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Resistive switching �RS� characteristics of a Pr0.7Ca0.3MnO3 �PCMO� film sandwiched between a Pt
bottom electrode and top electrodes �TE� made of various metals are found to belong to two
categories. Devices with TE made of Al, Ti, and Ta exhibit a large I-V hysteresis loop and bipolar
RS, but those with TE made of Pt, Ag, Au, and Cu do not. Transmission electron microscopy reveals
that a thin metal-oxide layer formed at the interface between the former group of TE and PCMO,
but not for the latter group of TE. Analysis shows that the categorization depends on the Gibbs free
energy of oxidation of the TEs with respect to that of PCMO. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3159471�

Resistance switching �RS� in metal oxides has drawn
growing interest1–6 because of its potential applications in
high-performance nonvolatile resistance random access
memory devices. There are two types of RS. One is unipolar
RS �URS� such as NiO, TiO2, and other binary transition
metal oxides �TMO�,1,2 whereby SET, switching from a high
resistance state �HRS� to a low resistance state �LRS�, and
RESET, switching from LHS to HRS, occur at different bi-
ases of the same polarity, either positive or negative. The
other type of RS is bipolar like some perovskite materials,
whereby SET and RESET occur at the opposite bias
polarity.5 Several mechanisms have been proposed to ac-
count for these two types of RS.7–10 Electric field induced
filament formation and rupture by Joule heating is thought to
be the most likely explanation for the URS. The origin for
the bipolar RS �BRS� remains elusive despite a significant
increase in experimental findings in the past year. Indeed,
recent reports have shown diverse effects of the metal elec-
trodes on the RS as the electrode material can participate in
oxidation/reduction process,11 or in trapping and detrapping
of the oxygen vacancies.12 The role played by metal contacts
in these devices goes beyond the Schottky contacts as in
typical semiconductor devices, and may very well hold the
key to the successful engineering of practical devices.

Here, we report a remarkable trend found in the RS char-
acteristics of Pr0.7Ca0.3MnO3 �PCMO� films sandwiched be-
tween a Pt bottom electrode �BE� and top electrodes �TE�
made of various metals. Devices with TE made of Al, Ti, and
Ta are found to exhibit a large current-voltage �I-V� hyster-
esis loop and BRS, but those with TE made of Pt, Ag, Au,
and Cu do not. High-resolution transmission electron micros-
copy �HRTEM� reveals that a thin metal-oxide layer formed
at the interface between the former group of TE and PCMO
but not for the latter group of TE. Interestingly, the analysis
shows that the I-V characteristics strongly depend on the
Gibbs free energy of oxidation of the TEs but have no cor-
relation to TE’s work function. The distinct I-V characteris-
tics of these two groups can be attributed to the presence/

absence of the metal oxide layer and a solid state oxidation/
reduction process facilitated by a localized electrical field.

The PCMO film was fabricated on a 170 nm Pt buffer
layer on a silicon wafer by a special low temperature
��400 °C� back-biased face-target-sputtering process.13

X-ray diffraction �XRD� �-2� profile of the film confirmed
that the PCMO film is c-axis oriented, and HRTEM images
revealed that the PCMO film is polycrystalline and is 125 nm
thick. To form sandwiched devices, we fabricated an array of
100 �m2 electrodes of a number of materials, 30 nm thick
and with a 600 �m separation in x and y directions, on top
of the PCMO by magnetron sputtering. The schematic of the
device cross-section and measurement setup is shown in Fig.
1�a�. I-V characterizations and pulse switching were carried
out with Keithley 2400 and Agilent 81110A, respectively.
The data presented below was collected with a typical loop
of bias sweep, 0→+Vmax→0→−Vmax→0, unless indicated
otherwise. Devices with TE made of Al, Ti, and Ta show
stable RS under 50 ns and 5 V drive pulses. As an example,
Fig. 1�b� illustrates the pulse generated RS of a Ti TE device.

Figure 2 shows the I-V characteristics of seven different
TEs on PCMO/Pt. Quite noticeably, large hysteresis loops at
negative bias were present for Al/PCMO/Pt �Fig. 2�b��, Ti/
PCMO/Pt �Fig. 2�c��, and Ta/PCMO/Pt �Fig. 2�d��, while al-
most no hysteresis was observed in Ag �Pt, Au, Cu�/
PCMO/Pt devices �Fig. 2�a��. The I-V loop labeled “F” in
Figs. 2�b�–2�d� is the “forming process,” i.e., when a voltage
is applied to the virgin state of a device and ramped above a

a�Author to whom correspondence should be addressed. Tel.: 86-10-
82648158. FAX: 86-10-82640266. Electronic mail:
dmchen@aphy.iphy.ac.cn.

