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ABSTRACT To move towards a new generation powerful computing system, brain-inspired neuromorphic
computing is expected to transform the architecture of the conventional computer, where memristors are
considered to be potential solutions for synapses part. We propose and demonstrate a novel approach to
achieve remarkable improvement of analog switching linearity in TaN/Ta/TaOx/Al2O3/Pt/Si memristors
by varying Al2O3 layer thickness. Presence of the Al2O3 layer is confirmed from the Auger Electron
Spectroscopy study. Good analog switching ratio of about 100× and superior switching uniformity are
observed for the 1 nm Al2O3 based device. Multilevel capability of the memristive devices is also
explored for prospective use as a synapse. More than 104 and 4 × 104 cycles nondegradable dc and ac
endurances, respectively, alongwith 104 second retention are achieved for the optimized device. Improved
linearities of 2.41 and −2.77 for potentiation and depression, respectively are obtained for such 1 nm
Al2O3-based devices. The property of gradual resistance changed by pulse amplitudes confirms that the
TaOx memristors can be potentially used as an electronic synapse.

INDEX TERMS Memristors, synapse, neuromorphic computing.

I. INTRODUCTION
Recent days, novel computing architectures are proposed
to solve the von Neumann bottleneck, where the physical
separation between the data processing and the memory
units in usual computers may increase limitations of
latency and power consumption. Bio-inspired neuromorphic
computing (NC) is expected to develop a more profi-
cient computing architecture that mimics biological neural
networks (NNs) [1]. Neurons and synapses are the two
fundamental elements of neuromorphic architecture, where
synapse plays an important role in learning and memory.
Numerous studies are going on to implement the func-
tion of biological synapses into solid-state devices using
emerging memories, where data are kept in the form of
conductance [2]–[5]. Memristors [4], [6]–[8], [9], [10] are

considered to be leading candidates, because memristor-
based synapse [11]–[14] resembling biological synapse
through complex ion-controlled mechanisms depends on
neural signal strengths.
To implement the hardware NN (HNN), the key role is

the effective design of a synaptic device, which is a com-
bination of storage and computational capabilities. To build
such neuromorphic systems two primary algorithms are con-
sidered: spike-timing-dependent-plasticity (STDP) [13] and
back propagation (BP) [8], [11], [12], [15]. It is expected
that the HNN synaptic devices based BP should have fea-
tures such as small size, reliability, repeatability, low-power
operation, linear and symmetric changes in conductance
(equivalent to synaptic weight) with reference to the num-
ber of potentiation and depression pulses [11], [12], [16].
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In particular, memristors have low power consumption and
exhibit excellent scalability (10 nm) in developing artificial
synapses [17].
However, the major challenge of memristor-based neu-

romorphic system is to design a cell with faster operating
speed, higher number of conductance states, lowest opera-
tion voltage, excellent retention, and comparable linearity for
potentiation and depression. On the other hand, active layers
of different binary oxides and metal electrodes as single or
stack layers have been established for memristive devices.
Therefore, optimization of the above parameters is a non-
trifling concern in synaptic devices, an important area of
research [17]. In this work, we investigated the engineering
and optimization of the switching properties in TaOx based
memristors by the insertion of a thin Al2O3 diffusion lim-
iting layer (DLL). We reports the compositional properties,
switching behaviour and synaptic characteristics of TaOx
memristors with diffusion limiting layer.

II. EXPERIMENTS
A 70-nm thin Pt bottom electrode was deposited by e-beam
evaporation on 30 nm thin Ti adhesion layer. A respec-
tive ultrathin Al2O3 layer with different thicknesses (β
nm; β = 0, 1, and 2 nm) was deposited by atomic layer
deposition (ALD) at 250◦C using the precursor trimethyle
aluminium, (CH3)3Al, so-called TMA. An optimized 25 nm
TaOx was deposited on it using reactive DC sputtering at
300 W from Ta target. To achieve best pulse synaptic prop-
erties, we have deposited 5 nm thin Ta intermediate layer
by DC sputters at pure Ar ambient. Finally, a 50 nm thin
TaN top electrode (TE) (diameter of 150 μm) was DC
sputtered using a shadow mask. The various samples are
named as TTTAP-50, TTTAP-51, and TTTAP-52 for the
structure TaN/Ta (5 nm)/TaOx (25 nm)/Al2O3 (β nm)/Pt
having different Al2O3 layer with β varied from 0, 1, and
2 nm, respectively. The film compositions at different depth
were studied using Auger Electron Spectroscopy (AES)
(VG Scientific Microlab 310F). Different electrical switch-
ing characteristics were measured using Agilent B1500A and
an Agilent B1530A arbitrary waveform generator fast mea-
surement unit by applying all voltage signal on the TaN TE
while keeping the Pt bottom electrode (BE) grounded.

