach 90% of the ON current (I,y,), and the recovery
time (tofr) was defined as the time required to reach 10% of the
difference between I,,,, and the OFF current (I,¢) when switching
back to the HRS. More information about how the switching
parameters were extracted can be found in Figure S14,
Supporting Information. Figure 3a displays a typical time-
dependent response upon the application of a 5V pulse with a
duration of 5 ps to a device with a 1.2 pm gap size. We obtained
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characteristic response times, such as t,, and t,g of <400 and
<150 ns, respectively. t,, and t,g are crucial parameters for mem-
ristive device operation. Both switching parameters can be influ-
enced by external factors such as the voltage pulse amplitude and
the width of the pulsed waveform. For example, with the applica-
tion of a voltage pulse of 2V and length of 20 ms, the extracted
values for t,, and t.g drastically change to 1.2ms and 1.45ps,
respectively (Figure 3b). Furthermore, we applied ten consecutive
pulses with varying pulse widths and increasing voltage ampli-
tudes to extract the ON-state resistance (Ron), ton and tog for each
switching cycle. Table S2, Supporting Information summarizes
the pulse programming parameters and is available in the
Supporting Information. Figure 3¢ shows how R,,, decreases with
increasing voltage pulse amplitude. The increasing voltage leads to
greater Ag ion diffusion, which decreases the average distance
between the ions and increases the current (see model in
Section S18, Supporting Information). We analyzed the switching
dynamics of t,,, and tog in more detail (Figure 3d) and found that
ton decreases exponentially with increasing voltage pulse ampli-
tude. This behavior is consistent with other ion diffusion-based
memristive devices.**>% Moreover, for the 4 and 5 V pulse ampli-
tudes, ton, displays the lowest variability and the fastest switching
times. It has been shown in the literature that nanoscale 2DM-
based memristive devices usually have switching times in the
nanosecond range (30200 ns).*1*?* Here, we observe such fast
switching in lateral MoS,-based memristive devices with micron-
sized gaps. We attribute this behavior to the presence of grain
boundaries in our polycrystalline MoS,, which may facilitate Ag
ion migration in the lateral structures.**3%”) After several [-V
sweeps, Ag ions are distributed across the MoS, channel, thereby
reducing the effective distance between electrodes and resulting in
faster switching times.!"*?”*#57) The mean t,,, of our micron-sized
gap devices for 4 and 5 V ranges from 130 up to 200 ns. Such fast-
switching performance would be beneficial for selector and neuro-
morphic computing applications.?*>°#3% In the case of 2 and 3 V
pulses, the device shows higher cycle-to-cycle variability and longer
switching times ranging from 0.2 up to 4.5 ms. In addition, the
devices required longer pulses in the millisecond range to observe
the RS. Nevertheless, slower switching times at low voltages could
be advantageous for some applications. For example, recent works
have shown that threshold memristors with low voltages and long
switching times are a natural choice for the realization of artificial
neurons.*'%1#

We analyzed the current conduction mechanisms in the HRS
and LRS using the median of the I-V cycles shown in Figure 2a
and found different transport mechanisms in the HRS and LRS.
In the HRS (i.e., for forward sweep voltages ranging up to
~V,on), the device shows a linear relation between In(I/V) and
sqrt(V) (Figure 4a). Such a dependency is indicative of hopping
transport through localized states (such as Poole-Frenkel (PF)
hopping), where the mobility is increased due to the applied elec-
tric field.** % In the LRS, in contrast, the -V characteristics
best match the space-charge-limited conduction (SCLC) mecha-
nism (Figure 4b). In particular, the In(I) versus In(V) plot (for the
backward sweep starting at the CC down to voltages between
Vhold and V; ) shows a slope of ~2.7, indicating that the current
in the LRS follows the Mott-Gurney law of SCLC with PF-
enhanced mobility (I « V2*™, m > 0).° The current conduction
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Figure 3. Dynamic response of threshold switching in an ~1.2 pm gap size device. a) Pulsed waveform at a 5 V pulse amplitude showing switching on the
order of 400 ns. b) Pulsed waveform at a 2 V pulse amplitude showing volatile switching on the order of 1.2 ms. c) Cycle-to-cycle variability of the ON-state
resistance (Ron) and switching time (t,n) for 10 sequentially pulsed waveforms at different pulse amplitudes. The device has a larger t,,, with decreasing
voltage pulse amplitude. d) Correlation of t,, and recovery time (o) at different pulse amplitudes with varying pulse width at which RS was observed.

mechanism, therefore, changes from PF hopping to SCLC during
the voltage sweep of memristive devices. This switching can be
attributed to the movement of Ag ions along the MoS, surface,
which have been shown to be highly active and responsible for
RS in previous invest'igations[7’12’54] (see insets in Figure 4a,b).
The dependence of t,,, on the applied pulse amplitude (Figure 3d)
also points toward the involvement of ionic movement in
the RS.

