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Abstract 

For neuromorphic computing and high-density data storage memory, memristive devices have recently gained a lot 
of interest. So far, memristive devices have suffered from switching parameter instability, such as distortions in resist-
ance values of low- and high-resistance states (LRSs and HRSs), dispersion in working voltage (set and reset voltages), 
and a small ratio of high and low resistance, among other issues. In this context, interface engineering is a critical 
technique for addressing the variation issues that obstruct the use of memristive devices. Herein, we engineered a 
high band gap, low Gibbs free energy  Al2O3 interlayer between the  HfO2 switching layer and the tantalum oxy-nitride 
electrode (TaN) bottom electrode to operate as an oxygen reservoir, increasing the resistance ratio between HRS and 
LRS and enabling multilayer data storage. The Pt/HfO2/Al2O3/TaN memristive device demonstrates analog bipolar 
resistive switching behavior with a potential ratio of HRS and LRS of >  105 and the ability to store multi-level data with 
consistent retention and uniformity. On set and reset voltages, statistical analysis is used; the mean values (µ) of set 
and reset voltages are determined to be − 2.7 V and + 1.9 V, respectively. There is a repeatable durability over DC 1000 
cycles,  105 AC cycles, and a retention time of  104 s at room temperature. Quantum conductance was obtained by 
increasing the reset voltage with step of 0.005 V with delay time of 0.1 s. Memristive device has also displayed synaptic 
properties like as potentiation/depression and paired-pulse facilitation (PPF). Results show that engineering of inter-
layer is an effective approach to improve the uniformity, ratio of high and low resistance, and multiple conductance 
quantization states and paves the way for research into neuromorphic synapses.
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Introduction
Because of their simple structure, high-density integra-
tion, low power consumption, and fast operation, mem-
ristor devices are gaining a lot of interest for memory, 
logic, neural networks, and sensing applications [1, 2]. In 

particular, two-terminal device may modify its resistance 
in response to electrical stimulation of voltage pulses 
and stores data [3]. Furthermore, memristive devices 
offer internal computing capabilities and enable a novel 
computing paradigm, allowing calculation results to be 
generated and stored on-site without the need for data 
movement operations, avoiding von Neumann’s bot-
tleneck [4]. In oxide-based memristive devices, resis-
tive switching is attributed to the formation/rupture of 
oxygen-related defects/vacancies or cation migration 
made conducting filaments [5–7]. Further to explain the 
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working principle of the memristive device with an active 
electrode, electrochemical reaction and cation migration 
are the most recognized mechanism, which is similar to 
the  valance change mechanism [8]. However, memris-
tive devices based on transition metal oxides, such as 
 HfO2,  Al2O3,  Ta2O5, and  ZrO2 along with others, suffer 
from non-uniformity in resistive switching parameters, 
such as instability in resistance values of low- and high-
resistance states (LRSs and HRSs), and dispersion in 
set and reset voltages, which obstruct their commercial 
applications [9–19]. To address these issues, inserting an 
interlayer [20, 21], which can function as an oxygen res-
ervoir and possibly controls oxygen ions concentration in 
the original and inserted layers, thereby improving resis-
tive switching parameters [22], is conducive in enhanc-
ing resistive switching performance. In transition metal 
oxides-based memristive devices, oxygen ions move-
ment and their distribution usually play a substantial 
role in resistive switching behavior, which is now widely 
accepted [23, 24]. In a previous work, we have shown that 
by inserting a thin layer (such as ZTO,  CeO2,  TiO2, and 
 HfO2) to remove resistive switching parameters insta-
bility and their dispersion is a practical and effective 
method [20, 21, 25–27].

It is worth noting that, in recent years, resistance 
switching devices are being utilized in advanced brain-
inspired applications [28, 29]. Such devices are used to 
replicate biological processes and so might be the game 
changer in breaking the von Neumann structural bot-
tleneck. Electrical impulses are able to modify the cur-
rent flowing through such resistive changing devices; 
this behavior is analogous to the functions of biological 
synapses [30–33]. Since in both pre- and post-neurons, 
a biological synapse changes its weight (equivalent to the 
conductance of a memristor) by discharging  Ca2+ or  Na+ 
ions [34, 35]. The potentiation and depression are impor-
tant mechanisms in a biological nervous system, which 
indicates a deep-rooted transformation in the connection 
strengths between neurons. According to the interval 
between presynaptic and postsynaptic action potentials 
or spikes, the phenomenon of synaptic weight modifi-
cation is known as spike-timing-dependent plasticity 
[36]. Due to scalability, low power operation, nonvolatile 
features, and small on-chip area, memristors are good 
candidates for artificial synaptic devices to mimic poten-
tiation, depression, and spike-timing-dependent plas-
ticity behaviors [3, 37, 38]. The conductivity of resistive 
switching devices might be gradually modified by adjust-
ing the input stimuli, like the resistive switching process, 
in view of ionic migration and charge carrier trapping/
detrapping. [39–41] The resistive switching devices could 
be used to simulate the functions of artificial synapses 
because their features are identical to those of biological 

synapses. The nanoscale kinetics for the conduction 
channel development could explain the progressive shift 
in conduction under the influence of an electric field [6]. 
Despite such limitations, the development of conduc-
tive routes and their dynamic visualization of neuromor-
phic behavior have still remained the fundamental and 
unsolved puzzle that necessitates a significant technolog-
ical advancement.