III. RESULTS AND DISCUSSION
Forming is necessary for all the devices to initiate the switch-
ing process by applying a positive voltage of 6 V across the
devices, as shown in Fig. 1(a). A relatively higher forming
voltage after insertion of 1 and 2 nm Al2O3 layers compared
to the devices without Al2O3 layer having same TaOx thick-
ness is attributed to the highly insulating nature of Al2O3
along with an increase in total thickness. Bipolar switch-
ing characteristics of all the TTTAP devices are depicted
in Fig. 1(b). During the positive voltage ramp, the device’s
resistance is changed from the high resistance state (HRS)
to low resistance state (LRS), while during the negative bias
ramp, it is changed from LRS to HRS. The device returns

FIGURE 1. (a) Forming voltage and (b) DC switching characteristics of
TTTAP-50, TTTAP-51 and TTTAP-52 devices. Inset of (b) Typical auger depth
profile spectra of TTTAP-51 device.

to HRS again at −1, −0.73, and −0.85 V for TTTAP-50,
TTTAP-51, and TTTAP-52 devices, respectively. The initial
resistance is decreased to about 2.8 k� during the set pro-
cess for all the devices, as compared to that of the device
without forming, indicating the partial rupture of filaments
during the first reset after forming.
About 30X switching window is observed for all the

devices, indicating the device can also be used for multi-level
cell (MLC) applications. For analog switching application,
the reset process always exhibits gradual changes in current.
The Gibbs free energies of the oxidation states of Al2O3and
TaOx are −1582.9 and −764.4 kJ/mol, respectively [18].
Moreover, compared with the sputtered TaOx, the Al2O3
layer grown by ALD seems to have a denser microstructure
due to the fabrication process. The higher amount of oxy-
gen vacancies in TaOx contributes to impede ion diffusion.
Since, Al2O3has lower Gibbs free energy, good stability and
lower ion diffusion speed [19], it can limit the ion diffusion
speed and also confine the path of the filament. As a result,
the gradual switching is observed under DC voltage sweeps
in the memristors having 2 nm Al2O3 layer, as shown in
Fig. 1(b). The presence of Al2O3 layer is confirmed from
the signal of Al in the AES spectra as shown in the inset of
Fig. 1(b). No metal/ semiconductor impurities such as Ta,
Al and Pt atoms diffused into TaOx are observed.
The multi-level characteristic of the TTTAP-51 devices

is illustrated in Fig. 2(a) by controlling the set compli-
ance and also reset stop voltages. The ion movement and
redox reaction were recognized as two of the most important
parameters that determine the dynamics of filament growth
and dissolution in filamentary RRAM [20]. To imitate the
functions of a biological synapse we have studied an ana-
log memory having multiple states in between the HRS and
LRS. As shown in Fig. 2(a) the sweep sequence of 1 to 10 is
achieved by getting continuous set (potentiation) by the vari-
ation of repeated increase of set compliance from 500 μA to
10 mA with 1.5 V set voltage, fixed −1.8 V reset voltage
and the gradual decreases of the resistance from HRS to
LRS. Finally, a continuous reset (depression) is performed
by the successive increase of the reset stop voltage from
−1.2 to −2.2 V with the constant set voltage of 1.5V with
10mA compliance current. Hence, the device’s resistance
progressively increases from LRS to HRS. The resistances
are continuously varied, and multiple resistance states are
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FIGURE 2. (a) MLC, (b) and (c) pulse and DC endurance respectively
and (d) retention characteristics of TTTAP-51 device. (Transient pulses
used, set: 2V/100 ns and reset: −1.8 V/100 ns).

