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ABSTRACT: Short-term plasticity (STP) is an important synaptic characteristic in the hardware implementation of artificial neural
networks (ANN), as it enables the temporal information processing (TIP) capability. However, the STP feature is rather challenging
to reproduce from a single nonvolatile resistive random-access memory (RRAM) element, as it requires a certain degree of volatility.
In this work, a Pt/TiOx/Pt exponential selector is introduced not only to suppress the sneak current but also to enable the TIP
feature in a one selector-one RRAM (1S1R) synaptic device. Our measurements reveal that the exponential selector exhibits the STP
characteristic, while a Pt/HfOx/Ti RRAM enables the long-term memory capability of the synapse. Thereafter, we experimentally
demonstrated pulse frequency-dependent multilevel switching in the 1S1R device, exhibiting the TIP capability of the developed
1S1R synapse. The observed STP of the selector is strongly influenced by the bottom metal−oxide interface, in which Ar plasma
treatment on the bottom Pt electrode resulted in the annihilation of the STP feature in the selector. A mechanism is thus proposed
to explain the observed STP, using the local electric field enhancement induced at the metal−oxide interface coupled with the drift-
diffusion model of mobile O2− and Ti3+ ions. This work therefore provides a reliable means of producing the STP feature in a 1S1R
device, which demonstrates the TIP capability sought after in hardware-based ANN.
KEYWORDS: 1S1R, short-term plasticity, TiOx-based selector, RRAM

■ INTRODUCTION
Hardware realization of artificial neural networks (ANNs) has
attracted much attention to demonstrate image classification
and pattern recognition tasks.1−8 In this realization, a memory
type that emulates the role of a synapse in neural networks is
needed to convey the strength between neurons. Due to the
limitation of conventional memories, e.g., volatility of DRAM
and high power consumption of FLASH, great efforts have
been placed in developing the next generation of nonvolatile
memories. Among all of the emerging nonvolatile memories,
resistive random-access memory (RRAM), also known as
memristor, is the most promising candidate for emulating
synapse as it has the multilevel capability,9−13 low power,14,15

fast operation,16,17 and most importantly its great scaling
potential in fabrication of large-scale integrated circuits.18−20 It
can achieve a device footprint of 4F2 under crossbar array
integration, which is suitable for solving complex cognitive
tasks that requires a large amount of synapses.

However, the RRAM-based crossbar array faces sneak path
current issues as the resistance value of RRAM in the partially
selected cells might be small. This sneak current can be
suppressed if a selector device is added in series with each
RRAM device in the crossbar array.21−23 The selector should
possess a highly nonlinear current−voltage (I−V) character-
istic, which blocks current if the applied voltage is low and
allows current to flow through with little resistance if the
applied voltage is high. With this one selector-one RRAM
(1S1R) configuration, the crossbar array can be operated in the
V/2 scheme24,25 or V/3 scheme.26 Generally, there are two
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types of selectors: a threshold type selector and an exponential
type selector. In the threshold type selector, the resistance
undergoes abrupt transitions between “on” and “off” states at a
certain threshold voltage, and the threshold switching
mechanism usually involves the formation of an unstable
conductive filament.21,27,28 While in the exponential type
selector, the change in the value of resistance with applied
voltage is relatively gradual, and the exponential I−V
characteristic is usually realized by the thin tunneling barrier
oxide layer.22,29 The exponential type selectors have been
shown to maintain the analog property of RRAM due to the
slow slope of the I−V curve.30 Therefore, the exponential
selectors are more suitable to be implemented in synapse-like
1S1R.

Synaptic behaviors like spike-timing-dependent plasticity
(STDP), long-term potentiation (LTP), long-term depression
(LTD), and short-term plasticity (STP) have been demon-
strated in RRAM devices.31−35 In particular, STP has been
shown to be suitable to perform temporal information
processing (TIP). For instance, STP devices can differentiate
and register the stimulation rate in their conductance
value.36−38 However, STP is hard to demonstrate in most
RRAMs as it requires volatile switching. Nonetheless, if the
selector in 1S1R can demonstrate STP, the 1S1R can perform
TIP despite the absence of STP in RRAM. Hence, with this
STP selector, RRAM with superior nonvolatile memory
performances such as excellent multilevel capability can be
chosen without needing to consider STP since the TIP
capability is already present in the 1S1R. Therefore, it is of
utmost importance to demonstrate STP in an exponential
selector; however, such a finding is still elusive.