We carried out first-principles simulations using density func-
tional theory (DFT) to analyze the electronic properties of MoS,
in the presence of Ag atoms (see the Experimental Section for
more details). In particular, Figure 4c shows the calculated band
structure of monolayer MoS, with a low concentration of Ag
atoms adsorbed on the surface on a highly symmetric path along
the Brillouin zone (marked in blue), together with the band struc-
ture of a pristine MoS, layer (marked in red) for comparison. The
adsorption of the Ag atom on the MoS, surface gives rise to a
state in the bandgap close to the conduction band. However,
the near dispersion-less nature of this state indicates that it is
spatially localized. Such a state could facilitate the hopping of
a carrier through the otherwise semiconducting MoS,, as
depicted schematically in the inset of Figure 4a. Increasing
the surface concentration of Ag atoms reduces their average dis-
tance, resembling the formation of a conductive filament and cre-
ating a noticeable change in the Ag energy states (Figure 4d). The

Small Sci. 2025, 5, 2400523 2400523 (5 of 9)

localized states are thus transformed into a delocalized band,
which supports band-like transport. The intermediate stages of
this transformation correspond to the gradual increase in the
Ag concentration and the associated transformation of the band
gap state from a localized to a delocalized band is detailed in
Figure S15, Supporting Information.

On the basis of these results, the RS mechanism can be under-
stood as follows: initially, the memristor is in the HRS. The appli-
cation of a voltage bias then results in the drift of active Ag ions
across the MoS, surface, causing carrier transport by PF hopping
through the localized, Ag ion-induced states. The polycrystalline
MoS,, which was used in this work, may also exhibit similar PF
hopping conduction, even when the Ag concentration is negligi-
ble.®¥ Increasing the voltage bias increases the Ag ion concen-
tration, which modifies the band structure of the material and
enables band-like transport, leading to higher current levels in
the LRS. It is important to note that the mechanism is not depen-
dent on the specific species of Ag involved, as the formation of
extended clusters of Ag nanoparticles or silver sulfide (Ag,S) is
also possible. These clusters could provide hopping sites for elec-
trons across the devices in the HRS. The movement of these clus-
ters under the influence of an external electric field will
eventually increase their concentration. The model suggests that
even in the absence of a continuous conductive filament, the
average distance between them will decrease if the concentration

© 2024 The Author(s). Small Science published by Wiley-VCH GmbH

3519017 SUOLULLOD SISO 9(ed! dde au) A peusA0B a1 SapILe YO ‘8SN JO SN J0j ATIq1T 8UIUO A3]1A UO (SUONIPUOI-PLE-SWLBYW0D" A3 1M Ale.q1 Ul jUO//SANY) SUORIPUOD PUE SWIS | 8L 39S *[9202/80/ET] U0 AkeiqiT auijuo AB|IM *BILBD oiessay HAWS UIINC WiNuezsBunyasiod Ag E25007202 SUS/Z00T OT/I0p/LI0d A8 |IMAReiq 1RUIIUO//SANY WOI) Papeojumod 'S ‘G202 ‘9v0r889Z


http://www.advancedsciencenews.com
http://www.small-science-journal.com

small
SADVANGED. e

www.advancedsciencenews.com www.small-science-journal.com
a)- b) -
(a) 15 Pd Hopping Ag (®) 1.5 Pd_ Band Conduction Ag
N PEFRFETEEEEVa Va U
KRIHIIIIIHIINK 12,0 KIKKIIKIIKRIKIK
=161 MoS:
-12.5 Slope ~2.7
S S
-] £ 130} LRS
-18} o o Experiment Experiment
. -13.5¢
— Fit —— Fit
- . s . -14.0 , , ,
0-65 0.85 1-05 1-25 1-45 0.00 0.25 0.50 0.75 1.00
v (v'?) In(V)
(c) Ag concentration = 4x1013 cm-2 (d) Ag concentration = 25x1013 cm-2
- 2 Q‘&&_
Nl %
3 3
2 o ~_|
5 0 5 0
2 2
] L
& S
-2 §v7

