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Abstract
The readout margin of the one selector-one RRAM crossbar array architecture is strongly
dependent on the nonlinearity of the selector device. In this work, we demonstrated that the
nonlinearity of Pt/TiO2/Pt exponential selectors increases with decreasing oxygen vacancy
defect density. The defect density is controlled by modulating the sputtering pressure in the oxide
deposition process. Our results reveal that the dominant conduction mechanisms of the Pt/TiO2/
Pt structure transit from Schottky emission to Poole–Frenkel emission with the increase of
sputtering pressure. Such transition is attributed to the rise of oxygen vacancy concentration. In
addition, the short-term plasticity feature of the Pt/TiO2/Pt selector is shown to be enhanced with
a lower defect density. These results suggest that low defect density is necessary for improved
exponential selector performances.

Supplementary material for this article is available online
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1. Introduction

Hardware implementation of artificial neural networks (ANNs)
has attracted extensive interest in the field of computing due to
its promising performance in mimicking human brain
capability [1, 2]. To emulate synaptic functionalities in the
hardware ANNs, a non-volatile memory device with synaptic
features is required. Among all the emerging and conventional
memory devices, resistive random-access memory (RRAM), an
emerging memory device, has been one of the most promising
candidates to emulate synaptic functionalities due to its highly
scalable device footprint ( F4 2 ) and tunable characteristics [3].
To fully utilise the RRAM scalability potential, the RRAM
device requires a compatible selection device, known as the
selector, to work in tandem with it in a crossbar array
configuration [4]. This is to mitigate the inherent sneak path
current issue in highly connected crossbar array architecture.

The sneak path current can be suppressed due to the highly
nonlinear current–voltage (I–V ) characteristics of the selector,
and the readout margin of the crossbar array is strongly
dependent on the I–V nonlinearity of the selector.

The nonlinearity is defined as the current ratio between
the selector at a full-read voltage (Vread) and a half-read voltage
(Vread/2) in the V/2 scheme. Several groups have proposed
techniques to improve the nonlinearity of the exponential
selectors, such as by creating an ultra-smooth bottom electrode
[5], annealing at different temperatures [6] and varying the
oxide thickness [7]. The nonlinearity of the selector is strongly
influenced by the leakage current of the structure, and the
leakage current may be affected by the oxygen vacancy
defects in the dielectric layer. Therefore, it is of utmost
importance to investigate the impact of oxygen vacancy defect
density on the nonlinearity of the exponential selector;
however, such a finding is still elusive.
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A high nonlinearity of>104 was reported on TiOx [8–11],
TaOx [5, 12, 13] and Co3O4-based [14] tunnelling selectors.
Besides that, an amorphous ITZO-based selector was shown to
achieve ∼900 nonlinearity in the V/3 scheme after oxygen
plasma treatment [15]. An ultrathin three-monolayer MoS2-
based tunnelling selector was also reported to achieve a low 25
nonlinearity value [16]. Nonetheless, the above-mentioned
exponential selectors do not exhibit short-term plasticity
features. The short-term plasticity feature is an important
criterion to demonstrate temporal information processing
capability in neuromorphic computing applications. Chao
Du et al utilised the short-term plasticity of a WOx-based
dynamic memristor in a reservoir computing system to
perform digit recognition [17]. In addition, in our previous
work, the short-term plasticity of the Pt/TiOx/Pt exponential
selector was demonstrated to enable the stimulation rate-
dependent weight tuning in the one selector-one RRAM
(1S1R) synapse [18]. Samuel Shin et al tuned the short-term
plasticity of an organic mixed ionic-electronic conductor
memristor by adding LiClO4 salts [19]. Yewon Lee et al
implemented both short-term and long-term memory in Ag/
HfO2/SiO2/Si memristor by controlling the strength of the
applied signal [20]. However, the method of controlling the
short-term plasticity of an exponential selector has not yet
been reported.

