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Abstract

Metal-oxide polymer diodes exhibit non-volatile resistive switching. The current-
voltage characteristics have been studied as function of temperature. The low-
conductance state follows a thermally activated behavior. The high-conductance state
shows a multistep-like behavior and below 300 K an enormous positive temperature
coefficient. This anomalous behavior contradicts the widely held view that switching is
due to filaments that are formed reversibly by the diffusion of metal atoms. Instead,
these findings together with small-signa impedance measurements indicate that
creation and annihilation of filamentsis controlled by filling of shallow traps localized

in the oxide or at the oxide/polymer interface.
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1. Introduction
Resistive switching has been observed in metal-insulator metal (MIM) diodes for awide
variety of insulator such as oxides, nanoparticles, organic or inorganic semiconductors,
and currently attracts attention for application in future non-volatile memories [1]. We
have recently shown that functional memories can be obtained by inserting a thin oxide
layer into a polymer diode [2]. A yield of switching diodes of amost unity has been
reported. Switching is a generic property of metal oxides [3-6], the polymer only acts as
a current limiting series resistance [7]. The memory is formed by applying a high bias
pulse to the pristine diode. After this so-called forming process, attributable to soft
breakdown of the oxide [2], the memory can be switched reversibly between a high
conductance ON-state and a low conductance OFF-state. Thermal imaging has shown
that the conduction in the ON-state is filamentary in nature [8]. At present, the nature
and formation of these filaments is not clear. Several models for the switching have
been proposed such as metal filaments that rupture localy by Joule heating, [9, 10] or
trap controlled tunneling between metal islands [11].

In order to distinguish between these mechanisms, we focus on the temperature
dependence of the current for an oxide-polymer switching device. The anomalous
positive temperature coefficient (PTC) that we observe below 300 K, shows that more
filaments become active when the device is cooled down. This observation contradicts
explanations based on atomic diffusion. We argue that filaments switch on and off by
filling and emptying of shallow trap states located in the oxide layer or at the
polymer/oxide interface. This hypothesis is supported by small signal impedance

measurements.



2. Experimental

Pristine Metal-Insulator-Metal (MIM) diodes consisted of an Al bottom
electrode, a sputtered layer of Al,O3; (10 nm), a spirofluorene polymer (80 nm), and a
Ba/Al (5 nm/ 100 nm) top electrode (see figure 1). The diodes with an active area of 9
mm? and 1 mm? were encapsulated to exclude atmospheric contamination. The
current—voltage (I-V) curves were obtained using a Keithley 487 picoammeter voltage
source and capacitance—frequency and capacitance-voltage (C-V) curves were obtained
using an Agilent 4192 impedance analyzer. Temperature dependent measurements were
carried out in a liquid helium cryostat (Advanced Research Systems, ARS - HC2).
Positive bias voltage refers to the bottom electrode being poled positive with respect to

the top electrode.

3. Resultsand discussion
The pristine devices were turned into programmable resistive switching memories
by applying a 12 V voltage ramp as described previously [2, 12]. After forming, the
devices exhibit the usual bistable J-V characteristics and a negative differentia
resistance (NDR) in the ON state, see figure 2. At room temperature, the memory can be
switched between OFF and ON-state by applying voltage pulses with amplitudes
corresponding to the top and bottom of the NDR [13], here about 3-4 V and 6-8 V
respectively.
A stable OFF-state is induced by applying high bias voltage for along time, in
the order of minutes. The time necessary to induce a switching to the ON-state is now
much longer than the time necessary to record a full J-V curve. In agreement with

literature [14], the electrical current in the programmed OFF-state follows a thermally
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activated behavior (see figure 3). The Arrhenius plot of the current measured at 1V is
shown in the inset; yielding activation energy of 66 meV for the temperature range of
280-200 K. Below 200 K, the current is not thermally activated.

Interestingly, the J-V characteristics for the ON-state show a large increase in the
magitude of the current upon lowering the temperature of the diode. This behaviour is
illustrated in figure 4. The increase in current is more pronounced at higher bias voltage,
in the voltage range below the sharp onset of the NDR. The lower the temperature the
higher is the swicthing-off volatge. The physical mechanims behind this shfit in voltage
isunder study.

To further explore this unusual temperature depedence, the diode was programmed into
the ON-state at room temperature and then cooled down while applying a continous bias
voltage (2 V). The magnitude of the current more than doubles in atemperature range of
150 degrees, see figure 5. This corresponds to a positive temperature coefficient (PTC)
of the electrical resistivity, o =0.01 K™, an anomalously large value when compared
with typical values for metals (o = 0.0039 K™ for Cu). Furthermore, in contrast to the
smooth decrease of the resistivity in metas, the resistivity of the diodes lowers in a
step-like fashion upon cooling.

The step-like nature of the rise in current, strongly suggest that additional
conducting filaments become active at low temperature. In order to check for self-
heating effects during the experiments, we also carried out in other sample cooling runs
where the applied bias was temporarily removed for intervals of times ranging from a
few seconds to minutes, alowing for therma equilibration. During these times the
current across the sample becomes zero. In these runs, a similar increase in conduction
was observed as shown in figure 6. A small section of the curve is magnified to shown

that the rise in current is trough small discrete events (see inset). Furthermore, the PTC
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of the current is independent of heating speed and direction of temperature ramping.
Thus self-heating effects can be disregarded. Small PTC effects were reported by others
[14-16] and attributed to metallic filaments.

