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functionalities could be mimicked by 
using and fine tuning (by spikes) the 
conductance of two-terminal memris-
tive devices.[4,6,7] Therefore, a broad range 
of materials, for instance, metal oxides, 
organic/inorganic perovskites, 2D lay-
ered materials, etc., have been used to 
build memristive devices, which were fur-
ther employed as artificial synapses.[8–11] 
Despite the achievements made so far, the 
immediate development in particular for 
metal-oxide-based artificial synapses faces 
several major problems: a great degree 
of variability (both from device to device 
and cycle to cycle) and trivial range of lin-
early programmable conductance states.[12] 
All these obstacles must be resolved to 
implement error-free neuromorphic 
functioning. These objectives could be 
achieved by either exploring new mate-
rial architecture or improving the perfor-
mance of existing ones with a detailed 

understanding of fundamental change dynamics.
The realization of memristive properties in metal oxide hinges 

on the distribution of well-known intrinsic defects or ions, 
mainly oxygen vacancies (OV).[10,11,13,14] Generally, under the 
influence of applied electric field, local oxygen vacancy density 
distribution changes and thus modifies the total (two-terminal) 
resistance of the device.[6,15,16] Therefore, to realize the reproduc-
ible (cycle-to-cycle) and stable (device-to-device) performance, it 
is essential to have a better control on the oxygen vacancy/ion 
distribution and its movement with applied field. As a matter 
of fact, researchers have made several attempts to confine the 
oxygen ion dynamics along the preferential sites. For instance, 
the insertion of metal nanodots or nanoparticles, and embedded 
nanotip electrodes have been found to be effective in improving 
the cycle-to-cycle uniformity.[17–19] However, large size and 
random distribution of metal nanoparticles generate hindrance 
to realize reproducible performance from device to device over 
a larger area. Indeed, the key challenges to design metal-oxide-
based artificial synapse are to have reproducible and robust 
(against electric pulses) performance along with large number of 
linearly programmable states, which is yet to be achieved.

As a promising strategy, the insertion of 2D layered mate-
rials into memristive device structure offers a new possibility to 
improve the performance. In this scenario, few attempts have 
been made; however, most of them used planar configurations, 
which occupy relatively large space and are difficult to stack in 3D 
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Memristors

1. Introduction

The fundamental element of next-generation computing 
system is an artificial synapse, which mimics brain-like func-
tionalities such as learning and remembering, and processes 
multidimensional complex tasks.[1–5] In practice, synaptic 
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geometry.[11,20] At the same time, 2D layered memristive devices 
were fabricated using mechanical exfoliation, which in turn shows 
a higher device-to-device variability, resulting in strong hindrance 
to manufacture large-area synaptic networks.[2,10,11,21,22] As yet, 
one common issue for effective utilization of 2D layered materials 
into neuromorphic applications is the large-scale integration of 
devices, which demands an urgent technical breakthrough for the 
growth of wafer-scale reproducible memristive devices.

Here, we demonstrate metal oxide/2D layered memristor 
architecture that resolves most of the critical issues to design 
robust artificial synapses. Particularly, we utilize vertically 
aligned WS2 layers where interlayer separation provides effective 
porous medium for the growth of defective ZnO, as confirmed 
by depth-dependent X-ray photoelectron spectroscopy (XPS) 
measurements. Vertically aligned 2D layered architecture con-
fined the generation/redistribution of oxygen vacancies within 
well-defined path and shape, providing good cycle-to-cycle (≈104) 
and device-to-device reproducibility. In addition, the device ful-
fills most important criteria required for neuromorphic com-
puting: analog hysteresis loop opening in current–voltage char-
acteristics, long retention endurance, a high current on/off ratio, 
and a large number of distinct conductance states. Further, other 
necessary functions of an artificial synapse such as short- to 
long-term plasticity, paired-pulse facilitation, and spike-timing-
dependent plasticity (STDP) have been demonstrated. Our study 
will be an essential step forward for the effective utilization of 
the 2D layered materials to design wafer-scale reproducible arti-
ficial synapses for advanced neuromorphic applications.