K r M

P

Figure 4. |-V characteristics of the volatile memristor. a) HRS shows Poole—Frenkel-type hopping transport, while b) LRS shows space-charge limited
conduction (SCLC). Band structure of MoS; calculated via density functional theory (DFT) (blue line) on a highly symmetric path along the 2D Brillouin
zone for two different surface-adsorbed Ag concentrations: c) 4 x 10'* cm ™2 and d) 25 x 10" cm ™2, respectively. The band structure of pristine MoS; is
also included in red for comparison. Note that the band structure is shifted to coincide with the conduction band of pristine MoS,.
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Figure 5. a) Experimental |-V characteristics of the experimental memristor (symbols) matched with the developed model (solid lines), showing good
agreement. b) Circuit implementation of the leaky integrate-and-fire model of the neuron using the memristor. SPICE simulation results showing c) input
pulse train (Vi) with t,, and to =100 ps and a refractory period of 1000 ps along with the voltage across the capacitor (V) and d) current through the
memristor (/,) showing high current spikes at the end of the integration period, emulating the firing of the neuron.
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of Ag ions or clusters is sufficiently high, leading to the forma-
tion of a delocalized conduction band, which alters the transport
mechanism. The volatile nature of the RS and the non-ohmic I-V
relationship in the LRS in our devices can be explained by the
formation of a discontinuous Ag filament, which self-ruptures
when the voltage bias is reduced below Vj, 4 as the Ag ions dif-
fuse away, resetting the device back to the HRS.

Our volatile lateral MoS, memristors, with their dynamic
thresholding, can be harnessed to implement artificial neurons
in neuromorphic computing systems.!*®*! To demonstrate this
possibility, we developed a physics-based model capturing the
observed Ag dynamics that give rise to the RS, as well as the elec-
tronic current conduction mechanisms in both resistive states.
Details of the model and its equations are summarized in
Section S18, Supporting Information. Figure 5 shows the -V
model, which phenomenologically captures the experimental
dynamics of the volatile memristors to a high degree. This
enables us to emulate the experimental behavior of the memris-
tor in circuit-level simulations. We implemented the model in
Verilog-A and investigated the leaky integrate-and-fire (LIF)
model of the neuron shown in Figure 5b. Here, the capacitor
(C), along with the parallel memristor, operates as an LIF
neuron’s soma, whereas the series resistance (R) acts as the syn-
aptic weight. The SPICE simulation results (Figure 5c) show the
input pulse voltage (Vi,) emulating the spike signals arising
from the presynaptic neurons. Since the parallel memristor
is initially in its HRS, the capacitor integrates the input signal
into its membrane potential (V). When the potential reaches
the threshold voltage of the neuron (x~V,,.,), the memristor
switches to the LRS, resulting in a sudden current spike
(Figure 5d) equivalent to the firing of a neuron. The LRS of
the memristor enables the discharging of the capacitor, mim-
icking leaky neuron behavior, and V. reaches its original poten-
tial after some period of inactivity of the presynaptic neuron, as
shown in Figure 5d. After firing, the cell must wait for the
so-called refractory period before it can begin a new integration
and firing process.[*® Our circuit-level simulations demonstrate
the suitability of the fabricated MoS, lateral memristors as arti-
ficial neurons, confirming their potential for application in
future neuromorphic systems.

3. Conclusion

We demonstrated forming-free, volatile RS in memristive devi-
ces with micrometer-sized gaps fabricated from multilayer poly-
crystalline MoS,. Our devices exhibit highly reproducible volatile
RS with over several hundred cycles, switching voltages of ~2 V,
and fast switching within a few hundred nanoseconds for 5V
pulses. We analyzed the current conduction mechanisms for
both the HRS and LRS and concluded that Poole-Frenkel hop-
ping and space-charge limited conduction are dominant, respec-
tively. In addition, we captured the switching dynamics of Ag
ions and explained the electron transport along our experimental
lateral Pd/MoS,/Ag—Al memristors with a physics-based model.
Finally, the model was employed to demonstrate the potential of
our volatile memristors for artificial neurons in neuromorphic
systems.
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4. Experimental Section

Metal—organic Chemical Vapor Deposition (MOCVD) of MoS,: Highly
uniform MoS, was epitaxially grown in a commercial AIXTRON planetary
reactor in a 10 x 2" configuration on sapphire (0001) substrates. First, the
substrate was prebaked at 1050 °C in a pure H, atmosphere to promote
lateral growth by preventing the formation of a parasitic carbonaceous
film.*"] The growth process was carried out at a substrate temperature
of 845 °C, with nitrogen as the carrier gas and a pressure of 30 hPa. A high
sulfur to molybdenum ratio of 200 000 was chosen to achieve homoge-
neous MoS, films on a wafer scale. To achieve this, the precursor flow
rate was set to 0.1 nmolmin~" for molybdenum hexacarbonyl (MCO)
and 20 pmol min~" for di-tert-butyl sulfide (DTBS).*? A schematic of
the MOCVD growth process is displayed in Figure S17, Supporting
Information.

