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Abstract
Memristors are a new class of devices that can replace integrated electronic 

devices in applications involving sophisticated computing, digital and analog 
circuits, and neuromorphic networks. In this work, we report a transparent 
synaptic memristor with the nano-device structure indium tin oxide/zinc oxide/
indium tin oxide (ITO/ZnO/ITO) that exhibits potentiation and depression 
behavior resembling the brain’s synapses. The layers of ZnO and ITO were 
deposited by radio frequency (RF) magnetron sputtering. Nano-dimension of 
the sandwiched layer results in high electric field intensity between the electrodes 
even at small potentials and facilitates the migration of ions. This synaptic device 
has spike-dependent synaptic plasticity and paired-pulse facilitation/depression. 
This study reveals that the synaptic weight changes are more prominent when 
wider pulses or shorter-interval pulses are applied. The switching behavior of the 
ZnO-based memristor is studied by altering the top electrodes. Devices with top 
electrodes made of ITO and silver (Ag) demonstrated bipolar, forming free and 
filament-type resistive switching. Interface-type resistive switching was observed 
in a device with gold (Au) as the top electrode (Au/ZnO/ITO). The conduction 
mechanics of these memristors were also investigated.
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Introduction
Developing artificial intelligence systems that are capable of carrying out 

complicated activities is a major technological aim for many nations because it 
could have a huge social impact. Neuromorphic computing has been proposed as 
a potential solution to process and store information and it is anticipated that the 
artificial synapses-based neuromorphic computing system will represent the next 
generation with exceptional parallel processing capability and processing speed. 
Various artificial synapses have been created, and among them, the memristor is 
a non-volatile memory technology that can simulate the typical brain synaptic 
response [1-3]. This device can switch between several resistive states in response 
to suitable voltage stimuli. Memristors typically have a top electrode, functional 
layer, and bottom electrode, similar to the presynaptic neuron, synaptic cleft, 
and postsynaptic neuron of a biological synapse. Before employing the device to 
physically duplicate synapses, we must evaluate their synaptic plasticity. Synaptic 
plasticity is the term used to describe the phenomena whereby variations in 
brain activity result in an increase or decrease in the efficiency of information 
transmission among neurons. The synaptic weight measures the intensity of signal 
transmission between synapses. The biological synapse must have adjustable 
synaptic weight and tunable resistance is its artificial counterpart [2]. The device 
resistance switches from a low resistance state (LRS or ON state) to a high 
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electrodes. A study of the conduction mechanism of these 
devices was also done.

Experimentation
RF magnetron sputtering was used to create a 65 nm thick 

ZnO film with a ZnO target on the commercially available 
transparent ITO-coated glass substrate. For this, the chamber 
was emptied to a base pressure of around 2 x 10-6 mbar. The 
working pressure was held at 6 x 10-3 mbar, and the ratio of 
Ar/O2 gas flow was 5:4 throughout the sputtering process. 
Sputtering time and power were 30 min and 70 W, respectively. 
The substrate and target were separated by 10 cm. To fabricate 
an ITO/ZnO/ITO nano-device, ITO (top electrode) was 
sputtered on an ITO/ZnO structure from an ITO target using 
a 500 µm shadow mask. The power of sputtering was 100 W, 
and the flow rate of Ar gas was 10 sccm. A thickness of about 
510 nm was attained after an hour of sputtering. ITO/ZnO/
Ag and ITO/ZnO/Au devices were fabricated by evaporating 
Ag or Au on the ITO/ZnO structure. 

The structural characteristics of ZnO thin films were 
examined using X-ray diffraction (XRD; Bruker Kappa Apex 
Ⅱ). Transmission spectra were recorded by a JASCO V-770 
spectrophotometer and the optical bandgap of ZnO thin film 
was determined through a Tauc plot. Field emission-scanning 
electron microscopy (FE-SEM) was used to examine the 
surface and cross-sectional morphologies (Zeiss Sigma HV). 
An X-ray photoelectron spectroscopy (XPS) study was done 
to examine the oxygen vacancies in the ZnO film (Thermo 
Scientific™ ESCALAB™ Xi+). A probe station and Keithley 
2614B SMU, coded in LabView, were used to perform 
electrical characterizations of the nano-devices. A voltage bias 
was applied on the top electrode while grounding the bottom 
electrode. 

