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Recently, resistive random access memory (RRAM) devices
have attracted great attentions for a variety of advantages such
as high-density, high-speed, low-power, and thus promising
applications in next-generation nonvolatile memory technology.[1–4] The memory effect is realized through switching
between high resistance state (HRS) and low resistance state
(LRS), controlled by electric field with either opposite polarity
(bipolar) or different magnitude (unipolar). In understanding
this resistive switching (RS) effect, quite a number of microscopic mechanisms have been proposed, while the formation/rupture of conductive filaments in insulating matrix as
one of the major switching mechanisms has been intensively
studied.[3–5] It is demonstrated that the composition of the conductive filaments and their formation/rupture are remarkably
materials-dependent, thus the RRAM device performance is
materials dependent too. For the favored device performance,
complex transition metal oxides may be the most promising
candidates.[3] The strong correlation of electrons in these oxides
brings out rich competing phenomena between various electronic phases in a delicate balance, allowing a phase change and
thus dramatic change of the electrical property, e.g. resistance,
in response to a minute external perturbation, e.g., an applied
electric field.[6] Furthermore, the atomic and/or electronic
reconstruction at grain boundaries or doping centers in these
oxides enriches the electronic phases, providing an opportunity
for advanced electronics.[7,8]
By an extensive testing of various oxide materials in terms
of the RRAM performance, we eventually choose ferroelectric BaTiO3 for the present study. A low-doping at the Ti-site
can introduce itinerant electrons, leading to the presence of
inhomogeneous state, i.e., the coexistence of metallic and ferroelectric phases.[9] As an electric field is applied on this inhomogeneous state, the local Joule heating induced by inhomogeneous current distribution may lead to the reconstruction of
local atomic and/or electronic phases, causing the large change
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in conductance.[8,10] Besides, earlier works suggested that the
ferroelectric displacements will also change the electronic structure.[11] Hence, BaTiO3-based materials offer a good opportunity
to develop the RRAM devices with more promising functionalities. In this work, we fabricate 5at% Co-doped BaTiO3 (BTCO)
films. The unipolar RS characteristics with the endurance of
more than 105 and switching time of less than 10 ns in addition
to other preferred properties are demonstrated.
We fabricated the BTCO-based memory cell, with the entire
materials stack (thicknesses) of Au(400 nm)/BTCO(400 nm)/
Pt(300 nm)/Ti(50 nm)/SiO2(500 nm)/Si. The X-ray diffraction
(XRD) data indicate that the BTCO films are polycrystalline, as
shown in Figure 1a. Figure 1b and c depict a schematic drawing
of the measurement configuration and the scanning electron
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Figure 1. (a) XRD data of the as-prepared BaTi0.95Co0.05O3 film.
(b) A schematic drawing of the measurement configuration. (c) Crosssection SEM image of a memory cell.
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Figure 2. (a) Typical current-voltage (I–V) characteristics. After the forming
sweep (0 → 15 V), six consecutive RESET-SET cycles are displayed, with
the sweep (0→±1.5 V) for RESET and the sweep (0→±10 V) for SET.
(b) Retention data of HRS and LRS after the RESET and SET, respectively, readout at 0.1 V. (c) Endurance data for 105 consecutive RESET-SET
cycles, readout at 0.1 V.

microscopy (SEM) image of the cross-sectional profile of the asprepared thin film, respectively.
In our experiment, the fresh memory cells are always at the
HRS, with a resistance of ∼10 MΩ. In order to obtain a steady
reversible resistive switching, a forming process is needed in
prior to the testing. Figure 2a shows the typical current-voltage
(I–V) characteristics of the memory cell. The voltage sweeping
from 0 → ±10 V, with steps of 0.25 V and current compliance
of 10 mA, was used to SET the cell from the HRS to the LRS,
while the other sweep of 0 → ±1.2 V, with steps of 0.02 V and
without current compliance, was used to RESET the cell back
to the HRS. Our experiments indicate that the critical voltages,
VSET and VRESET, at which the resistance is abruptly switched
from the HRS to the LRS and then back to the HRS, respectively, do not depend on the polarity, showing the unipolar RS
characteristics. The SET and RESET transitions typically occur
at Vset ∼ 3–7.5 V and Vreset ∼ 0.5–0.65 V, respectively, and the
typical resistance ratio, RHRS/RLRS, readout at 0.1 V, is higher
than 104. The retentions of HRS and LRS are maintained over
7 × 104 s without any decaying, and the endurance remains nondegradable even after the 105 consecutive SET-RESET cycles, as
shown in Figure 2b and c respectively.
