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Asymmetric resistive switching processes were observed in W:AlO,/WO, bilayer RRAM devices. During pulse
programming measurements, the RESET speed is in the range of hundreds of microseconds under —1.1 V bias, while the
SET speed is in the range of tens of nanoseconds under 1.2 V bias. Electrical measurements with different pulse conditions
and different temperatures were carried out to understand these significant differences in switching time. A redox reaction
model in the W:AlO,/WOy, device structure is proposed to explain this switching time difference.
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1. Introduction

Resistive switching random access memory (RRAM) has
become a hot topic in the memory research field since it
is one of the most promising technologies for next gener-
ation non-volatile memories.!!?! Different transitional-metal
oxides (TMOs) have been experimentally tested as the resis-
tive switching layer, such as TaO, [1], HfO,,!¥) WO, [+ and
TiO,,!%! etc. In the CMOS process, tungsten (W) is a standard
backend material, which gives WO,-based RRAM devices the
advantage in CMOS process compatibility. )

Formation and rupture of conductive filaments (CFs) due
to oxygen ions migration in the switching layer is widely
accepted as one of the possible causes for resistive switch-
ing in TMO based RRAM devices.[%8! For bipolar resistive
switching, the voltage polarities for SET and RESET are op-
posite. During SET process, oxygen ions escape from the
oxygen-metal bonds and migrate from the resistive switch-
ing layer, which leave oxygen vacancies to form the con-
ductive filaments. In the RESET process, under the electri-
cal field and joule heating, oxygen ions migrate to the re-
sistive switching layer and fill the oxygen vacancies, which

[9-12] The oxygen-ion mi-

rupture the conductive filaments.
gration driven by the electric field and temperature effect
are considered as two key factors for the SET and RESET
processes.[!315] In most cases, the speed for SET and RE-
SET operations on the same device is similar.!"1] However,
in our fabricated AI/W:AlO,/WO,/W (W:AlO, means tung-
sten doped AlO, layer) RRAM devices, RESET speed is in
the range of hundreds of microseconds (us) while the SET
speed is in the range of tens of nanoseconds (ns). Therefore,

there is a difference of about 3—4 orders between the SET and
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the RESET speeds. In order to better understand the mecha-
nism responsible for this resistive switching speeds difference,
pulsed programming measurements with varied parameters,
and DC sweep measurements at different temperatures were
carried out. A redox reaction model in the W:AlO,/WO, de-
vice structure was proposed to explain this observed resistive
switching speed difference.

2. Device fabrication

Figure 1(a) shows the schematic view of the
Al/W:AlO,/WO,/W 1TIR device and major fabrication steps.
Those RRAM cells were fabricated in Shanghai Huahong
NEC (SHNEC) Co. using a 0.18-pm CMOS process. Firstly,
after W-plug via a step in the standard CMOS process flow,
a rapid thermal oxidation process was carried out at 450 °C
to form a WO, layer at all W-plug locations. Secondly, a dry
etching step was used to remove the WO, layer in via regions
where no RRAM cells were designed. Lastly, a 300-nm-thick
Al layer was deposited as the top electrode (TE) followed by
a rapid thermal annealing (RTA) step at 400 °C under N, am-
bient. This last RTA step is critical to form the W:AlO, layer
due to the inter-diffusion between WO, and Al TE (top elec-
trode). Based on x-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES) analysis,!!7!8] a certain
amount of W could be found in this AlO, layer. A tungsten-
doped AlO, layer (W:AlO,) is used to annotate this layer.
Figure 1(b) shows the cross-sectional transmission electron
microscope (TEM) images of the fabricated W:AlO,/WO,
bilayer RRAM device with a IT1R structure. In the ITIR de-
vice, the transistor has a channel length of 0.18 pm and width
of I um.
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Fig. 1. (color online) (a) Schematic of the W:AlO,/WO, bilayer RRAM device with 1TIR structure and major fabrication steps; (b)

cross-sectional TEM images of the 1T1R structure.

3. Measurement and discussion

During electrical measurements, positive voltages were
applied on the TE while the bottom electrode (BE) was kept as
the ground. A Keithley 4200 analyzer was used for pulse mea-
surements and an Agilent BIS00A semiconductor parameter
analyzer equipped with an ERS SP72 temperature controller
was used for DC sweep measurements.
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Fig. 2. (color online) (a) DC sweep I-V curves of the fabricated

W:AlO,/WO, bilayer RRAM device; (b) pulsed programming mea-
sured resistive switching cycles of the fabricated RRAM devices.

Figure 2(a) shows the DC sweep measurement results
where SET and RESET voltages are almost the same. It is
hard to tell obvious difference between SET and RESET pro-

cess based on DC sweep results. In real applications, RRAM
is programmed with pulsing bias, and to achieve stable switch-
ing, pulse conditions for SET and RESET turned out to be very
different. There are more than 3 orders of difference between
SET and RESET times. This significant difference cannot be
revealed by DC sweep measurements. This large difference in
programming time also indicates the switching process differ-
ences behind the SET and RESET operations.

