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We report a carrier type dependence on the spatial asymmetry of unipolar resistive switching for
various metal oxides, including NiOx, CoOx, TiO2x, YSZ, and SnO2x. n-type oxides show a
unipolar resistive switching at the anode side whereas p-type oxides switch at the cathode side.
During the forming process, the electrical conduction path of p-type oxides extends from the anode
to cathode while that of n-type oxides forms from the cathode to anode. The carrier type of
switching oxide layer critically determines the spatial inhomogeneity of unipolar resistive switching
C 2013 AIP Publishing LLC.
during the forming process possibly triggered via the oxygen ion drift. V
[http://dx.doi.org/10.1063/1.4826558]
A resistive switching in metal/oxide/metal junctions has
proven potential for next-generation nonvolatile memories
due to the structural simplicity and also the memory characteristics superior to existing other memories.1–3 Although intensive efforts have been devoted to elucidate the intrinsic
origin of the resistive switching, the knowledge as to the exact
switching mechanisms is still required.4–9 One reason why it
has been difficult to fully understand the nature of resistive
switching is that the resistive switching event intrinsically
involves the spatially inhomogeneous physical phenomena.10,11 Previous studies have highlighted that such spatial
inhomogeneity is mainly induced by the so-called “forming
process,” which is defined as an initial process to introduce an
electrical conduction path within pristine insulative samples
by applying the relatively high electric field.11,12 The forming
process affects not only the degree of spatial inhomogeneity
on the electrical conduction within resistive devices but also
the nonvolatile memory characteristics.11,12 Although the nature of forming process has been interpreted in terms of a soft
dielectric breakdown phenomenon,11 understanding the exact
mechanisms of forming process is still not comprehensive
due to the inherent complexity of dielectric breakdown phenomenon within solids.13,14 Use of device structures with
multi-electrodes is one of the ways to detect the spatial information of forming process.15–17 For example, Kim et al. have
reported the inhomogeneity of electrical conditions of unipolar resistive switching in three terminal devices comprised
NiO.16 In most cases, the inhomogeneity of electrical conductions for unipolar switching is induced by the forming
process.15–17 By considering the dielectric breakdown nature
of the forming process, one can expect that the material properties of switching layers, including the carrier type, affect the
inhomogeneity of electrical conduction during the forming
process although such knowledge is still scarce. Here we
a)
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demonstrate the carrier type dependence on the spatial inhomogeneity of unipolar resistive switching by utilizing three
terminal devices comprised various metal oxides.
NiOx, CoOx, TiO2x, ytteria stabilized zirconia (YSZ),
and SnO2x thin films were grown on Pt/TiO2x/Si (100)
substrate by pulsed laser deposition (PLD) method (ArF
excimer, k ¼ 193 nm). The film thickness was controlled to
be 50 nm. Prior to the deposition of thin films, the Pt bottom
electrode was deposited onto the substrate with TiO2x adhesion layer. The reason why TiO2x was utilized as adhesion
layer instead of conventionally used Ti is to prevent the thermal diffusion of Ti into the switching layer during the
switching process, which crucially affects the resistive
switching.18 The thickness of Pt bottom electrode was
100 nm. Oxygen pressures were optimized to be 10 Pa for
TiO2x, YSZ, SnO2x, and 103 Pa for CoOx and 101 Pa
for NiOx during the deposition of thin films. Substrate temperature of 300  C was used for NiOx and 500  C for CoOx,
TiO2x, YSZ, and room temperature for SnO2x, respectively. The oxide target was used, which was obtained by
sintering the milled powder (99.99% pure) at 1000  C for
24 h. The laser power, the repetition rate, and the distance
between the target and the substrate were set to be 40 mJ,
10 Hz, and 30 mm, respectively. The Pt top electrode was
then deposited onto the thin films by using a metal mask of
25  25 lm2. Note that Pt was utilized as electrodes to avoid
the effect of oxidization of metal electrode. X-ray diffraction
(XRD) was used to evaluate the crystal structure of the fabricated films. Current-voltage (I-V) characteristics were evaluated using semiconductor parameter analyzer (Keithley
4200-SCS) at room temperature in the ambient atmosphere.
Fig. 1 shows the schematic of three terminal devices
employed in this study. First, we perform the forming process between electrode A and electrode C by applying a relatively high electric field around 10 V range. Note that the
electrode B is floating during the forming process. The
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FIG. 1. Schematic of three terminal
devices employed.