The high programming speed is the attractive merit of BTCObased memory cells. To test the switching speed, the memory
cell in series with a resistance Rs = 100 Ω was connected to a
programming pulse generator, and then the output of pulse generator (Vp) and the voltage drop across the series resistance (Vs)
were measured by oscilloscope, as shown in Figure 3a. In order
to switch the memory cell and probe the variation of resistance
state, the pulse train was generated, in which a high switching
pulse (used for SET or RESET) was imposed in-between the
two small probing pulses (used for reading resistance state).
Figure 3b and c indicate the entire waveforms of Vp and Vs. The
1352
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Figure 3. Programming speed test of the memory cell. (a) Wiring
diagram, (b) Waveforms of Vs and Vp with Vp1 at time t∼0. Inset: the
magnified curve of Vp. (c) Waveforms of Vs and Vp with Vp2 at time t ∼ 0.
(d) Vp1off and Vp2off pulses: the off-load outputs of the switching pulse Vp1
and Vp2, respectively.

<0.4 V pulses of ∼120 ns in Figure 3b and the <0.5 V pulses of
∼300 ns in Figure 3c served as probing pulses to measure the
resistance state. To capture the whole waveforms of switching
pulses Vp1 and Vp2, we also measured the off-load outputs of Vp1
and Vp2, i.e., Vp1off and Vp2off respectively. Although the variation
of load resistance will change the amplitude of Vp due to the
impedance mismatching between the pulse generator and the
measuring circuit, the waveform shape remains unchanged and
its amplitude can be calculated (see the supplementary material
for the detail discussion). Hence, the pulse widths (FWHM) of
Vp1off and Vp2off, i.e., those of Vp1 and Vp2, are ∼8 ns and ∼69 ns
respectively, as shown in Figure 3d.
According to the relationship of Rcell = Rs(Vp−Vs)/Vs (see
Figure 3a), a small Vp but Vs ∼0 suggest the large Rcell, i.e., the
HRS, while both small but finite Vs and Vp suggest the LRS on
the contrary. Hence, Figure 3b and c clearly indicate that the
resistance state is switched from the HRS to the LRS under
the pulse of Vp1, and switched from the LRS to the HRS under
the pulse of Vp2 respectively. It is calculated that Vp1∼Vp1off,
i.e.,∼4.6 V, is dropped across the memory cell for HRS→LRS
switching, and Vp2∼0.71Vp2off, i.e., ∼1.7 V, is dropped across
the memory cell for LRS→HRS switching. Although there is
oscillating effect after imposing the pulse of Vp1, the first and
highest oscillating peak (∼ −0.56V), magnified in the inset of
Figure 3b, is sufficiently small so that the resistance state
remains unaffected. After imposing the pulse of Vp2, the first
and highest oscillating peak (∼ −0.21V) is also sufficiently small
so that the resistance state remains unaffected. That implies that
the switching is only operated by Vp1 or Vp2. Hence, it is safe to
argue that the switching speed is less than 10 ns for SET and
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Figure 4. (a) Resistances measured upon various configurations. The
top electrode (TE) was cut into TE-I and TE-II by the probe tip after the
cell was switched from HRS to LRS by the SET process. (b) Temperature
dependent resistance for HRS and LRS. (c) Typical Sqrt(V)-ln(I/V) plot
for HRS. Inset: Sqrt(V)-ln(I) plot for HRS at low field region. Green lines:
the linear fitting curves.
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The PF emission comes from the electric field induced suppression of the Coulomb potential barrier for trapped sites.[12,13]
The fitting results suggest that as the memory cell is switched
from the HRS to the LRS under high electric field, the Coulomb potential barrier suppression should be replaced by phase
transition that favor the electronic conduction, because the
metallic state appears in the local region.[6,8] While for the LRS,
the local Joule heating plays a dominate role at high voltage
region, verified by V/I∝I2, similar to earlier investigations.[13]
The local large thermal excitation induced by the Joule heating
melts those earlier formed conductive filaments, leading to the
RS from the LRS back to the HRS.[16] Under such two different
mechanisms, the difference in pulse width for SET and RESET
can be understood (see supplementary material for the details).