Furthermore, reducing the conductive filaments to the 
atomic scale of quantum point contact permits memris-
tive ballistic electron transport in analog domains with-
out scattering and quantized conductance characteristics 
[42–44]. It not only dramatically enhances the data stor-
age capability of gadgets, but it also allows neuromorphic 
systems to analyze information more efficiently. Multi-
ple conductance states of memristor devices should, in 
general, be realized in as simple a manner as possible for 
practical use [45–47]. Nonetheless, the most investiga-
tions to-date have relied on sophisticated programming 
approaches to obtain multi-conductance characteristics, 
with the addition of varying current compliances and 
voltages putting a strain on the overall circuit design [30, 
48, 49]. In resistive switching memristors, improvements 
are desperately needed not only to simplify the opera-
tional philosophy but also to provide dependable and 
analog-type conductance quantization behavior.

In this paper, we have fabricated Pt/HfO2/Al2O3/TaN 
bilayer structure through atomic laser deposition (ALD) 
to explore the multilevel conductance quantization for 
neuromorphic synapses. Uniform resistance distribu-
tions, large ON/OFF ratio (>  105), low working voltage 
(− 2.9/+ 1.7  V), fast speed (1.2/2.0  µs), consistent DC 
endurance (1000 cycles), AC endurance  105 cycles, long-
term retention  (104 s) features, and multilevel quantized 
conductance states are among the resistive switching 
characteristics of the memristive device. Interestingly, 
we have also observed synaptic behavior related to neural 
learning functions, such as potentiation, depression, and 
paired-pulse facilitation. The oxygen vacancy-based con-
ducting filamentary schematic model has been proposed 
to illustrate the resistive switching mechanism. Results 
show that Pt/HfO2/Al2O3/TaN memristive  devices have 
sufficient potential for their practical applications as high 
data storage memory and electronic synapses.

Experimental
By creating the structure of Pt/HfO2/TaN with  Al2O3 
interlayer, two-terminal memristive devices based on 
 HfO2 film were developed in this experiment. First, 
a ~ 2  nm  Al2O3 interlayer was deposited on a TaN/
Si substrate through atomic layer deposition (ALD) 
for 23 cycles utilizing trimethylaluminum (TMA) as 
the Al source and  H2O as the oxidizing agent (as  O2 
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source). Then, using ALD, a 5-nm  HfO2 switching layer 
was deposited using Tetrakis dimethylamino hafnium 
(TDMAHf) and  H2O as the Hf and O precursors, respec-
tively, with one oxide cycle consisting of 0.5  s Hf metal 
source injection, 6 s  N2 purging, 0.5 s  H2O injection, and 
20 s  N2 purging. At 260 °C, the TEMAH was evaporated. 
Pure  N2 (99.999 percent purity) was employed as a car-
rier gas and purge gas. Finally, a 100-nm-thick Pt top 
electrode with a diameter of 100 µm was deposited with a 
circular metal shadow mask by using e-beam evaporation 
technique to obtain the Pt/HfO2/Al2O3/TaN memristive 
device. Electrical and pulse measurements were taken 
with a Keithley SCS 4200A parameter analyzer system 
on a probe station in ambient conditions. Based on the 
current going from top to bottom electrode, the bias was 
determined to be positive in this experiment. The cross-
sectional view and film thickness of the  HfO2/Al2O3/TaN 
structure were confirmed using a high-resolution trans-
mission electron microscope (HRTEM, JEOL/CEOS, 
JEM-2100F, Cs corrector). The chemical composition and 
bonding states of the  HfO2/Al2O3/TaN structure were 
further studied using X-ray photoelectron spectroscopy 
(XPS, Thermo Fisher K-Alpha) using a monochromatic 
Al K source (hv = 1486.6  eV) for photoelectrons excita-
tion. The charge effect was calibrated by setting the C 
1s photoemission at 284.6  eV. The XPS depth profile of 
 HfO2/Al2O3 on TaN-coated Si was obtained using Ar ion 
etching.

Results and discussion
Memristor design and structural characterization
Figure  1 reveals the schematic configuration and struc-
tural characterization of Pt/HfO2/Al2O3/TaN memristive 
device. The schematic construction of a Pt/HfO2/Al2O3/
TaN memristive device is shown in Fig. 1a. The HRTEM 
was used to obtain a cross-sectional view of the  HfO2/
Al2O3 bilayer film to confirm the thickness of each layer 
and the formation of an interfacial layer at the  Al2O3/
TaN bottom interface. Figure 1b shows a HRTEM image 
of the  HfO2/Al2O3/TaN structure.  HfO2 and  Al2O3 films 
have thicknesses of 5 and 2 nm, respectively. We also did 
XPS investigations on  HfO2/Al2O3/TaN to gain a bet-
ter understanding of the switching process in the bilayer 
structure of  HfO2/Al2O3 on TaN-coated Si. XPS spectra 
were fitted with 5% Gaussian–Lorentzian functions after 
smart-type background subtraction. In the supplemen-
tary information, the narrow-scan XPS spectra of Al 2p 
and Hf 4f are given in Additional file 1: Fig. S1. The Hf 4f 
peaks of 18.4 eV and 20.05 eV, which correspond to the 
Hf  4f7/2 and Hf  4f5/2 doublets with a 1.65  eV spin–orbit 
splitting, are consistent with previously published val-
ues [50, 51]. Another low-intensity doublet was fitted, 
corresponding to Hf–O of a non-stoichiometric subox-
ide bond due to  Hfx +  4f7/2 and  Hfx +  4f5/2 peaks (× 4) at 
17.15 and 18.75 eV, respectively [52]. Two Gaussian–Lor-
entzian line form peaks are also present in Al 2p spectra. 
At 75.5 and 74.3 eV, these Al 2p peaks can be found. The 

