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The resistance switching characteristics of the La0.7Ca0.3MnO3-based devices with the top electrodes
of Ag, Ag–Al alloys with the atomic ratios of Ag: Al= 2 : 1 共2AgAl兲 and Ag: Al= 1 : 2 共Ag2Al兲, and
Al have been investigated. The device with 2AgAl top electrode shows excellent endurance, where
more than 1000 cycles of reproducible current-voltage hysteresis with stable high and low resistance
states have been observed. Based on Auger electron spectroscopy measurement and the detailed
investigation of current-voltage curves of these devices, it is suggested that the oxygen affinity of
the metal electrode, which is determined by the chemical component of Ag and Al, has an important
influence on the interface structure and the resistance switching endurance. The present work
provides a possible way for the improvement of the resistance switching endurance by modulating
oxygen affinity of the electrode. © 2010 American Institute of Physics. 关doi:10.1063/1.3309473兴
I. INTRODUCTION

The electric-pulse-induced resistance switching phenomenon in recent years has been intensively studied for its potential application to resistance random access memory
共RRAM兲, which is a competitive candidate for the next generation nonvolatile memory 共NVM兲.1,2 Comparing with other
NVMs, RRAM is attractive for today’s semiconductor technology due to its simple sandwich structure, high writing/
erasing speed, high storage density, and low power
consumption.3–7 Numerous transition metal oxide materials,
sandwiched between the top electrode 共TE兲 and bottom electrode 共BE兲, have been found to exhibit resistance switching properties, such as Pr0.7Ca0.3MnO3 共PCMO兲,2,3,6,7
La0.7Ca0.3MnO3 共LCMO兲,8 SrTiO3,4,5 NiO,9,10 etc. Various
models have been proposed in the past decade to explain the
resistance switching behaviors, including trap controlled
space-charge-limited conduction,6,8 charge trapping induced
alteration of Schottky-like barrier,11,12 electrochemical migration of oxygen,4,10,13 and oxidation/reduction reaction.9,14–19 Even though the exact microscopic mechanism is
still debated due to the lack of solid experimental evidences,
there forms a general agreement that the resistance switching
process mainly occurs at the TE/oxide interface. The migration of oxygen ions 共vacancies兲 or the resultant redox reaction occurring at the TE/oxide interface has been proposed to
explain the resistance switching behaviors by many
researchers.13–21
Apart from a further elucidation of the resistance switching mechanism, it is also considerably important to improve
the endurance of the resistance switching devices for the potential application of RRAM materials.1,14 It has been rea兲
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ported that the oxygen affinity of the electrode can directly
influence the resistance switching endurance by adjusting the
TE/oxides interface structure.10,20–23 Shen et al. reported that
the resistance switching endurance of barium strontium titanate 共BST兲 films can be effectively improved by using W
instead of Pt as TE. It is suggested that the WOx layer
formed at the W/BST interface effectively blocks oxygen
diffusion into the atmosphere, resulting in the endurance
improvement.14 Endurance enhancement of Cu-oxide based
resistive switching devices has been achieved by using Al as
TE. The observed AlOx layer at the Al/ CuxO interface is
proposed to contribute to the endurance enhancement by
blocking the oxygen diffusion between the CuxO film and
atmosphere.21 Similar phenomena were also observed in
MnO2 and ZrO2 films with Ti electrodes.22,23 For the complex manganite film such as LCMO or PCMO, an oxidization layer of the TE has been observed at the TE/maganite
interface for the active metals such as Al, Ti, and Sm.16–19 In
this instance, the devices usually show high yield but low
speed, high threshold voltage, and inferior endurance. In special, for the endurance, the devices usually break down after
tens of continuous voltage sweeping cycles. In contrast,
when the noble metal such as Pt, Ag, or Cu is chosen as TE,
the TE oxidization layer has not been observed at the TE/
manganite interface, and the device usually shows high
switching speed but low yield and is also fatigable too.2,6,24
Therefore, it is necessary for both the noble and active metal
electrode layered devices to modulate the interface structures
of TE/manganite to improve the resistance switching endurance.
Based on the above investigations, in this paper, we designed and prepared a series of novel Ag–Al alloy electrodes
with different components on the LCMO film to adjust the
interface structure, including pure Ag, 2AgAl with Ag: Al
= 2 : 1, Ag2Al with Ag: Al= 1 : 2, and pure Al. The continuous
voltage sweeping was systematically performed to describe
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The LCMO films of 200 nm thick were deposited on the
Pt/ Ti/ SiO2 / Si substrates by the pulse laser deposition system. It was carried out using a Lambda Physik KrF excimer
laser system 共COMPex201兲 with the wavelength of 248 nm
running with a repetition rate of 5 Hz. The oxygen partial
pressure and substrate temperature during deposition were
maintained at 1.5 Pa and 650 ° C, respectively. The obtained
film is smooth and polycrystalline, as reported elsewhere.15
Pure Ag and Al electrodes were prepared by thermal evaporation and electron beam evaporation, respectively. The
Ag–Al alloy electrodes were obtained by synchronously
evaporating Ag and Al. The Ag/Al ratio can be accurately
adjusted by controlling the evaporating rates of Ag and Al.
Two alloy electrodes of 2AgAl with nominal atomic ratios of
Ag: Al= 2 : 1 and Ag2Al with that of Ag: Al= 1 : 2 have been
prepared. The lift-off process was used to form the contact
pads with diameter of 50 m. All the electrodes are 10 nm
thick and prepared at room temperature. The 50-nm-thick Pt
cover layers were subsequently deposited on the electrodes
by electron beam evaporation. The chemical composition of
the 2AgAl/LCMO interface was examined by the Auger
electron spectroscopy 共AES兲. All the current-voltage 共I-V兲
characteristics and electric-pulse-induced resistance switching behaviors were carried out with the standard two-wire
method at room temperature. A positive bias is defined as the
current flows into the manganite film through TE and out
from BE. Unless specified, the I-V characteristics were measured by voltage sweeping as 0 → +Vmax → 0 → −Vmax → 0
with voltage step of 0.02 V. The sweeping time for each step
was fixed at 0.25 s.
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The continuous I-V curves are usually used to characterize the resistance switching endurance of the devices.14,22,25
Figure 1 shows the typical continuous I-V curves of the TE/
LCMO/Pt devices with various TEs of pure Ag, 2AgAl,
Ag2Al, and pure Al. For the Ag/LCMO/Pt device, as shown
in Fig. 1共a兲, the first 50 cycles show hysteresis indicating the
resistance decreases 共increases兲 by applying positive 共negative兲 bias, which is defined as the negative bipolar resistance
switching 共BRS兲 behaviors.15 However the hysteresis window disappears when the number of the voltage sweeping
cycles increases up to 100. That is to say this device is fatigued after 100 cycles of resistance switching. To clarify the
fatigued phenomenon, the resistances of high resistance state
共HRS兲 and low resistance state 共LRS兲 during the voltage
sweeping process 共read at 0.1 V兲 are shown in the inset of
Fig. 1共a兲. From this inset, we can see that the resistance value
of the device keeps at LRS after about 90 cycles of voltage
sweeping. Ten original devices had been measured and all of
them were fatigued after 100 cycles of voltage sweeping al-
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the resistance switching endurance. It is found that the Ag–
Al/LCMO/Pt device shows excellent reproducible currentvoltage hysteresis and resistance switching properties when
the atomic ratio of Ag:Al is 2:1. Moreover the mechanism of
the endurance improvement is discussed.
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FIG. 1. 共Color online兲 The continuous I-V curves of TE/LCMO/Pt devices
for TE is pure Ag 共a兲, 2AgAl 共b兲, Ag2Al 关共c兲 and 共e兲兴, and pure Al 关共d兲 and
共f兲兴.The lower insets show the resistances of HRS and LRS 共read at 0.1 V兲
during the voltage sweeping process. The upper insets of 共b兲–共d兲 show the
forming processes.