In this work, we show that the nonlinearity and short-term
plasticity of the Pt/TiO2/Pt selector can be tuned by
modulating the oxygen vacancy defect density, which can be
controlled via the sputtering pressure in the oxide deposition
process. Additionally, the conduction mechanisms of the Pt/
TiO2/Pt structures are demonstrated to be Schottky emission
at low sputtering pressures (from 2 to 6 mTorr) and Poole–
Frenkel emission at high sputtering pressure (9 mTorr). For
sputtering pressure less than 6 mTorr, the Schottky barrier
height (SBH) decreases with sputtering pressure. An
explanation has been given to the SBH modification and
transition from interface-limited to bulk-limited conduction
mechanisms based on the increasing oxygen vacancy
concentration with sputtering pressures.

2. Experimental methods

Exponential selectors comprising Pt(10 nm)/TiO2(4 nm)/Pt
(10 nm) were fabricated and patterned into 10 μm× 10 μm
devices. Pt was deposited by using DC magnetron sputtering,
while TiO2 was deposited by RF magnetron sputtering at 50W
from a single TiO2 target. In the fabrication process, the oxide
and defect densities of the TiO2 layer were controlled by
modulating the sputtering pressure in the oxide deposition
process. I–V measurements were conducted by using a
Keithley 4200A-SCS semiconductor parameter analyser. In
all the I–V measurements, a voltage bias was applied to the Pt
TE while keeping the Pt BE grounded.

The density of the TiO2 layers deposited under different
sputtering pressures was determined by x-ray reflectometry
(XRR) measurements, as shown in figure 1(a). The density of
the films is calculated from the XRR measurement based on

the Parratt formalism [21] and the theory of Nevot-Croce [22],
as shown in the inset of figure 1(a). As the sputtering pressure
increases, the density of the TiO2 layers decreases. This result
can be explained by the higher kinetic energy of the sputtered
adatom at lower pressure due to the longer mean free path,
which contributes to denser film growth [23–25]. Figure 1(b)
shows the x-ray photoelectron spectroscopy (XPS) spectra of
the TiO2 layers for O 1s states with various sputtering
pressures. The asymmetric O 1s peaks can be divided into two
peaks, generally ascribed to the lattice oxygen (∼529 eV) and
the non-lattice oxygen (∼530 eV) [26, 27]. The composition
ratios of the non-lattice oxygen and conductive Ti3+ cations of
the TiO2 layers as a function of sputtering pressure are shown
in figure 1(c). The composition ratios of the Ti3+ cations are
extracted from the Ti 2p XPS spectra, as shown in the
supplementary information (figure S1). As the sputtering
pressure increases, the composition ratio of the non-lattice
oxygen in the TiO2 layers increases, which also indicates that
the oxygen vacancy defect density increases. Higher
sputtering pressure increases the number of collisions between
the TiO2 molecules and the Ar ions in the plasma, leading to
weakly bonded O and more oxygen vacancy defects [28, 29].
Furthermore, as the sputtering pressure increases, the
composition ratio of the Ti3+ cation increases, which agrees
with the previous statement as the more conductive Ti3+ states
are attributed to more oxygen vacancy defects. These results
show that the oxide and defect densities of the TiO2 layers are
modulated by controlling the sputtering pressures. It is
important to note that the Ti:O ratio is remained at 1:2 for
all pressures based on the XPS results. Moreover, the x-ray
diffraction results indicate that the TiO2 films are amorphous
from 2 to 9 mTorr sputtering pressures, as shown in the
supplementary information (figure S2).