Fig. 1 a Schematic diagram of Pt/HfO2/Al2O3/TaN memristive device. b Cross-sectional TEM image of  HfO2/Al2O3/TaN structure. XPS analyses of 
 TaOxNy interfacial layer; c Ta 4f, d N 1s, e O 1s
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first peak is attributed to Al–O bonding [53], while the 
second peak is attributed to Ta–Al–O bonding, which 
could indicate the decomposition of the  Al2O3 interlayer, 
releasing oxygen ions that can react with TaN to form the 
 TaOxNy interfacial layer, which is made possible by the 
oxidization of the TaN electrode during the  Al2O3 layer 
deposition [54].

The presence of  TaOx at the  Al2O3/TaN interface 
appears to be responsible for the Ta 4f doublet at 24.1 eV 
and 26.0 eV, as shown in Fig. 1c. At 23.5 eV, another dou-
blet with a lower binding energy and a higher intensity 
is observed, indicating the production of  TaOxNy at the 
 Al2O3/TaN interface [55]. Multiple peaks in Fig. 1d fit the 
overlap of N 1 s and Ta  4p3/2. The TaN electrode has pro-
duced two N 1 s peaks at 397.1 eV and 398.1 eV, which 
represent differing ratios of N bound to Ta [56]. Peaks 
associated with Ta-N and TaOxNy have generated with 
binding energies of 401. 2 eV and 404.1 eV, respectively, 
from core-level Ta  4p3/2. As a result of these XPS findings, 
it can be deduced that a thin interfacial layer of  TaOxNy 
has developed at the  Al2O3/TaN contact. This interfa-
cial layer is predicted to play a key role in increasing the 
memristive device’s switching performance. Figure  1e 

shows the O1s core-level spectrum for the  TaOxNy inter-
facial layer. Three separate peaks may be seen in this 
spectrum. The strong peak at 531.4 eV  (OI) corresponds 
to oxygen in the  TaOxNy layer, whereas the higher and 
lower binding energy peaks at 530.1 eV  (OII) and 532.8 eV 
 (OIII), respectively, are attributed to hydroxyl and carbon-
ate groups raised from atmospheric exposure due to the 
TaN metal electrode’s high oxygen affinity.

Electrical Characteristics
Figure  2a displays the schematic diagram of Pt/HfO2/
Al2O3/TaN memristive device used for the electrical 
measurements performed by Keithley 4200-SCS param-
eter analyzer. The TaN electrode is used to define the 
bias polarity. The I–V characteristics of the Pt/  HfO2/
Al2O3/TaN memristive device are shown in Fig. 2b. The 
high-resistance state (HRS) of the pristine device is the 
virgin condition, with a resistance of >  1010 at 0.2 V read 
voltage. An electrical forming technique with high volt-
age is required to induce reproducible resistive switching 
behavior in the virgin Pt/  HfO2/Al2O3/TaN memristive 
device. At 5.05  V of applied negative voltage to the Pt 
electrode with a 5-mA compliance current, memristive 

Fig. 2 a Schematic diagram of Pt/HfO2/Al2O3/TaN memristive device in electrical measurement configuration, which shows that the external 
voltage is applied to the Pt top electrode with the TaN bottom electrode electrically grounded. b I–V curves of an electroforming process (blue) and 
reset process (red). The arrows and numbers represent voltage sweep directions and sequences, respectively. c Typical bipolar I–V characteristics 
of 100 consecutive cycles, where green arrows indicate the set and reset directions. d DC endurance test results over 1000 cycles; the values of 
ON-state and OFF-state resistances were read at ± 0.2 V under ambient conditions. e Data retention characteristics of ON state and OFF state under 
a constant voltage stress of 0.2 V for  104 s at room temperature. f Statistical distribution analyses of set and reset voltages for the 100 switching 
cycles
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device current abruptly increases, suggesting that the 
memristive device transitions from the initial-resistance 
state (IRS) to the low-resistance state (LRS), as illustrated 
in Fig. 2b. The reset process occurs at a positive bias of 
about + 2.7  V, where the memristive device switches 
from LRS to HRS. In order to investigate the average 
electroforming voltage of the memristive devices, elec-
troforming process was performed on twelve randomly 
selected memristive cells. Additional file  1: Fig. S2(a) 
shows the box chart of electroforming voltage of twelve 
memristive cells, which represent the distribution of for-
mation sites in the conductive filaments and are related 
to the operating voltage of memristive device. Average 
electroforming voltage was calculated and is to be − 4.95 
as shown in Additional file  1: Fig. S2(b). Furthermore, 
to examine the electrical homogeneity for high-density 
memory applications, stability and reproducibility during 
set and reset operations are of utmost importance. Fig-
ure 2c shows the typical I–V curves of 100 continuous set 
and reset cycles on the Pt/HfO2/Al2O3/TaN memristive 
device. In the set process under negative bias, only a sud-
den increase in current is noted, while reset transitions 
in the positive voltage sweep involve either abrupt (single 
state) or multi-state transformations. These set and reset 
processes could only be possible for the opposite bias 
polarities indicating that the memristive device displays 
the bipolar resistive switching effect.

