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lonic modulation and ionic coupling effects in
MoS, devices for neuromorphic computing

Xiaojian Zhu', Dali? XiaoganLiang©®2 and WeiD.Lu®™

Coupled ionic-electronic effects present intriguing opportunities for device and circuit development. In particular, layered two-
dimensional materials such as MoS, offer highly anisotropic ionic transport properties, facilitating controlled ion migration and
efficient ionic coupling among devices. Here, we report reversible modulation of MoS, films that is consistent with local 2H-1T’
phase transitions by controlling the migration of Li+ ions with an electric field, where an increase/decrease in the local Li* ion
concentration leads to the transition between the 2H (semiconductor) and 1T’ (metal) phases. The resulting devices show
excellent memristive behaviour and can be directly coupled with each other through local ionic exchange, naturally leading to
synaptic competition and synaptic cooperation effects observed in biology. These results demonstrate the potential of direct
modulation of two-dimensional materials through field-driven ionic processes, and can lead to future electronic and energy

devices based on coupled ionic-electronic effects and biorealistic implementation of artificial neural networks.

significant interest as promising candidates for future elec-

tronic', optoelectronic” and valleytronic® device applications,
with highly anisotropic electrical and ionic transport characteris-
tics in the in-plane and the out-of-plane directions'* due to their
layered crystal structures. Furthermore, TMDs exhibit different
polymorphs (structural phases) that offer distinct physical proper-
ties”. For example, MoS, in the 2H phase with a trigonal prismatic
structure is semiconducting, and becomes metallic when it is con-
verted to the 1T (1T’) phase with a (distorted) octahedral struc-
ture®'°. Multiple structural phases can coexist in a single TMD film
(for example, 2H and 1T’ phases in MoS, (ref.'") and MoTe, (ref. %),
making it possible to construct devices whose functions are deter-
mined solely by the structural phase configurations' . Several
approaches, such as chemical'' and electrostatic'® doping, laser'”/
electron” irradiation and thermal annealing’, have so far been
shown to induce 2H — 1T(1T") or 1T(1T') — 2H phase transitions
in TMDs. However, reversible, local phase transitions that can be
controlled in situ, by an applied electric field, have not been realized.

Here, we report direct modulation of layered MoS, films that
is consistent with reversible 2H-1T’ phase transitions, through
electric field-controlled Li* ion migration in the in-plane direc-
tion. Devices based on this effect show reliable memristive behav-
iours, where the local high (low) Li* ion concentration promotes
transition to the metallic 1T’ phase (semiconducting 2H phase),
respectively. The high in-plane mobility of Li* ions further allows
multiple devices to be efficiently coupled through ionic exchange
in a biorealistic fashion. Synaptic competition and synaptic coop-
eration behaviours, important for the stabilization and operation of
biological networks, can be naturally implemented among multiple
coplanar devices.

Natural MoS, exists predominately in the 2H phase”. A multi-
layered 2H-MoS, film with a large interlayer spacing (0.62nm) can
accommodate reversible storage and release of Li* ions'® that can lead
to the 2H — 1T’ structural phase transition®, possibly due to electron
transfer from the intercalated Li atoms to the Mo 4d orbitals that
destabilizes the 2H-MoS, crystal structure'. Previous studies'**

Transition—metal dichalcogenides (TMDs) have attracted

also show that Li* ions in Mo§, films have a high in-plane diffusivity.
These results led us to hypothesize that Li* ion migration in MoS,,
driven by an applied electric field, can cause reversible structural
phase transitions. Specifically, in a lithiated 1T’-MoS, film (Fig. 1a),
an electric field can drive the in-plane migration of Li* ions and
modify the local Li concentration (highlighted box area in Fig. 1a),
leading to localized structural phase transitions that are reflected as
memristive effects in the MoS, devices.

We start with a planar structured Au/Li,MoS, (~40 nm thick)/Au
device intercalated with a high concentration of Li* ions (Methods).
The presence of Li in the lithiated films was confirmed by X-ray
photoelectron spectroscopy (XPS) measurements (Supplementary
Fig. 1). Furthermore, Mo** jons in the MoS, film were found to be
partially reduced to Mo®" after lithiation (Fig. 1b). The conversion
to the 1T phase in the lithiated film was verified by the appear-
ance of the characteristic Raman bands of 1T’-MoS, (200, 225 and
355cm™)** (Fig. 1c). The Raman mapping results indicate that
Li intercalation starts from film edges, as the edge regions show
a higher concentration of 1T’ phase than the interior regions®
(Supplementary Fig. 2).

