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Tungsten oxide (WO, ) has attracted widespread attention as a new type of memory functional material with develop-
ment and application prospects in industry. However, research into the effect of electrodes on the properties.of WOx-based
switching memories remains insufficient. Here, non-crystalline WO,-based switching memories were prepared with four
electrodes (Ti, Al, TiN and W), and all the devices displayed nonvolatile resistive switching (RS) behavior. Notably, the
W/WO,/Pt structure of the memristor still has excellent performance without compliance current, including high retention
characteristics, a wide ON/OFF window, ultra-low set/reset voltages and a fast response time. In addition, a physical model
is given to further explain the electrode modulation of oxygen vacancy conducting filaments. This study provides a strategy
for optimizing the electrodes to tune the carrier transport mechanism and RS behavior of WO,-based devices, which offers
ideas for realizing highly stable self-compliance in current digital storage.
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1. Introduction

Recently, the demand for information storage has ex-
ploded with the vigorous development of artificial, intelli-
gence and the Internet of Things.!'~”) While NAND. flash
has achieved an excellent theoretical cell size of 4F2, its
further scaling faces critical physical challenges. These in-
clude severe cell-to-cell interference and the degradation of
charge retention at scaled dimensions, which hinder both
storage density and reliability.[®°! Consequently, alterna-
tive memory technologies' are urgently needed to meet fu-

101 Emerging non-volatile memo-

ture storage requirements.
ries have begun. to be studied and some progress has been
made in addressing the difficulty of shrinking the phys-
ical size of. traditional charge storage devices, including

11,12

ferroelectric random access memory (FeRAM),!!!:12] mag-

13,141 phase change

netic random access memory (MRAM), !
memory (PCM)!!>19] and resistive random access memory
(RRAM).!!7-°1 Among these, RRAM is considered to be a
particularly promising candidate. This is not because its at-
tributes are entirely unique but because it offers a compelling
and balanced combination of a simple two-terminal struc-
ture, excellent scalability, low power consumption and su-
perior complementary metal-oxide—semiconductor (CMOS)
compatibility.[?”) This combination positions RRAM favor-
ably for next-generation high-density memory and neuromor-

phic computing applications. [21=4]
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The stability, multi-level storage characteristics and fast
response characteristics of memory devices mainly depend
on the stacking of materials, thus the selection of materi-
als for the switching layer is particularly significant. There
is a wide choice of materials for switching layers, and al-
most all insulator and semiconductor materials can be used

for memories, [25:20

| Therefore, some materials with potential
resistive switching properties are highly valued, such as bi-
nary metal oxides, complex metal oxides, inorganic and or-
ganic compounds and other new thin film materials.>’->"! Bi-
nary metal oxides (WO,, VO,, TaO,, TiO,, HfO,, etc.) are
favored by industry due to the advantages of ease of prepa-
ration, controllable composition, stable performance and low
cost.39341 While tungsten oxide (WO,) is a well-established
material in this field, it continues to be the subject of extensive
investigation. This enduring interest is driven by its attractive
properties, such as high thermal stability, a relatively narrow
band gap (2.4-3.2 eV) and highly tunable resistive switching

[35-37) Moreover, there are a large number of

characteristics.
oxygen vacancy defects in amorphous WO,, which has great
potential for application in resistive switching devices based
on oxygen vacancy migration. 38!

One characteristic that exists with RRAMs is that the
compliance current is typically applied during formation to
avoid hard breakdown. The absence of a compliance current

may cause the device to be irreversibly damaged and remain in
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a low resistance state (LRS) forever.!’*~#!] Nevertheless, pre-
vious studies have revealed that specific device architectures or
intrinsic physical mechanisms are capable of inherently limit-
ing the current, thereby eliminating the need for external com-
pliance circuitry, which is called the self-compliance prop-
erty. Therefore, investigations of self-compliance devices will
broaden the applications of RRAM. [*?l Furthermore, it is well
understood that the selection of electrodes has a significant im-
pact on the performance of memory devices.*3! The choice
of top electrode (TE) can seriously affect the competition and
trapping of oxygen vacancies that occur at the interface with
the switching layer, which is critical for the formation and
rupture of conducting filaments (CFs). Therefore, it is cru-
cial to investigate the interface effects between the TE and the
switching layer to enhance memory performance and achieve
self-compliance by understanding the regulation of oxygen va-
cancies through different electrodes.