STP has been shown in TiOx-based RRAM devices.39 The
resistive switching in TiOx can be attributed to several
mechanisms, for instance, formation and electromigration of
oxygen vacancies,40,41 electromigration of mobile Ti3+

cations,42 migration of Pt atoms via strong metal−support
interaction,43 and transformation to a Magneĺi phase
TinO2n−1.

44 TiOx has also been shown to demonstrate a highly
nonlinear I−V characteristic, which is desired in the
exponential selector.29,45 However, the STP of TiOx-based
exponential selector has not been reported before.

In this work, we introduce the 1S1R synaptic device based
on the Pt/TiOx/Pt exponential selector and the Pt/HfOx/Ti
RRAM. The Pt/TiOx/Pt exponential selector is demonstrated
to exhibit STP, which enables the TIP capability of the
synapse. On the other hand, the memory element comprised of
Pt/HfOx/Ti RRAM structure enables the LTP and LTD
capabilities of the synapse. The HfOx-based RRAM is
integrated into the 1S1R as HfOx-based RRAM has been
shown to demonstrate good multilevel states, long retention,
and high endurance, and it is also compatible with CMOS
processes.46−50 The 1S1R synaptic capabilities are experimen-
tally demonstrated using different pulse operating modes such
as varying pulse frequencies. Plasma treatment on the Pt BE
reveals that the bottom Pt/TiOx interface plays a key role in
the STP of the Pt/TiOx/Pt selector. A mechanism is proposed
to explain the observed STP by coupling the local electric field
enhancement effect with the drift-diffusion model of mobile
Ti3+ and O2− ions.

■ EXPERIMENTAL METHODS
Crosspoint structure devices of 10 μm × 10 μm cell area are
fabricated by a two-step lithography process for both Pt/TiOx/Pt
selector and Pt/HfOx/Ti RRAM, as shown in Figure 1a. First, a 10
nm thick Pt bottom electrode (BE) was deposited on a Si/SiO2
substrate by DC magnetron sputtering deposition. For the selector, a
4 nm thick TiOx oxide layer was deposited from a TiO2 ceramic target
using 50 W RF magnetron sputtering at 3 mTorr pressure and 20
sccm Ar gas flow. Subsequently, a 10 nm thick Pt top electrode (TE)
was deposited by DC magnetron sputtering deposition to form the

Figure 1. (a) Schematic illustration of the measurement configuration of the standalone 1S, 1R, and the corresponding 1S1R cell. (b) Scanning
electron microscopy (SEM) image of the sample with enlarged 10 μm × 10 μm 1S and 1R devices. (c) Cross-sectional high-resolution transmission
electron microscopy (HRTEM) image of the Pt/TiOx/Pt selector. The image reveals that the TiOx layer thickness is 4 nm. Inset in panel (c) shows
the enlarged HRTEM image of the TiOx film. Elemental distribution EDX maps of (d) O, (e) Ti, (f) Pt, and (g) Si for the Pt/TiOx/Pt selector.
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Pt(10 nm)/TiOx(4 nm)/Pt(10 nm) exponential selector structure.
For the RRAM, a 5 nm thick HfOx switching layer was deposited from
a HfO2 target using 50 W RF magnetron sputtering at 2 mTorr
pressure and 20 sccm Ar gas flow. Subsequently, a 50 nm thick Ti TE
and a 5 nm Pt passivation layer were deposited to form the Pt(10
nm)/HfOx(5 nm)/Ti(50 nm) RRAM structure. Finally, a Pt
connecting electrode was deposited to connect the selector and the
RRAM to form the 1S1R device. This connecting electrode
contributes a negligible amount of additional resistance to the 1S1R
device as compared to the selector directly stacking on top of the
RRAM structure. Through this structure, the selector and the RRAM
devices can be characterized and analyzed independently and
integrated to form a 1S1R device if required. I−V measurements
were conducted using a Keithley 4200A-SCS semiconductor
parameter analyzer. The Pt bottom electrodes of the selector or
RRAM devices are grounded in the measurements of 1S, 1R, and
1S1R with the combinations, as shown in Figure 1a.