Results and Discussion
Figure 1a represents the XRD pattern of the ZnO 

thin film deposited on a glass slide through RF magnetron 
sputtering.  Only one peak, (002), was seen in the patterns, 
which is compatible with a ZnO wurtzite hexagonal structure. 
This diffraction peak at 2θ = 33.6° reveals the C-axis-oriented 
growth of the film.  Figure 1b depicts the FE-SEM image of 
the same and shows homogeneous and densely packed film 
growth. Figure 1c displays the Tauc plot of the ZnO thin film 

resistance state (HRS or OFF state) and vice versa depending 
on the externally applied voltage. To exhibit synaptic properties 
in memristor, it’s important to observe a gradual increase and 
decrease in the conductance state known as potentiation and 
depression, respectively [4]. Paired-pulse facilitation (PPF) 
or depression (PPD) and strike rate-dependent plasticity 
(SRDP) which can be imitated in resistive switching (RS)-
based artificial synapses are other key properties of the 
biological synapse [4]. 

Materials that exhibit RS phenomena in resistive random-
access memory include transition metal oxides, perovskite 
oxides, chalcogenides, and organic compounds [3-6]. Because 
of its great chemical stability, controllable electrical behaviour, 
and low-temperature manufacturing technique ZnO-based 
memristor is a material that has a lot of potential. Resistive 
memory is operated in either a unipolar or bipolar mode. In 
unipolar mode, the set and reset procedures occur in the same 
bias polarity, whereas in bipolar mode, they require different 
bias polarities [7]. These modes are affected by the material 
and microstructure of the nano-dimensional switching 
layer. The coexistence of bipolar and unipolar switching 
in ZnO-based devices was also demonstrated in earlier 
studies [8]. By altering the oxygen concentration during the 
ZnO deposition process, it is possible to build devices that 
demonstrate switching behavior from unipolar to bipolar. 
Many efforts have been made to create a generalized physical 
model that can explain RS phenomena in ZnO-like metal 
oxide thin films and the conducting filament model is widely 
accepted [3, 8]. The fundamental idea behind the filamentary 
conducting theory is that the metal oxides typically contain 
several electrically active defects, such as oxygen vacancies, and 
the mobility of these defects generates switching behavior. 
However, an excessive defect concentration causes a lot of 
leakage current and deteriorates the performance of the device 
[9]. Therefore, to create high-quality films with fewer native 
defects, controlled ZnO film growth is necessary. Additionally, 
the fabrication of highly resistant ZnO film may open the 
prospect of thinning down the switching layer and lowering 
the operating power [10]. ZnO-based memristors have been 
developed experimentally in various studies, revealing the 
features of a synaptic system [4, 10, 11]. However, more studies 
are needed to explore the conduction mechanism and synaptic 
behavior of ZnO-based memristors. 

The growth of conducting filaments in the ZnO-based 
memristor nano-device is affected by several variables. The top 
metal electrode of the device can have a significant impact on its 
current-voltage (I-V) behavior [12]. It has been demonstrated 
that the forming, set, and reset voltages, HRS, and LRS values, 
are all correlated with the top electrode material [13, 14]. In 
addition to electrodes, the microstructure and defects of the 
ZnO film significantly impact switching behavior. Extended 
defects like grain boundaries and dislocations may offer easy 
diffusion pathways for metallic ions and oxygen vacancies [15]. 
In the present study, we fabricated an ITO/ZnO/ITO-based 
transparent memristor for neuromorphic application and 
demonstrated various synaptic properties like potentiation, 
depression, PPF, PPD, and SRDP. The switching behavior 
of the ZnO-based memristor is examined by altering the top 

Figure 1: (a) XRD pattern and (b) FE-SEM image of the ZnO thin films 
deposited on glass through RF magnetron sputtering. XRD pattern reveals 
the wurtzite crystal structure and FE-SEM shows ZnO's homogeneous 
and densely packed growth. (c) Tauc plot for the ZnO thin film estimated 
from transmission spectra. 
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artificial synapses has been suggested to be caused by oxygen 
vacancy migration and recombination (recombination of 
oxygen vacancies with non-lattice oxygen ions), which makes 
or breaks the CF (shown in figures 3a and 3b) [11]. 