2. Results and Discussion

A connecting channel between pre- and post-neurons is termed 
as biosynapse, which transmits information via electrical or 

electrochemical signal.[2,22–24] Especially, the conductance of 
a synapse can be controlled by fine tuning of the input (mag-
nitude and duration) stimuli. This unique ability is known as 
synaptic plasticity and is responsible for learning, forgetting, 
and memory functions of a bio-brain.[1,8,16,24,25] Our two-ter-
minal metal oxide (ZnO)/2D vertical layer (WS2) device is elec-
tronically equivalent to synapse, as depicted schematically in 
Figure 1a. To form the device, initially, vertically aligned WS2 
layers were grown using large-area (diameter ≈2 in.) sputtering 
technique over the aluminum (Al)-coated SiO2/Si substrate. 
Here, Al served as a bottom electrode, similar to post-neuron of 
an artificial synapse. Afterward, ZnO thin film was grown con-
formally over WS2 layers. Subsequently, top silver (Ag) electrode, 
working as pre-neuron, was deposited using a shadow mask, 
resulting in the formation of two-terminal vertical Ag (100 nm)/
ZnO (200 nm)/WS2 (120 nm)/Al (100 nm) device. The detailed 
fabrication processes are depicted in the Experimental Section.

A planar-view scanning electron microscopy (SEM) image 
of the WS2 is presented in Figure 1b, consisting of uniformly 
distributed vertically aligned layers with an average width of 
5 ± 2 nm. In particular, these vertically aligned layers provide 
a porous platform for the growth of defective ZnO. The average 
pore size (i.e., interlayer separation) is found to be ≈22.5 nm; 
see distribution in the inset of Figure 1b. Sequentially, Figure 1c 
shows the planar-view SEM image after ZnO deposition, which 
clearly depicts that ZnO thin film covers all of the WS2 layers. 
The grain size distribution of the ZnO thin film with an average 
grain size of 40 nm is presented in the inset of Figure 1c. In 
contrast, without WS2 layers, a bigger grain size (≈97 nm) is 
noticed for the similar deposition conditions (e.g., time, power, 
etc.), which confirmed that the presence of WS2 layers modu-
lates the grain size of the ZnO (see Figure S1 in the Supporting 
Information). Note that the growth of WS2 and ZnO has been 
studied by our group and presented in various reports.[14,15,26,27]
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Figure 1. Growth and characterization. a) Schematic of the Ag/ZnO/WS2/Al memristor. b) Planar-view SEM image of WS2 layers grown on Al-coated 
SiO2/Si substrate. The inset shows the porosity (interlayer separation) distribution. c) Planar-view SEM image of ZnO grown on WS2/Al. The corre-
sponding inset shows the grain size distribution. d) Cross-sectional SEM image of Ag/ZnO/WS2/Al memristor, showing the presence of multilayers. 
Planar-view EDS maps: e) zinc, f) oxygen, g) tungsten, and h) sulfur. Scale bar is 1 µm for (e)–(h). i) The cross-sectional EDS map from the ZnO/WS2/
Al memristor, showing elemental distribution across the device from left to right. The scale bar is 1 µm.
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Following that, cross-sectional SEM imaging was performed 
to conform the conformal growth of ZnO over the WS2 layers 
(see Figure 1d). Notably, closely packed nanocolumnar grains 
decorated over the WS2 layers were observed. Interestingly, 
the interlayer separation of WS2 is not empty: most likely it 
is filled with ZnO. In addition, Figure 1e–h shows the planar-
view energy-dispersive X-ray spectroscopy (EDS) maps from the 
ZnO/WS2/Al device, depicting the zinc (Zn), oxygen (O), tung-
sten (W), and sulfur (S) elements, respectively. Particularly, the 
distribution of Zn and O is uniform; however, the elemental 
distributions of W and S follow the SEM topography of WS2 
layers (see Figure 1b,g,h, respectively). In addition, the respec-
tive elemental distributions of Al, Zn, O, and S from the cross-
sectional EDS maps from the ZnO/WS2/Al device are shown 
from left to right in the panels of Figure 1i, respectively, pre-
senting the growth of individual layers.

The current–voltage (I–V) curves in five different voltage 
scanning ranges (e.g., 1.0, 1.1, 1.2, 1.3, and 1.4 V) from posi-
tive to negative sweeping are shown in Figure 2a,b in normal 

and semilogarithmic scales, respectively. In these I–V meas-
urements, voltage was applied to the top Ag electrode, whereas 
the bottom Al electrode remained grounded. In all cases, 
however, the I–V curves are asymmetric and overlapped well 
with a resumable anticlockwise hysteresis, as marked by black 
arrows in Figure 2a. In fact, the device current increases non-
linearly with voltage sweeping in both positive and negative 
voltage regions and does not follow the similar path from for-
ward to reverse scanning, resulting in the opening of hyster-
esis loops. The asymmetric I–V curves could be due to asym-
metrical electrodes as well as band alignment at the ZnO/WS2 
interface. Indeed, as an essential element to design artificial 
synapse, the device shows analog resistive switching.[28] Gen-
erally, rectifying diode-like switching characteristics, as noted 
by I–V curves, is an important framework of electroforming-
free resistive switching device operation in which one can 
achieve programmable resistance states. This feature, particu-
larly, makes our device most suitable to mimic biosynaptic 
behaviors.