A top view scanning electron microscopy (SEM) image of the 10
μm × 10 μm 1S and 1R devices is shown in Figure 1b. The Pt/TiOx/
Pt selector stack is confirmed by the cross-sectional high-resolution
transmission electron microscopy (HRTEM) analysis, as shown in
Figure 1c. The thickness of the TiOx layer is ∼4 nm. The inset of
Figure 1c, an enlarged HRTEM image of TiOx film, shows that the
TiOx film is amorphous, which is further supported by the X-ray
diffraction (XRD) analysis, as shown in Figure S1. Figure 1d−g shows
the elemental distribution energy-dispersive X-ray spectroscopy
(EDX) maps of O, Ti, Pt, and Si, respectively, for the Pt/TiOx/Pt
selector. The maps clearly show the device layer composition and the
absence of interdiffusion between the Pt and TiOx layers.

■ RESULTS AND DISCUSSION
3.1. 1S, 1R, and 1S1R Synaptic Device Character-

izations. Figure 2a shows the I−V characteristics of the

standalone Pt/TiOx/Pt selector (1S), Pt/HfOx/Ti RRAM
(1R), and the corresponding 1S1R cell from the two. The Pt/
TiOx/Pt exponential selector has a nearly symmetrical I−V
curve due to its symmetrical Pt/TiOx/Pt structure. Further-
more, the Pt/TiOx/Pt selector exhibits a highly nonlinear IV
response with a noticeable hysteresis from the forward−
backward sweep. On the other hand, the Pt/HfOx/Ti RRAM
device shows bipolar nonvolatile resistive switching behavior. A
positive voltage sweep with a compliance current of 100 μA
was applied to form and set the 1R device to LRS. The 1R
device has a forming voltage of around 1.9 V and subsequent
SET voltages of approximately 0.7 V. In contrast, the 1R device
can be reset to HRS at −1.3 V with a gradual reset
characteristic, which is favorable in multilevel switching.
Upon integration, the 1S1R device has a forming voltage at
around 2.2 V and a set voltage at around 2.1 V, and it has an
on/off ratio of ∼18 at 2 V reading voltage. Currents of 1S1R
for both LRS and HRS are smaller than currents of 1S at all
voltages because the 1S and 1R are connected in series in
1S1R, which has a larger resistance than 1S alone. More I−V
characterizations of the 1S, 1R, and 1S1R devices are shown in
Figure S2. Under the V/2 scheme, the selectivity of the 1S1R,
which is 37, is much greater than the selectivity of the 1R
device, which is 3. This high selectivity of the 1S1R allows it to
be implemented in passive crossbar arrays using the V/2
voltage scheme.

The selectivity of the 1S device was further investigated
under pulse mode for different applied voltages in the V/2
scheme and V/3 scheme, as shown in Figure 2b,c, respectively.
The pulse width was kept constant at 10 μs for all applied

Figure 2. (a) I−V characterization of the standalone Pt/TiOx/Pt selector, Pt/HfOx/Ti RRAM, and 1S1R integrated from the selector and RRAM.
Selectivity versus cycle of the 1S device under pulse mode for different applied voltages in the (b) V/2 scheme and (c) V/3 scheme. (d) Endurance
of the 1S device under 1.4 V applied voltage for the V/2 scheme and V/3 scheme. (e) On/off ratio versus read pulse voltage for 1S1R. The inset in
panel (e) shows the current versus read pulse voltage for the HRS and LRS used to calculate the on/off ratio. The error bar is the standard
deviation from 100 cycles. (f) Programming endurance of the 1S1R device.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c11016
ACS Appl. Mater. Interfaces 2022, 14, 35959−35968

35961

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11016/suppl_file/am2c11016_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11016/suppl_file/am2c11016_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11016?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11016?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11016?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11016?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c11016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


voltages. In the V/2 scheme and V/3 scheme, the selectivity
increases with applied voltage. For 2 V applied voltage, the
selectivities are 218 and 521 in the V/2 scheme and V/3
scheme, respectively. It can be observed that there is a slight
degradation in selectivity for high applied voltages (especially 2
and 1.8 V). The current versus cycle measurements of the 1S
device for different applied voltages is shown in Figure S3.
Under 1.4 V applied voltage, the 1S device can preserve a
selectivity of 102 in the V/3 scheme for 30 000 cycles, as
shown in Figure 2d.