Furthermore, one of the most significant properties for 
nonvolatile memory applications is direct current (DC) 
cycling endurance. The Pt/HfO2/Al2O3/TaN memris-
tive device has such endurance properties, as shown in 
Fig.  2d. Switching qualities that are steady and repeat-
able have been established. At room temperature, the 
sweeping voltage was applied from 0 to 5 V for set and 
0 to 3  V for reset, with a reading voltage of 0.2  V. This 
endurance test illustrates an excellent durability during 
continuous 1000 switching cycling. The ON/OFF ratio 
between HRS and LRS remains around  105 during direct 
DC switching operation. The data retention properties of 
the Pt/HfO2/Al2O3/TaN memristive device were further 
confirmed by monitoring the time-dependent evolution 
of resistance values in both the LRS and HRS at room 
temperature. After applying negative (− 5 V) and positive 
(+ 3 V) bias voltages for a short time, the ON-state and 
OFF-state resistances were read out. With a read voltage 
of 0.2 V, the resistance magnitudes were recorded every 
10 s. Both LRS and HRS, as shown in Fig. 2e, were con-
stant for  104 s with no discernible decline. After remov-
ing the power supply for more than 104 s, the memristive 
device remains in the ON/OFF state, indicating that it 
is nonvolatile. The statistical distribution studies of the 
set and reset voltages of the Pt/HfO2/Al2O3/TaN mem-
ristive device are shown in Fig. 1f. Set and reset voltages 

are found to have typical values of − 2.7  V and 1.9  V, 
respectively.

The memristive devices performance and memory 
window could thus be improved by a bilayer or multi-
layer design. The memristive device with the Pt/HfO2/
Al2O3/TaN structure has better time switching stability 
and reproducibility. As a result, the memristive devices 
switching stability and consistency were investigated fur-
ther. Over 120 switching cycles, the dependability and 
reproducibility of nine randomly selected memristive 
devices were validated. The typical I–V characteristics 
of the nine memristive devices are shown in Additional 
file  1: Fig. S3 (a–i). In addition, as shown in Additional 
file  1: Fig. S4 (a–i), an endurance test was undertaken. 
Each memristive device showed consistent switching 
behavior with no discernible deterioration between the 
ON and OFF states. The memristive device high ON/
OFF resistance ratio  (105) and switching characteristics 
make it ideal for use as electronic synapses.

Multilevel Data Storage Capability by Controlling Current 
Compliance
The literature reports [17, 21, 31] that compliance cur-
rent is a key factor to influence the resistance distri-
butions during switching operation. During testing 
operations of memristive devices, a current compli-
ance is usually applied to protect the devices from hard 
breakdown. In addition, current compliance can greatly 
affect the conductive filament size in demonstrating the 
multilevel storage capability [19, 57]. That is why, in the 
present study, different current compliance magnitudes 
were applied as varied from 0.5 to 5.0  mA, which are 
capable to modulate the conductive filament size leading 
to multilevel data storage capability. Figure  3a–d shows 
the typical bipolar I–V characteristics of 120 cycles. Dur-
ing measurements, set and reset processes were adjusted 
with respective voltage sweep of − 5 V and + 3 V under 
different current compliances (such as 0.5  mA, 1  mA, 
3  mA, and 5  mA). Moreover, the reset process was 
kept free from current compliance. Endurance perfor-
mance under different current compliances is shown in 
Fig. 3e–g. Note that current level during ON state under 
different current compliances (i.e., 0.5 mA, 1 mA, 3 mA, 
and 5 mA) was almost similar. It means that thicker fila-
ments are formed during set process, so that higher reset 
voltages are required to rupture thicker conductive fila-
ments. In addition, I–V characteristics were examined 
by randomly selected memristive cells under varying 
current compliance (1 mA, 3 mA, and 5 mA) to further 
corroborate the influence on the ON state of the resist-
ance, as shown in Additional file  1: Fig. S5 (a-e). Only 
switching cycling uniformity is enhanced by increasing 
current compliance, almost in the same way as single cell 
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memristive properties are improved by raising current 
compliance. The schematic representation of a switching 
mechanism with various current compliances is shown in 
Additional file 1: Fig. S6. The size (diameter) of conduc-
tive filaments does not increase even though additional 
oxygen vacancies are accumulated under different cur-
rent compliances, according to the filamentary model. 
We conclude that memristive devices have capability to 
operate at each current compliance in almost same man-
ner for its nonvolatile memory applications. All these 
results indicate that current compliance in the present 
case does not significantly influence the ON/OFF resist-
ance ratio suggesting that the bilayer memory device is 
locally conductive and obeys the model of conducting 
filaments.