Adv. Electron. Mater. 2019, 1900467

Figure 2. Charge transport and depth-dependent XPS measurements. I–V characteristics of Ag/ZnO/WS2/Al devices in different voltage scanning 
ranges in a) normal and b) semilogarithmic scales, respectively, showing highly stable and reproducible loop opening. The shifts in the current profiles 
by varying the voltage scanning window are marked by the vertical arrows in (b). c) Temperature-dependent I–V curves of the device in the positive 
biases. d) Arrhenius plots corresponding to different read voltages from 0.8 to 1.0 V. The dotted lines were used to calculate the slope of the curves. 
e) Schematic representation of the depth-dependent XPS measurements and Ar+ sputtering setup. Depth-dependent XPS spectra corresponding to 
f) Ag 3d, g) Zn 2p, h) O 1s, i) W 4f, and j) S 2p. k) Variation in the atomic ration as a function of depth. The presence of Zn and O within the W and 
S indicates that the interlayer separation of WS2 layers is filled with ZnO. l) Schematic diagram of the device based on XPS measurements, showing 
ZnO from top Ag to WS2 is stoichiometric while high nonstoichiometry is presented with WS2 layers. m) The location of the change trapping sites.
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At the same time, we should remark that the loop opening 
highly depends on voltage scanning range. For instance, 
a nominal loop opening is noticed for 0 → +1 → 0 → −1 → 
0 V scanning while it becomes wider in case of 0 → +1.4 → 
0 → −1.4 → 0 V, indicating that this device can be repeatedly 
programmed in various current levels. For clarity, the loops 
corresponding to different scanning voltage ranges are plotted 
separately in Figure S2 (Supporting Information). Note that the 
current increased and reached to a stable value with increasing 
number of cycles for a fixed voltage scan range (see Figure S2 
in the Supporting Information). Moreover, device-to-device cur-
rent variation (measured at +1.0 V) was also shown in Figure 
S3 (Supporting Information). The standard deviation (σ) = 
[(I −  Imean)/n]1/2, where n is the number of measurements, is 
found to be 11.48 µA, which is 3.18% of the mean value. This 
narrow dispersion certainly confirmed the uniform and highly 
reproducible device performance from our demonstrated archi-
tecture. In fact, the device without WS2 layer (e.g., Ag/ZnO/Al) 
does not show high reproducibility. This highly reproducible 
performance clearly confirmed that the insertion of the verti-
cally aligned WS2 layers indeed improved the temporal uni-
formity in comparison to Ag/ZnO/Al device (see Figure S4 in 
the Supporting Information).

It is worth mentioning here that the nature of the loop 
opening in oxide-based memristive devices is still a highly 
debated topic and under the quest of recent studies. Various 
models, for instance, migration of ions, trapping/detrapping 
of changes, metal/insulator interface’s resistivity modification, 
and formation of localized metallic bridge, have been pro-
posed.[5,13,24,28] Therefore, to understand the loop opening, the 
I–V curves were plotted in logarithmic scale (see Figure S5 in 
the Supporting Information). From these curves, two conspic-
uous features could be noted: ohmic-like conductance for lower 
positive biases (0 to +0.82 V), as confirmed by the slope close to 
1 (≈1.22); and the scaling of current as V3.88 for higher applied 
positive biases (>0.82 V), indicating that the condition is domi-
nated by trap-filled limited conduction mechanisms in this 
voltage range.[30] The trap-filled limit voltage (Vth) is found to 
be +0.82 V, which does not shift by increasing the voltage swap-
ping range or with repeated cycles, which indeed confirmed the 
cycle-to-cycle reproducible performance of the device.

As yet another piece of evidence to confirm the conduction 
mechanism, we performed the temperature-dependent I–V 
measurements (see Figure 2c). Note that the current at a fixed 
voltage increased with increasing temperature, suggesting a 
typical thermally activated transport behavior.[1,13,19] The very 
first observation indeed could be that the loop opening in this 
device is not due to metallic filament formation. To confirm 
this, the current (at +1.0 V) was measured as a function of 
the device area (see Figure S6 in the Supporting Information). 
Specifically, the current varies as a function of device area, con-
firming that the switching occurred across the entire area and 
ruling out the possibility of the localized filament formation.