Following the lithiation process, current-voltage (I-V) mea-
surements showed that the device conductance (measured at 0.3V)
was increased by ~10°x compared with the same device in the 2H
phase, and the nonlinear and asymmetric I-V curve observed
in the original device became linear and symmetric after lithia-
tion (Supplementary Fig. 3), in agreement with the formation of
the metallic 1T" phase and the conversion of Schottky contacts to
Ohmic contacts at the Au/Li MoS, interfaces. Increasing the lithia-
tion time leads to an increase in the Mo** ion fraction in the films
and the device conductance (Supplementary Fig. 4), indicating that
the Li* ions intercalated in the MoS, film are causing the metallic
1T’ phase formation.

The device behaviour was then studied by controlling the volt-
age bias on the electrodes, which produces in-plane electric fields in
the Li,MoS, film. After applying a negative voltage scan (0V — —6
V —0V) on electrode A (with electrode B grounded, Fig. 1a), the
device, initially atalow-resistance state (LRS), was gradually switched
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Fig. 1| Electric field control of reversible 2H-1T’ phase transition in Li,MoS, films. a, A schematic showing local 2H-1T’ phase transitions in Li,MoS,
through controlled Li* ion migration, where an increase (decrease) in the Li* ion concentration induces the 1T’ (2H) MoS, phase. In our studies, one of

the electrode (electrode B) is normally grounded, and voltage bias is applied on the other electrode (electrode A) to drive Li* ion migration in the Li,MoS,
film. b, XPS spectra for the lithiated (top) and pristine (bottom) MoS, films. For the lithiated film, the measured data (black) can be deconvolved into the
characteristic Mo** peaks located at 228.8 eV (Mo** 3d;,,) and 232.1eV (Mo** 3d; ,) as well as Mo** peaks located at 228.1eV (Mo* 3d;,,) and 231.3eV
(Mo 3ds,,). The fraction of Li* ions in the LiMoS, film was estimated to be ~65.0% from the Mo** fraction. Only the characteristic Mo** peaks were
observed for the pristine film. ¢, The Raman spectra collected from lithiated and pristine MoS, films. The in-plane E,,' peak (384 cm™) and out-of-plane A,
peak (404 cm™) of MoS, were observed in both samples. Additional peaks located at 200, 225 and 355 cm™' (marked by the arrows), corresponding to the
characteristic Raman peaks of 1T’-MoS,, were observed in the lithiated film. d, Typical I-V characteristics of a Au/Li,MoS,/Au device. The black dashed
line corresponds to the first switching process from the LRS to the HRS. Afterwards, the device can be SET to the LRS and RESET to the HRS with voltage

sweeps. e, Incremental conductance changes through pulse programming. The device was programmed by 100 positive pulses (4 V, Tms) followed by
100 negative pulses (=4 V, Tms). The sequence was repeated five times. The conductance was measured by a read pulse (0.3V, 1ms) after each

programming pulse.

to a high-resistance state (HRS) with an approximately 40X reduc-
tion in conductance (black dashed curve in Fig. 1d). Afterwards,
the device can be alternately switched to the LRS (termed the SET
process, blue curve in Fig. 1d) and the HRS (termed the RESET pro-
cess, red curve in Fig. 1d) with a ~50x increase and decrease in con-
ductance, by applying positive and negative voltages on electrode A,
respectively. The HRS is also accompanied by a rectified I-V behav-
iour showing a lower current at positive bias, suggesting Schottky
contact at the electrode/MoS, interface. These results are consistent
with the hypothesis schematically shown in Fig. 1a, where a nega-
tive (positive) voltage applied on electrode A attracts (repels) the
Li* ions towards (from) electrode A and reduces (increases) the
Li* ion concentration near electrode B. The depletion (accumula-
tion) of Li* ions will cause the Li,MoS, to convert to the semicon-
ducting 2H (metallic 1T’) phase, thus leading to the formation of
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Schottky (Ohmic) contact at the electrode-B/Li,MoS, interface and
the observed resistive switching effects (Supplementary Fig. 5). The
conduction behaviour at the LRS can be fitted by the Mott variable
range hopping model (Supplementary Fig. 6), consistent with pre-
vious studies** on MoS, films with hybrid 2H/1T’ phases, where
electron transport is through hopping between local 1T’ phase
islands surrounded by the 2H phase film. Furthermore, the device
conductance can be incrementally increased and decreased through
the application of short voltage pulses (for example,+4V, 1ms)
(Fig. le), allowing the device to emulate synaptic potentiation/
depression behaviours®. Good endurance and retention can also
be obtained (Supplementary Figs. 7 and 8), verifying the device’s
potential for neuromorphic computing applications.