In this work, metal and ceramic materials with different
work functions are selected as the TE to construct the mem-
ory, while stable Pt and amorphous WO, films are used as
the bottom electrode (BE) and switching layer, respectively.
Experimental results show that all devices exhibit significant
bipolar RS behavior, and importantly, modulation of oxygen
vacancy migration enables self-compliance effects. Moreover,
the W/WO,/Pt devices have superior switching performance,
including ultra-low set/reset voltages and high retention char-
acteristics.

2. Experimental details

In this work, Si was selected as the substrate to construct
the device. It was cleaned with acetone, alcohol and deionized
water for 10 min in sequence.. Then, a Pt metal layer with a
thickness of about 100 nm was deposited on the Si substrate
as the BE by using the DC magnetron sputtering method. The
WO, layer was deposited on the Pt/Si substrate by radio fre-
quency-magnetron sputtering. Tungsten metal with a thick-
ness of 5 mm, a radius of 30 mm and a purity of 99.95%
was selected as the sputtering target. The degree of vacuum
in the target chamber was initially lower than 8 x 10~ Pa, the
ignition pressure was set to 5 Pa, and the working pressure
during sputtering was maintained at 2 Pa with 100 W sputter-
ing power. The flow rates of Ar and O, were 30 sccm and
10 sccm, respectively, and the deposition time was 10 min un-
der 250 °C. Finally, with a mask diameter of 30 um, Ti, Al,
TiN and W were deposited on the WO, film as the TE to cre-
ate memory devices (Ti/WO,/Pt, Al/WO,/Pt, TIN/WO,/Pt and
W/WO,/Pt).

The current—voltage (/I-V') characteristics of the devices
were measured at room temperature using an Agilent B1S00A
semiconductor parameter analyzer. To conduct the measure-
ment, a DC bias voltage was applied to the TE while the BE

was grounded. Additionally, a positive compliance current
(Icc) was set during the -V measurement to prevent the de-
vice from completely breaking down.

X-ray diffraction (XRD; Bruker D8 Advanced) and x-ray
photoelectron spectroscopy (XPS; ESCALAB 250Xi) were
utilized to analyze the crystal structure, crystallinity, and
chemical bond distribution of the WO, films. The surface and
cross-sectional morphology of the device were assessed us-
ing a scanning electron microscope (SEM; FEI Quanta 200 F)
to verify the density and thickness of the prepared switching
layer.

3. Results and discussion

The TE/WO,/Pt device structure is illustrated in Fig. 1(a).
To determine the crystalline phase of the WO, films, XRD was
performed at room temperature, as shown in Fig. 1(b). The
absence of distinct diffraction peaks indicates that the WO,
films are amorphous. To further explore the microscopic mor-
phology of the switching layer, the surface and cross-section
of the WO, film were characterized by SEM measurements,
as depicted in Figs. 1(c) and 1(d). The surface of the film is
relatively dense and homogeneous without any apparent pin-
holes. The cross-sectional thickness is uniform, with a switch-
ing layer thickness of 27.9 nm. Furthermore, the film was de-
termined to be WO, through energy-dispersive x-ray (EDS)
spectroscopic scanning (the EDS spectrum is shown in Fig. S1
in the supplementary material).
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Fig. 1. (a) Schematic illustration of a WOy-based memory device.
(b) Typical XRD pattern of WO, films. (c) Top-view SEM image of
WO, film. (d) Cross-sectional SEM image of WO, film. XPS spectra
of (e) W 4f and (f) O Is in WO, film.
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To determine the elemental composition and chemical va-
lence of the switching layer, the WO, films were analyzed by
XPS, as depicted in Figs. 1(e) and 1(f). The W 4f spectrum dis-
plays two spin—orbit states with binding energies of 38.15 eV
and 36 eV assigned to W 4f5, and W 4f; 5, respectively.
The O spectra show two bands at 531.7 eV and 530.65 eV,
which are attributed to oxygen vacancies and lattice oxygens,
respectively. [*+%] This suggests that the switching layer is still
predominantly composed of WOj3 and contains natural oxygen
vacancies.