Further, assuming that the electron trap states are limited to 
a single energy level (Etrap), the current in the Child’s law region 
as per space charge limited conduction theory can be expressed 
as I = (9/8)AεµθV2/d3, where θ = (Nc/Nt) exp[−(Ec −  Etrap)
/kT].[13,29,31] Here, A is the effective area of the device, µ is the 
mobility, and ε and d are the permittivity and thickness of the 

oxide layer, respectively. In addition, V is the applied voltage, Ec 
is the energy at the conduction band minima, Nc is the effective 
density of states in the conduction band at temperature T, Nt is 
the total trap density, and k is the Boltzmann’s constant. From 
the above equations, ln(I) is a linear function of 1/T and has a 
slope of −(Ec − Etrap)/1000.[32,33] Arrhenius plots corresponding 
to different read voltages from +0.8 to +1.0 V are presented in 
Figure 2d. The activation energy calculated from these data at 
different read voltages is found to be Ea = Ec − Etrap = 0.242 eV. 
This Ea implies the existence of shallow traps. Therefore, it is 
obvious that the loop opening in our case is due to trap-assisted 
charge transport rather than the continuous localized filament.

To reveal the distribution of chemical compositions and 
defects from top Ag to bottom Al electrodes, the depth-
dependent XPS measurements were performed. Note that the 
Ar+ sputtering with an energy of 5 keV was performed, which 
leads to the removal of the layers of the device, and the XPS 
measuring spot diameter was fixed to 100 µm. Figure 2e shows 
a schematic diagram of the Ar+ sputtering and XPS measure-
ment setup. The XPS spectra of Ag 3d, Zn 2p, O 1s, W 4f, and 
S 2p as a function of depth are depicted in Figure 2f–j, respec-
tively. Prior to the Ar+ sputtering, the only peaks corresponding 
to the Ag spectra are detected, while peaks related to other used 
materials (such as Zn, O, W, or S) were absent. The Ag peaks 
centered at the binding energies of 368.08 and 374.08 eV were 
corresponding to the 3d5/2 and 3d3/2 orbits of Ag(0) (metallic 
silver) (see Figure 2f).[35] In addition, the separation between 
two peaks was found to be 6.0 eV, which matches well with the 
spin–orbit components of metallic Ag. It is interesting to note 
that with increasing sputtering time, the Ag peaks did not shift 
and are even present when the Zn peaks appear, indicating that 
the metallic Ag diffused within the ZnO matrix (see blue and 
pink curves in Ag and Zn panels in Figure 2f,g, respectively). 
However, the Ag peak intensity decayed gradually with sput-
tering, which suggested that the concentration of Ag compo-
nent reduced with depth.

One can note that after the sputtering of ≈100 nm thickness, 
the Zn 2p3/2 and Zn 2p1/2 peaks centered around 1021.47 and 
1044.54 eV, respectively, appeared (see curves in Figure 2g).[36] 
These peaks confirmed the presence of orbitals of divalent zinc 
ions (Zn2+) in the ZnO lattice. In addition, the Zn 2p3/2 and Zn 
2p1/2 peak separation was found to be 23.07 eV, which is the 
characteristic value of ZnO. Specifically, the Zn peak positions 
do not shift with increasing depth.

On the other hand, the O 1s peak near the Ag electrode is 
symmetric and can be fitted by a single Gaussian component, 
centered at ≈530.44 eV (see XPS spectra in Figure 2h). This 
peak is attributed to the presence of O atoms (OL) in ZnO 
bonds and its intensity is proportional to the stoichiometry of 
ZnO.[36] In contrast, with increasing depth, O 1s peak becomes 
broad and is fitted by two Gaussian components, centered at 
≈530.6 and 531.8 eV, respectively.[36] The latter peak (531.8 eV) 
is quite important, since it is usually due to oxygen deficiency 
within ZnO and the intensity of this component is related to the 
density of oxygen vacancies (see yellow curve from oxygen panel 
in Figure 2h). We should remark that once W 4f and S 2p peaks 
appeared, the peak corresponding to the OV emerged, which 
indicates that OV starts from the ZnO/WS2 interface. Critically, 
the OV peak becomes more dominating with increasing depth, 
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confirming that the defect-rich ZnO is filled within vertically 
aligned WS2 layers. In fact, the depth-dependent oxygen XPS 
spectra confirmed that an oxygen vacancy gradient is present 
in our device. These oxygen vacancies worked as trapping sites 
for electrons and play an important role in loop opening in the 
I–V curves.