In order to find out the possible physical mechanisms
causing this asymmetric in SET and RESET speed, in our
measurement pulse electrical tests were varied from amplitude
to width and DC sweep electrical tests were performed under
different temperatures. During those measurements, only one
parameter of test conditions was varied at a time (i.e., other
parameters were kept unchanged). The typical pulse measure-
ment conditions are 1.2 V, 80 ns for SET and —1.1 V, 200 ps
for the RESET operations.

Figure 3(a) shows the test results of varying SET pulse
width from 60 ns to 500 ns while other conditions are kept the
same. In this case, no obvious changes on the LRS and HRS
values were observed. These measurement results suggest the
longer time has less impact on the LRS value during the SET
operation. Figure 3(b) shows the test results of varying RE-
SET pulse width from 5 ps to 400 ps. At the beginning, the
RESET pulse width increases from 250 ps to 300 ps, and the
HRS values increase from about 5 kQ to 7 kQ with longer
pulse. Next, the RESET pulse decreases from 300 ps to 5 ps
and the HRS values follow the RESET pulse width trend and
decrease from 7 kQ to 2.5 kQ. At the end, the RESET pulse is
set back to 400 ps and the HRS values increase to the highest
value of the whole tests. The above electrical measurements
are repeatable. Clearly, the HRS value is affected not only
by the RESET amplitude, but also by the RESET pulse width
strongly. This is in contrast to the SET process where the LRS
value is not sensitive to the SET pulse width. Larger pulse
width means longer current passing through the RRAM cells
which should induce more joule heating locally.
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Figure 3(c) shows the measurement results of varying
SET pulse amplitude from 1.1 V to 1.3 V while the SET pulse
width, RESET pulse amplitude, and width are kept the same.
As clearly observed, the low resistance state (LRS) resistance
decrease from 3 kQ to 500 Q with the increase of the SET
pulse amplitude. This indicates a larger electrical field dur-
ing the SET operation would induce thicker CFs, which cause
low LRS. The high resistance state (HRS) values, in the above
measurements, decrease from 20 kQ to 10 kQ2. When the RE-
SET pulse amplitude decreases from 1.2 V to 1.0 V, the HRS
values decrease from 30 kQ to 10 kQ, as shown in Fig. 3(d).
The LRS also decreases from about 3 kQ to 1 kQ, although
the SET conditions were kept the same.

Changing SET pulse amplitudes, the HRS and LRS re-
sistance were varied with the pulse amplitudes, as shown in
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Fig. 3(c). By changing the RESET pulse amplitudes, the HRS
and LRS resistances are also varied, as shown in Fig. 3(d).
These two electrical comparison tests suggest that the elec-
trical field strength is an important factor for both SET and
RESET processes. A significant difference based on our ex-
periments is that the RESET operation needs much more time
in comparison to the SET process although similar operational
voltages are applied. Summarizing the above electrical tests
with different pulse conditions, we could conclude that the
electrical field plays an important role in both SET and RE-
SET operations; and the pulse width in association with joule
heating is a significant driving factor for the RESET process,

but not for the SET process.
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Fig. 3. (color online) Pulse measurements on W:AlO,/WO, RRAM cells with (a) different SET pulse widths, (b) different RESET
pulse widths, (c) different SET pulse amplitudes, and (d) different RESET amplitudes.

To further understand the roles of thermal effects in the
resistive switching processes, joule heating generated by ex-
ternal electrical stimuli in Fig. 3 were calculated. To simplify
calculations, the following equations are adopted:

2

V
for the RESET process, Or = R—RzR, )
L
Vs
for the SET process, Qs = R—ts. 2)
H

Here, Or and Qs represent the joule heating generated dur-
ing RESET and SET process, respectively, Vg and Vs are the
RESET voltage and the SET voltage, Ry, and Ry are the LRS
resistance and the HRS resistance, fr and fs are the RESET
pulse width and the SET pulse width.

The calculated joule heating values are listed in Table 1.
From Table 1, for stable resistive switching, joule heating gen-
erated in the RESET process is 4-5 orders higher than that
generated in the SET process. These simple calculations also
support that thermal effect has more influence on the RESET
process than on the SET process.

In order to further understand the thermal effect on
the SET and RESET processes, temperature-dependent DC
sweep measurements were performed on the fabricated
W:AlO,/WO, RRAM cells. Figure 4(a) shows the typical DC
I-V curves of an RRAM device under different temperatures.
Figures 4(b) and 4(c) show the details of the SET/RESET
switching part. This RRAM cell was operated under the tem-
peratures from 253 K to 403 K. As the temperature increases,
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the SET voltage shows random variation in the range of 0.70—
0.85 V. However, the RESET voltage shows consistent de-
crease from 0.90 V to 0.65 V. Here, the SET/RESET voltages

are defined as the sweep voltage when the cell resistance starts
to change. We conclude that high ambient temperature is help-
ful for the RESET operation.

Table 1. Calculated joule heating in RRAM cell due to external electrical stimuli.