achieved. This gradual set process is due to the formation of
stronger conducting filaments (CFs) having larger diameters
or multiple CFs produced with higher current through the
oxide matrix [21]. However, partial annihilation of CFs with
a longer ruptured length can be responsible for such gradual
reset [22].
The AC endurance of TTTAP-51 device was studied and

the result is shown in Fig. 2(b) indicating the pulse cycling
for more than 3 × 104 cycles. A transient 1.8 V set and
−2 V reset pulse with 100 ns width was applied to switch
the device between HRS and LRS. The current was read out
by a 0.1 V voltage at each sampling point. It is shown in
Fig. 2(b) that the HRS resistance finally tends to decrease
because the unrecoverable oxygen vacancies in the oxide
matrix accumulate from cycle to cycle. However, the resis-
tance window is still very large for more than 3 × 104

cycles. Especially, the result shows that the device has a fast
switching speed of less than 100 ns. The DC endurance
characteristics are also investigated. More fluctuations are
found in HRS for the TTTAP-50 compared to TTTAP-51
and TTTAP-52 devices (Data not shown). As seen from
Fig. 2(c), DC endurance of more than 104 cycles is observed
for TTTAP-51 device. LRS and HRS are found to be stable
with a ratio of around 102 order. The optimized device also
exhibits excellent retention of 104 s, as shown in Fig. 2(d).

For the practical application of electronic synaptic devices,
the devices need to be worked under the pulse input signal
rather than the dc voltage ramp. Hence, the property of
gradual resistance change with the pulse cycling was inves-
tigated. Linearity and stability (cycle-to-cycle) of synaptic
weight update of consecutive potentiation and depression,
which are two critical parameters for the synaptic devices. To
improve the linearity and switching stability of potentiation
and depression, the effect of insertion of the Al2O3 on the
Pt/TaOx interface was studied, shown in Fig. 3. To achieve

FIGURE 3. (a) (c) and (e) Pulse scheme and (b), (d) and (f) normalized
conductance state distribution for potentiation and depression along with
the fitting curve of TTTAP-50, TTTAP-51 and TTTAP-52 devices respectively.

best pulse cycling slightly different pulse amplitude (opti-
mized) is applied during training for the different devices.
An identical pulse of 0.7 V amplitude and 10 μs width and
−0.72 V amplitude and 10 μs width for the potentiation and
depression pulse train were applied, respectively. The 1 ms
pulse width and 0.1V amplitude reading are used for both the
potentiation and depression in TTTAP-50 devices, as shown
in Fig. 3(a). However, for the TTTAP-51 devices, a pulse of
0.78 V amplitude and 10 μs width and −0.81 V amplitude
and 10 μs width for the potentiation and depression pulse
train were applied, respectively, as shown in Fig. 3(c). In
case of TTTAP-52 devices, a pulse of 0.92 V amplitude and
10 μs width and −0.96 V amplitude and 10 μs width for the
potentiation and depression pulse train were applied, respec-
tively, as shown in Fig. 3(e). Pulse parameters for both the
potentiation and depression were finely tuned in each cases
to achieve the best switching linearity for fair comparison.
Fig. 3(b), Fig. 3(d), and Fig. 3(f), represents the poten-

tiation and depression curve of TTTAP-50, TTTAP-51, and
TTTAP-52 devices of a cycle with the MATLAB simulated
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FIGURE 4. Cyclic repetition of epoch of (a) TTTAP-50, (b) 1st to 50th cycles
of TTTAP-51, (c) last 450th to 500th cycle with a total of 500000 training
pulses of TTTAP-51 and (d) TTTAP-52 devices.