Since it is well known that the oxygen vacancy (Vo) plays 
a significant role in the switching mechanism of memristor 
devices, XPS spectra of the O1s core level were examined 
to determine the oxygen vacancy concentration in the ZnO 
films. The individual O1s peak has been deconvoluted to 
produce the five unique Lorentzian Gaussian curves centered 
at binding energies 530.12, 531.01, 531.88, 532.67, and 533.88 
eV (Figure 3c). O atoms at the regular lattice site (OL) are 
the source of the low binding energy curve at 530.12 eV [18]. 
The existence of O vacancies is responsible for the medium 
binding energy curve at 531.01 eV. Generally, a forming 
voltage is essential for the metal oxide memristor devices, and 
it is reported that non-lattice oxygen ions and pre-existing 
oxygen vacancies in the ZnO layer are largely responsible for 
forming free RS [18, 19]. Due to the oxygen vacancies that 
are already present in the ZnO film, a high voltage forming 
process is not necessary in our device. Forming-free devices 
have more stable RS characteristics and prevent electrode 
damage in contrast to forming-necessary cells [20]. Interstitial 
O atoms (OI), or non-stoichiometric oxygen, are responsible 
for the highest binding energy curve, which is measured at 
531.88 eV. The peaks at 532.67 and 533.88 eV are associated 
with oxygen species that have been adsorbed, such as O2 and 
H2O, on the surface of ZnO. The XPS spectra corresponding 
to the Zn atom in ZnO are depicted in figure 3d. Zn atoms 
at regular lattice positions in ZnO bulk are responsible for the 
peaks of the Zn 2p3/2 and Zn 2p1/2 levels, which correspond 
to binding energies at 1021.66 and 1044.68 eV, respectively 
[21]. The binding energy difference of 23.02 eV demonstrates 
that Zn atoms are fully oxidized and agree with previously 
published Zn2p values [18, 21]. This suggests there are no 
free metallic zinc ions, which rules out the possibility of any 

calculated from the transmission spectra, and the bandgap 
value is determined to be 3.26 eV. 

The metal-insulator-metal arrangement is typically used 
to investigate the possible existence of RS phenomena in metal 
oxide thin films like ZnO [8, 11]. Figure 2a depicts the ITO/
ZnO/ITO-based memristor nano-device structure, where 
the sputtered ZnO, of thickness in nanometers, serves as the 
switching layer, and ITO layers serve as the bottom (BE) and 
top electrode (TE). Each layer of this ITO/ZnO/ITO device 
is visible in the cross-section FE-SEM as seen in figure 2b. 
The thickness of the deposited layers of ITO (BE), ZnO, and 
ITO (TE) are found to be around 170 nm, 65 nm, and 510 nm, 
respectively. The transmission spectra of the device along with 
ZnO layer transparency are shown in figure 2c which reveals 
the high transparency of the device in the visible region. The 
inset shows the photograph of the fabricated transparent ITO/ 
ZnO/ITO device. The multilayer coatings are responsible 
for the fringes in the transmittance spectra that appear after 
460 nm. To study the switching properties of the memristive 
device, I-V measurement was done by applying a bias voltage 
to the top ITO (TE), while the BE was grounded. The device 
shows bipolar switching characteristics as shown in figure 2d. 
The nano-device switches from HRS to LRS as the voltage is 
swept from 0 to 2 V and flips back from LRS to HRS when 
negative voltage is applied. A current compliance of 20 µA was 
used to prevent the breakdown of the device. 

A few models have been proposed for the switching 
behavior of the ZnO-based memristor. The two main methods 
found in the various filamentary-based RS devices are valence 
change mechanism (VCM) and electrochemical metallization 
(ECM) [16, 17].  In VCM, oxygen vacancies (anions) move 
in the active layer to create a conductive filament (CF). On 
the other hand, in the case of ECM, positively charged metal 
cations from the active top electrode move to the cathode 
surface and create the CF. The RS behavior in ITO/ZnO/ITO 

Figure 2: (a) Schematic illustration of ITO/ZnO/ITO-based memristor, 
(b) Cross-section FESEM image of the fabricated device, (c) Transmission 
spectra of the device along with transparency of ZnO, and (d) I-V proper-
ties of fabricated ITO/ZnO/ITO memristor. To avoid device breakdown, 
a current compliance of 20 µA was used.

