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Abstract Nanoscale PbxLa1−xTi1−x/4O3 (PLT) thin film
has been fabricated on Pt\Ti\SiO2\Si substrates by chemi-
cal solution deposition (CSD) method. Ferroelectricity of
the fresh-made PLT thin film has been clearly detected
through piezoelectric force microscopy (PFM) by writing
reversible ferroelectric domains. However, PLT thin film
also shows off-standard ferroelectric hysteresis loops highly
dependent on frequency, indicating large amount of mo-
bile space charges in the film. Subsequent current-voltage
(C-V) studies show that sandwich-like Pt\PLT\Pt structure
exhibits notable bipolar resistive switching (BRS) character-
istics with high stability (> 103 switching cycles). It is found
that the C-V curves of both high- and low-resistance states
have the feature of space-charge-limited current (SCLC)
conduction, indicating important roles of defects in the con-
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duction. X-ray photoelectron spectroscopy measurement fur-
ther verifies that oxygen vacancies based conductive filament
mechanism is likely responsible for the observed RS effect.
Our demonstration of stable RS effect in the PLT thin film
and its possible coupling with ferroelectricity is promising in
device development and applications, such as development
of ferroelectric-tunable RS memories.
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1 Introduction

Resistance random access memory (ReRAM), as a poten-
tial candidate for the next generation of nonvolatile mem-
ory, has attracted broad attentions due to its outstanding fea-
tures such as simple capacitor-like cell structures, high stor-
age density, high operation speed and low power consump-
tion, etc. [1–10]. Various material systems have been demon-
strated to possess resistive switching (RS) effect, including
metal binary oxides such as ZnO, TiO2, and NiO [1–3], per-
ovskite oxides such as BiFeO3 and SrTiO3 [4, 5, 11], organic
compounds [7], and SiO2 [8], etc. Although there are still
some controversies, several models have been proposed to
explain the origins of RS effect, containing conductive fila-
ment model [11, 12], Schottky barrier model [5] and charge
trap-detrap model [6] and so on.

On the other hand, ferroelectric thin films have been in-
tensively investigated during the past decades, due to their
prospective in device applications of nonvolatile memories,
sensors, high-value capacitors, optical switches, and infrared
detectors, etc. [13–19]. As one of the representatives, per-
ovskite lanthanum-doped lead titanate PbxLa1−xTi1−x/4O3

(PLT) thin films have been widely investigated. They are
well known to exhibit remarkable physical properties, in-
cluding ferroelectricity, piezoelectricity, pyroelectricity, as
well as excellent electro-optic and photostriction proper-
ties [20–23]. Among these properties, ferroelectricity in PLT
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thin films has drawn special attentions for its important func-
tionality and intimate connection with the composition and
electro-mechanical characteristics of the film. In general,
ferroelectricity of PLT thin film alters enormously depending
on the amount of La doping. A larger La concentration tends
to adjust the properties of PLT film closer to the ferroelectric-
paraelectric phase boundary [24–27].

Recently, RS effect has been observed in ferro-
electric thin films and has attracted increasing atten-
tions [5, 6, 9, 11, 13]. It is natural to ask whether the RS be-
havior is or can be coupled with the intrinsic properties of
the film, such as ferroelectricity. This coupling effect would
be crucial to device performance and of great significance
in revealing novel control strategies of RS effect, and pro-
vides us the possibility of developing tunable RS devices,
e.g., ferroelectric-tunable RS memories. Nevertheless, to the
best of our knowledge, few works have been reported about
the RS effect in PLT thin films, not to mention the interac-
tion between RS effect and other intrinsic properties such as
ferroelectricity of the film.

Therefore, two questions arise, i.e., (1) whether PLT
thin films possess RS effect, and (2) whether the RS ef-
fect (if exists) has influence on the other intrinsic proper-
ties of the film (especially ferroelectricity), and vice versa.
To this end, we prepared PLT thin films with 5 mol% of
La (i.e., Pb1−xLaxTi1−x/4O3, with x = 0.05) and fabricate
sandwich structures of Pt\PLT\Pt. Studies on ferroelectric
properties, RS effect, as well as the relationships between
them have been carried out on the samples. The PFM scan-
ning results demonstrate strong ferroelectricity in the PLT
films. Meanwhile, current-voltage (C-V) results show that
the Pt\PLT\Pt structures exhibit typically reproducible bipo-
lar resistive switching (BRS) characteristics. The conduc-
tion mechanism of the observed RS effect and its coexistence
with ferroelectricity have been analyzed and discussed in this
work.