Device Fabrication: MoS, grown on 2" sapphire by MOCVD was
transferred onto 2 x 2 cm? Si chips covered with 275 nm thermal SiO,.
Poly(methyl methacrylate) (PMMA) was spin-coated on top of the
MoS; before being released from the sapphire substrate in a potassium
hydroxide (KOH) solution.*” The electrodes were defined with the
AZ5214E P photoresist from Merck Performance Materials GmbH and
optical contact lithography with an EVG 420 Mask Aligner. The asymmetric
Pd (50 nm) and Ag (50 nm)/Al (50 nm) electrodes were deposited via
electron-beam evaporation in a Pfeiffer tool and subsequently lifted in ace-
tone at room temperature. Finally, the channels were patterned via CF4/O,
reactive ion etching (RIE) in an Oxford Instruments Plasma Lab System
100 tool. A flowchart outlining the main steps involved in the fabrication
process is shown in Figure S18, Supporting Information.

Material and Device Characterization: Optical microscope images were
recorded with a Leica INM100 microscope and a Keyence Laser Scanning
microscope. Raman measurements were performed with a WiTec
alpha300R Raman spectrometer in mapping mode with an excitation laser
wavelength of 532 nm and T mW laser power. Scanning electron micros-
copy (SEM) images were taken with a Zeiss Supra 60VP SEM at an opera-
tion voltage of 4 kV. Transmission electron microscopy (TEM) analysis was
conducted with a JEOL JEM F200 instrument at 200 kV. The lamella was
prepared via a focused ion beam (FIB) with an FEI Strata400 system with a
gallium (Ga) ion beam. Atomic force microscopy (AFM) measurements
were conducted with a Dimension lcon AFM from Bruker Instruments
in tapping mode.

Electrical Measurements: Electrical measurements were performed in a
LakeShore probe station connected to a semiconductor parameter ana-
lyzer (SPA) “4200A-SCS” with two source measure unit (SMU) cards
“Keithley 4200-SMU”, each connected to a preamplifier “Keithley
4200-PA” from Tektronix. A voltage was applied to the Ag/Al electrode,
and the Pd electrode was grounded. Current-voltage (I-V) measurements
were conducted by sweeping the voltage from 0V to a positive maximum
voltage Vinay and back to 0'V. Cycling measurements were performed with
a 0's delay between each sweep cycle in normal mode. The current is lim-
ited by an external current limiter within the semiconductor parameter
analyzer. Pulse experiments were performed by supplying a voltage to
the Ag/Al electrode (channel 1) and measuring the output current over
time in channel 2 (Pd electrode).

Theoretical Calculations: Density functional theory (DFT) calculations
were carried out via the generalized gradient approximation (GGA) as
implemented in QuantumATK with a linear combination of atomic orbitals
(LCAO) basis set using the Perdew—Berke—Erzenhof exchange—correlation
functional.®”®® An SG15 pseudopotential with a medium-size basis set
was selected for the simulations.[*®! A vacuum layer of 20 A was fixed along
the out-of-plane direction to avoid interactions with periodic replicas of the
system. First, a 5 x 5 supercell with a single Ag atom (corresponding to a
concentration of 4 x 10'* cm™2) was considered. To further increase the
Ag concentration, the supercell size was gradually reduced from 5 x 5 to
2 x 2. The Brillouin-zone integration was performed over a Monkhorst—
Pack grid of k-points with a density (A) of 4 x 4 x 1. A sufficiently large
energy cutoff of 150 Ry was considered. The van der Waals (vdW) inter-
actions were considered in the calculations through Grimme's DFT-D2
dispersion corrections. The geometries and lattice parameters were fully
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relaxed until the forces acting on each atom were less than 0.01 eVA™".
The integrity of the simulations was first verified by comparing the band
structure of the pristine monolayer MoS, and the obtained DFT-based
band gap of ~1.7 eV with the literature.[*