Multilevel Data Storage Capability by Adjusting  VRESET‑stop
The I–V curves of Pt/HfO2/Al2O3/TaN memristive 
device are drawn in Fig. 4a under different stop voltages, 
i.e., + 2.0 V and + 3.0 V. Monitoring the compliance cur-
rent at 1  mA during the set process performed under 
different reset-stop voltages, electrical resistance in the 
OFF state is noticed to be distinct for the same individual 
memory cell. Further note that memristive device gradu-
ally switched from LRS to HRS under reset-stop voltage 
of 2.0 V, which reveals its great potential for application 
in neuromorphic computing, as gradual switching is 
necessary for neuromorphic synapses. Moreover, as the 
memristive device abruptly switched from LRS to HRS 
on increasing reset-stop voltage to 3.0 V, revealing that it 

can be used for data storage. To test the ON/OFF ratio 
at different stop voltages, the 100 consecutive switching 
cycles were performed 100 times. At a read voltage of 
0.2  V, the ON and OFF states were retrieved. Figure  4c 
depicts the HRS and LRS resistance distributions. Note 
that by increasing the reset voltage beyond 2.0  V, the 
memristive device dramatically raised the resistance up 
to 4 orders of magnitude. It means that conductive fila-
ments are completely ruptured at 3.0  V reset-stop volt-
age, which is responsible for high ON/OFF ratio. It is 
concluded that the higher-stop voltages in the reset 
process, the higher resistance values of HRS could be 
achieved under the same compliance current. The multi-
level storage can be explained by the oxygen vacancy 
filaments with a conical shape formed by the set process 
which were thinned and ruptured gradually by control-
ling the reset-stop voltage [58].  Based on conductive 
filament theory, we have proposed a physical model to 
explain the enlargement of ON/OFF ratio or the large 
memory window [21, 26, 27]. Figure  4d, e shows the 
schematic diagram of different reset-stop voltage (+ 2.0 V 
and + 3.0  V)-dependent switching mechanisms of Pt/
HfO2/Al2O3/TaN memristive device. The magnitude of 
HRS level depends on the proportion of filament that dis-
sociates under a positive electric field. When the reset-
stop point is small (+ 2.0 V), a slight amount of filament 
in the dielectric layer dissolves and, consequently, resist-
ance change was less. When the higher positive voltage is 
applied (+ 3.0 V), the maximum HRS level was achieved. 
Clearly, a larger tunneling gap between the filament tip 

Fig. 3 a–d Typical bipolar I–V curves, and e–h endurance performance of Pt/HfO2/Al2O3/TaN memristive devices at different current compliances 
of 0.5 mA, 1 mA, 3 mA, and 5 mA
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and the electrode increases the Schottky barrier height 
[59].  Because of the expanding Schottky barrier height, 
the reset current should decrease as the reset-stop volt-
age rises. The reset current level approaches a steady 
plateau with only minor fluctuations as the reset-stop 
voltage is increased. The space between the tip of the 
conductive filaments and the electrode, which can vary 
greatly from cycle to cycle, is smaller at lower reset-stop 
voltage [60]. Besides, by employing greater reset-stop 
voltage, all conductive filaments were ruptured, which 
is responsible for decreasing the OFF-state resistance. It 
means that rupture of the conductive filament is maxi-
mum at reset stop of 3.0  V for maximum enlarging the 
gap between the ruptured filaments, resulting in a higher 
resistance state. Results show that Pt/HfO2/Al2O3/TaN 
memristor device has great potential for application in 
neuromorphic and long data storage.

Quantized Conductance States
The quantized effect observed during the reset process 
is demonstrated in Fig. 5a, which exhibits I–V curves for 
the slow sweep measurement mode (delay time = 0.1  s, 
step voltage = 0.005  V). During such reset processes, 
there noticed drops of current magnitudes in several 
steps. The corresponding conductance–voltage curves 

for the reset operation are also drawn as shown in Fig. 5b. 
Again, voltage is increased in 0.005  V increments with 
a 1  s delay between each step. The G = I/V was used to 
compute the electrical conductance (G) measured in 
units of the conductance of a single atomic constant. 
The quantum of conductance (77.5  µs) is:  G0 =  2e2/h, 
where e is the charge of an electron and h Planck’s con-
stant [61]. When memristive conductance falls below 
1  G0 at + 2.5  V, the atomic/electronic contact is discon-
nected, and consequently, memristive device switches to 
its OFF state. Charge tunneling between the filament and 
the electrode dominates the conductivity of the memris-
tive device in its OFF state. The charge tunneling distance 
is continuously extended when positive voltage bias is 
increased, resulting in a continuous rise in resistance in 
the OFF state. Multiple conductance states observed in 
the resistive devices are useful in artificial synapse appli-
cations, according to these findings [62–65].