From the XPS spectra of W, we observe the presence of W 
4f7/2 and W 4f5/2 peaks around 31.2 and 33.34 eV, respectively 
(see Figure 2i). Further, we observe the S 2p3/2 and 2p1/2 peaks 
at 161.9 and 163.6 eV, respectively, suggesting that S was pre-
sent as S2−.[10,26,27] These peaks are identical to those seen in the 
case of high-purity WS2; however, a shift toward the negative 
region in comparison to standard values indicates the oxidation 
of WS2 layers. In addition, the expected separation between S 
2p3/2 and 2p1/2 peaks is 1.8 eV, which is very close to the meas-
ured value of 1.7 V. Further, near the Al electrode, both the 
oxygen and sulfur peaks have broad distribution, indicating that 
in this region the device has high density of defect distribution.

Based on XPS measurements, the variation of the atomic 
ratio as a function of sputtering depth is depicted in Figure 2g. 
Note that from Ag electrode to WS2 layers, the ZnO is stoichio-
metric; that is, the Zn/O ratio is ≈1.09, and the compositions 
did not vary significantly. However, the ZnO becomes highly 
nonstoichiometric once the WS2 signal appears. In fact, the 
Zn/O ratio increases to 2.14 with increasing depth, indicating 
that the ZnO filled within the vertically aligned WS2 interlayers 
is highly defective. Based on the depth-dependent XPS meas-
urements, it is revealed that in our device we have two regions: 
1) a nearly stoichiometric ZnO thin film from Ag to WS2 inter-
face and 2) highly oxygen-deficient (Zn metal–rich) region near 
and within WS2 layers. This oxygen vacancy gradient provides 
a unique platform for the trapping of the charge carriers, as 
depicted schematically in Figure 2l,m. It is worth mentioning 
here that the uniformly distributed vertically aligned WS2 layers 
are the backbone of the device that in fact provide a unique 
opportunity to have uniform defect density distribution, over 
the length scale of ≈22 nm (i.e., porosity). Indeed, our findings 
enable us to propose a plausible cause of the defects, that is, 
oxygen vacancies, which in fact play an important role in the 
charge transport.

The very first step to realize the complex neurological func-
tions using our artificial synapse is the variation in the conduct-
ance with input electric stimuli (i.e., action potential).[5] Fun-
damentally, depending on the magnitude and strength of the 
input pulses, the synaptic weight (namely current here) may 
remain unchanged (known as elasticity) or increase/decrease 
(called potentiation/depression). Therefore, the change in the 
current across the device for continually applied 100 programed 
pulses (+1.0 V; width, Δd: 1 ms; interval, Δt: 1 ms) was meas-
ured, followed by a series of 100 identical negative voltage 
pulses (−1.0 V; Δd and Δt: 1 ms) (see Figure 3a). As expected, 
the current increases continuously with increasing number of 
positive pulses, which is assigned to the long-term potentiation 
(LTP), while negative pulses caused the depression, like long-
term depression (LTD).[3,9,10,29] In fact, the change in the cur-
rent under the influence of positive and negative pulses is sim-
ilar to the action potentials that transmit through neurons. The 
LTP and LTD are the advanced features of biosynapses and are 
the key elements of learning, forgetting, and memory storage. 

In short, new learning and memory is associated with both LTP 
and LTD. In addition, note that the current increases after each 
pulse; for instance, current could be set to 100 distinct states for 
100 pulses, which in turn indicates that the extremely high den-
sity of programmable states could be available for computation 
in this device (see Figure S7 in the Supporting Information). 
This is an important outcome of our device, since higher pro-
grammable conductance states are desired for parallel vector–
matrix multiplication of synaptic weight during advanced 
learning. It is worth noting that the conductance across two-
terminal metal oxide directly depends on the carrier concentra-
tion. Therefore, with each applied pulse, the defects were filled 
by injected change carriers, resulting in the current increases to 
different levels.

Moreover, the reproducibility of the learning (LTP) and for-
getting (LTD) processes was tested by applying consecutive 
large number of pulses (104) (see Figure 3b and Figure S8 in 
the Supporting information). Interestingly, the device showed 
highly reproducible change in the current with electric pulses.