Supporting Information

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

Acknowledgements

Financial support from the German Federal Ministry of Education and
Research (BMBF) within the projects NEUROTEC 2 (nos. 16ME0399,
16ME0400, and 16ME0403) and NeuroSys (no. 03ZU1106AA and
03ZU1106AD) is gratefully acknowledged. MDG acknowledges funding
from the European Union’s Horizon 2020 research and innovation program
under the Marie Sklodowska-Curie grant agreement no. 101032701. This
work was also supported by the Spanish Government through research proj-
ects PID2020-116518GBI00 funded by MCIN/AEI/10.13039/501100011033
and TED2021-129769B-100 funded by MCIN/AEI/10.13039/501100011033
and the European Union NextGenerationEU/PRT.
Open Access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Sofia Cruces: conceptualization (supporting); formal analysis (lead); inves-
tigation (lead); methodology (equal); project administration (supporting);
visualization (lead); writing—original draft (lead); writing—review & edit-
ing (lead). Mohit D. Ganeriwala: investigation (lead); software (equal);
writing—original draft (supporting); writing—review & editing (support-
ing). Jimin Lee: formal analysis (supporting); writing—review & editing
(supporting). Lukas Vélkel: writing—review & editing (supporting).
Dennis Braun: formal analysis (supporting); writing—review & editing
(supporting). Annika Grundmann: resources (supporting). Ke Ran: data
curation (supporting); investigation (lead); methodology (equal);
writing—review & editing (supporting). Enrique G. Marin: software
(supporting); supervision (supporting); writing—review & editing (sup-
porting). Holger Kalisch: resources (supporting); writing—review &
editing (supporting). Michael Heuken: funding acquisition (equal); resour-
ces (supporting); writing—review & editing (supporting). Andrei Vescan:
funding acquisition (equal); resources (equal); supervision (equal);
writing—review & editing (supporting). Joachim Mayer: funding acquisi-
tion (equal); resources (equal); supervision (equal); writing—review &
editing (supporting). Andrés Godoy: funding acquisition (equal); resour-
ces (equal); software (supporting); writing—review & editing (support-
ing). Alwin Daus: conceptualization (equal); formal analysis (lead);
investigation (equal); supervision (lead); writing—original draft (support-
ing); writing—review & editing (equal). Max C. Lemme: conceptualization
(lead); formal analysis (equal); funding acquisition (lead); investigation
(equal); project administration (lead); resources (lead); supervision (lead);
writing—review & editing (lead).

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Small Sci. 2025, 5, 2400523 2400523 (8 of 9)

www.small-science-journal.com

Keywords

2D materials, compact model, ion migration, lateral memristor,
neuromorphic computing, resistive switching

Received: October 22, 2024
Revised: December 9, 2024
Published online: January 27, 2025

[1] D. Carroll, Geol. Soc. Am. Bull. 1959, 70, 749.

[2] M. S. Dresselhaus, MRS Bull. 1987, 12, 24.

[3] S.A. Rice, |. Prigogine, Advances in Chemical Physics, Auflage, Vol. 49,
John Wiley & Sons, New York, NY 2009.

[4] F. Xiong, H. Wang, X. Liu, J. Sun, M. Brongersma, E. Pop, Y. Cui,
Nano Lett. 2015, 15, 6777.

[5] G. Zhu, ). Liu, Q. Zheng, R. Zhang, D. Li, D. Banerjee, D. G. Cahill,
Nat. Commun. 2016, 7, 13211.

[6] X. Zhang, W. Wang, Q. Liu, X. Zhao, J. Wei, R. Cao, Z. Yao, X. Zhu,
F. Zhang, H. Lv, S. Long, M. Liu, IEEE Electron Device Lett. 2018, 39,
308.

[7] S.Yin, Z. Luo, Q. Li, C. Xiong, Y. Liu, R. Singh, F. Zeng, Y. Zhong,
X. Zhang, Phys. Status Solidi A 2019, 216, 1900104.

[8] X. Zhu, X. Liang, W. D. Lu, Nat. Mater. 2019, 18, 141.

[9] M. Belete, S. Kataria, A. Turfanda, S. Vaziri, T. Wahlbrink,
O. Engstrom, M. C. Lemme, Adv. Electron. Mater. 2020, 6, 1900892.

[10] S. Hao, X. Ji, S. Zhong, K. Y. Pang, K. Guan Lim, T. Chong Chong,
R. Zhao, Adv. Electron. Mater. 2020, 6, 1901335.

[11] K. Ranganathan, M. Fiegenbaum-Raz, A. Ismach, Adv. Funct. Mater.
2020, 30, 2005718.

[12] M. Farronato, M. Melegari, S. Ricci, S. Hashemkhani, A. Bricallj,
D. lelmini, Adv. Electron. Mater. 2022, 8, 2101161.

[13] S. Papadopoulos, T. Agarwal, A. Jain, T. Taniguchi, K. Watanabe,
M. Luisier, A. Emboras, L. Novotny, Phys. Rev. Appl. 2022, 18, 014018.

[14] S. Chen, M. R. Mahmoodi, Y. Shi, C. Mahata, B. Yuan, X. Liang,
C. Wen, F. Hui, D. Akinwande, D. B. Strukov, M. Lanza, Nat.
Electron. 2020, 3, 638.

[15] D. lelmini, Z. Wang, Y. Liu, APL Mater. 2021, 9, 050702.

[16] L. Li, B. Magyari-Kope, C.-H. Wang, S. Deshmukh, Z. Jiang, H. Li,
Y. Yang, H. Li, H. Tian, E. Pop, T.-L. Ren, H.-S. P. Wong, in 2018
IEEE Int. Electron Devices Meeting (IEDM), |EEE, San Francisco, CA
2018, pp. 24.3.1-24.3 4.

[17] C-H. Wang, V. Chen, C. J. McClellan, A. Tang, S. Vaziri, L. Li,
M. E. Chen, E. Pop, H.-S. P. Wong, ACS Nano 2021, 15, 8484.