The mechanisms and interfacial effects influencing the
RS behavior of WO,-based memories were investigated by
measuring the -V cycling characteristics of devices with var-
ious electrode configurations (Al, Ti, TiN and W)/WO,/Pt, as
shown in Fig. 2. The I-V cycling characteristics of the de-
vices were tested over approximately 200 cycles with an Icc
of 10 mA, and the longitudinal axis was expressed using the

natural logarithm to facilitate clearer observation. The devices
were switched from the high resistance state (HRS) to the LRS
at a positive bias voltage, referred to as the set process. Subse-
quently, the devices were switched from the LRS to the HRS
at an appropriate negative bias voltage. All devices exhibit
the typical bipolar RS behavior between the LRS and HRS.
By comparison, it can be seen that as the work function of
the top electrode material increases, the ON/OFF ratio of the
TE/WO,/Pt device also increases. Notably, the W/WO,/Pt de-
vice demonstrates self-compliance behavior, making it valu-
able for practical applications. The iself-compliance behavior
supports the unique switching mechanism of WO,, which can
be attributed to the thermodynamics of oxygen vacancy mi-
gration and local stoichiometric variation, resulting in weak
and self-compliant CFs. Such an intrinsic mechanism sup-
presses overcurrent-induced breakdown, thereby improving
endurance and operational robustness.
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Fig. 2. Typical resistive switching /-V characteristics of TE/WO,/Pt memristors with different top electrodes: (a) Al, (b)Ti, (c) TiN, (d) W.

The RS characteristics of the W/WO,/Pt memristor are
depicted in Fig. 3(a). Various Icc values (0.1 mA, 1 mA,
S mA and 10 mA) were applied during the set process to eval-
uate the /-V characteristics and investigate the device’s multi-
value storage capability. Because no oxide layer is formed at
the W/WO, interface, the resistance values of the HRS and
LRS remain unaffected by the change of Icc. In addition, the
set voltage of the W/WO,/Pt device gradually decreases with
increasing Icc, which is characteristic of the filamentary RS

48] However, when Ti and Al are used as the TE,

behavior.
an oxygen storage layer is formed at the TE/WO, interfaces,
increasing the number of oxygen vacancies. This makes the

HRS decrease when Icc is increased, which gives it the ability

to store multiple values, as indicated in Fig. S2. Unlike many
oxide-based memristors that exhibit analog or multilevel resis-
tive switching, enabling gradual conductance modulation for
synaptic weight tuning, the present WO,-based device shows
a distinct digital switching behavior even under different com-
pliance current conditions (Fig. 3(a)). This feature originates
from both the intrinsic material properties of WO, and the sim-
plicity of the device configuration.

Further, the distributions of set voltage (Vi) and reset
voltage (Vieset) Were obtained to examine the operational uni-
formity, as shown in Fig. 3(b). Remarkably, after more than
200 cycles of Vi and Vieser Operations, the average values
for the W/WO,/Pt devices are 0.335 V and —1.051 V, respec-
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tively, exhibiting the more concentrated Vieser and lower V.
The device exhibits relatively small and concentrated switch-
ing voltages, which is favorable for data storage applications.
Moreover, a remarkably low power consumption (~ 3 W) is
achieved, as evidenced by the low set/reset voltages and the
current levels in both resistance states. As depicted in Fig. S3,
the TE/WO; interface provides additional oxygen ions, which
bind with the oxygen vacancies during the reset process. When
TEs such as Al, Ti and TiN are employed, the instability of the
RS behavior is caused by the occurrence of variations in the
concentration of oxygen vacancies, so different configurations
of TE lead to apparent alterations in the threshold voltage dis-
tribution. Moreover, Fig. 3(c) displays the forming voltage
statistics for different devices. The forming voltage is still in-
fluenced by the material selected for the TE. The device with
Ti exhibits the lowest forming voltage, while the device with
W demonstrates the highest forming voltage. According to
current theoretical calculations, the higher the vacancy forma-
tion energy of the electrode, the higher the voltage needed to
form CFs.[*”l When electrode materials with a lower vacancy
formation energy (e.g., Al, Ti) form vacancy CFs, the oxygen
vacancies are more uniformly distributed, and thus the forming
voltage is lower and the distribution is more concentrated. For
electrodes with high vacancy formation energies (e.g.,- TiN,
W), the increase in the electric field leads to an increase in the
internal temperature of the switching layer and the CFs will
expand transversely. As a result, these devices exhibit a larger
formation voltage and a less centralized distribution.

