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Homogeneous interface-type resistance
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Lag.67Cap.33MnO3 thin films are fabricated on fluorine-doped tin oxide conducting glass substrates by a pulsed

laser deposition technique with SrTiOg used as a buffer layer. The current-voltage characteristics of the heterojunctions

exhibit an asymmetric and resistance switching behaviour. A homogeneous interface-type conduction mechanism is

also reported using impedance spectroscopy. The spatial homogeneity of the charge carrier distribution leads to field-

induced potential-barrier change at the Au-Lag.¢7Cag.33MnO3 interface and a concomitant resistance switching effect.

The ratio of the high resistance state to the low resistance state is found to be as high as 1.3 x 10*% by simulating the

AC electric field. This colossal resistance switching effect will greatly improve the signal-to-noise ratio in nonvolatile

memory applications.
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1. Introduction

Recently, resistance random access memory
(RRAM) has aroused great interest due to its excel-
lent scalability, simple structure, fast switching speed,
long retention time, and nondestructive readout.—8)
Among all materials devices, electric-pulse-induced re-
sistance (EPIR) switching based on perovskite-type
manganese Re;_, A, MnOj3 (Re = rare earth ions, A =
alkaline ions, x = 0.3-0.7) has attracted considerable
attention for potential applications in next-generation
nonvolatile memories.[?~8] To explain the intriguing
switching effect in these manganese materials, a few
qualitative models have been proposed that empha-
electric field-induced defect

phase separation,['?! tunneling across in-

size different aspects:
migration,°)
terfacial domains,!'!] control of the Shottky barrier’s
height,'?) etc. However, the accepted mechanism be-
hind the physical effect remains elusive. At present,
there are two competing explanations of resistance
switching, i.e. bulk effect and interface effect. For in-
stance, bulk charge ordering in Pry7Cag3MnOgs has
been suggested, but this creates an apparent con-

flict with both the spatial symmetry and the reported
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(13] Although an interface model has

bulk properties.
been proposed involving either lattice defects or car-
rier concentration, the exact nature of this interface
remains vague.' To clarify how and where resis-
tance switching occurs, a convenient and effective test
technique that could investigate the carrier transport
modes in semiconductors and insulators must be ob-
tained. Complex-impedance-plane plots are very pop-
ular because the shape of the locus of points yields
an insight into the possible mechanism or governing
phenomenon. The bulk- and interface-related proper-
ties could be effectively separated by using impedance
spectroscopy. %]

In this work, we study the carrier transport
mechanism in Lag g7Cag.33MnO3 (LCMO) thin films
mainly using the measurements of impedance spec-
trum characteristics. Here, SrTiO3 (STO) is used as
the buffer layer because of its low mismatch of the
lattice constant between LCMO (apy = 0.3864 nm
and ¢y = 0.3875 nm) and STO (cpu = 0.3905 nm).
The purpose of the present work is to investigate the
qualitative difference of the Nyquist diagram (Cole—
Cole plot) in the Au/LCMnO/STO/F:SnO2(FTO)
heterojunctions that have been experimentally ob-
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served so far, and to correlate the Cole-Cole plot
type with a certain physical mechanism of resistance
switching.

2. Experimental details

The ceramic targets for STO and LCMO were
prepared by a standard solid state reaction method
using SrCOg, TiO2, Lay03, CaCOgz, and MnO; as the
raw materials. Using an STO buffer, an LCMO/FTO
heterojunction was grown in a pulsed laser deposion
(PLD) system with an operation wavelength of KrF
(A = 248 nm, repetition rate = 5 Hz, a single pulse
power = 300 mJ). FTO conducting glass was adopted
as a bottom electrode for its lower sheet resistance
(15.87 ©/0) because its resistivity and surface have
a rather small change, with the annealing tempera-
ture increasing up to 750 °C, and it is suited for the
practical application of resistance switching. Firstly,
approximately 40 nm STO was deposited on a chem-
ically cleaned FTO substrate.
thick LCMO film was grown. The deposition was car-

Secondly, a 400-nm

ried out at 700 °C under an Oy partial pressure of
20 Pa. Finally, Au top electrodes with a diameter of
200 um were deposited by DC sputtering with a metal
shadow mask.
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Fig. 1. (a) Schematic diagram of the -V measurement
system. (b) XRD patterns of the LCMO thin films on
STO/FTO.

The film structures were determined on a DX-
2500 X-ray diffractometer at a range of 20°-80°

(20), employing Cu Ka radiation (1.542 A, 1 A =
0.1 nm).
measurements were performed using a CHI600B elec-

Cyclic voltammetry and AC impedance

trochemical workstation (Chenhua instruments Inc.,
China). All the electrochemical measurements were
carried out using a three-electrode system with FTO
used as a reference electrode and counter electrode,
and Au as the working electrode. The data were
recorded using a computer controlled program. Figure
1(a) shows a schematic diagram of the measurement
setup of the electric-pulse-induced resistance (EPIR)

change effect.