[18] H. Kalita, A. Krishnaprasad, N. Choudhary, S. Das, D. Deyv, Y. Ding,
L. Tetard, H.-S. Chung, Y. Jung, T. Roy, Sci. Rep. 2019, 9, 53.

[19] Y. Li, Z. C. Zhang, ). Li, X.-D. Chen, Y. Kong, F.-D. Wang, G.-X. Zhang,
T.-B. Lu, J. Zhang, Nat. Commun. 2022, 13, 4591.

[20] E. Ambrosi, C. H. Wu, H. Y. Lee, C. F. Hsu, C. M. Lee, S. Vaziri,
I. M. Datye, Y. Y. Chen, D. H. Hou, P. C. Chang, D. W. Heh,
P. ). Liao, T. Y. Lee, M. F. Chang, H.-S. P. Wong, X. Y. Bao, in
2022 Int. Electron Devices Meeting (IEDM), |EEE, San Francisco,
CA 2022, pp. 18.7.1-18.7.4.

[21] S. Zeng, Z. Tang, C. Liu, P. Zhou, Nano Res. 2021, 14, 1752.

[22] G. C. Adam, A. Khiat, T. Prodromakis, Nat. Commun. 2018, 9, 5267.

[23] A. Chen, M.-R. Lin, Int. Reliability Physics Symp., Monterey, CA, USA
2011.

[24] ). Tang, C. He, J. Tang, K. Yue, Q. Zhang, Y. Liu, Q. Wang, S. Wang,
N. Li, C. Shen, Y. Zhao, J. Liu, J. Yuan, Z. Wei, ). Li, K. Watanabe,
T. Taniguchi, D. Shang, S. Wanng, W. Yang, R. Yang, D. Shi,
G. Zhang, Adv. Funct. Mater. 2021, 31, 2011083.

[25] R. Ge, X. Wu, M. Kim, J. Shi, S. Sonde, L. Tao, Y. Zhang, |. C. Lee,
D. Akinwande, Nano Lett. 2018, 18, 434.

© 2024 The Author(s). Small Science published by Wiley-VCH GmbH

o4 Aq £25007202 9SWS/Z00T 0T/10p/W00"A3| 1 AReJq 1jou Uo//SanY Wo.y papeoiumoq 'S ‘5202 ‘9v0v889e

85UBD 17 SUOLILLIOD dAITER1D a|qedl(dde a1 A pausenob ae saolLe YO ‘8sh JO Sa|n. 10} Areuq i aUljUQO A3|IAA UO (SUONIPUOI-pUE-SWLBYW0D A3 | 1M AReid 1 BU1UO//SA1IY) SUONIPUOD pue SWd | 8Y138S *[9202/80/ST] U0 Aelqiauliuo A3|IM ‘JelusD Uyoieasay HAWS yoline win.


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

[26] Z.Zhou, F. Yang, S. Wang, L. Wang, X. Wang, C. Wang, Y. Xie, Q. Liu,
Front. Phys. 2022, 17, 23204.

[27] M. Lanza, Q. Smets, C. Huyghebaert, L.-J. Li, Nat. Commun. 2020, 11,
5689.

[28] Y. Shen, W. Zheng, K. Zhu, Y. Xiao, C. Wen, Y. Liu, X. Jing, M. Lanza,
Adv Mater. 2021, 33, 2103656.

[29] Q. Wang, N. Li, J. Tang, ). Zhu, Q. Zhang, Q. Jia, Y. Lu, Z. Wei, H. Yu,
Y. Zhao, Y. Guo, L. Gu, G. Sun, W. Yang, R. Yang, D. Shi, G. Zhang,
Nano Lett. 2020, 20, 7193.

[30] M. C. Lemme, D. Akinwande, C. Huyghebaert, C. Stampfer, Nat.
Commun. 2022, 13, 1392.

[31] Y. Zhai, P. Xie, Z. Feng, C. Du, S. Han, Y. Zhou, Adv. Funct. Mater.
2022, 32, 2108440.

[32] J. Zhu, Y. Yang, R. Jia, Z. Liang, W. Zhu, Z. U. Rehman, L. Bao,
X. Zhang, Y. Cai, L. Song, R. Huang, Adv. Mater. 2018, 30, 1800195.

[33] S.-P. Chien, B.-W. Liang, W.-H. Chang, B.-W. Wang, Y.-J. Feng,
Y.-C. Chen, Y.-W. Lan, Appl. Phys. Lett. 2023, 123, 142107.

[34] M. Zaheer, T. Aziz, J. Lan, Q. Zhu, W. Wang, M. Shen, F. Zhou, L. Lin,
X. Feng, Y. Li, in 2023 China Semiconductor Technology Int. Conf.
(CSTIC), IEEE, Shanghai, China 2023, pp. 1-3.