A number of control experiments were performed to verify the
role of Li* ions in the observed memristive effects. For example,
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Fig. 2| 2H/1T’ phase composition tuning in Li,MoS,. a, Raman intensity maps showing the evolution of the 1T’-MoS, phase concentration in a device
switched between the LRS (LRS-1and LRS-3) and the HRS (HRS-2 and HRS-4). The Raman intensity values were obtained by integrating signals in the
range of 180-230 cm™" that covers the characteristic Raman modes of 1T’-MoS, at 200 and 225 cm™". The dashed lines outline the electrode regions. The
arrow above each map indicates the applied electric field direction used to program the device. Scale bar, 2pm. b, Raman spectra collected at the marker
(open circle) position in a. The vertical orange and grey dashed lines mark the positions of the characteristic Raman mode of 1T’-MoS, (200 cm™) and
2H-MoS, (384 cm™), respectively. The spectra were normalized against the intensity of the Raman mode at 384 cm™. ¢, Correlation of device conductance
changes with the 1T’/2H phase Raman intensity ratio (measured at the marked region near electrode B from b) during resistive switching processes.

d, KPFM images showing surface potential distributions in a device after being programmed to different resistance states. State HRS-1 was obtained by
applying a negative voltage on electrode A (with electrode B grounded). A positive voltage applied on electrode A switched the device to state LRS-2.
Afterwards, the device was switched to state HRS-3 by applying a negative voltage on electrode A again. The KPFM measurements were performed with a
bias voltage of ~1V across the device. Scale bar, Tpm. e, Surface potential profiles along line MN (marked in d) in the device, at different resistance states.

memristive effects were not observed in control samples without
lithiation, for voltage ranges up to+10V (Supplementary Fig. 9),
while increasing the original lithiation time leads to an increased
on/off ratio of the device during resistive switching processes
(Supplementary Fig. 10). Furthermore, after removing Li* ions
from the lithiated MoS, films through deionized water treatment,
the memristive effects disappeared again (Supplementary Fig. 11).
These results support the hypothesis that the observed memristive
effects are driven by electric field-controlled Li* ion migration.

In situ Raman mapping measurements were then performed
to verify the possibility of Li* ion-induced structural phase transi-
tions. Figure 2a shows the Raman intensity maps focusing on the
characteristic 1T’-MoS, bands in a Au/Li,MoS,/Au device at differ-
ent states during resistive switching processes. For the device at the
LRS (for example, state LRS-1 and state LRS-3), a high concentra-
tion of the 1T’ phase was observed. After applying a negative bias on
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electrode A that switched the device to the HRS (for example, state
HRS-2 and state HRS-4), the 1T’ phase concentration was signifi-
cantly decreased, particularly in the region close to electrode B (high-
lighted by the marker), verifying that the 1T phase concentration in
the Li,MoS, film can be reversibly modulated by an electric field*.
Raman spectra collected at the marker position are shown in Fig. 2b,
highlighting changes in the 1T” phase concentration at different resis-
tance states. Correlation of the resistance changes and the 2H-1T"
phase transitions can be clearly observed in Fig. 2c, which plots the
intensity ratio between the Raman peaks at 200cm™" (the character-
istic peak of 1T’ phase®~**) and 384cm™" (the characteristic peak of
2H phase*), as well as the device conductance during the resistive
switching processes. The increase (decrease) in device conductance is
accompanied by an increase (decrease) in the 1T’/2H peak intensity
ratio, confirming that the memristive effects are correlated with the
controlled, local 2H-1T" phase transitions in the Li,MoS, film.
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Fig. 3 | Li,MoS, film morphology changes caused by Li+* ion redistribution. a, AFM height images (top) of a device at different resistance states, and
schematics (bottom) showing the corresponding Li* ion distribution. The arrows indicate the applied electric field direction used to program the device.
Scale bar, 2pm. b, Thickness of the electrode-B/Li,MoS, film stack at different resistance states, extracted from a. The error bars represent the standard
deviation of the thickness values obtained at different locations in the sample, measured at each resistance state. Larger film thickness variations are
observed at the LRS, consistent with the local 2H-1T’ phase transition hypothesis. ¢, Cross-sectional HRTEM images of the Li,MoS, film underneath
electrode B in two devices that have been switched to the HRS (left) and LRS (right), respectively. A uniform interlayer spacing of ~0.62 nm is obtained in
the HRS sample. In contrast, the interlayer spacing is increased and becomes non-uniform in the LRS sample. Two positions with an interlayer spacing of
0.91nm and 0.71nm are marked. Scale bars, 5nm. d, EELS spectra collected from the Li,MoS, film underneath electrode B in two devices that have been
switched to the LRS and HRS, respectively. The dashed line marks the position of the Li K-edge at ~58 eV.