3. Results and discussion

The obtained XRD patterns of the LCMO/STO
thin films on FTO are shown in Fig. 1(b). All the
diffraction peaks can be indexed to LCMO and SnO9
(from FTO substrates), indicating that the films are
of single phase without any impurity.

The current—voltage (I-V) characteristics of
Au/LCMO/STO/FTO under the voltage sweep 0 —
Vimax = 0 = —Vihax — 0 are shown in Fig. 2. Here,
positive bias is defined as electric current flowing from
Auto FTO. It can be seen that the curves exhibit non-
linear and asymmetry behaviours, along with a clear
hysteresis at negative bias. Two stable resistance
states are obtained by voltage sweeping. When the
applied voltage bias increases from 0 to Vi,ax, the slope
of the I-V curve cannot be observed obviously and the
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Fig. 2. The current—voltage characteristics of
Au/LCMO/STO/FTO in different bias voltage ranges.
The inset indicates the 15 consecutive measurements per-
formed with a 0.3 V/s scanning rate.

device is in a high resistance state (HRS). It remains in
a HRS by a change of the scanning direction, until the
applied voltage preponderates over a negative numeri-
cal value. The current across the sample increases sud-
denly from this point and the device is switched into
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a low resistance state (LRS). After that, the device
remains in an LRS as the voltage returns to zero and
switches again to HRS. A similar phenomenon has also
been observed in perovskite oxide,[*9 sulfide,!” and
organic polymeric thin films.!'8! Furthermore, the hys-
teresis window becomes bigger and bigger with the in-
crease in voltage range, which provides the possibility
of the existence of multilevel resistance switching. The
15 consecutive measurements were performed with a
0.05 V/s scanning rate between 6 V and —6 V. The
device shows a satisfactory reproducibility, as shown
in the inset of Fig. 2.

The domain model may be used to simulate quite
divergent DC I-V characteristics by adjusting the fit-
ting parameters,'? and the AC impedance is expected
to survey the resistance switching.['®) The impedance
spectra of the sample in a frequency range of 10°-
10° Hz were measured at 0 V dc bias with a voltage
oscillation amplitude of 5 mV. The result is shown in
Fig. 3(a). Intentionally, before the impedance spectral
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Fig. 3. (a) Measured impedance spectra of the LCMO
memory device (open symbols) and simulated impedance
spectra (solid symbols), with the inset showing the cor-
responding equivalent circuit model. (b) The frequency
dependence of the impedance in the on and off state.

measurement, the Au/LCMO/STO/FTO assembled
circuit was first driven by a continuous sweeping volt-
age to the switch-on state and then terminated at
the switch-off state. It should be noted that the arc
depression is not negligible with regard to the real

impedance axis, as shown in Fig. 3(a), where the cen-
tre of a simulated impedance arc is located below
the real axis of a complex plane. Depression anal-
ysis at Nyquist plots (—Zimaginary VeIsus Zyeal) pro-
vides the information concerning homogeneity in the
electrical /dielectric origin governing the correspond-
ing impedance responses.2%) A computer simulation
of the process enabled us to create the corresponding
equivalent circuit with the help of the Zview-2 pro-
gram. The equivalent circuit in different electronic
states can be described by a resistor R, in series with
the parallel combination of Ry and a constant phase
element (CPE). Such a CPE is often used in a model
in the place of a capacitor to compensate for non-
homogeneity in the system to take into account the
irregularity of the surface. For example, a rough or
porous surface can cause a double-layer capacitance
to appear as a constant phase element. In the present
work, the non-homogeneity could arise from the sur-
face heterogeneities such as grain boundaries, crystal
faces on a polycrystalline electrode, or other variations
in surface property. For the equivalent circuit plotted
in Fig. 3(a), the impedance is given by[?!]

Ry

Z =R
(w) e 1 1+ (jw)PCPETCPERtv

(1)

where the R, value depends only on the connection
resistance, R is the charge transfer resistance, CPE
represents the capacitive behaviour of the double layer
replacing the ideal capacitance from the frequency an-
gle and the diffusion behavior, Tcpg is the electro-
static capacitance (F'), and Popg is the index (dimen-
sionless) indicating a degree of deviation from a cer-
tain state. For low frequencies, the total resistance
equals the sum of R, and R;. With increasing fre-
quency, the impedance of the capacitance reduces. At
very high frequencies, the impedance of the capac-
itance is almost zero and therefore the capacitance
acts as a short circuit. Thus, R, is directly measured
at high frequencies. The high-frequency component
generally corresponds to true bulk contributions, the
intermediate frequency term is ascribed to the resis-
tive grain boundaries, and the low-frequency term cor-
responds to electrode interface contributions.l??! By
comparing the two semicircular arcs of the HRS and
LRS in Fig. 3(a), no significant difference can be ob-
served in the high-frequency region originating from
the LCMO bulk contribution. However, the semicir-
cular arc of the HRS originating from the interface
is much larger than that of LRS. These results show
that the resistance change in the LCMO heterojunc-
tion would originate from the change in the interfacial
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resistance. A so-called homogeneous interface-type
conduction mechanism!?3! may play an important role
in our device, in which the change in resistance is at-
tributed to the field-induced change of the potential-
barrier at the interface.