[35] H. Yu, M. Liao, W. Zhao, G. Liu, X. J. Zhou, Z. Wei, X. Xu, K. Liu,
Z. Hu, K. Deng, S. Zhou, J.-A. Shi, L. Gu, C. Shen, T. Zhang,
L. Du, L. Xie, J. Zhu, W. Chen, R. Yang, D. Shi, G. Zhang, ACS
Nano 2017, 11, 12001.

[36] D. Akinwande, C. Huyghebaert, C.-H. Wang, M. I. Serna, S. Goossens,
L.-J. Li, H.-S. P. Wong, F. H. L. Koppens, Nature 2019, 573, 507.

[37] G. Fiori, F. Bonaccorso, G. lannaccone, T. Palacios, D. Neumaier,
A. Seabaugh, S. K. Banerjee, L. Colombo, Nat. Nanotechnol. 2014,
9, 768.

[38] V.K.Sangwan, H.-S. Lee, H. Bergeron, I. Balla, M. E. Beck, K.-S. Chen,
M. C. Hersam, Nature 2018, 554, 500.

[39] V. K. Sangwan, D. Jariwala, I. S. Kim, K.-S. Chen, T. J. Marks,
L. J. Lauhon, M. C. Hersam, Nat. Nanotechnol. 2015, 10, 403.

[40] J. H.Yoon, . Zhang, X. Ren, Z. Wang, H. Wu, Z. Li, M. Barnell, Q. Wu,
L. J. Lauhon, Q. Xia, J. J. Yang, Adv. Funct. Mater. 2017, 27, 1702010.

[41] M. Marx, S. Nordmann, J. Knoch, C. Franzen, C. Stampfer,
D. Andrzejewski, T. Kiimmell, G. Bacher, M. Heuken, H. Kalisch,
A. Vescan, J. Cryst. Growth 2017, 464, 100.

[42] D. S. Schneider, A. Grundmann, A. Bablich, V. Passi, S. Kataria,
H. Kalisch, M. Heuken, A. Vescan, D. Neumaier, M. C. Lemme,
ACS Photonics 2020, 7, 1388.

[43] S. Cruces, ). Lee, D. Braun, L. Vélkel, A. Esteki, A. Grundmann,
M. Heuken, A. Vescan, M. C. Lemme, A. Daus, H. Kalisch, in
Silicon Nanoelectronics Workshop, Kyoto, Japan 2023, p. 107.

[44] G. Ding, B. Yang, R.-S. Chen, W.-A. Mo, K. Zhuo, Y. Liu, G. Shang,
Y. Zhai, S.-T. Han, Y. Zhou, Small 2021, 17, 2103175.

[45] K. Schauble, D. Zakhidov, E. Yalon, S. Deshmukh, R. W. Grady,
K. A. Cooley, C. ). McClellan, S. Vaziri, D. Passarello,
S. E. Mohney, M. F. Toney, A. K. Sood, A. Salleo, E. Pop, ACS
Nano 2020, 74, 14798.

[46] ). Xiao, M. Long, X. Li, Q. Zhang, H. Xu, K. S. Chan, J. Phys.: Condens.
Matter 2014, 26, 405302.

[47] C. Lee, H. Yan, L. E. Brus, T. F. Heinz, ). Hone, S. Ryu, ACS Nano
2010, 4, 2695.

Small Sci. 2025, 5, 2400523 2400523 (9 of 9)

www.small-science-journal.com

[48] H. Li, Q. Zhang, C. C. R. Yap, B. K. Tay, T. H. T. Edwin, A. Olivier,
D. Baillargeat, Adv. Funct. Mater. 2012, 22, 1385.

[49] C.-H. Ho, G. Panagopoulos, K. Roy, IEEE Trans. Electron Devices 2012,
59, 2396.

[50] D. Dev, A. Krishnaprasad, M. S. Shawkat, Z. He, S. Das, D. Fan,
H.-S. Chung, Y. Jung, T. Roy, IEEE Electron Device Lett. 2020, 41, 936.

[51] D. Li, B. Wu, X. Zhu, J. Wang, B. Ryu, W. D. Lu, W. Lu, X. Liang, ACS
Nano 2018, 12, 9240.

[52] M. Lanza, H.-S. P. Wong, E. Pop, D. lelmini, D. Strukov, B. C. Regan,
L. Larcher, M. A. Villena, ). J. Yang, L. Goux, A. Belmonte, Y. Yang,
F. M. Puglisi, ). Kang, B. Magyari-Képe, E. Yalon, A. Kenyon,
M. Buckwell, A. Mehonic, A. Shluger, H. Li, T.-H. Hou, B. Hudec,
D. Akinwande, R. Ge, S. Ambrogio, |. B. Roldan, E. Miranda,
J. Sufie, K. L. Pey, et al., Adv. Electron. Mater. 2019, 5, 1800143.