Figure 3(d) illustrates that the devices were tested be-
tween the HRS and LRS through approximately 200 transi-
tions at a reading voltage of 0.05 V and an Icc of 10 mA. The
W/WO,/Pt device exhibits not only a relatively stable but also
a switching ratio that is two orders of magnitude higher than
that of other devices. As shown in Fig. S4, when Al and Ti are
the TE, the ‘devices show apparent instability. However, the
TiN/WO,/Pt device shows good endurance performance, with
small fluctuations in the HRS and LRS over 200 cycles and,
overall, no noticeable evolution in the generals. Figure 3(e)
presents the data retention characteristics of the W/WO,/Pt de-
vice, tested over 10* s at a reading voltage of 0.05 V. The result
demonstrates that the device has higher stability and a larger
storage window. The features of other devices are depicted in
Fig. S5. The HRS of the A/WO,/Pt and TiN/WO,/Pt devices
experiences a slight fluctuation around 10* s but maintains an
overall stable performance, while the Ti/WO,/Pt device shows
instability. It can be hypothesized that this instability is due
to the more unstable TiO, oxygen storage layer formed at the
interface.

To further explore the read and erase capability of WO, -
based memory under transient conditions, the performance of
the device was tested under fast pulses, as shown in Fig. 3(f)

and Fig. S6, with a read voltage of 0.05 V and a pulse inter-
val of 2 ms. Using the W/WO,/Pt device as an example, the
set/reset response times are ~ 70 ps, demonstrating utility in
the field of data storage. It should be noted, however, that
this value represents the measurement limit of our laboratory
equipment. As evident from Fig. 3(f), the current response
(red line) occurs within an extremely short duration after the
pulse voltage (black line) is applied, and the response speed is
significantly faster than those of the other three devices. In ad-
dition, the continuous cycle pulse behavior of the device was
also tested with a reading of 0.05 V and a pulse interval of
20 ms (see Fig. S7 in the supplementary material). The results
demonstrate the robustness as well as the reliability of the de-
vices under continuous pulses.
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Fig. 3. I-V characteristics of W/WO,/Pt memristors. (a) /-V character-
istics under different Icc values. (b) Statistical distribution of Vet /Vreset-
(c) Forming voltage statistics. (d) Endurance performance at a reading
voltage of 0.05 V. (e) Data retention characteristics at a reading voltage
of 0.05 V. (f) Response speed measured for set/reset processes.

The investigation of the carrier transport mechanism of
the device is a central basis for understanding and designing
various memory devices. Here, we analyzed the double-log
fitting analysis of the I-V curves. The results of the fitting
in the positive scan region of the AI/WO,/Pt device and the
Ti/WO,/Pt device are shown in Figs. 4(a) and 4(b). The fitting
results for the HRS region can be divided into two parts: the
low-voltage and high-voltage regions. The low-voltage region
exhibits ohmic conduction behavior, while further detailed fit-
ting was performed for the high-voltage region, specifically,
where the current / is linearly related to the square of the volt-
age V2. The results illustrate that both sets of devices are
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consistent with the theory of space-charge-limited conduction
associated with traps.[*8] Unlike the active metals discussed
above, TiN and W exhibit distinct behaviors, with the corre-
sponding -V curves depicted in Figs. 4(c) and 4(d). When
the devices are in the HRS, the fitting results are still divided
into low- and high-voltage regions, and the low-voltage region
still obeys the ohmic conduction theorem. However, in the
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high-voltage region, In(//V) is linearly related to V'/2, un-
like in the above, which is consistent with the Poole—Frenkel
mechanism. 4°~°1 Furthermore, the LRS region of all devices
exhibits a linear fit with a slope of approximately 1. The con-