Pulse Endurance Characteristics
A pulse mode was initiated to test the switching speed 
between the ON and the OFF states to further investigate 
the synaptic characteristics of Pt/HfO2/Al2O3/TaN mem-
ristive device. Between the read pulses, we apply either 
set- or reset-pulse response to demonstrate the short 

Fig. 4 a Typical bipolar I–V characteristics and b comparison of ON/OFF resistance ratios of the Pt/HfO2/Al2O3/TaN memristive device under 
different reset-stop voltages, i.e., + 2.0 V and + 3.0 V, with fixed set voltage of − 5 V. c, d Schematic illustration of switching mechanism of OFF state 
at different reset-stop voltages (2.0 V and 3.0 V) for the prepared Pt/HfO2/Al2O3/TaN memristive device
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current characteristics. With an effective pulse width of 
500 µs, the set/reset voltage was—4.0 V/ + 3.5 V. The typ-
ical write/erase speeds of the Pt/HfO2/Al2O3/TaN mem-
ristive device under read/set and reset/read bias pulses 
are shown in Fig. 6, where blue line represents the input 

bias, and red line represents Pt/HfO2/Al2O3/TaN mem-
ristive device response current. As illustrated in Fig. 6a, 
the read operation (at 0.2  V) before applying the set or 
the reset pulses clarifies the previous (or initial) state of 
the device resistance, whereas the read operation after 

Fig. 5 Noticeable quantized changes in the conductance of Pt/HfO2/Al2O3/TaN memristive device: a I–V curves during the reset process for slow 
DC sweep cycles. b Conductance–voltage curves revealing the quantum conductance effect. The voltage is increased in steps of 0.005 V and delay 
time of 0.1 s per step

Fig. 6 Pulse response characteristics of the Pt/HfO2/Al2O3/TaN memristive device: a current response during set and reset process under negative 
and positive bias pulses, respectively. b Set response time is about 270 nm and c Reset response time is about 295 ns, which are represented by red 
dashed lines. d Pulse endurance test. Device switched with 10 × difference in HRS and LRS and suffered no read/write disturbance after more than 
 105 cycles
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applying the set/reset pulses proves the correctness of the 
set/reset operation. The delay time between the response 
current and the input set or the output reset bias in the 
middle of leading edge is specified as the set/reset speed 
(Δt). As a result, under the bias of − 2.0 V/+ 2.5, V with 
12 µs pulse width, the set and the reset response time of 
Pt/HfO2/Al2O5/Pt memristive device is about ~ 270  ns 
and 295  ns, respectively, as illustrated in Fig.  6b, c. As 
shown in Fig.  6d, continuous alternating current (AC) 
pulse operation for up to  105 cycles was carried out with-
out failure, proving the high capability for continuous AC 
operation of this Pt/HfO2/Al2O3/TaN memristive device.

Neuromorphic Characteristics
Multilevel storage is not only a powerful technique to 
overcome the restrictions of low-density storage, but it 
also serves as a link between memory and neuromor-
phic computing. According to the literature, memristive 
device multilayer conductance capability is an additional 

property that is beneficial for artificial synapse applica-
tions [66–69]. Such multilayer I–V characteristics are 
shown in Fig.  7a for different reset-stop voltages rang-
ing from 0.7 V to 1.0 V. The 0.01 V was the step increase 
during this operation. Because of such low increment 
in the stopping voltage, fifteen conductance states were 
obtained that correspond to partial rupturing of oxygen 
vacancies-based conductive filaments [70]. Multilevel 
retention tests were also carried out by varying the reset-
stop voltage (0.7  V to 2.0  V), as shown in Fig.  7b. Dur-
ing continuous stress of 0.2  V for 500  s, retention tests 
of fifteen different states were performed, which verify 
the nonvolatile behavior and indicate that the memris-
tive device is suitable for multi-level data storage mem-
ory. Additionally, potentiation and depression tests were 
performed for 50 consecutive cycles to imitate the syn-
aptic function of the memristive device, as illustrated in 
Fig. 7c. Conductance of the memristive device can effec-
tively be potentiated (conductance gradually increases) 

Fig. 7 a Multilevel conductance states during reset process by applying a consecutive increase in reset voltage sweep from 0.7 to 1.0 V. Arrow 
indicates the sweep direction. The increment of sweep voltage was 0.01 V. b Retention tests were performed at fifteen different HRSs for 500 s. The 
resistance values were extracted at read voltage of 0.2 V. c The potentiation and depression characteristics under 50 negative pulses (− 1.0 V, 500 μs) 
and 50 positive pulses (+ 1.5 V, 500 μs), respectively. d The PPF index vs. pulse interval ∆t, where a series of double spikes with different inter-spike 
timings were employed, showing an exponential decreasing trend



Page 10 of 14Ismail et al. Nanoscale Research Letters           (2022) 17:61 

and depressed (conductance gradually lowers) using fifty 
negative pulses and fifty positive pulses, respectively. 
To activate the potentiation and depression features in 
the resistive device, the pulse amplitude was tuned to 
− 1.0  V/+ 1.5  V, while the pulse width to 500  s. Notice 
that after 40 cycles of potentiation and depression, the 
memristive device remained intact leading to its strong 
stability and repeatability so that it can be utilized to 
build artificial synapses in neuromorphic computing sys-
tems. The PPF (paired-pulse facilitation) is a physiologi-
cal phenomenon linked to short-term plasticity in which 
a previous stimulus enhances a synaptic response to a 
future stimulus [71]. The interval between the two pulses 
was altered from very short to extremely long to assess 
the memristive device’s PPF behavior over a wide variety 
of pulse intervals. Figure  7d illustrates such measured 
PPF behavior of the memristive device at various pulse 
intervals. As analogy with biological synapses, PPF index 
drops as the pulse interval increases [72]. Calculating a 
PPF index from the expression  (I2/I1), where  I1 and  I2 are 
the peak amplitudes of the first and second responses, 
respectively, can be used to estimate changes in the PPF 
[73]. The PPF index for double pulse stimulation with 
the smallest pulse interval was the highest (i.e., 107). The 
dual stimuli with a longer gap, on the other hand, had 
the lowest PPF index of 102. PPF behavior was absent 
or inadequate in double stimulations with much longer 
pulse intervals. The PPF index in biological synapses 
is generally dependent on the interval between paired 