High read pulse voltages might provide better on/off ratios
but, at the same time, create more disturbances to the
resistance state. Therefore, it is essential to seek a balance
between the on/off ratio and disturbance in the choice of read
pulse voltages. To find the optimum read voltage amplitude for
1S1R, the relationship between the on/off ratio of LRS to HRS
with read pulse voltage was investigated, as shown in Figure 2e.
A 4.4 V and 10 μs pulse set the device from HRS to LRS, and
the read pulses have a pulse width of 10 μs. Under a low read
voltage regime, the on/off ratios are small with significant
variations due to the large variation in low current, as shown in
the inset of Figure 2e. The on/off ratio of the 1S1R increases
with read pulse voltage until 1.9 V. The decrease in on/off
ratio at 2 V is not due to a decrease in LRS current but rather
to the larger percentage increase in HRS current than the
percentage increase in LRS current. In this study, a 1.4 V read
pulse voltage is used in all of the 1S1R measurements because

of its adequate on/off ratio and negligible disturbance to the
device state.

Figure 2f shows the programming endurance of the 1S1R
device under single bipolar pulses. Set pulses of 3.6 V with 10
μs and reset pulses of −4 V with 10 μs were implemented to
switch the 1S1R device from HRS to LRS and vice versa. The
1S1R device can maintain an on/off ratio of ∼3.3 for 5000
programming cycles. The standalone 1R device can maintain
an on/off ratio of ∼30 for 1000 programming cycles, as shown
in Figure S4. This decrease in the on/off ratio for the 1S1R
device is attributed to the unchanged resistance of the selector
device in the LRS and HRS, which contributes significant
resistance to the 1S1R device in the LRS.

Figure 3a,b shows the volatile switching characteristic of the
Pt/TiOx/Pt exponential selector. One hundred pulses at 2 V
and 10 μs with varying pulse intervals were applied to the Pt/
TiOx/Pt selector, and the current across the selector was
measured. At pulse intervals longer than 1 ms, the currents
remain constant throughout the 100 pulses. Whereas at pulse
intervals shorter or equal to 1 ms, the currents decrease with
pulse number, and these decreases grow with shortening pulse
intervals, as shown in Figure 3a. On the other hand, on
applying 100 pulses at −2 V and 10 μs, the currents increase
with pulse number, which behaves oppositely to the current
change in positive 2 V pulses, as shown in Figure 3b. However,
these increases grow with decreasing pulse intervals, similar to
the behavior in positive 2 V pulses. It should be noted that the

Figure 3. Volatile switching characteristic of Pt/TiOx/Pt exponential selector under (a) 2 V and (b) −2 V pulses with 10 μs pulse width for various
pulse intervals. The measured currents are average from 50 to 75% of the pulses. STP of the Pt/TiOx/Pt exponential selector under (c) 2 V and (d)
−2 V pulses for different pulse intervals. The current waveforms are measured from 10 to 90% portions of the pulses.
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increases or decreases in current with pulse number are
volatile, and the selector device will relax back to the initial
state after the pulses are removed. This volatile switching
characteristic can explain the nonoverlapping of the forward
and backward voltage sweep curves in Figure 2a. Pulses of 2
and −2 V voltages across the Pt/TiOx/Pt selector were
investigated as the corresponding currents are around the
range of set and reset currents of the 1S1R device, respectively.

Figure 3c,d shows the STP of the Pt/TiOx/Pt exponential
selector under 2 and −2 V pulses, respectively. The current
waveforms measured from 10 to 90% portions of the pulses
were explored. For all pulse intervals, the currents across the
selector always decrease whenever a positive voltage pulse is
applied, whereas the currents across the selector always
increase whenever a negative voltage pulse is applied. It is
noted that the selector device can relax back to the initial
current state before the next pulse for pulse intervals that are
long enough. The relaxations or decays of the conductance are
shown in Figure S5. As a result, small current changes with
pulse number for long pulse intervals are observed in Figure
3a,b. This pulse frequency-dependent volatile switching
characteristic and STP of the exponential selector can be
utilized in the 1S1R device to perform TIP, which will be
discussed in the next section.