Kelvin probe force microscope (KPFM)” measurement results
obtained from a biased Au/Li MoS,/Au device at different resis-
tance states reveal that the resistance modulation mainly occurs at
the electrode-B/Li,MoS, interface (Fig. 2d,e). Specifically, at HRS
(for example, state HRS-1 and state HRS-3) most of the poten-
tial is dropped at the electrode-B/Li,MoS, film interface, whereas
at the LRS (for example, state LRS-2) a uniform drop in potential
across the film region between the two electrodes is observed. These
results are consistent with the hypothesis that the resistive switch-
ing processes are accompanied by the formation/elimination of the
Schottky barrier at the electrode-B/LiMoS, interface, controlled
by the Li* ion-induced semiconductor (2H phase) — metal (1T
phase) transitions. This explanation was further supported by direct
examination of the MoS, film underneath the electrodes, using
transparent Au (5nm)/ITO (50 nm) electrodes to allow Raman mea-
surements on the MoS, film underneath (Supplementary Fig. 12),
where reversible tuning of the 1T’ phase fraction was observed.

The resistive switching mechanism was further analysed by
examining the evolution of the device morphology during the
resistive switching processes. Atomic force microscopy (AFM)
measurements show that when the device was programmed to
the LRS (HRS), the thickness of the electrode-B/Li,MoS, film
stack was increased (decreased) (Fig. 3a,b). Similar film thickness
changes were also observed in the Li,MoS, film close to electrode
B (Supplementary Fig. 13). Figure 3¢ shows cross-sectional high-
resolution transmission electron microscopy (HRTEM) images of
the Li,MoS, film under electrode B in two devices that have been
switched to the HRS and LRS, respectively. Parallel MoS, lattice
fringes with a uniform interlayer spacing (~0.62 nm) were observed
in the HRS sample, whereas distorted MoS, lattice fringes with a
larger and non-uniform interlayer spacing (for example, 0.91 nm
and 0.71nm at the two positions marked in Fig. 3¢c) were observed
in the LRS sample. Careful analysis of the HRTEM image of the LRS
sample revealed distorted local lattice structures, consistent with
1T’ phase formation at the LRS state (Supplementary Fig. 14). The
Li K-edge located at ~58 eV* collected from the electron energy-loss
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spectroscopy (EELS) spectrum is also more pronounced in the LRS
sample (Fig. 3d), consistent with Li intercalation that leads to the
expansion of the MoS, film?*. These results verify that the resis-
tive switching effects are caused by the field-driven Li* ion redis-
tribution that changes the local Li* ion concentration. Note that, to
clearly show the effect of Li intercalation on morphology changes, a
constant bias voltage (5V) for several minutes was used to program
the device. Typical operation conditions in our studies are based
on the voltage sweep mode, where the morphology change of the
device was more moderate (Supplementary Fig. 15).

Interestingly, Fig. 3a shows that when the device was pro-
grammed from state HRS-1 to state LRS-2, the morphology changes
occurred not only at the left edge of electrode B, but also over the
entire electrode region. Since the in-plane electric field under
the electrode is probably low, this observation can be explained by
the lateral Li* ion diffusion®>* due to the high (in-plane) diffusivity
of Li* ions in MoS,. Specifically, the layered crystal structure of two-
dimensional (2D) materials provides ionic pathways with a low acti-
vation energy in between the layers'*-%", in contrast with other widely
studied resistive switching materials (for example, TaO, (ref.’!) and
SiO, (ref.??) having randomly distributed defective sites and a high
energy barrier for ion (for example, O*~ and Ag*) migration.