In Fig. 3(a), the impedance spectral characteris-
tics of the on and off states each exhibit a high resistive
value. A high density of defects exists at each of the
Au/LCMO, LCMO/STO, and STO/FTO interfaces,
where the high density of surface states induced by the
defects may cause a large degree of band bending and
then influence the validity of the metal /semiconductor
contact rule in the Au/LCMO/STO/FTO heterojunc-
tions.

Detailed circuit parameters of the simulant plots
of the on and off electronic states are summarized in
Table 1. Because the high-frequency range is corre-
sponding to the resistance from the bulk portion,?4
this is similar to the scale of resistance obtained
The change in bulk-
related R. is not visible, while R; represents the

with DC -V measurements.

charge transfer at the electrode—semiconductor inter-
face which changes remarkably. It indicates a signifi-
cantly changed interface resistance existing in different
electronic states. In addition, the switching behaviour
could be explained in terms of the interfacial response
originating from the Au/LCMO contacts.!2’]

Table 1. Summary of the equivalent circuit parameters
obtained using the impedance spectra of Fig. 3(a) in the
on and off states.

Re/Q Tcpe/F Pcpg Ry/Q
Off state 274 3.6069 x 1078  0.69824 149410
On state 272  3.6067 x 10~8  0.68824 124110

One disadvantage of the complex-impedance-
plane format is that the frequency dependence is ob-
scured. Frequency is generally presented on a loga-
rithmic scale to reveal the important behaviour seen
at lower frequencies. Therefore, the impedance associ-
ated with frequency plots is depicted in Fig. 3(b). The
measured impedance is expected to be w-dependent.
Interestingly, the impedance information obtained
during the off state is similar to that obtained dur-
ing the on state. The AC sweeping shows a gradual
decrease in impedance unlike the rapid changes in the
I-V characteristics. Once the device is in the high
impedance state, it can be switched to higher conduc-
tive states by applying different frequencies, which is
also considered to be a precursor sign of multi-level
resistance switching.

It has been found that the interface resistance be-
tween the electrode and LCMO is much larger than

the intrinsic resistance of LCMO polycrystalline ce-
ramics (0.01 ©2-cm-0.2 Q-cm), and it is believed
that the transport properties are dominated by the
interface. The colossal electro-resistance caused by
low current in the perovskite manganese film has
been reported and the carrier transport in the sys-
tem is often interpreted in terms of interface effect.
Some researchers have attributed the effect to the
film/electrode interface, in which Schottky barriers
with trapped charges and space-charge-limited current
are involved.[226] In our case, the devices with LCMO
films and metal electrodes of similar work functions
have shown drastically different I-V characteristics
and resistance switching phenomena. These suggest
that carrier transport at interfaces cannot simply be
explained by the Schottky barrier effect. Recently,
high resolution transmission electron microscopy has
confirmed the existence of a metal-oxide layer between
the metal electrode and the perovskite film.[27:28] Tt
was argued that the resistance switching effect is due
to the formation and dissociation of such an interfa-
cial metal-oxide layer. Nevertheless, the formation of
a metal-oxide layer at the Au/LCMO interface could
not be used to interpret the present system due to
the good stability of Au. It has been discussed that
the strong electric field develops at the highly resistive
dielectric-electrode interface, leading to a spatially in-
homogeneous oxygen vacancy distribution and a con-
comitant resistive switching effect.?) For a better un-
derstanding of the charge carrier transport mecha-
nism, the typical Nyquist impedance responses of the
Au/LCMO/STO/FTO heterojunctions at several ap-
plied DC biases are shown in Fig. 4(a). Interestingly,
depressed semicircles appear in impedance spectra by
applying different DC biases. Significantly, with the
increase in the DC bias, the large semicircle shrinks,
which is a typical characteristic of a Faradic charge-
transfer and reactions among species at the interface,
such as Mn ions (Mn3?* and Mn**t), electrons, oxygen
vacancies and oxygen atoms. The predominant charge
(electrons and Mn ions) and mass transfer (Mn3* and
Mn** ions, oxygen atoms and oxygen ions) may occur
at this interface due to the local solid electrochemi-
cal reaction. The presence of the interface (junction)
between the Au and LCMO might behave like a po-
tential barrier, and charge carriers are accumulated
at the junction. At a low bias voltage, the electric
field is not sufficient for charge carriers to overcome
the barrier. Therefore, the conductivity of the film
is not affected. As the applied bias voltage increases,
charge carriers gain enough energy from the applied
electric field to cross the junction at the interface,
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hence the conductivity increases. For example, resis-
tive switching relies on the attraction of oxygen vacan-
cies into the Au/LCMO interface and a corresponding
decrease in the Schottky-like interface barrier for neg-
ative voltages (LRS), and a repulsion of oxygen vacan-
cies with a corresponding recovery of that barrier for
positive voltages (HRS). So the conductivity could be
attributed to the accumulation and diffusion of charge
carriers at the interface, and it hints at a homogeneous
interface-type conduction mechanism.
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Fig. 4. (a) DC-bias-dependent impedance of the LCMO
memory device (open symbols), and simulated impedance
spectra (solid symbols). (b) Histogram of Re and Ry corre-
sponding to DC-bias-dependent impedance spectra. The
inset indicates the frequency dependence of the impedance
spectra of Au/LCMO/STO/FTO subject to different DC
bias voltages.