Another important feature of a biosynapse is the activity-
dependent occurrence and/or changes of the plasticity in var-
ious levels. To implement this plasticity rule, the change in 
the current for different number of pulses starting from 20 
to 100 (+1.0 V; Δd and Δt: 1 ms) with an interval of 10 pulses 
was measured (see Figure 3c). Note that the current increases 
with increasing number of pulses, as marked by blue dotted 
arrow in Figure 3c. A magnified view corresponding to 20 and 
100 pulses is separately depicted in left and right panels of 
Figure 3d. Note that current change on/off ratio (current before 
first pulse/current at last pulse) was 57% for 20 pulses, while it 
increased to 191% for 100 pulses, indicating that large dynamic 
range could really be achieved from our two-terminal device. 
It is known that for accurate training, the analog on/off ratio 
must be sufficiently high to access multiple synaptic weight 
values.[12,29] Note that remarkably high analog on/off ratio can 
be achieved by decreasing the Δd value. For instance, the on/off 
ratio as high as 300 is measured for 100 pulses (+1.0 V; Δd and 
Δt: 0.5 ms), which, to the best of our knowledge, is not reported 
previously for the oxide-based two-terminal artificial synapse 
(see Figure S8 in the Supporting Information). This finding 
suggests that the insertion of vertically aligned 2D layers has 
the spatial capacity to accommodate defects and provide a 
unique platform to achieve robust neuromorphic devices.

The current was also recorded using a read voltage of +0.5 V, 
after applying different number of pulses (+1.0 V; Δd and Δt: 
1 ms). Figure 3e records the current profile in the process of 
applying various identical positive pulses sequentially. Note that 
with increasing number of pulses, current level at a measuring 
voltage of +0.5 V increases gradually and then tends to saturate. 
Interestingly, after removing the applied pulses, as marked by 
corresponding vertical arrows in Figure 3e, the current does not 
return to its starting value (≈33 µA) while it sustained to the last 
state, indicating that the current level is readily programmable 
in different levels. These results in fact confirmed that multi-
level memory storage is really possible in this device. Generally, 
a longer state retention time is favored for continuous learning, 
which is another important element of this device (see Figure 
S9 in the Supporting Information). In addition, the sustained 
behavior of the current level in its programed state confirmed 
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that the resistive switching process is nonvolatile. The possible 
reason behind this is the charge trapping, which is an inher-
ently metastable mechanism.[5]

Moreover, applied pulse amplitude was also used to modu-
late the current conduction (see Figure 3f). As expected, the 
current increases gradually when applying the positive pulses 
(Δd and Δt: 1 ms) and then tends to saturate, while the negative 
pulses (Δd and Δt: 1 ms) cause the decrease of the current to its 
initial level. This indicates that the modulation of the current 
levels can similarly be achieved by adjusting the magnitude of 
pulses with a fixed duration. In addition, the device current can 
be changed by adjusting the pulse interval, such as 0.1, 1, 2, 
and 3 ms, for a fixed pulse amplitude and Δd (see Figure 3g). 
Energy consumption (E) for the neuromorphic device opera-
tion is a critical issue. Therefore, the energy consumption for 
a single pulse is calculated by I × V × Δd, where I is the meas-
ured current and V is the applied pulse voltage. The value of 
E is found to be ≈0.2 nJ for the Δd value of 0.1 ms, which can 
further be decreased with the reduction of Δd. In addition, note 

that here the device area is relatively large (≈0.6 cm2); thus, fur-
ther scaling down to sub-micrometer scale could reduce the 
energy consumption to several tens of picojoules per spike.

The paired-pulse facilitation (PPF) is a phenomenon in which 
the change in the conductance stimulated by two close spikes is 
noticed. Mathematically, the PPF is estimated using the expres-
sion (A2 − A1)/A1 × 100%, where A1 and A2 are the peak ampli-
tudes of the current responses from the first and second electric 
pulses, respectively.[14,29] Figure 3h systematically shows that the 
PPF index decreases gradually toward 100% with increasing Δt 
from 0.1 to 40 ms, which is very similar to the biosynapses. Fur-
ther, the change strongly depends on the Δd value: for instance, 
the maximum PPF index was estimated to be ≈120% for the Δd 
value of 1 ms, while it increases to ≈130% and ≈163% when Δd 
increased to ≈2 and ≈5 ms, respectively. Moreover, the PPF index 
depends on the magnitude of the applied pulses; for example, 
PPF of 120%, 150%, and 174% can be achieved for the +1.0, 
+1.2, and +1.4 V pulses (Δd: 1 ms), respectively (see Figure 3i). 
This fact is due to gradual filling of the trapped states with 
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Figure 3. Synaptic response of the two-terminal Ag/ZnO/WS2/Al. a) The modulation of conduction by pulse train mode. Potentiation and depression 
under the influence of positive (+1.0 V; Δd and Δt: 1 ms) and negative pulses (−1.0 V; Δd and Δt: 1 ms) are followed by 100 consecutive pulses. b) 
Reproducible behavior of LTP and LTD for constructively applied 15 000 pulses (Δd and Δt: 1 ms). c) A number of pulse-dependent current profiles from 
top to bottom panels show applied pulse (20–100) and measured photocurrent, respectively. The dotted arrow in the current panel shows increasing 
behavior with increasing number of pulses. d) Magnified current profiles for the 20 and 100 cycles in the left and right panes, respectively. e) Change in 
the current profile measured at +0.5 V after applying successive pulses (20–100). The current sustained in different levels, showing multilevel memory 
storage. f) Change in the current profile with positive and negative pulses corresponding to different magnitude from +1.0 to +1.3 V. g) Change in 
the current profile as a function of pulse duration. The vertical dotted line shows that the current can change up to 182 times. h) PPF ratio decays as 
a function of pulse interval (Δt). The pulse amplitude was fixed at +1.0 V. The experimental data are the average values of the PPF obtained from ten 
independent tests. i) PPF ratio decays as a function of Δt for different pulse magnitudes. j) Experimental results for spike-time-dependent plasticity. 
The insets show applied pulses corresponding to pre- and postsynaptic responses, respectively.
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increase of the Δd value and/or pulse magnitude. The gradual 
decay of the PPF index can be fitted well by using the following 
double-exponential equation: PPF index =  C1 exp (−Δt/τ1) + 
C2 exp (−Δt/τ2), where C1 (C2) and τ1 (τ2) are the initial facilita-
tion magnitude and characteristic relaxation time of the rapid 
(slow) decay, respectively.[21] The value of calculated parameters 
is depicted in Table S1 (Supporting Information). It is inter-
esting that both τ1 and τ2 decrease with the increase of Δd, indi-
cating that this device depicts a better memory effect under the 
influence of short pulses.