presynaptic stimulations, which our memristive device 
successfully simulates.

Resistive Switching Mechanism
We propose a model to provide comprehensive insight 
into the RS mechanism of the pristine state, set state, and 
reset state of the Pt/HfO2/Al2O3/TaN memristive device, 
based on the above-mentioned electrical and other 
material characteristics research, as shown in Fig.  8. 
The memristive device switching behavior and perfor-
mance are determined by the work function (φ) differ-
ence between the electrodes (top and bottom), as well as 
the electron affinity (χ) difference between the switching 
layers  (HfO2 and  Al2O3). TaN has a value of work func-
tion (φ) 3.4  eV, which is lower than Pt (5.65  eV). [74] 
The χ values of  HfO2 and  Al2O3 are 2.85 eV and 0.9 eV, 
respectively [75, 76]. Ev and Ec represent the valence and 
conduction band edges of  HfO2, respectively, while Eg 
represents the band gaps, which are 5.8  eV  (HfO2) and 
8.0 eV  (Al2O3). The  Al2O3 has much lower value of χ but 
possesses higher band gap value than that of  HfO2, allow-
ing electrons to move from  Al2O3 to  HfO2 layer (possess-
ing higher electron affinity), resulting in larger electron 
concentration in the dielectric matrix. The differences 
between the values of φ and χ are responsible to create 
a barrier height. As a result, the junction produced by 
the TaN bottom electrode and the  Al2O3 interlayer has a 
substantial Schottky barrier of around 3.71  eV, which is 
higher than the 3.09  eV for the interface formed by the 

Fig. 8 Relative energy band diagrams and conduction model: a before applying electric field (zero bias), b ON state (forward bias), and c OFF state 
(reverse bias) of Pt/HfO2/Al2O3/TaN memristive device. Physical model of resistive switching behaviors: d pristine state, e set process (conductive 
filaments creation under negative bias), and f reset process (filament ruptured under positive bias) of the Pt/HfO2/Al2O3/TaN memristive devices



Page 11 of 14Ismail et al. Nanoscale Research Letters           (2022) 17:61  

Pt top electrode and the  HfO2 layer, as shown in Fig. 8. 
An asymmetric Schottky barrier is projected to emerge 
at the top  HfO2/Pt contact due to the energy difference. 
Analog bipolar switching is caused by a work function 
mismatch of 2.25 eV between the inert Pt top electrode 
(5.65 eV) and the high oxygen affinity TaN bottom elec-
trode (3.4  eV) [77]. Figure  8a shows the steady-state 
conduction band diagram at zero bias. When a negative 
voltage bias is supplied to the top Pt electrode, Schottky 
barrier  Al2O3/TaN bottom interface regulates electron 
drift toward TaN bottom electrode at a negative voltage, 
as illustrated in Fig. 8b. Oxygen ions transport toward the 
 Al2O3 layer and hence to the TaN bottom electrode from 
the upper  HfO2 layer. Oxygen ions return to the  Al2O3 
and  HfO2 layer when a positive bias is supplied to the Pt 
top electrode. As shown in Fig. 8c, the Schottky barrier at 
the Pt/HfO2 interface limits electron injection at positive 
voltage and is limited by the discontinuity of the conduc-
tion band at the  Al2O3/HfO2 contact. Based on the XPS 
results (see Fig. 1), a potential switching mechanism for 
the Pt/Al2O3/HfO2/TaN memristive is presented, which 
considers the TaN electrode chemical activity with oxy-
gen and the non-distribution of oxygen vacancy concen-
tration in the  HfO2/Al2O3 dialectics.

Finally, a conducting model is proposed to explain the 
resistance switching mechanism based on the results of 
electrical measurements. The role of  TaOxNy in the reset 
and set process is the key to understanding this proposed 
combined model. Previously reported that TaN elec-
trode act as a reservoir for oxygen ions drifting under the 
applied voltage [10]. Because the Gibbs free energies of 
the interfacial  TaOxNy layer (− 604.0 kJ/mole) is higher as 
compared to  Al2O3 layer (-1076.0 kJ/mole) and as well as 
upper  HfO2 layer (− 1010.8 kJ/mole).[78, 79]. The set and 
reset occurs at  TaOxNy interface which also acts as the 
switching region. Figure 8d displays the pristine state of 