In the following, we take advantage of the high (in-plane) dif-
fusivity of Li* ions in MoS, multilayer films to establish effective
ionic coupling that emulates synaptic interactions in biological
systems. Synaptic interactions**, including synaptic competition
and synaptic cooperation®, are believed to be critical for the stabil-
ity and functions of the network”. In general, synaptic interactions
are induced by the diffusion of plasticity-related proteins (PRPs)
(for example, CaMKII, calmodulin-dependent kinase II) that are
needed for synaptic growth among adjacent synapses™ (Fig. 4a).
Implementing synaptic interactions will be important for artificial
neural networks, including memristor-based neuromorphic sys-
tems. However, previous implementations of synaptic interactions
were achieved either through circuit concepts aided by software™
or through voltage-divider effects aided by an external voltage
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Fig. 4 | Implementation of synaptic competition among Li,MoS, devices. a, A schematic showing synaptic interactions enabled by the diffusion of

PRPs among multiple synapses. Specifically, PRPs are generated in the postsynaptic terminal of synapse 1 (stimulated synapse), and can diffuse to the
postsynaptic terminals of synapses 2, 3 and 4 (non-stimulated synapses) through the dendrite. If the amount of PRPs is limited, synapses 2 and 3 compete
for the limited PRP supply for their development, leading to synaptic competition effects. On the other hand, the diffusion of PRPs to a nearby
non-stimulated synapse (for example, synapse 4) can facilitate synaptic potentiation in a cooperative fashion. b,c, Schematics showing the distribution

of Li* ions (top), and AFM height images (bottom) of devices 1and 2 in the initial condition (b), and in configurations | and Il (¢). The initial condition (b)
was created by applying positive bias voltages on both electrodes (with electrode G grounded) to drive Li* ions towards electrode G. Configuration |

(¢, upper panel) was created by first applying a negative bias voltage on electrode A, followed by a negative bias voltage on electrode B, resulting in more
Li* ions accumulated in device 1 compared to those in device 2. Configuration Il (¢, upper panel) was created through the reverse sequence, resulting

in the accumulation of more Li* ions in device 2 compared to those in device 1. Scale bar, 2 um. d-g, I-V characteristics (d,f) and synaptic potentiation/
depression effects (e,g) of the two devices in configurations | (d,e) and Il (f,g). The synaptic potentiation and depression behaviours were tested with 100
positive and 100 negative stimulation pulses, with a pulse amplitude of 6 V and a pulse duration of Tms. The device conductance was measured with a

read pulse (0.3V, 1ms) after each programming pulse.

bias*, rather than through internal processes that directly emulate
the synaptic dynamics observed in biology. Ionic coupling between
MoS,-based memristive devices, which can take place through Li*
ion exchange via Li* ion diffusion in the MoS§, layer, can potentially
emulate the PRP exchange processes among biological synapses
and enable biorealistic implementation of synaptic competition and
synaptic cooperation effects.