3. Results and discussion

A schematic illustration of the fabricated Pt/TiO2/Pt
exponential selector is shown in figure 2(a). The inset in
figure 2(a) shows the optical image of the 10 μm× 10 μm
selector device. The I–V characteristics of the Pt/TiO2/Pt
exponential selectors deposited under different sputtering
pressures are shown in figure 2(b). At low voltage regions
(−0.8 V < V< 1 V), the measured current across the selector
increases with sputtering pressure, which indicates that the
leakage current at the off state of the selector increases with
sputtering pressure. This increase in current is attributed to the
increase in oxygen vacancy defect density in the TiO2 film, as
discussed in figure 1(c). At high positive voltage regions
(V = 2 V), the measured current of the selector devices
achieves ∼200 and ∼400 μA for sputtering pressures from 2
to 6 mTorr and 9 mTorr, respectively. On the other hand, at
high negative voltage regimes (V < −0.8 V), the measured
current across the selectors converges to the 2 mTorr device.
The measured current of 3, 4 and 5 mTorr selectors converge
to the 2 mTorr selector at −0.8 V, −1 V and −1.2 V,
respectively. Figures 2(c) and (d) show the nonlinearity versus
reading voltage of the selector in the V/2 scheme for positive
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and negative voltage biases, respectively. The nonlinearity
values are obtained from averages of five devices. At positive
reading voltages, the nonlinearity of the selector increases
when the pressure decreases over the entire voltage range.
Whereas, at negative reading voltages, the nonlinearity is
higher for lower pressure at the low and medium voltage
regions (−1.7 V < Vread < 0 V), but at the high voltage region
(Vread< −1.7 V), the nonlinearity of the 3 mTorr selector is
the highest (∼300) and the nonlinearity of the 2 mTorr selector
saturated at ∼270. The highest nonlinearity of the 3 mTorr
device at Vread<−1.7 V can be ascribed to the overlapping of
measured current with the 2 mTorr device at V < −0.8 V, as
shown in figure 2(b). Additionally, the 4 mTorr achieves a
high nonlinearity as 2 and 3 mTorr devices at 2 V because of
the overlapping measured current at V < −1 V. The 3 mTorr
selector achieves the highest nonlinearity of ∼300 at −1.9 V
reading voltage, but at the other positive and negative reading
voltage regions (−1.7 V < Vread < 2 V), 2 mTorr has the
highest nonlinearity. Additionally, the nonlinearity in the V/3
scheme is obtained as shown in the supplementary information
(figure S3). In the V/3 scheme, the nonlinearity of the selector
increases with decreasing sputtering pressure over the full
voltage range. The 2 mTorr device achieves ∼5000 and
∼1000 nonlinearity values at −1.98 V and 1.98 V reading

voltage, respectively. Therefore, it is crucial to deposit the
TiO2 films at the lowest possible pressure in order to achieve
the highest nonlinearity.

To understand the behaviour of electric charge carriers in
the Pt/TiO2/Pt selector, several conduction mechanisms such
as Schottky emission, Fowler–Nordheim tunnelling, direct
tunnelling, Poole–Frenkel emission, space-charge-limited
conduction and trap-assisted tunnelling are fitted to the I–V
characteristics of the device. Among them, the Schottky
emission fits well with the selectors from 2 to 6 mTorr
(R2 > 0.99), as shown in figure 3(a). The SBH, Bf can be
extracted from the fitting with the following equation [30–32]

J
qm kT

h

q qE

kT

4
exp

4
, 1B

SE

2

3

/( ) ( )
( )

⁎ ⎡

⎣
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⎦
⎥

p f pe
=

- -

where J I ASE /= is the current density, A is the area of the
device, E V d/= is the electric field, d is the thickness of the
oxide, and e is the permittivity of the dielectric layer. The inset
in figure 3(a) shows that the SBH decreases with increasing
pressure until 6 mTorr. The selector with 9 mTorr sputtering
pressure fits well with Poole–Frenkel emission (R2 > 0.99) as
compared to Schottky emission (R2 ≈ 0.96), as shown in
figure 3(b). The current density of Poole–Frenkel emission can

Figure 1. (a)XRRmeasurement of the 4 nm TiO2 layer deposited under different sputtering pressures. Inset in (a) shows the density of the TiO2

layer calculated from the XRR measurement. (b) XPS spectra of the TiO2 layer for O 1s states with various sputtering pressures. (c) The non-
lattice oxygen and conductive Ti3+ cation composition ratios of the TiO2 layer as a function of sputtering pressure.
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be expressed as [33–35]

J q N E
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where Tf is the trap potential well and Nc is the density of
states in the conduction band of the oxide. It is important to
note that Schottky emission is an interface-limited conduction
mechanism, while Poole–Frenkel emission is a bulk-limited
conduction mechanism.