though the resistance evolvements during the voltage sweeping process showed some differences between each other. It
should be mentioned that the adhesion strength between Ag
electrode and LCMO film is relatively low. The Ag electrodes were usually destroyed by the scratching of the measuring probe. The adhesion strength between them can be
improved by heating the LCMO film up to 200 ° C during
the preparation process of Ag electrodes. However, in this
instance, the devices show almost Ohmic behavior and no
hysteresis in the I-V curves, which is consistent with the
previous reports.26–28 However, the adhesive strength of the
electrode can be effectively improved when some Al is
added to Ag electrode to form the Ag–Al alloy electrode.
In contrast to the Ag layered device, the 2AgAl layered
device shows excellent endurance, as shown in Fig. 1共b兲. The
upper inset of Fig. 1共b兲 replots the first I-V curve at the
positive bias region. From this figure, we can see that an
obvious negative differential resistance 共NDR兲 effect appears
at about 1.6 V. Then, a soft breakdown occurs when the
sweeping voltage increases up to about 1.9 V. A current compliance of 100 mA is applied to protect the sample. This
process is defined as the forming process because the stable
and reproducible I-V curves can only be obtained after this
process. After the forming process, the current abruptly increases at about 1.0 V, resulting in LRS. In the negative bias
region, when the voltage reaches about ⫺1.2 V, a NDR effect
occurs, resulting in HRS. It can be seen that the 2AgAl lay-
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FIG. 2. 共Color online兲 Resistance switching behavior of the 2AgAl/
LCMO/Pt device induced by applying electric pulses of 4.5/ −5.0 V with
pulse duration of 5 s.