For the phase change mentioned above, the atomic dislocations and/or the electronic reconstruction at local regions are
important ways.[5,6,8] Under an electric field, the migration of
oxygen vacancies/ions favors the formation of metallic suboxides in the local regions, leading to the insulator-to-metal
transition.[3,4,8] Besides, the remarkable Joule heating in some
of those metallic regions may provide thermal excitation for
the thermally activated diffusion of electrically migrated oxygen
vacancies, which in turn destroys the metallic nature of those
regions and causes the recovery of the HRS. In the BTCO films,
the easily varied valence of Co ions,[17] oxygen vacancies,[18,19]
and local itinerant electrons induced by the Co-doping, all favor
the electrical migration or the thermal diffusion of oxygen
vacancies/ions in local region under high electric field or large
Joule heating respectively.[9]
The conductivity in BaTiO3 may rely also on the smallpolaron hopping.[20] The reduction of the concentration of
oxygen vacancies raises the activation energies for hopping and
as a result reduces the conductivity, and vice visa.[21] To vary the
oxygen vacancies concentration, we annealed the BTCO film at
300, 450, 600, or 800 (°C) for 5 minute in oxygen atmosphere,
and then measured the resistances with 0.1 V after the deposition of Au top electrode at room temperature. The data (shown
in the Supplementary materials) indicates that the initial resistance of BTCO decreased after annealing at 300 °C or at 450 °C.
This may be the indication that the Ti migrates through the Pt
bottom electrode and can therefore serve to chemically reduce
the BTCO and actually create vacancies.[22] Upon increasing the
annealing temperature to 600 °C and then 800 °C, the initial
resistance of BTCO film increases dramatically and eventual
becomes much higher than that before the annealing experiment. This suggests that the oxygen annealing away vacancies
is dominant and the oxygen vacancies are reduced after the
annealing at 800 °C.
To study how the reduction of pre-existing oxygen vacancies
in BTCO film influences the RS characteristics,[23] we performed
the forming procedure and the SET-RESET cycling test after the
oxygen annealing at 800 °C. The data indicate that the endurance
becomes worse (<103 cycles), and the fluctuations of VSET, VRESET,
RHRS, and RLRS, become more serious. It is noted that the large
fluctuations of VSET and VRESET may cause the failure of reversible RS and as a result reduce the endurance performance. In
this case, we re-test the SET-RESET cycles with broader voltage
sweeping ranges: 0 → 1.5 V for RESET and 0 → 20 V for SET. As
a consequence, the endurance can be enhanced up to ∼104 cycles.
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less than 70 ns for RESET. These data demonstrate that BTCO is
indeed a promising candidate for resistive memory applications.
Similar to earlier reports, the unipolar resistive switching is
argued to achieve mainly by the formation and rupture of conductive filament, while other mechanisms may also be involved.
To verify the inhomogeneous conduction of memory cell and
therein the filament model, we prepared an Au top electrode to
SET the memory cell into the LRS, then cut the electrode into
two parts (TE-I and TE-II) using the probe tip, and measured
the resistance between the bottom electrode and TE-I or TE-II,
as shown in Figure 4a. The dramatically different resistances
measured with the TE-I and TE-II indicates the inhomogeneous
conductivity. The resistance measured with the TE-I is as small
as that at the LRS, suggesting the presence of conductive filaments inside the region between TE-I and the bottom electrode.
The resistance measured with the TE-II is even higher than that
before the SET process, because no filament is available below
the TE-II and the electrode area is reduced in this part. This
experiment seems to confirm the filament model. Besides, the
metallic behavior of the filament and the insulating behavior
of matrix are also demonstrated by the monotonous increasing
and decreasing tendencies in the temperature-resistance curves
for the LRS and HRS, respectively, as shown in Figure 4(b).
To further understand the conduction mechanisms, the I–V
relationships in several models,[12–15] including I∝V for the
Ohmic law, I∝V2 for the space charge limited current (SCLC),
ln(I)∝ Sqrt(V) for the Schottky emission, ln(I/V)∝ Sqrt(V) for
the Poole–Frenkel (PF) emission, and ln(I/V2)∝1/V for the
Fowler-Nordeim tunneling, are used to fit the typical I–V data.
Figure 4c and its inset show the best fittings for the HRS. The
low voltage region is dominated by the Schottky emission at the
interface between the electrodes and BTCO film, while the high
voltage region is controlled by the bulk-limited PF emission.