External electrical stimuli changes Joule heat values RRAM resistance
SET process RESET process HRS LRS
L1V 4.84x10712 1 8.06x1078 J 20 kQ 3kQ
SET pulse amplitude 1.2v 7.68x10712 7 1.61x1077J 15kQ 1.5 kQ
13V 1.35x10711 1 4.84x10777J 10 kQ 500Q
60 ns 8.64x10712 1
SET pulse width 300 ns 432x10711 ] 1.21x1077J 10 kQ 2kQ
500 ns 7.2%x1071 T
12V 3.84x10712 1 9.6x1078 1 30 kQ 3kQ
RESET pulse amplitude 1.1V 7.68x10712 7 1.21x1077J 15kQ 2kQ
10V 1.15x107 1 1 2.00x1077J 10 kQ 1kQ
300 s 1.65x107 117 1.82x1077J 7kQ 2kQ
RESET pulse width 30 us 2.30x10711J 1.82x10°8J 5kQ 2kQ
5 us 461x10711 7 3.36x107°7 2.5kQ 1.8 kQ
This further supports that the RESET process requires 10-3L @) Tincreases

more joule heating to start the switching process. The reason is
probably due to the fact that higher device temperature makes
it easier for oxygen ions to escape from the chemical bond
and migrate back to fill the oxygen vacancies and to rupture
the conductive filament. Recent studies on the TaO, RRAM
system also showed that the RESET voltages decrease with
increasing device temperature.[!”]

A redox reaction model is proposed to explain the phe-
nomenon that joule heating plays an important role in the RE-
SET operation. In the AI/W:AlO,/WO,/W RRAM cell, some
oxygen ions form W-O bonds and some form AI-O bonds in
the W:AlO, layer. During the SET operation, a positive volt-
age is applied on the TE of the cell, oxygen ions will break
from original chemical bonds and migrate to TE under the
electrical field. Oxygen vacancies could form CFs in the re-

sistive switching layer and switch the RRAM cell to LRS.

The Gibbs free energy of forming WO3 is —764.1 kJ/mol
in comparison to —1582.3 kJ/mol for Al,O3. The Gibbs free
energy indicates how easy the redox reaction happens.?’! In
this case, the value of Gibbs free energy tells how easy the
metal could be oxidized. More negative Gibbs free energy
means the oxidation process is more preferred. It is expected
that most of the oxygen ions are from W-O bonds broken
during the forming and SET operations since Al-O bonds are
stronger than W—O bonds. Oxygen ions from W—O bonds mi-
grated to Al TE and leave oxygen vacancies formed CFs. This
completes the resistive switching from HRS to LRS, as shown
in Fig. 5(a). Those oxygen ions migrate to Al TE and would
partially oxidize the Al and form Al-O bonds. Based on the
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erated at different ambient temperatures. (a) DC I-V sweep under dif-

ferent temperatures; (b) zoom in graph of the RESET switching region;
(c) zoom in graph of the SET switching region.
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experimental data, the electrical field under the SET condition
is strong enough to make this process happen.

RESET
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Fig. 5. (color online) (a) During the SET process, oxygen ions migrate
to Al TE and partially oxidize the Al TE. (b) During the RESET oper-
ation, under both electrical field and thermal process, the oxygen ions
broken from Al-O bonds or locally thermal generated in the switching
layer could rupture the CFs.

The RESET process needs to force the oxygen ions to
migrate to the W:AlO, resistive switching layer and recom-
bine with the oxygen vacancies. This would rupture the CFs
and take the cell back to HRS, as shown in Fig. 5(b). In the
RESET process, the oxygen ions could come from breaking
Al-O bonds in the TE layer, or generation from the surround-
ing area due to joule heating. To break Al-O bonds, as Gibbs
free energy data has shown, much more energy is required in
comparison to breaking W—O bonds during SET operation.
Where can we get that high energy? A longer pulse width
would generate lots of joule heating locally, and a higher local
temperature will significantly reduce the barrier of breaking
Al-O bonds. This means a longer pulse width is favorable
for the RESET process. The second path, to generate oxy-
gen ions from the surrounding area by joule heating, a signif-
icant amount of joule heating is also needed to bring the local
temperature high enough for the thermal generation process to
happen. A longer pulse width is also needed to heat up locally
and raise the local temperature. A higher ambient tempera-
ture is also favorable for Al-O bonds broken and requires less
RESET voltages.

The asymmetric redox reaction is the cause of the large
difference between SET and RESET times. During the SET
operation, weak W—O bonds in the W:AlO, layer could be
broken under the SET electrical field. In contrast, for the RE-
SET operation, a longer pulse is necessary to generate enough

joule heating to raise the local temperature which is favorable
for Al-O bonds broken or thermal generation of oxygen ions
locally.

4. Conclusions

Large difference between the SET and REST pulse width
was observed in AI/W:AlO,/WO,/W bilayer RRAM devices.
The RESET pulse width is 34 orders longer than the SET
case. Various pulse measurements and DC sweeping under
different temperatures were carried out to further understand
the cause of this phenomenon. An asymmetric redox reaction
is believed to be the reason. During the SET operation, weak
W-0 bonds in the W:AlO, switching layer could be broken
under an electrical field. In the RESET process, a longer pulse
time is needed to raise up the local temperature which is fa-
vorable for breaking Al-O bonds in TE or generating oxygen
ions through the thermal generation process.
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