FIG. 3. 共Color online兲 The AES depth profile of the original 2AgAl/LCMO
interface structure.

ered device shows the same switching polarity as the Ag
layered device. However, the 2AgAl layered device shows
much better endurance than the Ag layered device. As shown
in Fig. 1共b兲, the I-V cure of the 100th cycle still shows big
hysteresis comparing with that of the 2nd cycle, although a
shrink happens in the positive bias. No more shrink has been
observed in the following I-V cures. Moreover the I-V curve
of the 1000th cycle is almost the same as that of the 100th
cycle. The lower inset of Fig. 1共b兲 shows the resistances of
HRS and LRS 共read at 0.1 V兲 during the voltage sweeping
process. From this inset, we can see that the resistance values
of HRS and LRS are very stable except a little fluctuation
occurs in the first 100 cycles, which indicates the endurance
improvement of the devices by alloying Al into the pure Ag
electrode.
The other two kinds of devices with electrodes of Ag2Al
and pure Al have also been studied to investigate the influence of the Ag–Al alloy component on the resistance behaviors, as shown in Figs. 1共c兲 and 1共d兲, respectively. The similar forming processes have been applied, as shown in the
upper insets of Figs. 1共c兲 and 1共d兲. After the forming processes, both devices also show the negative BRS with inferior endurance. The resistance values of HRS and LRS 共read
at 0.1 V兲 during the voltage sweeping process replotted in
the lower insets of Figs. 1共c兲 and 1共d兲 clearly show the instability and fatigue of the resistance switching behavior. It
should be noted that the pure Al layered device naturally
shows the positive BRS without the forming process, in
which the resistance increases 共decrease兲 by applying positive 共negative兲 bias, as shown in Fig. 1共f兲. The polarity reversal can be ascribed to the structure changes occurring at
the Al/LCMO interface during the forming process.29 As
shown in Fig. 1共e兲, the Ag2Al layered device also shows
positive BRS without the forming process, which is similar
to the pure Al layered device. From Figs. 1共e兲 and 1共f兲, we
can see that the positive BRS behaviors are also fatigable in
both the pure Al and Ag2Al layered devices. Based on the
above results, it can be seen that the component of TEs has
an important influence on the resistance switching properties,
and the 2AgAl layered device shows the excellent endurance.
The electric-pulse-induced resistance switching behavior
of the 2AgAl/LCMO/Pt device has been performed to test
the endurance. As shown in Fig. 2, an endurance of over 2

⫻ 104 cycles with the resistance switching ratio 关共RHRS
− RLRS兲 / RLRS, RHRS, and RLRS indicate the resistance values
of HRS and LRS, respectively兴 larger than 100% was obtained. The applied pulse voltages were 4.5 and ⫺5 V with
pulse duration of 5 s for the resistance decrease and increase, respectively. The fatigued phenomenon only happens
in the first 104 cycles, after which the resistances of HRS and
LRS become stable and show an excellent endurance. It is
expected that the stability of the resistance switching would
be further improved by adjusting the conditions of the applied pulses. Besides the endurance improvement, the adhesive strength of the electrodes and the yield of the devices
have also been improved by using Ag–Al alloy electrodes,
which means that the alloy electrode has promising potential
application in RRAM devices.26
In order to investigate the mechanism of the endurance
improvement, the original structure of the 2AgAl/LCMO interface has been examined by AES depth profile analysis. As
shown in Fig. 3, the percentage of oxygen at the Ag–Al
region is about 20%, indicating that the alloy electrode was
oxidized. Figures 4共a兲 and 4共c兲 show the AES spectra of Ag
and Al elements in the 2AgAl electrode. For comparison, the
standard AES spectra of metallic Ag, metallic Al, and oxidized Al in the AlO1.17 oxides are also shown in Figs. 4共b兲
and 4共d兲, respectively. The AES spectra of Ag in the 2AgAl
alloy are almost the same as that of metallic Ag, indicating
that Ag was not oxidized. In contrast, the AES spectra of Al
in the 2AgAl alloy are different from the metallic Al but
similar to that of the AlO1.17 oxide, indicating that Al was
oxidized in the 2AgAl alloy electrode. That is to say, the
2AgAl alloy is a composite structure containing Ag and
AlOx. These results are consistent with our previous studies,
in which the Al electrode with 10 nm thickness can be completely oxidized to form an AlOx layer, while the TE oxidization layer has not been observed at the Ag/LCMO
interface.18,29 Based on above results, we can see that the
AlOx content at the TE/LCMO interface determined by the
alloy electrode component has an important influence on the
resistance switching endurance.
Compared to the Ag layered device, the added forming
process in the 2AgAl layered device may contribute to the
endurance improvement. So, the forming process is investigated in detail. Figure 5 shows the I-V curves measured between a fixed negative bias of ⫺2 V and a gradually increas-
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FIG. 4. 共Color online兲 The AES spectra of Ag 共a兲 and Al 共c兲 elements in the
2AgAl alloy electrode, the AES spectra of the metallic Ag and Ag element
in the 2AgAl electrode at depth of 68 nm 共b兲, the AES spectra of the
metallic Al, Al in the 2AgAl alloy electrode at depth of 65 nm, and the
oxidized Al in AlO1.17 共d兲.

