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Abstract: In this work, we emulate biological synaptic properties such as long-term plasticity (LTP)
and short-term plasticity (STP) in an artificial synaptic device with a TiN/TiOp/WO,/Pt structure. The
graded WOy layer with oxygen vacancies is confirmed via X-ray photoelectron spectroscopy (XPS)
analysis. The control TiN/WO,/Pt device shows filamentary switching with abrupt set and gradual
reset processes in DC sweep mode. The TiN/WO,/Pt device is vulnerable to set stuck because of
negative set behavior, as verified by both DC sweep and pulse modes. The TiN/WO,/Pt device has
good retention and can mimic long-term memory (LTM), including potentiation and depression, given
repeated pulses. On the other hand, TiN/TiO,/WO,/Pt devices show non-filamentary type switching
that is suitable for fine conductance modulation. Potentiation and depression are demonstrated in
the TiN/TiO; (2 nm)/WO,/Pt device with moderate conductance decay by application of identical
repeated pulses. Short-term memory (STM) is demonstrated by varying the interval time of pulse
inputs for the TiN/TiO; (6 nm)/WO,/Pt device with a quick decay in conductance.

Keywords: short-term plasticity; in-memory computing; resistive switching; X-ray photoelectron
spectroscopy

1. Introduction

Resistive switching memory (RRAM) has long been studied as a type of high-density storage that
can replace NAND flash in academia and industry [1-6]. Although there have been many advances in
terms of endurance [7], retention [8], and low-power operation [9,10], it has not achieved the good
reproducibility, repeatability, and low variability required by industry. As NAND flash was developed
with a 3D vertical structure, X-point array type RRAM was no longer able to compete at cost per bit [11].
However, RRAM is a strong candidate for storage class memory (SCM) applications, where it can
serve as a buffer to overcome the latency difference between DRAM as working memory and NAND
flash as storage memory [12]. Moreover, the analog switching behavior of RRAM can create multiple
conductance levels, which can be applied to synaptic devices for neuromorphic systems on the hardware
level [13]. The von Neumann structure is a built-in computing model that has a typical three-level
structure consisting of a main memory device, a central processing device, and an input/output
device; it executes commands sequentially, resulting in a data bottleneck. A neuromorphic chip can
process large amounts of data in parallel and in an energy efficient manner. With the development of
artificial intelligence (Al), big data, and machine learning, the field has responded to the necessity for
computation and processing of massive amounts of data efficiently and with low energy usage [14].

Synaptic devices such as RRAM [15-19] and phase change memory (PRAM) [20,21] can reduce the
burden of computation compared to a graphics processing unit (GPU)-based deep learning framework
by employing weight updating by matrix multiplication. Moreover, a two-terminal RRAM device can
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maximize memory density compared to three-terminal devices. Until now, synaptic behaviors like
potentiation, depression, spike-timing dependent plasticity (STDP) [22], and short-term plasticity (STP)
have been emulated in several materials such as metal oxides [23], metal nitrides [24], and organic
materials [25]. STP in a synaptic device is suitable for temporary data processing such as reservoir
computing. Recently, temporal information processing was demonstrated by using a memristor
device [26]. The train cost can be reduced when using reservoir computing compared to the traditional
recurrent neural network.

Non-filamentary type switching is more suitable for fine weight updates compared to filamentary
type switching when implementing synaptic behaviors [27]. Metal oxides such as WO, [28-33],
TiOy [34-36], and TaOy [37,38] show both filamentary and non-filamentary switching depending on
the process conditions, film thickness, combination of electrodes, and switching operation.

In this work, we characterize the synaptic behaviors of TiO,/WOy-based RRAM devices for
neuromorphic systems. First, the deposition of TiO, and the oxygen vacancies in graded WO, film are
confirmed by XPS analysis. Filamentary and non-filamentary characteristics are distinguished through
I-V characteristics in TiN/WO,/Pt and TiN/TiO,/WO,/Pt devices. Set stuck because of negative set
behavior in the single-layer device is verified. STP is enhanced by introduction of a thin TiO, layer
between the top electrode and WOy layer. Moreover, we experimentally demonstrate STP in the
TiN/TiO; (6 nm)/WO,/Pt device with a fast decay in conductance.