Besides the basic switching of the 1S1R, the synaptic
properties of the 1S1R were also investigated, as shown in
Figure 4. A set of pulses consisting of 50 potentiation and 50
depression pulses were applied across the 1S1R device, as
depicted in Figure 4a. To analyze the LTP and LTD curves, a
linearity fitting model was implemented on the conductance
change of LTP (GLTP) and LTD (GLTD) as a function of pulse
number (P) with the following equations51,52

= +G G G (1 e )P P
LTP min o

/ tot (1)

=G G G (1 e )P P
LTD max o

(1 / )tot (2)

where Gmin, Gmax, Go, and Ptot represent the minimum
conductance, the maximum conductance, the change in
conductance, and the total pulse number, respectively. ν is
the nonlinear parameter extracted from the fitting. The LTD
curve is more linear than the LTP curve as the ν value is
smaller. This can be ascribed to the gradual reset properties of
the Pt/HfOx/Ti RRAM. The LTP and LTD curves of the
standalone RRAM device are shown in Figure S7. The 1S1R
device shows improvements from the 1R device as the
nonlinear parameter ν of the LTD and LTP are smaller in
the 1S1R. This result shows that the exponential selector can
maintain, if not improve, the linearity of the 1R in the 1S1R
synaptic device.30 Under an optimized number of pulses of 50,

Figure 4. Synapse property of the 1S1R. (a) LTP and LTD performances by the 1S1R treated with fifty 3 V and 10 μs potentiation pulses and fifty
−3.4 V and 10 μs depression pulses. (b) Cumulative probability against conductance in 100 cycles for the four multilevel states obtained from the
50th, 53rd, 60th, and 100th pulses in panel (a) but with 3.5 and −3.5 V pulses. Frequency-dependent multilevel switching on the 1S1R. (c) Four
multilevel states achieved from an LRS obtained by ten 3.5 V and 10 μs pulses and three HRS obtained by three sets of fifty −3.3 V and 10 μs
pulses with different frequencies. (d) Retention characteristic of the four multilevel states in panel (c) with read pulses of 1.4 V and 10 μs.
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53, 60, and 100, the 1S1R device can achieve four
nonoverlapping multilevel states (2-bit) in 100 cycles, as
shown in Figure 4b.

Figure 4c,d shows the frequency-dependent multilevel
switching on the 1S1R. This frequency-dependent multilevel
switching is not an intrinsic property of the Pt/HfOx/Ti
RRAM as illustrated in Figure S8 but rather is only possible
with the STP of the Pt/TiOx/Pt exponential selector. It utilizes
both the increases in the current of the Pt/TiOx/Pt selector
upon applying negative pulses and the decays in the current
during the relaxation state, as discussed in Figure 3b,d. On
identical negative voltage pulses, the increase in the selector’s
current is larger for a shorter pulse interval or a higher pulse
rate. This higher pulse rate causes the RRAM series connected
to the selector to be reset into a higher resistance HRS as the
reset current is higher. Frequency-dependent multilevel
switching of the 1S1R device was investigated under 50
identical pulses of −3.3 V and 10 μs, as shown in Figure 4c.
Three different HRSs and an LRS can be obtained, thus
showing the multilevel capability of this programming method,
which demonstrates the TIP capability of this 1S1R synaptic
device. Figure 4d shows the retention of the four states in
Figure 4c. No noticeable drifting of the states was observed for
1000 s.

3.2. Origin of the STP of the Pt/TiOx/Pt Exponential
Selector. Short-term temporal conductance changes can be

associated with the temperature change of the device during
operation.35 As a single voltage pulse is applied across the
device, heat is generated by Joule heating throughout the
structure. Under multiple pulses operation, this generated heat
by one pulse might not be completely dissipated before the
arrival of the subsequent pulses within a sufficiently short pulse
interval, resulting in the overall increase of device temperature
due to the heat accumulation. The device temperature will
influence the ionic migration across the oxide layer under the
external electric field. Thus, to investigate the origin of STP in
the Pt/TiOx/Pt exponential selector, a temperature-dependent
study was carried out under 2 and −2 V pulses with 10 μs
pulse width and 100 ns pulse intervals, as shown in Figure 5a,b,
respectively. Under the same temperature, the device current
decreases with pulses of 2 V and 10 μs, whereas the device
current increases with pulses of −2 V and 10 μs. This suggests
that there is a possible difference between the bottom and top
electrode−oxide interfaces despite having a seemingly sym-
metrical structure. On the other hand, the device current
increases for both pulse polarities as the temperature increases
from 25 to 85 °C. This result reveals that the STP of the Pt/
TiOx/Pt selector is not primarily due to the elevated device
temperature as the device current increases with temperature
for both pulse polarities but decreases with 2 V pulses.
Furthermore, the total current change of the device from its
initial state increases with temperature, as depicted in Figure