ing positive bias from 0 to 2 V. As shown in Fig. 5共a兲, the
hysteresis has not been observed in either the positive or
negative bias regions until the positive bias reaches 1.7 V
共the fifth cycle兲. Then an obvious clockwise hysteresis appears in the positive bias region, indicating the device resistance increases. This process should be related to the oxidation reaction of AlOx at the 2AgAl/LCMO interface.16,29 At
the sixth cycle, a soft-broken process occurs when the positive bias increases up to about 1.9 V, then big hysteresis
windows appear in both the positive and negative bias regions, seen the seventh and eighth cycles in Fig. 5. The softbroken process might be related to the formation of Ag filaments in the alloy electrode. Afterward, the point contact
structure of Ag might form at the 2AgAl/LCMO interface
and results in the stable resistance switching property, which
is analogous to the Ag paste layered device.6,28
At the TE/oxides interface, the oxygen affinity of the
electrode has important influences on the interface structure
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and the resistance switching properties.21–23,30 For the inert
TE, such as Pt and Ag, oxygen can diffuse along the grain
boundaries.31 So the atmospheric oxygen could diffuse into
the interface region and influence the oxygen migration balance occurring during the resistance switching process.21–23
This may be the underlying reason for the fatigue phenomenon depicted in Fig. 1共a兲. In contrast, for the active TE, the
formed metal oxidization layer at the interface could reduce
the influence of the atmospheric oxygen. However, in LCMO
based devices, it has been reported that very active metals
degrade the switching speed and endurance.30 Our results
also show that very active metals result in an inferior endurance, as shown in Figs. 1共c兲–1共f兲. Therefore, some compromise needs to be made to modulate the oxygen affinity of the
electrode. For the Ag–Al alloy electrodes, the oxygen affinity
can be modulated by adjusting the ratio of the Al and Ag
elements. The 2AgAl electrode may have the proper oxygen
affinity and forms a composite structure containing Ag and
AlOx at the interface. In this instance, Ag plays the dominating role and the proper amount of AlOx may block the oxygen diffusion between the atmosphere and the LCMO film,
which results in excellent endurance. However, if the proportion of Al is in excess of Ag or pure Al is used as TE, the
AlOx could form a continuous layer and dominate the resistance switching process. In this instance, it has been verified
that the redox reaction of the AlOx layer determines the positive BRS.15,17 In positive BRS process, the devices usually
break down after a few sweeping cycles due to the randomicity of the redox reaction position and the needed high
threshold voltage. So, the Ag2Al and pure Al layered devices
show the positive BRS with inferior stability and endurance,
as shown in Figs. 1共e兲 and 1共f兲. By applying the forming
process, these devices can show negative BRS, but fatigue
usually occurs too. This may be because the formed conductive filaments are instable due to the insufficient of Ag in
AlOx matrix. Our experimental results indicate that the control over the oxygen affinity of the electrode is critical to
obtain preferable endurance. Further investigations on the
Ag–Al alloy interface structure and studies on the function of
the oxygen ions 共vacancies兲 during the resistance switching
process have been launched to understand the endurance improvement mechanism.

-0.15
-0.20
2

FIG. 5. 共Color online兲 The I-V curves of the 2AgAl/LCMO/Pt device with
the fixed negative bias of ⫺2 V and gradually increasing positive bias from
0 to 2 V. The first, second, third, fourth, and fifth cycles with positive biases
of 0, 0.5, 1.0, 1.5, and 1.7 V, respectively 共a兲. The sixth to the eighth cycles
with the positive bias of 2 V 共b兲.

In order to improve the endurance of the LCMO film
based resistance switching devices, the novel Ag–Al alloy
electrodes with various components have been prepared.
Compared to the devices with pure Ag, Ag2Al, and pure Al
TEs, the 2AgAl layered device shows the excellent endurance. More than 1000 cycles of voltage sweeping with very
stable HRS and LRS have been observed. By applying the
electric pulses of 4.5/ −5 V for 5 s, an endurance of over
2 ⫻ 104 cycles with the resistance switching ratio about
100% has been obtained. The AES measurement indicates
that the 2AgAl TE has a composite structure containing Ag
and AlOx. The endurance improvement was attributed to the
proper ratio of AlOx at the 2AgAl/LCMO interface. The
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present work suggests a possible way to improve the resistance switching endurance by modulating oxygen affinity of
the electrode.
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