The abnormally large PTC cannot be explained by a metallic type of conduction.
The large and stepwise increase in current can be rationalized by the temperature
dependence of trap occupancy. Here we assume that shallow trap sites around the Fermi
level could control the activity of filaments. At room temperature they are depopulated
by thermal emission. However, upon cooling the diode, the shallow traps will be
gradually filled and activate filaments.

In order to test the reported hypothesis that these trap sites are located in the
oxide, [10] we performed small-signal impedance measurements. Figure 7 shows the
temperature dependence of the capacitance (C) and loss (G/w) where G is the
conductance and o is the angular frequency. The low-frequency capacitance remains
constant. At low frequencies the loss is proportional to 1/m, which implies a constant
DC conductance. As shown in figure 7, upon decreasing the temperature, the low
frequency conductance increases. This is in agreement with the PTC observed for the
DC conductance as shown in figure 5. The temperature dependence of the | oss recorded
with a signal test frequency of 300 Hz is shown in figure 8. Similar to the DC
measurements, the |oss shows a discontinuous, step-like increase upon cooling.

In previous work [7], we have shown that the frequency dependent response of the
diode can be modeled as a double RC circuit represented in the inset of figure 7. At low
frequency the response is determined by the properties of the oxide layer, while at
higher frequencies the polymer layer dominates. This equivaent circuit was used to fit
the loss curves recorded at different temperatures (shown in figure 9). Since the

measured capacitance does not change significantly with temperature, changes are
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mostly resistive and only located in the oxide layer (represented as Rox). The
dependence of Rox with temperature as estimated from the equivalent circuit is shown
in the inset of figure 9. A decrease in Rox from 160 k[ (at 300 K) to 6.6 kLI (at 124 K)
IS required to provide a good fit to the data. The increase of the loss at low frequencies
indicates that the oxide conductance increases upon cooling. Therefore, the trap sites
active in switching are located in the oxide or at the oxide polymer interface.
For these memory devices, the presence of shallow traps cannot be detected by small-
signa impedance measurements because the large DC current across the sample mask
the contribution of traps to the low-frequency capacitance.
Concerning to the chemical nature of the trap sites, we mention the possibility of a
water-related defect. This defect is known to contribute to temperature dependent
changes in electrical properties at temperatures around 200 K, related to a phase
transition [17-19]. The fact that both the dielectric loss and DC current do not change
significantly near 200 K suggests that the water-related traps do not contribute to the
PTC effect. Furthermore, the PTC effect is still observed for temperatures as low as 130
K which is well below 200 K, temperature where the water related defect becomes a
trap for charge carriers. This strongly suggests that although water-related traps maybe
be present, they are not responsible for the PTC effect reported here.

In order to get insight into the trap characteristics, thermally stimulated currents
were aso attempted. However, switching diodes shown relatively noisy currents, which

hinder the observation of discernible structure in thermally stimulated currents.

4. Conclusions
We note that the commonly reported view that filaments are created by the diffusion

of metallic species from the electrode into the bulk region cannot explain the abnormal
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positive temperature coefficient. Instead we argue that in the forming process
conducting paths are preformed. Here diffusion of metal atoms can be involved, as
indicated by a number of experiments [5, 16, 20]. However, this does not imply that
every time the memory switches, afilament isformed or ruptured by diffusion of atoms.
Instead, our findings support that preformed paths exist and that these are turned on and
off by filling and emptying of trap states, acting as micro-switches. Equivaent circuit
modeling shows that these micro-switches are physically located in or near the oxide

layer.
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Figure captions

Fig. 1. (a) Schematic diagram showing the physical structure of the memory device, (b)

photograph of an encapsulated device containing a number of diodes.

Fig. 2. J-V characteristics of the device in the OFF and in the ON-state.

Fig. 3. Typical J-V characteristics for the OFF-state. The inset shows the Arrhenius plot

of the current measured at the voltage of 1 V.

Fig. 4. Temperature dependence of the J-V curve of a diode programmed into the ON-

State.

Fig. 5. The temperature dependence of the current in the high-conductance ON-state

monitored at 2 V. The cooling speed is 1K/min.

Fig. 6. The temperature dependence of the current in the high-conductance ON-state
monitored at 1 V in a similar sample to the one shown in figure 5. In this cooling run
the bias was temporarily removed for time intervals ranging from a few seconds to
minutes, alowing for thermal equilibration. The cooling speed is 1K/min. The inset

shows the discrete nature of the current variation with temperature.

Fig. 7. Frequency dependence of the capacitance (C) and the loss (G/w) in the ON state.
The inset shows the corresponding equivalent circuit which describes the device as a

double-layer structure.
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Fig. 8. Low-frequency loss (G/w), of the diode as function of temperature.
M easurements were carried out at with atest frequency of 300 Hz. The solid lineisa

guideto eye.

Fig. 9. Experimental measured loss (points) and theoretical fits (continuous lines) using
the equivaent circuit of figure 7. The changes are resistive and located in the oxide
layer of the sample; only changes in Rox are necessary to account for the changes in the
loss with temperature. All other circuit parameters were kept constant. The inset shows

the values of Rox used to fit the loss at a particular temperature.
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