Synaptic competition among different memristive devices was
attempted first. We note that the amount of Li* ions available in the
Li,MoS, film can be limited (see Supplementary Figs. 16-18 for fur-
ther experimental results and analysis). Competition for this lim-
ited ion supply may thus be used for the implementation of synaptic
competition behaviours in analogy to the competition for the limited
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PRPs in biological neural networks. Figure 4b,c shows a schematic
of synaptic competition between two adjacent devices. Here, two
memristive devices are designed to share a common electrode, elec-
trode G, that is normally grounded and resembles the postsynaptic
terminals that are connected to a dendrite. The regions at electrodes
A and B resemble the presynaptic terminals of the two synapses.
Li* ions in devices 1 and 2 were initially driven towards the region
under electrode G after an initialization process, emulating the den-
drite region where limited PRPs are accumulated (Methods). The
system was then conditioned to configuration I through voltage
bias (Methods), where device 1 received more Li* ions than device
2 as verified by the thicker electrode-A/LiMoS, film stack com-
pared with the electrode-B/Li,MoS, film stack (configuration I in
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Fig. 5 | Implementation of synaptic cooperation among Li,MoS, devices. a, Schematics of the Li* ion distribution and AFM height images of a system
consisting of two devices. Scale bar, 2 pm. Configuration | (top panel) was created by applying =5V on electrode A for several minutes with electrode C
grounded, causing most of the Li* ions in the system to accumulate near electrode A. Configuration Il (lower panel) was created afterwards by applying
2,000 stimulation pulses (7 V, 5ms) on electrode A with electrode B grounded, allowing Li* ions to be accumulated under electrode B. b, Potentiation
behaviours of device 2 at the two different configurations, showing no response at configuration | and effective potentiation at configuration Il, respectively.
¢, Evolution of device 1 conductance when the system is changed from configuration | to configuration Il. d, Optical (left) and scanning electron (right)
micrographs of a network structure consisting of four Li,MoS, devices. Scale bar, 5 pm. e, Schematic of the Li* ion distribution in the network at the initial
condition, created by applying negative bias (=4 V) on the four electrodes A, B, C and D, leading to the depletion of Li* ions under electrode G. f, A positive
bias on electrode A drove Li* ions towards electrode G and potentiated device 1. g, Potentiation and depression cycles of device 1. h, The corresponding
conductance changes in non-stimulated devices 2, 3 and 4 when device 1 was potentiated/depressed. i, Schematic of the Li* ion distribution after
successive potentiation of devices 1, 2 and 3, by applying positive bias (4 V) on electrodes A, B and C, respectively. j, Conductance changes in devices 1, 2
and 3, measured before (squares) and after (circles) the successive stimulations. k, Conductance changes in the non-stimulated device 4, measured before
(square) and after (circles) the successive stimulations of the other three devices.
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Fig. 4¢). In this case, device 1 (black curves) showed a much stron-
ger memristive effect than device 2 (red curves), as verified by the
I-V characteristics shown in Fig. 4d, where a much larger current
hysteresis ratio (~10) is obtained for device 1 than that for device 2
(~2.7). Similarly, in pulse-based synaptic potentiation (depression)
tests, the degree of potentiation/depression of device 1 was much
higher than that of device 2 (Fig. 4e), as indicated by a larger con-
ductance change ratio after pulse stimulation (~500% for device 1
versus ~150% for device 2). On the other hand, if the devices were
instead conditioned to configuration II (Methods) so that device 2
received more Li* jons than device 1, device 2 would show stronger
memristive effects while the memristive effects in device 1 would be
suppressed (Fig. 4f,g). Further studies show that the distribution of
Li* ions among the devices is affected by the amplitude and dura-
tion of the voltage bias used to initialize the system (Supplementary
Figs. 19 and 20). These results show that increasing the degree of
potentiation (depression) in one LiMoS,-based synaptic device
reduces the activity of the other, emulating the synaptic competition
behaviour in biological networks. The competitive processes can be
repeated for at least 25 cycles between 2 Li,MoS, synaptic devices
without obvious degradation (Supplementary Fig. 21), suggesting
that practical implementation of synaptic competition may be feasi-
ble with further device and programming parameter optimizations.

Synaptic cooperation effects are also verified in Li,MoS, devices,
as shown in Fig. 5. We first show that the potentiation of one syn-
aptic device can be facilitated by the potentiation of a neighbouring
synaptic device. Here, devices 1 and 2 were first initialized to con-
figuration I (Methods), where Li* ions in the two devices were accu-
mulated under electrode A (Fig. 5a). When attempting to potentiate
device 2 with 500 stimulation pulses (6 V, 1 ms) (Methods), no obvi-
ous potentiation effect (conductance increase) was observed (black
curve in Fig. 5b). On the contrary, after a new condition, configu-
ration II, was established by applying strong stimulation pulses to
device 1 (2,000 pulses at 7V, 5ms) (Methods), not only did device
1 show a significant conductance increase (by ~900%) (Fig. 5¢), but
Li* ions also accumulated under electrode B. As a result, in configu-
ration II, the same 500 stimulation pulses (6 V, 1 ms) can now pro-
duce a significant potentiation effect in device 2, where an increase
in conductance by ~100% was observed (red curve in Fig. 5b).
These results illustrate that potentiation in one device (device 1)
can provide the critical ingredient (Li* ions in this case) for nearby
device 2, thus enabling synaptic potentiation in device 2.

We further studied a network consisting of four Li MoS,-based
synaptic devices sharing an electrode (Fig. 5d), and show that pro-
gramming of targeted devices in the network can cooperatively
affect the plasticity of neighbouring, non-targeted devices through
ionic coupling effects. The network was initialized first to ensure
that Li* ions under the common electrode G were removed and
accumulated near electrodes A, B, C and D (Methods; Fig. 5e).
When an electric field was applied to drive Li* ions from electrode
A to replenish the removed Li* ions under electrode G (Fig. 5f),
the conductance of not only device 1, but also that of devices 2, 3
and 4, was increased (Fig. 5g,h). Moreover, stimulating device 1 to
induce synaptic potentiation/depression (conductance increase/
decrease) (Fig. 5g) correspondingly led to the same type of synap-
tic plasticity effects in the other, non-stimulated devices (Fig. 5h),
emulating synaptic cooperation behaviours in the network. Similar
effects were also observed in devices 1, 3 and 4, when only device
2 was stimulated (Supplementary Fig. 22). Furthermore, the weight
of the non-stimulated device (for example, device 4) was also sub-
stantially improved in a cumulative fashion, as more Li* ions were
accumulated under electrode G in a sequential fashion through the
potentiation of devices 1, 2 and 3 (Fig. 5i-k). These results again
verify that effective ionic coupling can be obtained among networks
of memristive devices through in-plane Li* ion exchange in the
Li,MoS, film.