the memristor device. When a negative voltage is applied 
on the Pt top electrode caused oxygen ions to drift from 
the insulating layer to the high oxygen affinity TaN bot-
tom electrode, leading to the formation of  TaOxNy inter-
facial layer. The memristive device switches from OFF 
state to ON state (forming), as shown in Fig. 8e. When a 
reverse reset voltage is applied to the memristive device, 
the bottom electrode  TaOxNy acts as an oxygen reservoir. 
The oxygen ions migrate back to the high-k oxide layer 
and fill the oxygen vacancies. Then, a gap forms in the 
insulating layer and consequently the tip of conductive 
filaments is allowing to reset back from ON to OFF state, 
as shown in Fig. 8f. Moreover, the insulating gap helps to 
enhance the electric field between the filament and metal 
electrode, and therefore, oxygen ions in the insulating 
layer can overcome the barrier from the metal [80]. These 
oxygen ions can recombine with the vacancy to form the 
insulating oxide at the filament tip. Therefore, the resist-
ance increases (Fig.  4). Again, by applying negative bias 
to the top electrode, oxygen ions migrate from high-k 
insulating layer to  TaOxNy interfacial layer, forming con-
ductive filaments again between the two electrodes and 
switching the device from OFF to ON state (Fig. 8g). In 
this switching model, it is easy to explain that the bipo-
lar switching phenomena can easily occur in Pt/HfO2/
Al2O3/TaN structure with a non-symmetrical electrode 
configuration. Besides as an oxygen reservoir, the  TaOxNy 
interfacial layer also functioned as oxygen ion barrier [81, 
82] from the resistive switching function layers, which 
may be responsible for improved switching endurance 
property, tight distribution in set/reset voltages, extended 
duration stability, and large memory window of Pt/HfO2/
Al2O3/TaN structure.

Results of performance comparison between cur-
rent work and previously reported  HfO2-based bilayer 
and trilayer memristors are summarized in Table  1. 

Table 1 Performance comparison of  HfO2-based bilayer and trilayer memristor

Memristor 
structure

Forming 
voltage 
(V)

Operating voltage 
(V)

ON/OFF ratio Endurance 
(cycles)

Retention (s) Switching polarity Switching 
mechanism

References

Pt/HfO2/Al2O3/TaN − 5.06 − 2.7/+ 1.9  ~  105 1000 104 s Bipolar ECM This work

Ti/TiO2/HfO2/Si Free + 10/− 6.0  ~  102  ~ 104 s Bipolar VCM [83]

Al/AlOx/HfOx/Pt ~ + 1/− 2.0  ~ 103  ~ 400 104 s Bipolar VCM [84]

Pt/HfO2/SiO2/TaN − 5.0 − 1.9/+ 2.7  ~  104 1000 104 s Bipolar ECM [52]

Pt/Al2O3/HfO2/HAl-
fOx/TiN

Free − 1.0/+ 1.2  ~  102 1000 104 s Bipolar ECM [11]

TaN/HfO2/Al2O3/
HfO2/ITO

–8.2 − 0.8/+ 1.0  ~ 10 1000 104 s Bipolar VCM [85]
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Compared to other bilayer and trilayer memristors, 
 HfO2-based bilayer resistive switching memristor dem-
onstrated noticeable advantages such as lower operat-
ing voltages, high endurance, and large ON/OFF ratio 
(>  105). These comparative analyses signify that bilayer 
 HfO2-based memristor is potential candidates for non-
volatile memory and neuromorphic systems.

Conclusions
By inserting the high band gap and low Gibbs free energy 
thin  Al2O3 interlayer, high resistive switching stability, 
neuromorphic synapses, and quantum conductance were 
demonstrated in the Pt/HfO2/Al2O3/TaN memristive 
device. HRTEM study confirms the structure and thick-
nesses of the high-k dielectric  HfO2 and  Al2O3 films. A 
small layer of  TaOxNy occurs at the  Al2O3/TaN contact 
because of Ta strong oxygen accumulation characteris-
tic, as shown by XPS analysis. The Pt/HfO2/Al2O3/TaN 
memristive device demonstrates stable analog bipolar 
resistive switching behavior with five orders of ON/OFF 
resistance ratio, according to the results. For retention 
and endurance tests, the above-indicated ON/OFF resist-
ances ratio in the LRS and HRS was maintained after 
continuous 1000 DC switching cycles,  105 AC switching 
cycles, and nonstop ± 0.2 V stress up to  104 s. Quantum 
conductance was also found in the reset process when 
the DC voltage sweep rate was reduced. Furthermore, for 
high-density storage, multilayer conductance states were 
controlled by interrupting reset voltage. During the set 
and reset processes, the switching speed was to be 270 ns 
and 295  ns, respectively. Finally, biological synaptic 
actions like long-term potentiation (increases), long-term 
depression (decreases), and paired-pulse facilitation tim-
ing are all rigorously proven. This research demonstrates 
that using high band gap and Gibbs free energy thin layer 
of  Al2O3 as an interlayer can improve ON/OFF ratio, uni-
formity, stability, and reproducibility. The memristive 
device also has significant promise in multilevel quan-
tum conductance and artificial synapses applications, 
although current memristive device still has disadvan-
tages such as high-power consumption, abrupt set/reset 
switching, and electroforming process. In future work, 
we will try to overcome these issues by interface  engi-
neering of the memristive devices.
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