Figure 3: Schematic illustration of (a) the development of CFs for positive 
input pulses caused by oxygen vacancy migration and (b) filament ruptur-
ing due to oxygen vacancy migration in the opposing direction. The XPS 
spectra of (c) O1s core levels and (d) Zn2p levels in the ZnO active layer. 
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metallic ion conduction in the ZnO layer. 

The synapse, which connects neurons in the human 
brain, allows them to communicate with one another (see 
figure 4a). The presynaptic neurons are made up of synaptic 
vesicles that contain neurotransmitters and postsynaptic 
neurons are made up of receptors. When an action potential 
occurs on the presynaptic neuron, the synaptic vesicles release 
neurotransmitters (Na+ or Ca2+ ions) into the synaptic cleft 
and strengthen the link between presynaptic and postsynaptic 
neurons. This depends on the timing and amplitude of the 
action potential. Similar to this, in ITO/ZnO/ITO artificial 
synapses, the connection between BE and TE strengthens 
when oxygen vacancies or ions move across the ZnO 
matrix to form CF [22]. TE, an active layer, and BE of the 
devices are comparable to presynaptic neurons, synaptic 
cleft, and postsynaptic neurons, respectively. The filaments 
begin to expand gradually in response to positive electrical 
pulses resulting in a potentiation behavior; in contrast, the 
filament begins to rupture gradually in response to negative 
electrical pulses; this behavior is known as depression [23]. 
The fabricated ITO/ZnO/ITO artificial synapse exhibit 
potentiation when 200 continuous positive input stimuli with 
amplitudes of 0.9 V, TON of 100 ms, and TOFF of 100 ms are 
applied (Figure 4b). By the application of this positive pulse, 
the filament grows from the BE and increases the conductivity 
of the device. When a train of negative pulses (amplitude = 
-0.9 V, TON = 100 ms, TOFF = 100 ms) is applied the filament 
starts to migrate reversely decreasing the conductivity and 
leading to the depression of synaptic weight. 

Synaptic plasticity, which comprises short-term plasticity 
(STP) and long-term plasticity (LTP), is the most significant 
feature of the biological synapse. STP is characterized by 
physiological processes known as PPF and PPD, in which 
a preceding stimulus changes the subsequent synaptic 
responses [24]. These characteristics of the constructed device 
are examined by stimulating with a pulse pair with varying 
pulse intervals while maintaining a constant pulse width. The 
artificial synapse’s PPF (PPD) % is defined as follows [25].

( )( ) ( )2 1

1

% 100%
I I

PPF PPD
I
−

= 		  (1)

Where I1 and I2 are, respectively, the postsynaptic currents 
resulting from the first and second pulses. 

Five separate pulse pairs with various pulse intervals (from 
200 ms to 600 ms) are used to calculate PPF and PPD%. 
The PPF index, which symbolizes the temporal potentiation 
effect, is shown to decrease with pulse interval exhibiting 
an exponential decay as shown in figure 5a. The temporal 
depression effect is demonstrated by the PPD (Figure 5b), 
which is seen to increase exponentially with pulse interval. The 
PPF (PPD) curve can be modeled using the following double 
exponential decay function [25]. 
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Where t is the pulse interval, A1 and A2 are the initial 

facilitation percentages, and τ1 and τ2 are the corresponding 
relaxation periods for rapid and slow decay terms. 

The fitted curve for PPF yields the parameters τ1 = 25 
ms, and τ1 = 392 ms, and the parameters obtained from 
the fitted PPD curves are τ1 = 74 ms, and τ2 = 599 ms.  The 
values of relaxation times τ1 and τ2 are consistent with those 
of biological synapses (relaxation times τ1 are in the tens of 
milliseconds and relaxation times τ2 are in the hundreds of 
milliseconds) [25].