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Experimental Section

Figure 5. (a,b) Distributions of log(RLRS), log(RHRS), VSET, and VRESET
after the oxygen annealing at 800 °C, evaluated from the statistics on 104
consecutive RESET-SET cycles. (c,d) Distributions of log(RLRS), log(RHRS),
VSET, and VRESET without the annealing, evaluated from the statistics on
105 consecutive RESET-SET cycles. The binning sizes of both log(RLRS)
and log(RHRS) are 0.2, while those of VRESET and VSET are 0.05 V and 0.5 V,
respectively.

Based on the cycling data, the relative distributions of
log(RLRS) and log(RHRS) plus VSET and VRESET, are shown in
Figure 5(a) and (b) respectively. For the comparison, these
distributions in prior to the oxygen annealing are also shown
in Figure 5(c) and (d), in which the statistics was done on
the data of 105 SET-RESET cycles. It is seen that after the
annealing processing, the reduction of pre-existing oxygen
vacancies in BTCO leads to the up-shift of the most probably log(RHRS) and log(RLRS) from 6.1 to 6.5 and 1.15 to 1.45,
respectively. Due to the less pre-existing vacancies that can
participate in the resistance change, additional atomic dislocations should be produced by electric field to form the filaments,[19] which may be the reason for the slight increase of
the most probably Vset. Similarly, the higher most probably
Vreset should be needed to diffuse such additionally generated
dislocations for disconnecting the filament. Furthermore,
besides the electrical migration and thermal diffusion of preexisting oxygen vacancies/ions, the generation and annihilation of these electric field induced dislocations in a random
way should complicate the occurrence of RS and introduce
additional disturbance, which will broaden the distributions
of log(RLRS), log(RHRS), VSET, and VRESET etc. These variations clearly indicate that the pre-existing oxygen vacancies
with sufficiently high density seem necessary for the stable
RS characteristics.
In summary, we have fabricated non-volatile memory
cells using the Co-doped BaTiO3 thin films as active layers.
The stable unipolar resistive switching characteristics, with
a resistance ratio over 104, retention time longer than 7 ×
10 4 s, endurance over 105 cycles, and switching speed less
than 10 ns/70 ns for the SET/RESET, have been demonstrated. The resistive switching memory effect originates
from the formation and the rupture of conductive filaments, which may be realized by the electrical migration
and thermal diffusion of oxygen vacancies respectively.
The concentration of oxygen vacancies influences the RS
characteristics dramatically.
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Synthesis: The polycrystalline BaTi0.95Co0.05O3 (BTCO) ceramic target
with 2 cm in diameter was synthesized by the solid-state reaction method
from BaCO3, TiO2, and Co2O3 with 99.99% purity. Then this target was
used to deposit BTCO films on Pt/Ti/SiO2/Si substrates by pulsed laser
deposition using a KrF excimer laser with wavelength of 248 nm. The
laser energy density, laser repetition rate, oxygen ambient pressure, and
growth temperature are 2 J cm−2, 2 Hz, 15 Pa, and 800 °C, respectively.
The Au top electrodes with 100 μm in diameter were deposited by
rf magnetron sputtering with a shadow mask.
Characterization: The crystallization of BTCO films is confirmed by
X-ray diffraction (XRD) technologies, and the morphology and thickness
of the films were investigated by scanning electron microscopy (SEM).
The current-voltage (I–V) characteristics and the retention and endurance
performances were measured by the two-probe method using a Keithley
236 source meter at room temperature. For obtaining more accurate
quasi-static I–V characteristic, the voltage sweeps were applied in the
pulse stair mode with a pulse width of 1ms and a pulse separation
of 100 ms, which was used to have enough time to dissipate the
historical accumulation of Joule heat during the voltage sweeps. For
testing the switching speed, Agilent 33250B signal generator was
used to produce the pulse trains, and LeCroy WR62Xi oscilloscope
was used to measure the waveforms of Vp and Vs simultaneously.
In order to program the proper pulse train, proper voltage drops
across the memory cell were firstly chosen according to the switching
characteristics, and then the amplitudes that would be programmed in
Agilent 33250B were calculated (detaily described in the supplementary
material). The temperature dependent resistance was measured in the
cryogenic equipment, with 0.1 V and a temperature ramping rate of
2 K min−1.
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