Figure 2. (a) Schematic illustration of the Pt/TiO2/Pt exponential selector device. Inset in panel (a) shows the optical image of the device. (b)
I–V characteristics of the Pt/TiO2/Pt selector deposited under different sputtering pressures. Nonlinearity versus reading voltage of Pt/TiO2/
Pt selector for (c) negative and (d) positive voltage biases.

Figure 3. (a) Ln(I) versus V1/2 plot in the positive voltage region for Schottky emission fitting. The inset in (a) shows the SBH of the selectors
from 2 to 6 mTorr. (b) Ln(I/V ) versus V1/2 plot in the positive voltage region for Poole–Frenkel emission fitting.
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To explain the conduction mechanism transition of the
Pt/TiO2/Pt structure, a transition model based on the concentra-
tion of oxygen vacancy defects in the TiO2 layer is proposed, as
shown in figure 4. At low sputtering pressure (2mTorr), the
concentration of oxygen vacancy defects in the device is low.
Thus, most of the conduction electrons come from the electrons
in the metal that are thermally activated to overcome the energy
barrier into the conduction band of the TiO2 layer, and the
dominant conduction mechanism is Schottky emission, as
shown in figure 4(a). When the sputtering pressure increases
(from 2 to 6 mTorr), the oxygen vacancy defect concentration in
the oxide increases, as shown in figure 4(b). Furthermore, the
number of defects at the metal/oxide interface tends to be larger
when there are more defects in the bulk [36]. When there are
more defects at the metal/oxide interface, the SBH tends to
become smaller due to image force [30, 33]. Therefore, the SBH
decreases from 2 to 6 mTorr devices, as shown in the inset of
figure 3(a). When the sputtering pressure further increases, the
oxygen vacancy defect density increases significantly, as shown
in figure 4(c). The oxygen vacancies can act as trapping centres
for electrons [37]. As there are more electrons in the oxygen
vacancy traps, the number of electrons thermally excited from
traps into the conduction band of the TiO2 layer also increases.
Consequently, the number of electrons emitted from traps into
the conduction band of the TiO2 layer exceeds the number of
electrons emitted from metal into the conduction band of the
TiO2 layer. As a result, the dominant conduction mechanism
transits from Schottky emission, which is an interface-limited
conduction mechanism, to Poole–Frenkel emission, which is a
bulk-limited conduction mechanism with increasing sputtering
pressure.

Figure 5 shows the short-term plasticity of the Pt/TiO2/Pt
exponential selector. One hundred pulses at +2 V and −2 V
with 10 μs pulse width for different pulse intervals were
applied to the 2 mTorr Pt/TiO2/Pt exponential selector, as
shown in figures 5(a) and (b), respectively. The current
(conductance) of the selector decreases when +2 V pulses are
applied, while the current increases when −2 V pulses are
applied. Additionally, when the pulse interval decreases, the
volatile current change increases for both polarity pulses. It is
important to note that the conductance of the selector relaxes
back to the initial state after the removal of the voltage pulses.

To investigate the impact of oxide and defect densities on
the short-term plasticity of the Pt/TiO2/Pt exponential
selector, the current change under one hundred pulses with a
pulse interval of 100 ns was measured from five devices for
each pressure, as shown in figure 5(c). The magnitude of
current change decreases with increasing pressure for both
polarity pulses, which indicates that the short-term plasticity
feature is enhanced with lower sputtering pressure. Addition-
ally, the relaxation behaviours of the Pt/TiO2/Pt exponential
selector under different pressures are investigated, as shown in
figure 5(d). After the one hundred pulses, a 2 s relaxation
duration is implemented and a voltage pulse of 2 V or −2 V is
applied to the selector, as shown in the supplementary
information (figures S4 and S5). Under negative voltage
pulses, all selectors from 2 to 9 mTorr pressure show short-
term plasticity features. Whereas, under positive voltage
pulses, only selectors from 2 to 4 mTorr show short-term
plasticity features. The selector with 5 mTorr pressure shows
half short-term and half long-term plasticity features as the
measured current relax halfway back to the initial value. On

Figure 4. Schematic of the proposed conduction mechanism transition of the Pt/TiO2/Pt structure based on the concentration of oxygen
vacancy defects in the TiO2 layer.
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the other hand, the selectors with 6 and 9 mTorr pressure show
long-term plasticity features as the measured current retains
after a 2 s relaxation period. The relaxation behaviour as a
function of time of the selector is also studied as shown in the
supplementary information (figures S6 and S7). The result
agrees with the measurement as shown in figure 5(d), where
the devices relax slower back to the initial state as the
sputtering pressure increases. In addition, the 2 mTorr device
decays back to the initial state at ∼500 ms for both positive
and negative voltages, as shown in the supplementary
information (figure S8).