In neuron science, the advanced rules for competitive Heb-
bian learning are generally defined by spike-timing-dependent 
plasticity, which in fact refers to the change of the synaptic 
weight with relative dynamically and temporally intercou-
pling activities between the pre- and postsynaptic spikes 
(Δtpre–post).[14,23,24,31] In fact, for spatiotemporal biological pro-
cesses, when the spike signals arrive simultaneously on the pre- 
and post-neurons, the resultant connecting strength between 
neurons depends on the relative timing delay between them. 
To mimic the STDP behavior, two identical voltage spikes (+1.0 
V; Δd: 1 ms) with specified time interval (Δtpre–post) were applied 
to the bottom Al and top Ag electrodes as pre- and postsynaptic 
neurons. The current changes due to first and second voltage 
spikes are denoted as A1 and A2, respectively. It is observed 
that for Δtpre–post, a clear potentiation with an enhanced syn-
aptic weight between the two neurons is noticed (see Figure 3j). 
The change in the synaptic weight (ΔS) due to STDP is defined 
as ΔS = (A2 − A1)/A1. From Figure 3j, one can note that ΔS is 
not symmetric with respect to Δtpre–post = 0, consistent with the 
asymmetric Hebbian rule. This asymmetric distribution of ΔS 
is mainly due to the strong potentiation and weak potentiation 
(even depression) when the values of Δtpre–post are positive and 

negative, respectively. Note that if prespiking precedes the post-
spiking (Δtpre–post > 0), the synaptic weight is reinforced, while 
Δtpre–post < 0 leads to a depression phenomenon.

Unlike the traditional digital memory, human memory was 
usually described by short-term memory (STM) and long-term 
memory (LTM).[10,16,25,29] The STM is lost within minutes or 
less, while LTM is a permanent change and sustained longer 
than hours to years. Therefore, storing the human-brain-like 
memory is an important step toward the advancement of arti-
ficial intelligence technology. Interestingly, based on a single 
pulse stimulation, our artificial synapse can mimic the histor-
ical information. For instance, we have applied different mag-
nitude pulses starting from +0.7 to +1.0 V (Δd: 1 ms) and cur-
rent was recorded at +0.5 V (Δd: 10 s). Note that the current 
increases to 34.5 µA and decays gradually to its initial value 
(≈32 µA), after applying +0.7 V pulse. On the other hand, the 
current remained at higher state (≈60 µA) after applying +1.0 V 
pulse. The current decay after applying pulse of +0.7 V is fitted 
by the well-known Kohlrausch function I (t) =  I0 exp [−(t/τ)β] 
+I∞, where I0 is the pre-exponential factor, τ is the retention 
time, I∞ is the final value of the current after the decay, and β is 
the stretching index ranging from 0 to 1.[1,25] The value of τ is 
found to be ≈4.55 s. Further, the measured forgetting curve is 
well fitted with the above data, which indicates that our synaptic 
devices have very similar memory behavior to the human brain.