FIG. 1. �Color online� �a� Schematic of devices and the measurement setup.
�b�. Resistance switching under pulsed cycles for a Ti/PCMO/Pt device.
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threshold �1.8–2.5 V�, resulting in a new physical state that
exhibits hysteresis subsequently. There are six consecutive
loops for each specimen �Figs. 2�b�–2�d�� and some degrees
of fatigue of the size of the hysteresis loop �reducing from
1 to 6� can be seen. However, after multiple bias sweeps, the
I-V characteristics and the hysteresis become repeatable.
Quite interestingly, all devices made with nonreactive metal
�Pt, Ag, Au, and Cu� TEs do not display a similar “forming”
and hysteresis characteristics. Note that the resistance of Pt/
PCMO/Pt device is only 43 �, indicating very low Pt/
PCMO contact and PCMO bulk resistance. In addition, the
Pt/PCMO/Pt device does not show RS under I-V sweep up to
�3 V. Thus, the Pt BE should have a negligent effect on the
overall measurement and data taken from devices made with
other TEs should primarily reflect the effect of the TE mate-
rials.

Prior to the forming process, the I-V characteristics in a
small bias region below the threshold of all the devices are
reversible regardless the TE material. The virgin resistance
�VR� is a good measure of the contact resistance between the
TE and PCMO. Figure 3�a� plots the VR against the work
function of the TE material where the work function of
PCMO �4.89 eV� is also marked.17 Note that there is essen-
tially no direct correlation between the TE’s work function
and the VR. On the other hand, VR for nonreactive-metal/

PCMO/Pt is much less than VR of �Al, Ti, Ta�/PCMO/Pt.
These observations suggest that the interface is not a typical
Schottky barrier formed by charge redistribution at the inter-
face. For example, there is a large work function difference
between Ag and PCMO �4.26 versus 4.89 eV� but Ag/
PCMO/Pt has a very low VR and linear I-V.

To elucidate the above observations, HRTEM images of
top interfaces of as-prepared samples of �Pt, Al, Ti, Ta�/
PCMO were taken and are shown in Figs. 4�a�–4�d�. An
amorphous layer was found in between �Al, Ti, Ta� and
PCMO, but not in Pt/PCMO interface, or �Ag, Au, Cu�/
PCMO interface �images not shown�. Amorphous oxide lay-
ers at �Ta, Ti�/PCMO interfaces have also been confirmed
using electron energy loss spectroscopy in two recent
reports.18,19 The relative high VR is somehow associated
with the presence of the interfacial metal oxide. Figure 3�b�
plots VR versus the oxidation free energy of the TE material.
It shows that the VR decreases with increasing oxidation free
energies of TEs. Note that the oxidation free energy of
PCMO falls between these two groups. Thus upon deposi-
tion, oxidation of the TE and reduction of PCMO at the
interface will occur spontaneously for the active metal group
�Al, Ti, Ta�, but not for the nonreactive metal group �Pt, Ag,
Au, or Cu�, resulting in dramatically different interfaces for
the two groups.

To date, experimental findings on how various metal
contacts on PCMO affect RS in a sandwiched-structure
have yet to converge. Tsubouchi et al.20 have surveyed a
combination of TE1/PCMO/TE2 where TE1, TE2 are Mg,
Ag, Al, Ti, Au, Ni, and Pt, and concluded that only electrode
pairs including at least one Al showed RS. Kawano and
co-workers,18,19 however, have found that both Ta/PCMO/Pt
and Ti/PCMO/Pt exhibit bipolar RS with the former switch-
ing faster due to a thinner oxide layer. Sawa et al.8 studied
TE /PCMO /SrRuO3 /PCMO /TE devices �TE being Pt, Au,
Ag and Ti� and found that only device with Ti electrode
shows RS.

Combining these reports and the present results, we
found quite remarkably that the TEs of the PCMO devices
can be categorized into two groups, the nonreactive metal
group versus the reactive metal group, simply based on the
relative oxidation free energy with respect to PCMO. They
show dramatically different I-V and RS characteristics. It

FIG. 2. �Color online� I-V characteristics for �a� Ag, Cu, Au, Pt/PCMO /Pt,
�b� Al/PCMO/Pt, �c� Ti/PCMO/Pt, and �d� Ta/PCMO/Pt. The data was taken
with bias looped from 0 V→3 V→−3 V→0 V. There are six consecu-
tive loops for �b�, �c�, and �d�, and label-1 marks the first loop, and six is the
last. The size of the loop reduces progressively from one to six. Label-F
marks the forming process. Inset of �b�, �c�, or �d� shows the blow up of the
hysteresis loop at positive bias.