In our previous work, the short-term plasticity of the Pt/
TiO2/Pt exponential selector can be explained by the drift and
diffusion of mobile Ti3+ and O2− ions at positive and negative
voltages, respectively [18]. As the sputtering pressure
increases, the composition of non-lattice oxygen increases.
The increase of non-lattice oxygen composition could restrain
the electromigration of Ti3+ and O2− ions in the TiO2 layer,
which results in decreasing current change under one hundred
pulses with pressure, as shown in figure 5(c). Besides that, as
the sputtering pressure increases, the increasing electromigra-
tion restriction causes the selector device to relax slower back to
the initial state, as shown in the supplementary information
(figure S6). Additionally, the transition from short-term to long-

term plasticity for positive voltage, as shown in figure 5(d),
could be ascribed to the increase in the composition of non-
lattice oxygens. The Ti3+ cations could not be diffused back to
the initial position due to the blocking of abundant non-lattice
oxygens in high sputtering pressure selectors, which results in
long-term plasticity. Thus, to achieve a remarkable short-term
plasticity feature, it is important to fabricate the selector device
at low sputtering pressure.

4. Conclusion

In summary, the Pt/TiO2/Pt exponential selectors with
different oxide and defect densities were fabricated by
controlling the sputtering pressures. I–V measurements reveal
that the selector with a lower defect density exhibits a higher
nonlinearity. The dominant conduction mechanisms for the
Pt/TiO2/Pt structures are found to be Schottky emission and
Poole–Frenkel emission at low defect densities and high defect
densities, respectively. For sputtering pressure less than 6
mTorr, the SBH decreases with increasing oxygen vacancy
defect density. A model is also given to explain the dominant
conduction mechanism transition from Schottky emission to
Poole–Frenkel emission based on the concentration of oxygen

Figure 5. Short-term plasticity of the Pt/TiO2/Pt selector with 2 mTorr sputtering pressure under (a) +2 V and (b) −2 V pulses with 10 μs
pulse width for various pulse intervals. Measured current change with a pulse interval of 100 ns for various pressures (c) after one hundred
pulses and (d) after 2 s of relaxation duration.
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vacancies in the TiO2 layer. Additionally, the selector device
with a lower defect density shows a bigger current change for
the short-term plasticity feature. These results suggest that it is
helpful to fabricate the Pt/TiO2/Pt exponential selector at the
lowest possible pressure to achieve the highest nonlinearity
and the most prominent short-term plasticity characteristic.

The short-term plasticity Pt/TiO2/Pt exponential selector
can be further optmised for the applications in very large scale
1S1R crossbar array. The main challenge of the Pt/TiO2/Pt
selector is the medium nonlinearity (5× 103 in the V/3 scheme)
of the selector. This could be possibly overcome by changing the
electrode materials or designing a complex multi-layer oxide
structure. On the other hand, the main advantage of employing
the Pt/TiO2/Pt selector is that the temporal processing
capability of the 1S1R synaptic device can be granted by the
short-term plasticity feature of the selector. This enables the
1S1R synapse to differentiate and register the stimulation rate of
the input signal in the crossbar array without requiring the
RRAM or other memristor devices (e.g. PCM) to possess short-
term plasticity features. This 1S1R integration permits the
memristive device to develop in other aspects, such as multilevel
capability and high endurance. In addition, the 1S1R synapse
could be modulated to be more sensitive to a certain range of
stimulation rates with the tunable short-term plasticity feature of
the selector. Therefore, the tunable short-term plasticity Pt/
TiO2/Pt exponential selector is handy to be implemented in
1S1R crossbar arrays for neuromorphic computing applications.
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