compliance current is set to be 10 mA, which is defined as an
upper limited current value when increasing an electric field
for the forming process. After the forming process, the resistance state changes from insulative pristine state to conductive ON state. ON state is defined as a state that the current
can highly flow. Then we perform the RESET process to
obtain insulative OFF state between A-C electrodes by
applying the electric field around a few V. OFF state is
defined as a state that the current flow is lower. In these
forming and RESET processes, we set the electrode A as the
anode and the electrode C as the cathode. After the RESET
process, we measure the I-V data of between A-B electrodes
and between B-C electrodes. Fig. 2 shows the I-V data for
various metal oxides, including NiOx, CoOx, YSZ, TiO2x,
and SnO2x. The trends of measured I-V data can be

classified into two groups. One group shows that the resistance between A-B electrodes (RAB) is much higher than that
between B-C electrodes (RBC), indicating that the switching
mainly occurs at the anode side. This trend is commonly
observed for TiO2x, YSZ, and SnO2x, which are known as
n-type oxides in bulk.19 In contrast, the other group shows
that RBC is much higher than RAB, indicating that the switching mainly occurred at the cathode side. This complete opposite trend is found for NiO, and CoOx, which are known as
p-type oxides in bulk.20,21 To more clearly show the difference between the two groups, we obtain the resistance ratio
data of RAB to RBC after the forming and RESET processes
in A-C electrodes as shown in Fig. 3. For n-type oxides
including YSZ, TiO2x, and SnO2x, RAB at the anode side
is always higher than RBC at the cathode side for both high

FIG. 2. Typical I-V data of AB and
BC electrode configurations after
RESET process in AC electrode configuration. Insets show the initial forming and RESET processes of AC
electrode configuration.
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FIG. 3. Comparison of resistance change between AB and BC electrode
configurations for various metal oxides.

FIG. 4. Change in resistance data (RAB and RBC) of AB and BC electrode
configurations when varying the compliance current for forming process in
the case of NiOx. Inset for TiO2x. The symbols represent the incomplete
forming process (), the complete forming process (䊊), and permanent
electric breakdown (䉫), respectively.

resistance state and low resistance state conditions. On the
other hand, for p-type oxides including NiOx and CoOx, RBC
at the cathode side is higher than RAB at the anode side.
Thus, there is a clear difference between n-type oxides and
p-type oxides on the spatial asymmetry of unipolar resistive
switching.
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Here we discuss what essentially causes above spatial
discrepancy between n-type and p-type oxides on the resistive switching trends. Since the resistive switching occurring
at the higher resistive portion during the RESET process is
rational by taking into account the Joule heating model, the
spatial asymmetry of resistive switching between n-type and
p-type oxides should emerge during the forming process.
First, we examine how the forming process creates the spatial asymmetry as seen in the resistance values of RAB and
RBC. To observe such evolution of spatial difference during
forming process, we vary the compliance current ranged
from 104 to 101A. This compliance current variation
should control the spatial extension of electrical conduction
path during the forming process. Fig. 4 shows the change in
resistance data of RAB and RBC when varying the compliance
current for forming process between A-C electrodes. The
data for NiOx and TiO2x are shown in the figure. For
TiO2x, when increasing the compliance current, RBC value
first decreases and then further increasing the compliance
current results in the decrease of RAB. In contrast, for NiOx,
RAB first decreases when increasing the compliance current,
and then further increasing the compliance current results in
the decrease of RBC. These experimental data highlight that
the spatial asymmetry of electrical conduction emerges during the forming process, and the spatial trend in the forming
process of n-type oxides is in sharp contrast to that of p-type
oxides.
Two models have been proposed to interpret experimental trends of three terminal devices, including (i) one anodeone cathode model and (ii) two anodes-two cathodes
model.16 Our electric field simulations demonstrate that (ii)
two anodes-two cathodes model is appropriate for our device
geometry, as shown in Fig. 5(a). However, the two anodestwo cathodes model cannot explain our experimental results
as to spatial asymmetry because of the same electric field
spatial distributions for both the gap between A and B electrodes and the gap between B and C electrodes. One of the
possible scenarios to explain our experimental trends even
within the framework of two anodes-two cathodes model is
to consider the difference between the interface with top
electrode and the interface with bottom electrode. If such
asymmetry in the two interfaces exists in our devices, the
electric field is no longer symmetric when the polarity of
electric field is inversed. To validate above scenario based
on the interface asymmetry, we have examined the effect of
polarity inversion on the forming processes of two terminal
devices by varying the compliance currents. Fig. 5(b) shows