FIG. 3. �a� VR vs work function. The data of each TE material is an average
over 100 devices, and small error bars indicate that these devices are quite
uniform. The dashed line marks the work function of PCMO. �b� VR vs
metal-oxide formation free energy taken from Refs. 14 and 15. The dashed
line at �366 kJ/mol. indicates the oxidation free energy of PCMO from
Ref. 16.

FIG. 4. HRTEM images of interfaces between top electrodes and PCMO.
�a� Pt/PCMO, �b� Al/PCMO, �c� Ti/PCMO, and �d� Ta/PCMO. All figures
have the same scale shown in �d�.

253503-2 Liao et al. Appl. Phys. Lett. 94, 253503 �2009�

Downloaded 16 Sep 2013 to 128.123.35.41. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



should be noted that there are reports that show RS in Ag/
PCMO/Pt devices but with a reversed polarity of SET and
RESET voltage compared with devices of reactive metal
TE,21 and hence do not contradict to the above categoriza-
tion.

Binary TMO sandwiched between two metal electrodes
typically display URS.1,2 More recently, Jeong et al.3 have
discovered BRS for a Pt/TiO2/Pt device by using a forming
process at a lower current compliance ��0.1 mA�, and at-
tributed the BRS to an electrochemical reaction mechanism
to contrast the filamentary model for the URS. For TE/
PCMO/Pt devices where the TE is a metal in the reactive
group, only BRS has been reported to date, suggesting that
the oxide layer and the oxygen deficient PCMO region both
play the critical roles. Resistivity for bulk PCMO is 10−1 to
10−2 � cm �Ref. 22� while that for a thin film PCMO is
103–104 � cm due to lower oxygen concentration.8 Our Pt/
PCMO/Pt device shows a resistivity of �3.4�102 � cm.
The resistivity of the LRS of the devices with reactive group
TEs is also on the same order �see Fig. 2�. This implies that
the resistance of the oxide layer at LRS is rather small, but
becomes dominant at HRS. Oxygen vacancies in TiO2 are
known to be n-type dopants, VO

2+, which transform a stoichi-
ometric TiO2 from insulating into semiconducting.23 The de-
vice as fabricated has abundant VO

2+ in the TiO2−x layer at the
Ti/PCMO interface �Fig. 4�c�� and hence its VR is in LRS. A
positive voltage applied to the TE will drive the VO

2+ in the
Ti-oxide toward PCMO layer and oxidation of Ti-oxide re-
gion causes the switching to HRS. When a negative bias is
applied to TE, most of the applied voltage will then drop
across the oxide layer resulting in a large local electrical field
which attracts VO

2+ from PCMO toward Ti-oxide, and the re-
duction of the Ti oxide layer causes a switching back to the
LRS. The fatigue on the hysteresis loops shown in Figs.
2�b�–2�d� hence reflects the imbalance between oxidation
and reduction during the initial cycles of switching. The mi-
gration of the highly mobile oxygen ion in and out of the
very thin ��5 nm� metal oxide layer results in a very short
switching time of 50 ns �Fig. 1�b��.

The above model can be extended to devices made with
other TE in the reactive metal group. While these TEs can be
readily oxidized at room temperature �RT� so long as the
oxygen ion migration is facilitated by the electrical field,
reduction of TEs at RT, however, may need further assistance
of local Joule heating to overcome the energy barrier for
disassociation. For a given SET voltage, the degrees of re-
duction of the TEs �Figs. 3�b�–3�d�� are inversely scaled to
the Gibbs free energy of Fig. 3�b�.14–16 During the SET and
RESET, the oxygen deficient region of the PCMO acts as a
reservoir for storing and supplying oxygen ions. Although
the resistivity of PCMO also changes as the oxygen concen-
tration varies, it is much smaller than the change of resis-
tance in the oxide layer. For devices made with TE in the
nonreactive metal group, the absence of the metal oxide
layer can explain why no appreciable I-V hysteresis are ob-
served, even though oxygen vacancies may still be shuffled
between TE and BE and some degrees of oxidation/reduction
at the opposite side of the PCMO may still occur. Sawa
et al.8 have proposed that SET and RESET create two levels
of defect states at the interface which trap different amount

of charges and hence create two types of Schottky barriers.
The drawback of this model is its inability to naturally ac-
count for the categorization of the electrode materials shown
above.

In conclusion, we have shown that the contacting mate-
rial of the TE in a TE/PCMO/Pt thin-film device plays a
critical role in determining the device I-V characteristics. In
particular, we have found that metal-PCMO-Pt devices can
be categorized into two groups based on whether the Gibbs
free energy for oxidation of the TE is greater or less than
PCMO oxidation free energy. This unique property of metal-
PCMO-metal device could be exploited for novel applica-
tions.
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