Figure 5. Temperature-dependent measurement on the Pt/TiOx/Pt exponential selector for (a) 2 V and (b) −2 V pulses with 10 μs pulse width
and 100 ns pulse intervals. (c) Magnitude of current change versus temperature for the Pt/TiOx/Pt exponential selector in panels (a) and (b). (d)
Current of the Pt/TiOx/Pt selector at an initial temperature of 25 °C, heated to 85 °C, and cooled down again to 25 °C for 2 and −2 V pulses.
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5c. This data supports the importance of the Joule heating
effect to the STP characteristic in the Pt/TiOx/Pt selector.
Figure 5d shows the current of the Pt/TiOx/Pt selector at an
initial temperature of 25 °C, heated to 85 °C, and cooled down
again to 25 °C for 2 and −2 V pulses. The current of the
selector decreases from the initial 25 °C to the final 25 °C.
This current decrease by thermal stress has a similar trend to

the current decrease by the excessive number of applied
voltage pulses in Figure 2b−d, indicating that the slight
degradation in selectivity could be ascribed to the thermal
stress by the Joule heating effect.

To further investigate the effect of the electrode−oxide
interface, plasma treatment was performed on the BE Pt
surface before the second step lithography process. The surface

Figure 6. Atomic force microscopy (AFM) topographic images of the Pt BE surface (a) without plasma treatment and (b) with plasma treatment,
and (c) TiOx film on Pt BE without plasma treatment.

Figure 7. (a) I−V characterization of the Pt/TiOx/Pt selector devices with and without the Pt BE surface plasma treatment. (b) Volatile switching
characteristics of the Pt/TiOx/Pt selector devices with and without Pt BE surface plasma treatment for one hundred 2 or −2 V pulses with eight
different pulse intervals. The volatile switching characteristic of the Pt/TiOx/Pt selector device without the surface treatment is also shown in
Figure 3. The proposed volatile switching mechanisms of the Pt/TiOx/Pt selector devices (c) without BE surface treatment and (d) with BE
surface treatment.
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treatment employs Ar plasma with 25 W power, 3 mTorr
pressure, and 45 sccm Ar gas flow for 1 min. This process aims
to induce changes in Pt BE surface topography under Ar ion
bombardment, which also results in approximately 1 nm
etching of the Pt BE surface. The atomic force microscopy
(AFM) topographic images of Pt BE surface without and with
plasma treatment are shown in Figure 6a,b, respectively. The
Pt BE surface becomes smoother after the plasma treatment
because some of the protruding parts were etched and
removed in the plasma treatment process. The root-mean-
square (RMS) roughness and peak-to-valley height of the Pt
BE surface are reduced from 0.395 and 5.387 nm to 0.227 and
3.350 nm, respectively. The TiOx film on Pt BE without
plasma treatment exhibits a lower RMS roughness (0.338 nm)
than the Pt BE itself (0.395 nm), as shown in Figure 6c. The
lower surface roughness could be attributed to the lower
sputtering deposition rate of the TiOx (0.0023 nm/s) than the
Pt (0.067 nm/s), which provides sufficient time for surface
diffusion of adatoms during the growth process.53

Figure 7a shows the I−V characterization of the Pt/TiOx/Pt
selector devices without Pt BE surface plasma treatment
(device 1) and with Pt BE surface plasma treatment (device 2).
The I−V hysteresis loop for device 2 is much smaller than
device 1, indicating much lesser or no volatile switching
behavior in device 2. In the negative voltage region, the I−V
hysteresis loops show the same clockwise direction for both
devices, while in the positive voltage region, the I−V hysteresis
loops show opposite directions (clockwise for device 1 and
anticlockwise for device 2). The negligible I−V hysteresis
characteristic of device 2 could be attributed to the increase in
current due to the Joule heating effect under positive or
negative voltages sweeps. Figure 7b shows the volatile
switching characteristics of device 1 and device 2 for one
hundred 2 or −2 V pulses with different pulse intervals. The
percentage current change is calculated from the average value
of 15 devices from the three batches of samples, as shown in
Figure S9 and the error bar is the standard deviation. The
percentage current change of device 2 is negligible across all
pulse intervals as compared to device 1. This result indicates
that the STP is absent in the Pt/TiOx/Pt selector device with
surface plasma treatment. Therefore, the rough BE Pt/TiOx
interface, which induces a local electric field enhancement in
the TiOx layer,54−56 is necessary for the STP of the Pt/TiOx/
Pt exponential selector.