By applying pulses with various widths (TON) and 
intervals (TOFF), which provide the temporal correlation 
between spike signals and synaptic weight, the SRDP of 
the device was examined. First, synaptic weight dependency 
on TON is assessed by keeping the TOFF (100 ms) and pulse 
amplitude (0.9 V) constant (Figure 5c). As TON increases, the 
time gets to migrate the oxygen vacancy is more for each pulse, 
and thicker filaments are formed. This increases the rate of 
change of conductivity with TON [26]. Figure 5d depicts the 
effect of synaptic rate on TOFF keeping TON (100 ms) and 
amplitude (0.9 V) constant. A considerable increase in current 
is shown in response to pulses with lower TOFF. The reason for 
this phenomenon is that tiny TOFF does not provide the device 
enough time for spontaneous decay as the preceding pulse 
follows quickly [26]. On the other hand, the device receives 
sufficient time for spontaneous decay at a higher TOFF, and the 
rate of change of resistance is minimal. 

The TE-dependent I-V curves of the ZnO-based 
memristor are studied by changing TEs as ITO, Ag, and Au 
as seen in figure 6a, 6b, and 6c. The switching mechanisms are 
very dependable on the TE. ITO/ZnO/Ag device also shows 
the bipolar switching as an ITO/ZnO/ITO device (Figure 
6a and 6b). A threshold-type switching was observed in the 
device with an Au TE as depicted in figure 6c and the interface 
effect between the Au TE and ZnO/ITO is responsible for 
this [27]. Moreover, this device displayed a higher set voltage 
than Ag, which may be due to the low oxygen affinity of Au to 
Ag. Ag TE has a high oxygen affinity, so oxygen ions migrate 
towards it when bias is applied. This causes oxygen vacancies to 
occur in the device oxide layer, which eventually brings them 
together to form a CF. Depending on the TE, the devices’ 
reset behavior reveals changes in the I-V curve. With an ITO 

Figure 4: (a) A biological synapse is shown schematically. The link between 
the presynaptic and postsynaptic neurons is strengthened when an action 
potential activates on the presynaptic neuron, releasing neurotransmitters 
into the synaptic cleft and attracting them to receptors. (b) Potentiation 
and depression of the artificial synapse ITO/ZnO/ITO for positive and 
negative input pulses, respectively.
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TE, symmetrical I-V behavior is seen on both polarities. On 
the other hand, a device with Ag as the TE resets in a different 
way. Ag ions are known to be more diffusible into the ZnO 
layer because of their tiny ionic sizes and low electronegativity 
values, and the ECM model helps to explain this [28]. In 
contrast to VCM devices, the use of active anodes facilitates 
the creation and rupture of CF, and therefore the set and reset 
voltages in the ECM are lower than those in the VCM. But 
in our case, such a shift in set voltage is not seen. Therefore, we 
can conclude that oxygen migration is primarily responsible 
for the switching in ITO/ZnO/Ag devices. However, there 
is a chance that the Ag will migrate, and this may affect the 
reset process. 

The conduction mechanisms of ITO/ZnO/ITO, ITO/
ZnO/Ag, and ITO/ZnO/Au devices were studied by 
analyzing a double logarithmic plot of positive bias region as 
shown in figure 6d, 6e, and 6f. The slope of the first two devices 
is 1.1 (I α V) at the low voltage region of HRS suggesting 
the conduction mechanism is purely ohmic. This ohmic 
conduction process in the low-voltage domain is consistent 
with earlier research [29]. The nonlinear effects are observed 
at higher voltage regions and a sudden increase in current is 
observed which denotes the trap unfilled space charge limited 
conduction (SCLC) which follows child’s law (I α V2) [30]. A 
further increase in bias (higher than 0.9 V) causes trap states to 
fill up and follow trap-filled space charge limited conduction 
(where I α Vα and α >2). According to the results of the I-V 
curve fitting of the devices’ set process, it can be concluded 
that the electrical conduction that governs switching in the 
devices adheres to the trap-controlled SCLC model, which is 
a common filamentary formation and dissolution model [30, 
31]. In the HRS region of the ITO/ZnO/Ag device, ohmic 
conduction is predominant. Whereas in the ITO/ZnO/ITO 
device, the low voltage region follows ohmic conduction 
and nonlinearity observed in the high voltage region. This 