duction mechanisms of the devices are all indicative of ohmic

conduction, which is attributed to the formation of CFs.[>!]
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Fig. 4. Double-log fitting results for /-V curves in the positive sweep region of (a) Al/WO,/Pt device, (b) Ti/WO,/Pt device, (c) TIN/WO,/Pt device
and (d) W/WO,/Pt device. Insets: fitted conductive mechanism of devices in a high electric field under the positive sweep region for the HRS.
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Fig. 5. Schematic diagrams of RS models for TE/WO,/Pt memories:
(a) A/WO,/Pt device, (b) Ti/WO,/Pt device, (c) TiN/WO,/Pt device,
(d) W/WO,/Pt device.

To further explain in detail the effect of the TE on the per-
formance of WO,-based memories, a simulation of the carrier
transport inside the device is given in Fig. 5. The modulation
of oxygen vacancies by the TE is consistent with a filamentary

conduction mechanism, widely reported in inorganic oxide-
based systems, and is evidenced by the characteristic inverse
dependence of Vi on Icc. When Al is the TE, the oxygen
vacancies move toward the negative electrode and gradually
accumulate, thereby forming oxygen-vacancy CFs connecting
the TE and BE, enabling switching to the LRS during the set
process. Meanwhile, oxygen ions move toward the TE, and
AlO, is formed as the oxygen storage layer at the TE and
WO,. During the reset process, the oxygen ions move to-
ward the BE to combine with the oxygen vacancies, which
results in the rupture of CFs, and the device undergoes resis-
tive state switching at this point. One thing to note is that the
presence of an oxygen storage layer allows additional oxygen
ions to encourage the rupture of CFs during the reset process.
Moreover, the oxygen storage layer is equivalent to the series
connection of the AlO, layer, so the value of the LRS resis-
tance increases. The set and reset processes for Ti electrodes
are similar to those for AI/WO,/Pt devices. Compared with
AlQ, the stability of the TiO, is worse than that of the AlOy,
which further affects data retention. Nevertheless, an amor-
phous TiON layer is formed during the preparation of TiN.

In the set process, the presence of additional oxygen ions in
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the TiON layer restricts the movement of oxygen ions in the
WO, layer; consequently, a larger Vi is required to switch
the resistive state. Conversely, the TION oxygen storage layer
makes the desired Vieger value small during the reset process.
Finally, since W is an inert electrode, the migration of ions
inside the switching layer during set and reset is irrelevant to
the TE. Accordingly, the forming and rupture of the CFs of
the W/WO,/Pt device are more radical, and the pulse response
time and storage window are faster and larger, respectively.

4. Conclusions

In summary, we carried out an optimization strategy to
obtain stable high-performance TiO,-based digital resistive
memories by modulating the oxygen vacancies through mod-
ification of the electrodes (Al, Ti, TiN, and W). The results
demonstrate that the W/WO,/Pt device has a high storage win-
dow and a fast response time, indicating that the device has
excellent self-compliance current data storage capability. The
effect of electrodes on the performance of the RRAM device
and the intrinsic mechanism were further investigated, reveal-
ing that the modulation of oxygen vacancies significantly af-
fects the formation and rupture of CFs. This work presents a
significantly simplified approach for WO,-based RRAM: Un-
like many systems that rely on complex doping; interface engi-
neering, or heterostructures, we achieve stable digital switch-
ing merely by altering the top electrode material. This method
effectively modulates oxygen vacancy distribution and con-
ducting filament formation, offering excellent CMOS compat-
ibility, superior device-to-device uniformity, and enhanced cy-
cling stability. The experimental research provides valuable
insights into the potential of WO,-based resistive memories
for practical data sterage applications.

Supplementary material

See the supplementary material for the EDS spectra of the
WO, layer and additional details on other devices (Al/WO,/Pt,
Ti/WO,/Pt and TiN/WO,/Pt), including the /-V characteris-
tics, the set/reset voltage distribution, the retention time, the
fast pulse response, the /-V cycling characteristics and the
pulse cycling characteristics.
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