The above results suggest that the Li,MoS, memristive system
(or systems based on similar principles) can be used to faithfully
emulate synaptic interaction effects in artificial neural networks.
Looking into the future, continued device performance optimi-
zations in terms of on/off ratio, power consumption, endurance
and stability as well as device integration density are necessary to
allow reliable implementation of more complex network systems.
Possible strategies include optimization of the amount of interca-
lated Li* ions (Supplementary Fig. 10), the number of layers in the
MoS, film (Supplementary Fig. 23), the length of the MoS, film
between the electrodes (Supplementary Fig. 24), the bias condi-
tions (Supplementary Fig. 25), the device encapsulation techniques
(Supplementary Fig. 26) and the device size (for example, down to
~100nm or smaller) (Supplementary Fig. 27; see Supplementary
Note 1 for further discussions).

In this study, we focused on memristive effects induced by struc-
tural phase transitions, as the initial Li* ion concentration in all
devices used in our study was higher than the critical value (x 0.28)
required for the 2H-1T" phase transition”’ (Supplementary Fig. 4).
We note that the intercalated Li* ions can also lead to electron dop-
ing effects, as recently observed in 1T-TaS, films* and ion-gated
WSe, (ref.*') synaptic transistors, as well as inducing strain in the
MoS, film that causes band structure changes'>*’. These effects can-
not be fully excluded in our devices and would require additional
analysis. Nevertheless, compared with conventional memristive
devices based on defect doping**** and filamentary formation**,
the Li* ion-induced memristive effects in 2D TMD films could
offer advantages of better controllability and lower device varia-
tion and power consumption, and allow local, direct ionic coupling
among synaptic devices in a network (see Supplementary Note 2 for
further discussions).

In conclusion, we report reversible modulation of layered MoS,
films through electric field-driven Li* ion redistribution, consistent
with reversible and local 2H (semiconducting)-1T’ (metallic) phase
transition effects. The ionic modulation leads to reliable memristive
behaviours in MoS,-based synaptic devices. The high in-plane dif-
fusivity of Li* ions in turn allows efficient ionic coupling of multiple
MoS, devices, and provides a mechanism to implement synaptic
competition and synaptic cooperation effects in bio-inspired arti-
ficial neural networks. Similar strategies, based on controlled ionic
modulation and ionic coupling processes, can be applied to other
2D TMD materials and used to develop future electronic devices
and circuits, as well as to implement neuromorphic systems in a
biorealistic fashion.

Online content
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Methods

Device fabrication. Mechanically exfoliated MoS, flakes (3-80 nm thick) were
transferred to a SiO,/Si substrate with 300-nm-thick thermally oxidized SiO,.

Gold electrodes were patterned on the flakes by photolithography followed by
electron-beam evaporation of Au metal (100 nm thick) and lift-off processes. To
create the transparent Au/ITO electrodes, an ITO film (50 nm thick) was deposited
on a thin Au film (5nm thick) by sputtering using an ITO ceramic target, followed
by annealing at 200 °C for 1h. The network device structure shown in Fig. 5d

was obtained by patterning a MoS, flake through photolithography and chemical
dry-etching using XeF, as the reactant and the patterned photoresist as the mask.
The XeF, pressure during etching was fixed at 3 torr and the etching process

lasted for 60's. The sample was then immersed in acetone (>99%, Sigma Aldrich)
for 12h followed by an oxygen plasma treatment (60 °C, 100 W, 20s) to remove

the photoresists and surface residues. Afterwards, Au electrodes (100 nm) were
patterned by photolithography, followed by electron-beam evaporation and lift-off
processes. To intercalate Li* ions to the as-fabricated devices, the samples were
immersed in 3ml 1.6 M n-butyl lithium solution (Sigma Aldrich) in a nitrogen
glovebox at room temperature for 0.5 to 3h, depending on the desired degree of
lithiation. The devices studied in Figs. 1-3 and 5 were lithiated for ~1.5-2h while
the devices studied in Fig. 4 were lithiated for ~1.2h. After lithiation, the devices
were removed and rinsed with hexane (95%, Sigma Aldrich) to remove the residues
of butyl lithium. The samples were then blow-dried by nitrogen gas. To encapsulate
the devices, the samples were first transferred to a N,-filled glovebox, and glass lids
were then used to cover the Li,MoS, films (without covering the contact

pads used to perform electrical measurements) and sealed by applying
ultraviolet-cured epoxy.