As a practical example, the memorizing and forgetting of 
two images in a 3 × 3 synapse array were initiated to demon-
strate the trainable memory behaviors, as well as the strong 
tolerance and robustness. The input patterns of letters “C” 
and “T” were successively programmed into the synapse array 
using a single pulse of +0.7 and +1.0 V (Δd: 1 ms) simultane-
ously, as depicted in Figure 4b,c, respectively (see the device 
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Figure 4. Dynamic process of STM and LTM in a synapse array. a) The transition from STM to LTM and variation in the conductance of the Ag/ZnO/
WS2/Al synapse by increasing the magnitude of the input pulse from +0.7 to +1.0 V (Δt = 1 ms); the read voltage is +0.5 V (Δt = 10 s). The top inset 
shows the original photographs of the 16 devices, out of which 9 were used to deceive STM and TMS behavior. The bottom inset shows the magnified 
view corresponding to green plot of the main plot in (a). b,c) Images of the letters “C” and “T” were successively inputted into the synapse array using 
a single pulse for each, with an amplitude of +0.7 and +1.0 V (Δd: 1 ms). d) The measured current during the written process. The current from the 
3 × 3 arrays e) after 10 s, f) after 20 s, and g) after 30 s of the written processes, indicating that the current corresponding to letter “C” decays, while 
“T” remains sustained. Note that the letter “C” was memorized in STM mode, and the letter “T” was memorized in LTM mode.
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original photograph in Figure S3 in the Supporting Informa-
tion). Prior to doing so, all nine synapses were set to low-cur-
rent conduction state, that is, after applying −1.0 V. Note that 
the main motivation of this work is to remember the letter 
“T” for long time, like LTM, whereas the letter “C” is stored 
as STM. After applying both the letters to the arrays, the 
current is measured and in turn it is difficult to distinguish 
them from each other very clearly (see Figure 4d). However, 
with increasing time, the current corresponding to the letter 
“C” decays gradually and disappears, which is due to STM 
storage (see sequential temporal evolution in Figure 4e–g). 
On the other hand, the letter “T” remained stored as an LTM. 
These results in fact clearly confirmed that Ag/ZnO/WS2/Al 
memristive synapses possess relatively uniform and stable 
electrical properties (see Figure S10 in the Supporting Infor-
mation). This result in fact shows the effectiveness of our 
device to implement further relatively complex functions of 
the brain, which in practice is not possible for the traditional 
digital memory devices. This architecture based on metal 
oxide/2D layered materials opens a new avenue to design 
high-performing artificial synapse for large-area neuromor-
phic devices.

3. Conclusion

We have demonstrated robust two-terminal memristor device 
based on ZnO and vertically aligned WS2 layers. The device 
shows high spatial/temporal performance with cycle-to-cycle 
and device-to-device variability. The temperature-dependent 
I–V measurements and depth-dependent XPS measurements 
reveal that the oxygen vacancies are nonuniformly distributed 
across the device and are responsible for charge trapping/
detrapping. In addition, the device showed all other compre-
hensive synaptic functions, including short- to long-term plas-
ticity, paired-pulse facilitation, and spike-timing-dependent 
plasticity. The dynamic processes of memorizing and forget-
ting were mimicked through a 3 × 3 memristive synapse array. 
This study will open a new avenue to design highly stable 
large-area neuromorphic devices toward the applications of 
practical use.

Experimental Section
Device Fabrication Processes: The wafer-scale WS2 samples were 

prepared using a large-area RF sputtering process. The WS2 target (a 
diameter of 2 in. and a purity of 99.99%, TASCO) was placed on the 
cathode of the sputtering chamber using a clamp. The base pressure 
was reduced to 2 × 10−6 Torr using a turbopump prior to the introduction 
of Ar gas, whose flow rate was 50 sccm. The 100 nm thick top Ag and 
bottom Al layers were deposited by DC sputtering using pure (99.99%) 
Ag and Al targets, respectively, with DC power of 50 W. The working 
pressure was maintained to 5 mTorr with a flow of Ar (30 sccm). The 
ZnO thin film was deposited by the sputtering technique using a 
commercially available (99.99%) ZnO target with 300 W RF power. The 
working pressure of 5 mTorr at room temperature was achieved under 
an Ar gas flow rate of 50 sccm. The substrate rotation was fixed to 
5 rpm, to achieve uniform film growth.

Characterization and Measurement: The depth-dependent chemical 
compositions were observed by X-ray photoelectron spectroscopy 

(XPS-PHI 5000 Versa Probe II). The morphologies and cross-sections 
were observed using a field-emission scanning electron microscope 
(JEOL JSM-7001F). The current–voltage (I–V) characteristics were 
measured using the cyclic voltammetry function of a potentiostat/
galvanostat (Zive SP1, ZIVELAB).

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