2. Materials and Methods

The TiN/WO,/Pt device was fabricated as follows. A 100-nm-thick Pt bottom electrode was
deposited by e-beam evaporation on a SiO,/Si wafer. A 10-nm-thick WO, layer was deposited by pulsed
DC sputtering. The W target was reactive with Ar (8 sccm) and O, (12 scem) at a sputtering pressure of
1 mTorr. Then, 2-nm-thick and 6-nm-thick TiO, films were deposited by atomic layer deposition (ALD,
NCD, Dajeon, South Korea) using precursors of titanium isopropoxide (TTIP) and H,O at a chamber
temperature of 200 °C for bilayer samples. Then, a 100-nm-thick TiN top electrode was deposited
by DC sputtering and patterned by a shadow mask containing circular patterns with a diameter of
100 um. All electrical properties including DC and transient characteristics were measured using a
Keithley 4200-SCS semiconductor parameter analyzer ultrafast module (Keithley, Solon, OH, USA)
and in pulse mode using a 4225-PMU ultrafast module (Keithley, Solon, OH, USA). All measurements
were performed at room temperature and ambient atmospheric pressure. A bias was applied to the
TiN top electrode while the Pt bottom electrode was grounded. XPS depth analysis was conducted
with a Nexsa (ThermoFisher Scientific, Waltham, MA, USA) with a Microfocus monochromatic X-ray
source (Al-Ko (1486.6 eV)), a sputter source (Ar*), an ion energy of 2 kV, and a beam size of 50 pm.

3. Results and Discussion

XPS was used to analyze the chemical compositions of the TiO, (6 nm)/WO, (10 nm)/Pt stack in
the bilayer device. Figure 1a—c show the XPS spectra of Ti 2p, W 4f, and Pt 4f, respectively, at different
depths. For the Ti 2p core level spectra on the surface before etching, the binding energies of two peaks
are centered at 459.2 and 465 eV, corresponding to Ti 2p3/, and Ti 2p;, in Figure 1a [39]. This indicates
that the ALD TiO; layer is close to the appropriate stoichiometry. The peak positions of Ti 2p are shifted
left between 4 and 8 s due to the TIWOy interlayer between TiO, and WO,. Fully oxidized WO3 is
detected by reactive sputtering of the W target at 0 s given the weak-intensity peaks of W 4f7, and W
4fs)p that are located at ~36.05 and ~38.05 eV, respectively, in Figure 1b [40]. The WOj3 layer should be
detected at 0 s considering the scan range of X-ray because the thickness of the TiO, layer is just 6 nm.
Oxygen-deficient WO5_, film is dominant after an etching time of 4 s, when the peaks of W 4f7, and
W 4f5), are located from 31.7 to 32.9 eV and 34 to 35.1 eV, respectively [40]. Two peaks (W 4f7, and W
4f5)) of unoxidized W are seen during the initial deposition process, which are located at ~31.5 and
33.5 eV, respectively. Initially, there are oxygen vacancies in graded WOy film, the presence of which is
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favorable to resistive switching. The Pt bottom electrode is dominantly detected after an etching time
of 12's, when 4f7,, and 4f5), are centered at ~71.3 and ~74.6 eV, respectively, in Figure 1c [41].
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Figure 1. XPS spectra of (a) Ti 2p, (b) W 4f, and (c) Pt 4f in TiO, (6 nm)/WOy (10 nm)/Pt stack.

Figure 2 shows typical DC I-V curves of three TIN/WO,/Pt devices. High current operation is
inevitable during the set (high-resistance state (HRS) to low-resistance state (LRS)) and reset (LRS to
HRS) processes due to initially high current flow. WO-based RRAM devices show both filamentary
and non-filamentary switching depending on device size, film thickness, operating condition, electrode
type, and presence and type of insulating layer [28-33]. Filamentary switching was clearly observed
in high current operation in the Pt/WO,/W device [42]. The set transition with abrupt current jump
occurs under the excessive defect condition. This switching occurs because of the formation and
rupture of a localized conducting filament. The TiN electrode as a reactive metal can form a TION
interfacial layer, which provides better resistive switching when a positive bias is applied on the
TiN electrode [43]. On the other hand, a gradual resistance change is seen in the TiN/TiO,/WO,/Pt
devices without electroforming in Figure 2. This current hysteresis is due to the movement of oxygen
ions/vacancies in the WO, and the TiO, layers. When a negative bias is applied, the oxygen ions
move from two insulating layers toward the Pt bottom electrode, increasing the number of oxygen
vacancies and the conductance. Conversely, when a positive bias is applied, the oxygen vacancies
generated during the set process move toward the TiN top electrode and the conductance decreases.
Here, since the TiO, layer retains some insulating properties, the current can be lowered when the
thickness of the TiO; layer increases from 2 to 6 nm.
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Figure 2. Typical [-V characteristics of three devices (TiIN/WO,/Pt device, TiN/TiO; (2 nm)/WO,/Pt
device, TiN/TiO; (6 nm)/WO,/Pt devices).

Figure 3a shows the DC endurance cycle of the TIN/WO,/Pt device. The read voltage of —0.9 V
is used to distinguish between the two states. The reset stop voltage (Vsrop) is increased from —1.5
to —1.8 V to enlarge the ON/OFF ratio. However, an increase in sweeping voltage (-1.9 V) leads
to reset switching failure, as shown in Figure 3b. The LRS that occurs once the device enters set
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stuck cannot return to HRS, which is one of the main reasons for endurance failure. Set stuck from
negative set behavior occurs due to the parasitic filaments from the electrode [44]. Therefore, the device
should be carefully controlled within a negative set margin during the gradual reset process. On the
other hand, TiN/TiO,/WO,/Pt devices have a higher sweep range, from -3 to 3 V, compared to the
TiN/WO,/Pt device, which has no immunity against set stuck by negative set process, as shown in
Figure 3. However, it is difficult to obtain repeatable and uniform resistive switching properties from
cycle to cycle due to poor retention characteristics.
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Figure 3. (a) DC endurance of the TiN/WO,/Pt device according to reset stop voltage. (b) Reset
switching failure by large voltage sweep.