curve to find nonlinearity value [23]. As shown in the figure,
the nonlinearities of the TTTAP-51 devices are improved to
2.41 and −2.77 for potentiation and depression, respectively.
A synaptic characteristic with only 25 cycles having small
degradation are observed for the TTTAP-50 and TTTAP-
52 devices, as shown in Figs. 4(a) and (d). However,
Figs. 4(b) and (c) indicate that the TTTAP-51 device can
survive more than 500 cycles of potentiation and depression.
Fig. 4(b) shows the first 50 cycles; and Fig. 4(c) shows the
last 450th to 500th cycle, indicating excellent reproducible
synaptic characteristics of more than 500 times with lit-
tle conductance drifting. However, the small variation of
conductance by approximately 4% can be explained as the
semiconducting like transport phenomenon such as Schottky,
Pool-Frenkel, Fowler–Nordheim etc. of the oxide films.
Table 1, shows the comparison of different important

parameters like conductance states, nonlinearity, pulse con-
dition, potentiation and depression (P/D) cycles. our work
is comparable with the other works, having higher conduc-
tance states, lowest operation voltage and faster operating
speed. Moreover, other works almost didn’t discuss about
their device stability, our device can repeat 500 P/D cycles
and DC endurance can reach more than 104 cycles. The
comparison of potentiation and depression nonlinearity with

FIGURE 5. Comparison of potentiation and depression nonlinearity with
the value obtained from literature.

FIGURE 6. Schematic conduction mechanism for potentiation and
depression of the devices (a, b) TTTAP-50, (c, d) TTTAP-51 and (e, f) (a, b)
TTTAP-52 devices respectively.

the literature is summarized in Fig. 5. Therefore, it’s obvious
that after the insertion of ultra-thin Al2O3 film, the device
can improve not only the conductance modulation linearity
but also show the superior reproducible synaptic characteris-
tics. This synaptic RRAM is one of the potential candidates
for the next generation neuronal circuits.
The switching mechanism of TaOx-based RRAM is com-

monly understood as the field dependent oxygen vacancy
migration from/ to a source layer thereby forming/ rup-
turing the filament based on oxygen vacancy by redox
reaction [24]. Fig. 6(a and b) is a schematic illustration
of switching processes for TaN/Ta/TaOx/Pt device. During
forming, soft dielectric breakdown occurs and oxygen ions
drift to the anode interface by the high electric field. Due
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TABLE 1. Summary of Al2O3 doped TaOx memristors key metrics for neuromorphic computing and comparison with other technologies surveyed in

references [22]–[27].

to the oxygen-gettering ability [25] of Ta layer, it behaves
like an oxygen reservoir, and the constriction part of the fil-
ament was located at the Ta/TaOx interface. Since we have
observed some fluctuations of current in HRS in Fig. 2(b),
we consider it may be due to the formation of multi-branch
filament [26]. This multiple filament type analog RRAM has
medium oxygen vacancy concentration and relatively wider
conductive filament region, which is good for linear analog
switching [27]. On applying the repeated pulse numbers, the
oxygen ion motion assists the formation of oxygen vacancy
based conducting filament and Ta layer traps the oxygen
ions during potentiation operation. Conversely, on introduc-
ing negative pulse numbers, the trapped oxygen ions in the
Ta layer undergo electrochemical interaction and reduce the
oxygen vacancy-based filament.
Fig. 6(c-e) shows the schematic of switching processes for

TaN/Ta/TaOx/Al2O3/Pt device. Since Al2O3has lower Gibbs
free energy, once the filament forms, it will be confined along
the same path, significantly affecting the growth of the fil-
ament to be single and thinner near the bottom electrode
while maintaining multi-branch type filament near the top
electrode [28], [29]. Therefore, with Al2O3, the device hav-
ing stable conducting filament growth which directly leads
to higher repeatable and reliable switching performance but
also maintaining the high conductance tuning linearity as
observed in Fig. 4(c).

IV. CONCLUSION
In conclusion, TaN/Ta/TaOx/Al2O3/Pt memristors by chang-
ing the thickness of Al2O3 layer from 0 to 2 nm is fabricated.
AES spectra confirmed the presence of Al2O3 layer in
the device. A good analog switching of about 100× and

excellent device uniformity are observed for the devices
having 1 nm Al2O3 layer. The MLC applications and long
retention of 104 seconds are also observed for the opti-
mized devices. The same device is also sustained more than
104 cycles dc and 4×104 cycles ac endurance. The linear-
ity of the 1 nm Al2O3 layer-based device is improved to
2.41 and −2.77 for potentiation and depression respectively.
Improved synaptic linearity of this memristive devices indi-
cates the device can be potentially used for the emerging
neuromorphic computing devices as an electronic synapse.
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