[53] M. Lanza, R. Waser, D. lelmini, ). ). Yang, L. Goux, J. Sufie,
A. ). Kenyon, A. Mehonic, S. Spiga, V. Rana, S. Wiefels, S. Menzel,
I. Valov, M. A. Villena, E. Miranda, X. Jing, F. Campabadal,
M. B. Gonzalez, F. Aguirre, F. Palumbo, K. Zhu, J. B. Roldan,
F. M. Puglisi, L. Larcher, T.-H. Hou, T. Prodromakis, Y. Yang,
P. Huang, T. Wan, Y. Chai, K. L. Pey, N. Raghavan, S. Duefias,
T. Wang, Q. Xia, S. Pazos, ACS Nano 2021, 15, 17214.

[54] S. A. Chekol, S. Menzel, R. W. Amad, R. Waser, S. Hoffmann-Eifert,
Adv. Funct. Mater. 2022, 32, 2111242.

[55] Y. Li, ). Tang, B. Gao, W. Sun, Q. Hua, W. Zhang, X. Li, W. Zhang,
H. Qian, H. Wu, Adv. Sci. 2020, 7, 2002251.

[56] J. Yoo, ). Park, ). Song, S. Lim, H. Hwang, Appl. Phys. Lett. 2017, 111,
063109.

[57] W. Ahn, H. B. Jeong, J. Oh, W. Hong, J. Cha, H. Y. Jeong, S. Choi,
Small 2023, 19, 2300223.

[58] W. Wang, M. Laudato, E. Ambrosi, A. Bricalli, E. Covi, Y.-H. Lin,
D. lelmini, IEEE Trans. Electron Devices 2019, 66, 3795.

[59] W. Chen, H. ). Barnaby, M. N. Kozicki, IEEE Electron Device Lett. 2016,
37, 580.

[60] M. Van Der Auweraer, F. C. De Schryver, P. M. Borsenberger,
H. Bissler, Adv. Mater. 1994, 6, 199.

[61] I.1. Fishchuk, A. Kadashchuk, M. Ullah, H. Sitter, A. Pivrikas, ). Genoe,
H. Béssler, Phys. Rev. B 2012, 86, 045207.

[62] S. M. Sze, Y. Li, K. K. Ng, Physics of Semiconductor Devices, 4th ed.,
Wiley, Hoboken, NJ 2021.

[63] P. N. Murgatroyd, J. Phys. D: Appl. Phys. 1970, 3, 151.

[64] S. Najmaei, M. Amani, M. L. Chin, Z. Liu, A. G. Birdwell, T. P. O’Regan,
P. M. Ajayan, M. Dubey, ). Lou, ACS Nano 2014, 8, 7930.

[65] S.-O. Park, H. Jeong, |. Park, ). Bae, S. Choi, Nat. Commun. 2022, 13,
2888.

[66] ). Hertz, A. Krogh, R. G. Palmer, H. Horner, Phys. Today 1991, 44, 70.

[67] S. Smidstrup, T. Markussen, P. Vancraeyveld, ). Wellendorff,
J. Schneider, T. Gunst, B. Verstichel, D. Stradi, P. A. Khomyakov,
U. G. Vej-Hansen, M.-E. Lee, S. T. Chill, F. Rasmussen, G. Penazzi,
F. Corsetti, A. Ojanperd, K. Jensen, M. L. N. Palsgaard,
U. Martinez, A. Blom, M. Brandbyge, K. Stokbro, J. Phys.: Condens.
Matter 2020, 32, 015901.

[68] ). P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

[69] 2D Materials for Nanoelectronics (Eds: M. Houssa, A. Dimoulas,
A. Molle), CRC Press, Boca Raton, FL 2016.

© 2024 The Author(s). Small Science published by Wiley-VCH GmbH

o4 Aq £25007202 9SWS/Z00T 0T/10p/W00"A3| 1 AReJq 1jou Uo//SanY Wo.y papeoiumoq 'S ‘5202 ‘9v0v889e

85UBD 17 SUOLILLIOD dAITER1D a|qedl(dde a1 A pausenob ae saolLe YO ‘8sh JO Sa|n. 10} Areuq i aUljUQO A3|IAA UO (SUONIPUOI-pUE-SWLBYW0D A3 | 1M AReid 1 BU1UO//SA1IY) SUONIPUOD pue SWd | 8Y138S *[9202/80/ST] U0 Aelqiauliuo A3|IM ‘JelusD Uyoieasay HAWS yoline win.


http://www.advancedsciencenews.com
http://www.small-science-journal.com