Moreover, the set and reset and negative set processes are conducted by pulse. The overshoot
current effect is minimized by a triangular waveform that gradually and slowly increases the rising
and falling time of the applied voltage in the main pulse. The increased current is confirmed by a
read voltage of 0.2 V after the peak voltage reaches 2.2 V for the set process in Figure 4a. Similarly,
decreased current is observed after the peak voltage reaches —1.56 V for the reset process in Figure 4b.
On the other hand, the increased current is monitored after the peak voltage reaches —1.72 V for set
stuck from negative set behavior in Figure 4c.
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Figure 4. (a) Set, (b) reset, and (c) set stuck by pulse operation mode.

Figure 5 shows the drift of normalized conductance, defined as the ratio between the conductance
at a given time (G) and conductance at time zero (Gy), as a function of time for the TiN/WO,/Pt
device, TiN/TiO, (2 nm)/WO,/Pt device, and TiN/TiO, (6 nm)/WO,/Pt device. The conductance is
extracted from the current at a read pulse voltage of 0.3 V after the set process. The TiN/WO,/Pt
device, which follows a filamentary model, shows slow conductance decay with only 4% retention loss
for 4000 s. Once formed, large conducting filaments do not change significantly over time. On the
other hand, the TiN/TiO, (2 nm)/WO,/Pt and TiN/TiO; (6 nm)/WOy/Pt devices show much larger
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conductance decays of 30.7% and 67.2%, respectively. The poor retention properties indicate that the
TiN/TiO,/WO,/Pt device follows non-filamentary type switching driven by the movement of oxygen
ions/vacancies. Oxygen vacancies, which are temporarily increased by the electric field, can easily

recombine with oxygen ions in the vicinity, which results in substantial loss of retention. This property
is especially suitable for STP in a neuromorphic system.
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Figure 5. Drift characteristics of normalized conductance decay in the TiN/WO,/Pt device, TiN/TiO,
(2 nm)/WO,/Pt device, and TiN/TiO, (6 nm)/WO,/Pt device.

Figure 6a,b show three consecutive potentiation and depression curves in the TIN/WO,/Pt and
TiN/TiO, (2 nm)/WO,/Pt devices, respectively. For potentiation, incremental increases in voltage (0.82
to 0.88125 V) are used to implement multiple conductance states for TiN/WO,/Pt. Note that a large
conductance could change at any given time, representing the abrupt transition during the set process,
when repeated identical pulses accumulate in a synaptic device. Moreover, highly linear conductance
update is achieved, as shown in Figure 6a. On the other hand, for depression, an identical pulse can
cause progressive conductance update because of the gradual switching that occurs during the reset
process. For the TiN/TiO; (2 nm)/WO,/Pt device with non-filamentary switching, nonlinear conductance
updates are obtained with repeated identical pulse inputs, as shown in Figure 6b. For potentiation and
depression, increasing the number of pulses to 100 after two potentiation/depression cycles of 50 pulses

each can change the dynamic range even more. On the other hand, the TiN/TiO, (6 nm)/WO,/Pt device
is suitable for STP because of its poor retention property.
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identical pulses cause potentiation in the TIN/WO,/Pt device. (b) Identical pulse conditions for the
TiN/TiO; (2 nm)/WO,/Pt device.
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Figure 7 shows the potentiation and depression caused by changes in the interval time of pulse
inputs. Potentiation is obtained when 20 pulses with an amplitude of 8 V, width of 200 us, and interval
time of 100 us are applied to the device. However, the current significantly decreases after an interval
time of 40 ms, indicating that depression occurs.
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Figure 7. Potentiation and depression characteristics caused by controlling pulse interval time in the
TiN/TiO; (6 nm)/WO,/Pt device.

4. Conclusions

We demonstrate synaptic behaviors such as LTP and STP in TiN/WO,/Pt and TiN/TiO,/WO,/Pt
devices. XPS analysis confirms the non-uniform oxygen gradient in the WO, layer. The TiIN/WO,/Pt
device following filamentary type switching should be carefully controlled under DC sweep and pulse
modes during reset switching to avoid set stuck. Insertion of TiO, between the TiN and WOy layers
causes the device to work with non-filamentary type switching with weak data retention. Potentiation
and depression are mimicked by repeated pulses in the TIN/WO,/Pt and TiN/TiO; (2 nm)/WO,/Pt
devices. Finally, STM is demonstrated by simply controlling the interval time between pulse inputs for
the TiN/TiO; (6 nm)/WO,/Pt device with poor retention.
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