XPS measurement. XPS characterizations were performed using a Kratos Axis
Ultra system with a monochromated Al anode. The source was operated at 14kV
with an emission current of 8 mA.

Raman imaging. A Raman spectroscope (Renishaw StreamlineHR) equipped
with a 532-nm laser was used to obtain the Raman spectra of the devices at a laser
power of ~3 mW. A step size of ~300 nm was used to acquire the Raman maps.

Electrical characterization. Most of the measurements were performed in
vacuum in a probe station (Desert Cryogenics TTP4) to minimize the effect of the
moisture in air on device performance. The d.c. I-V and pulse measurements were
performed using a Keithley 4200 semiconductor parameter analyser.

KPFM and AFM measurements. A scanning probe microscope (Dimension V,
Icon, Bruker) was used to perform the KPFM and AFM measurements. For KPFM
measurements, a tip coated with Pt/Ir thin film (SCM-PIC-V2, Bruker) was used
in the amplitude modulation KPFM mode, and a small constant bias voltage
(~1V) was applied across the device. After acquiring the surface topography in the
first scan, the tip was lifted up by ~70 nm and scanned over the sample following
the obtained topographical profile to collect the surface potential data. For AFM
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measurements, the microscopy was performed in the standard tapping mode with
the same tip used in the KPFM measurements.

TEM imaging and EELS measurements. Samples for TEM were prepared using
an FEI Helios 450S dual-beam focused ion beam system. The samples were
obtained in a region underneath electrode B, where the morphology was found
to change reversibly under electric biases. A bias voltage of 4V and —4V was
applied to electrode B for 20 min, respectively, to obtain samples at the HRS and
LRS. HRTEM imaging was conducted in a Cs-corrected JEOL 3011 (300kV)
transmission electron microscope. For the EELS measurement, a low electron-
beam current of 10-20 pA was used. The exposure time was 0.1s.

Scanning electron microscopy imaging. Scanning electron micrographs of the
devices were acquired from a Hitachi SU8000 system operated at 10kV with an
emission current of 7 pA.

Initialization and conditioning processes for synaptic competition
implementation. To initialize the two-device system shown in Fig. 4b, a positive
voltage bias (4 V) was applied on both electrodes A and B for several minutes,
with electrode G grounded. This process caused Li* ions to accumulate under

the common electrode G. A short lithiation time (~1.2h) was used to prepare the
samples used in this experiment to intentionally limit the total amount of available
Li* ions, as evidenced by a smaller thickness increase observed in Fig. 4b compared
to samples obtained from longer lithiation times (such as that shown in Fig. 3a).
To obtain configuration I in Fig. 4c, we first applied a negative bias voltage (—4 V)
on electrode A (with electrode G grounded), which drove Li* ions towards
electrode A. Afterwards, a bias voltage of —4 V was applied on electrode B, which
drove the remaining Li* ions towards electrode B. To achieve configuration II in
Fig. 4c, the biasing sequence was reversed, with a negative voltage bias applied on
electrode B first, followed by the biasing of electrode A.

Initialization and conditioning processes for synaptic cooperation
implementation. To initialize the two-device system in Fig. 5a, a negative voltage
(—5V) was applied on electrode A for several minutes with electrode C grounded,
which programmed the system to configuration I. This process caused the Li*

ions in the system to accumulate under electrode A, as evidenced by the AFM
height measurement shown in Fig. 5a. To achieve configuration II, starting from
configuration I, 2,000 pulses (7 V, 5ms) were applied on electrode A with electrode
B grounded. This process drove Li* ions under electrode A towards electrode B,

as evidenced by the AFM height image for configuration II shown in Fig. 5a. To
initialize the network system shown in Fig. 5e, negative bias voltages (—4 V) were
applied on electrodes A, B, C and D with electrode G grounded, which depleted Li*
ions from the region under the common electrode G.
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