As indicated in Table 2, the data validation proves
that the experimental results fit reasonably and are
in good agreement with the proposed circuit model.
The DC-bias-dependent circuit parameters R, and
R; in Table 2 are displayed in Fig. 4(b). It can be
clearly observed that Ry represents the charge transfer
at the electrode—semiconductor interface and changes
remarkably with different DC bias. The impedances
associated with frequency plots by applying different
DC-bias voltages are depicted in the inset of Fig. 4(b).
Interestingly, the different bias sweepings show an ob-
vious impedance change in the low-frequency region.

These results show that a proper DC bias can sig-
nificantly improve the resistance switching behaviour.
Although we discover that the hysteretic behaviour
mainly originates from the Au/LCMO interface, as
discussed above, the exact effect of a heterojunction
composed of two resistance states could not be spec-
ified by applying different voltages from the present
results alone. Further studies, such as chemical and
structural analyses at the interface, should be per-
formed in detail later on.

Table 2. Summary of the equivalent circuit parameters
obtained using the impedance spectra of Fig. 4(a).

Bias voltage/V Re/Q Tcpr/1078 F  Popr  Ri/Q
0.00 274 3.607 0.69824 149410
0.01 247 3.132 0.70201 111540
0.10 180 3.199 0.71204 88007
1.00 46 3.005 0.79423 3005
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Fig. 5. (a) Multilevel switching behaviours and the en-
durance of the Au/LCMO/STO/FTO heterostructures at
different applied bias voltages. (b) The ratio of Rog/Ron
as a function of bias voltage.

Figure 5(a) demonstrates the multilevel resistance
switching of the LCMO thin film device. Differ-
ent high-resistance states are obtained by applying
electric-pulse voltages of 3, 3.5, 4, and 5 V with a
pulse width of 0.002 s, and the changed low-resistance
states are observed by applying electric-pulse voltages
of —3, —3.5, —4, and —5 V with a pulse width of
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0.002 s. Over 1 x 10* switching cycles, the two states
triggered by positive and negative electric pulses, are
almost unchanged. This multilevel resistance switch-
ing feature can be used as the high-density storage,
and the endurance characteristic indicates that the
device becomes negligibly degraded. The values of
the switching ratio Rog/Ron performed at different
electric-pulse voltages are denoted in Fig. 5(b). When
45 V with a pulse width of 0.002 s electric-pulse volt-
ages are applied, the ratio of the heterojunctions can
reach 1.3 x 10*%. This will greatly improve the signal-
to-noise ratio for nonvolatile memory applications.

4. Conclusions

We report on the current-induced switching effect
in Au/LCMO/FTO heterojunctions using STO as a
buffer layer. A distinctive feature is that the trans-
port behaviour of the device is sensitive to the exter-
nal field, and a switching of the resistance between
two definite resistive states can be induced by electric
pulses of different polarities. The use of impedance
spectroscopy allows for the separation between the in-
terfacial effects and the bulk responses. A homoge-
neous interface-type conduction effect is discussed in
the metal/LCMO junction. Charge and mass trans-
fers may occur at this interface due to the local solid
electrochemical reaction, and the change in resistance
is attributed to the field-induced change in the po-
tential barrier at the Au-Lag g7Cag.33MnQO3 interface.
Several resistance states are obtained by modulating
the electric-pulse voltage. It is expected that the resis-
tance switching behaviour observed in this work can
make it possible to integrate non-volatile multilevel
memory devices on glass substrates.
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