nonlinearity is attributed to the high resistance condition seen 
at the interface of ZnO and ITO (TE) [32]. It may be due to 
the oxygen-rich layer exhibited at the TE interface due to the 
migration of oxygen from ITO to the vacancies of the ZnO 
layer. This behaves as a series resistance at the interface and 
prevents continuous filament formation. It is predicted that the 
ITO electrode serves as an oxygen reservoir and can provide 
enough non-lattice oxygen ions to fill the oxygen vacancies 
into the active layer [18]. The SCLC equation is unable to fit 
the I-V curve of the ITO/ZnO/Au device at a high voltage 
region (see inset of figure 6f ) indicating a separate current 
conduction mechanism. The current drastically fluctuates in 
the low-voltage region. The electrodes with various work-
functions provide different built-in internal potentials and 
the band alignment between the switching ZnO layer and the 
metal electrodes affects the interface resistance, current level, 
switching power, and conduction mechanism of the devices 
[33]. A corresponding change in the I-V curve and conduction 
mechanism is observed by various TEs (ITO, Ag, and Au). As 
seen in figure 6f, there is a linear relationship between ln(I) and 
Sqrt(V) for ITO/ZnO/Au device. This linear fitting suggests 
that Schottky emission dominates the current conduction at 
higher voltage region of HRS, a commonly found conduction 
mechanism in dielectric film [13, 34]. 

Conclusion
An ITO/ZnO/ITO-based transparent and forming 

free memristor was fabricated by RF magnetron sputtering.  
Synaptic behavior of the nano-device such as potentiation, 
depression, PPF, PPD, and SRDP was demonstrated. 
This study shows that pulses with higher widths or shorter 
intervals are more effective at enhancing synaptic weight 
alterations. The switching behavior of the ZnO-based 
memristor is investigated by changing the TEs. ITO and 
Ag show a forming free and bipolar RS behavior.  The Au/
ZnO/ITO device demonstrated a threshold-type switching 
attributed to the interface effect between the Au TE and the 

Figure 5: ITO/ZnO/ITO synapse displaying PPF and PPD. (a) The per-
centage PPF is plotted vs pulse interval; the curve is fitted with equation 
2, (b) The percentage of PPD vs pulse interval with fitting parameters, (c) 
Synaptic weight dependency on TON at constant TOFF (100 ms) and ampli-
tude (0.9 V), and (d) Synaptic weight dependency on TOFF with constant 
TON (100 ms) and amplitude (0.9 V).

Figure 6: I-V curve for the (a) ITO/ZnO/ITO, (b) ITO/ZnO/Ag, and 
(c) ITO/ZnO/Au memristor devices. The I-V behavior depends on the 
TE of the device. Conduction mechanism for (d) ITO/ZnO/ITO and (e) 
ITO/ZnO/Ag and (f ) ITO/ZnO/Au device. In HRS, the first two devices 
display ohmic conduction followed by SCLC. In LRS, ohmic conduction 
is observed in the device with ITO as the TE while a nonlinear curve 
is observed in the high-voltage region of the device with Ag as the TE. 
In the ITO/ZnO/Au device the conduction is governed by the Schottky 
conduction mechanism.
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ZnO switching layer. Additionally, the conduction mechanism 
of the nano-devices was examined. While the low voltage 
region of the HRS displayed ohmic behavior, the high voltage 
portion of the HRS was well suited to the SCLC model for 
the devices with Ag and ITO. When ITO is used as the TE, 
a nonlinear curve is seen in contrast to the ohmic behavior 
of an ITO/ZnO/Ag device in the high voltage region of the 
LRS curve which may be due to the high resistance interface 
near the top electrode. Whereas the ITO/ZnO/Au device 
shows a Schottky conduction in the HRS region. Different 
TEs (ITO, Ag, and Au) show a corresponding variation in the 
I-V curve and the conduction mechanism which may be due 
to the variation in the work function and electronegativity of 
the electrode material. 
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