FIG. 5. (a) Electric field simulation
for our three terminal device structure.
(b) Effect of polarity inversion on the
change in the resistance data of AB
electrode configurations with varying
the compliance current. The symbols
represent the incomplete forming process (), the complete forming process
(䊊), and permanent electric breakdown (䉫), respectively.
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the effect of polarity inversion on the resistance change data
of RAB when varying the compliance current during the
forming. The data of TiO2x are shown in the figure. The
forming process for the negatively biased top electrode
emerges at the compliance currents lower than that for the
positively biased top electrode. Since it is well known that
the forming process induces the electrical conduction
from the cathode to the anode for n-type oxides, the results
in Fig. 5(b) indicate that the forming process can be more
readily triggered from the top electrode rather than the bottom electrode in the present devices. Although it is difficult
to identify what exactly differs from between the two interfaces at the moment, various factors, including interface
roughness and interfacial defects might be responsible. This
polarity inversion dependence on the forming process can
explain the difference between A-B electrodes and B-C electrodes in Fig. 4 in terms of the difference between the two
interfaces. As seen in Fig. 5(b), the forming process from the
top interface starts to occur at the electric fields lower than
that required for the bottom interface. Thus, for n-type
oxides, the forming process first occurs from the top C electrode (cathode) to the bottom B electrode (anode) rather than
from the bottom B electrode (cathode) to the top A electrode
(anode). The same scenario can explain the inversed situation for p-type oxides. However, it should be emphasized
that the scenario based on only the effect of two interface
difference on the forming process alone cannot explain the
significant difference between n-type oxides and p-type
oxides on the results of Figs. 2–4. This is because the two
interface difference cannot show the opposite trend between
n-type and p-type oxides in the resistance data of RAB and
RBC during the forming process. Thus, the effect of carrier
type on the spatial asymmetry during the forming process is
an intrinsic feature rather than an artifact due to specific device configurations.
Finally we discuss what possibly causes the dependence
of carrier type on the forming process although we have no
direct experimental evidences to address this issue at the
moment. The polarity dependence of charged ion motion
might be related to our experimental observations. From previous works as to resistive switching,22 it is reasonable to
assume the occurrence of oxygen ion drift during the forming process. The issue is how we can interpret the carrier
type dependence on the spatial asymmetry of forming process in terms of the oxygen ion drift. The oxygen ion drift
gradually results in the spatial inhomogeneity of conductivity within the switching layer during the forming process.23
According to our previous model based on dual defects (oxygen and cation vacancies), for n-type oxides, the oxygen
ionic drift can create the electrical conduction from near the
cathode side via increasing the concentration of oxygen
vacancies near the cathode since negatively charged oxygen
ions are depleted from the cathode when applying the electric field. In contrast, the oxygen ionic drift creates the electrical conduction from the anode side for p-type oxides via
increasing the concentration of apparent cation vacancies
near the anode.24 The ionic drift induced conductive spatial
portion seems to trigger the forming process and the portion
may form from near the top electrode as discussed above,
resulting in RAB/RBC > 1 for n-type oxides and RAB/RBC < 1
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for p-type oxides after the forming process as seen in Fig. 3.
Thus the carrier type dependence on the spatial asymmetry
of resistive switching can be interpreted in terms of the oxygen ionic drift. Although the carrier type dependence on the
switching location of bipolar resistive switching has been
reported,25,26 our results highlight that the ionic drift events
might trigger the forming process and determine the switching location of unipolar resistive switching.
We demonstrated the carrier type dependence on the
spatial asymmetry of unipolar resistive switching by utilizing
three terminal devices comprised Pt electrodes and various
polycrystalline metal oxide layers, including CoOx, NiOx,
TiO2x, YSZ, and SnO2x. After the forming process
between the two top electrodes interposed via the middle
bottom electrode, n-type oxides showed the unipolar resistive switching at the anode side, whereas p-type oxides
switched at the cathode side. During the forming process, the
electrical conduction of p-type oxides extended from the anode to cathode, while that of n-type oxides formed from the
cathode to anode. Thus the carrier type of switching oxide
layer critically determines the spatial asymmetry of unipolar
resistive switching during the forming process possibly triggered via the oxygen ion drift.
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