It is known that the electromigration of mobile O2− and Ti3+
ions can induce the resistive switching behavior in TiOx-based
devices.40−42 The observed STP characteristic of the Pt/TiOx/
Pt exponential selector can be explained using the local electric
field enhancement induced at the electrode−oxide interface,
coupled with the drift-diffusion model of mobile O2− and Ti3+
ions. The plausible STP or volatile switching mechanism of the
Pt/TiOx/Pt exponential selector is illustrated in Figure 7c,d for
device 1 and device 2, respectively. When a positive voltage
bias is applied on the TE, the Ti3+ cations drift to the BE Pt/
TiOx interface in device 1 due to the sufficiently large
concentrated electric field; on the other hand, there is less
migration of mobile ions in device 2 due to the uniform
electric field produced by smoother interfaces. As a result, the
number of conductive Ti3+ cations decreases in the TiOx bulk
for device 1, which causes the current to decrease. When the
positive voltage bias is removed, the Ti3+ cations diffuse back
to the initial position due to the concentration gradient, and
the current relaxes back to the initial value after a sufficiently

long duration. When a negative voltage bias is applied on the
TE, the O2− anions in device 1 drift to the BE Pt/TiOx
interface, leaving behind oxygen vacancies, whereas there is less
migration of anions in device 2. As a result, the number of
oxygen vacancies in device 1 increases, which causes the
current to increase. It is important to note that the Ti3+ cations
are not drifting significantly to the TE interface as the RMS
roughness is lower for TiOx film at the TE interface. When the
negative voltage bias is removed, the O2− anions diffuse back
and recombine with the oxygen vacancies, and the current
relaxes back to the initial value after a sufficiently long
duration. These microscopic processes explain the STP or
volatile switching mechanism of the Pt/TiOx/Pt exponential
selectors, as observed in the experiment.

■ CONCLUSIONS
In summary, we developed a 1S1R synaptic device that consists
of an STP Pt/TiOx/Pt exponential selector and a Pt/HfOx/Ti
RRAM. Its underlying memory device performance followed
by the desired synaptic device properties, i.e., analog
potentiation−depression and pulse frequency-dependent mul-
tilevel switching, have been characterized. The pulse frequency
or stimulation rate-dependent multilevel switching character-
istic, originated from the STP of the Pt/TiOx/Pt exponential
selector, exhibits the TIP capability of the synapse. Temper-
ature-dependent measurements on the exponential selector
device reveal that the elevated temperature of the device by
Joule heating is not the primary cause of the STP. A Pt/TiOx/
Pt exponential selector with a smooth BE Pt/TiOx interface
was fabricated by utilizing plasma treatment on the Pt BE
surface. Our measurements reveal that the rough BE Pt/TiOx
interface, which induces a local electric field enhancement in
the TiOx layer, is crucial for the STP of the Pt/TiOx/Pt
exponential selector. A plausible STP or volatile switching
mechanism of the Pt/TiOx/Pt exponential selector has been
proposed by coupling the local electric field enhancement
effect with the drift-diffusion model of mobile Ti3+ and O2−

ions. Even though the above 1S1R device demonstrated
frequency-dependent synapse weight tuning, the on/off ratio of
the device is still relatively small (∼18). However, this small
on/off ratio can be overcome by choosing an RRAM device
with a high on/off ratio while retaining the STP Pt/TiOx/Pt
exponential selector. This study thus provides an alternative
way to further the TIP capability in hardware-based ANN
based on 1S1R.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c11016.

XRD patterns of Pt(10 nm)/TiOx(20 nm) film and
TiOx(20 nm) film (Figure S1); I−V characterization of
the standalone 1S, 1R, and 1S1R integrated from the 1S
and 1R (Figure S2); current versus cycle of the Pt/
TiOx/Pt selector with different applied pulse voltages
(Figure S3); resistive switching of the Pt/HfOx/Ti
RRAM under single bipolar pulses (Figure S4);
relaxation of conductance of the STP Pt/TiOx/Pt
exponential selector (Figure S5); current of the Pt/
TiOx/Pt exponential selector under 1 and −1 V pulses
(Figure S6); LTP and LTD performances by the Pt/
HfOx/Ti RRAM device (Figure S7); frequency-depend-
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ent multilevel switching performed on the Pt/HfOx/Ti
RRAM alone (Figure S8); and volatile switching
characteristics of the Pt/TiOx/Pt selector devices
without and with Pt BE surface plasma treatment for
three different batches of samples (Figure S9) (PDF)
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