2 Experiments

La-doped PbTiO3 films with general chemical for-
mula of Pb1−xLaxTi1−x/4O3 (x=0.05) were prepared
by chemical solution deposition method (CSD) on
Pt\Ti\SiO2\Si substrates [22, 28, 29]. Lead acetate hydrate
((CH3COO)2Pb·3H2O), as one of the ingredients, was ini-
tially dissolved in acetic acid and stirred at 105◦C for 15
minutes. After cooling to room temperature, the required
quantity of titanium isopropoxide was added into the so-
lution and mixed for several minutes. Lanthanum nitrate
hydrate (La(NO3)3 · nH2O), which provides lanthanum, was
introduced into 2-methoxyethanol and stirred at 60◦C for 10
minutes. The solution were then mixed together and refluxed
for several hours. Excess 5 mol% (CH3COO)2Pb·3H2O was
used to compensate the expected loss of volatile Pb during
annealing process. Before spin-coating on the substrates, the
solution was filtered to avoid particle contamination. The
thermal treatment process for the samples was completed

with a thermal annealing tube furnace. Firstly, the stoichio-
metric solution of PLT with concentration of 0.4 mol/L was
spin-coated on the Pt\Ti\SiO2\Si substrate at 420 r/min for
9 s and 3 500 r/min for 25 s. Then, the film was dried at
450◦C for 5 min in air to remove volatile materials. These
two processes were repeated several times to fabricate films
with desired thicknesses. Finally, the films were annealed at
700◦C for one hour in air ambient. Pt top electrodes with
diameter of 0.3 mm were patterned on the films through
ion sputtering system with a shadow mask. Hereto, the
Pt/PLT/Pt structure was obtained.

The crystallinity and phases of the grown films were an-
alyzed inθ–2θmode by a Rigaku (D-MAX 2200VPC) X-ray
diffractometer (XRD) with Cu Kα radiation (λ = 0.154 nm)
at 40 kV and 30 mA. The cross-section and morphology
structure of the pristine films were confirmed by Quanta
400F scanning electron microscopy (SEM) and CSPM5500
atom force microscopy (AFM). The polarization and domain
properties of the films were studied through CSPM5500
piezoelectric force microscopy (PFM), and the polarization-
voltage (P-V) hysteresis loops were obtained using an RT66
ferroelectrics test system (Radiant Technologies, USA).
Current-voltage characteristics were measured by using a
Keithley 4200 semiconductor characterization system (SCS)
at room temperature. Chemical states of ions in the films
were analyzed by X-ray photoelectron spectroscopy (XPS,
ESCALAB250).

3 Results and discussion

The X-ray diffraction pattern for PLT thin film deposited
on Pt\Ti\SiO2\Si substrates is shown in Fig. 1a. The in-
dex Bragg reflections indicate that polycrystalline perovskite
structure has been formed. No traces of impurity phases
were found within the XRD detection limit. The schematic
plot of Pt\PLT\Pt device is shown in the right above corner
of Fig. 1a. The SEM cross section image of the film was
studied to acquire the thickness of each layer, as shown in
Fig. 1b. It could be clearly seen that PLT thin film has been
well deposited on the substrates with thickness of∼200 nm.
The AFM and SEM surface images of the film are shown in
Figs. 1c and 1d, respectively. From these images, homoge-
neous crystal grains could be observed with the film surface
root mean square (rms) roughness of about 8.43 nm and the
average grain size about dozens of nanometers, revealing that
a dense and smooth surface morphology was obtained in the
derived PLT film.

At first, ferroelectric characteristics of the PLT film
were investigated by PFM. As briefly shown in Fig. 2a, re-
search was carried out on the exposed surface of PLT thin
film without Pt top electrode. Gold-coated conductive probe
of PFM, replacing the Pt top electrode, was utilized as a
scanning probe and the top electrode. To see whether the
PLT thin film is ferroelectric, we applied a voltage of−15 V
to a particular region in the film to write domain pattern of
“SYSU”. The domain pattern was detected by the subse-
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quent PFM scanning with a relatively small voltage of−2 V,
and was characterized by the piezoelectric force signal. The
written ferroelectric domain of “SYSU” was clearly seen, as
shown in Fig. 2b. In the written area of “SYSU”, the piezo-
electric force signal was different from that of adjacent do-

mains outside the written area, which results in distinguished
bright area and dark area and indicates a sudden change of
polarization direction. This result strongly indicates that the
fresh-made PLT thin film exhibits ferroelectricity.

Fig. 1 a XRD pattern of Pt\PLT\Pt device, with an inset of the schematic diagram;b SEM cross-sectional image of Pt\PLT\Pt device;
surface morphologies and grain sizes of PLT measured byc AFM, andd SEM

Fig. 2 a Schematic of PFM tests;b PFM images with written letters of “SYSU”, where different domain directions are represented by
the light and the shade areas;c P-V hysteresis loops of Pt\PLT\Pt device tested under different drive voltage and frequency, depicted by
different colors
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The ferroelectricity of PLT thin film has been further
characterized through the measurement of the conventional
hysteresis loop using an RT66 ferroelectrics test system. In
contrast to the PFM result, we did not observe standard fer-
roelectric hysteresis loop on the sample. As shown in Fig. 2c,
the “polarization”-voltage (P-V) loop is highly dependent on
frequency and shows no saturated “polarization” at high volt-
age. The obtained hysteresis loops indicate large amount of
mobile space charges and large leakage current in the sam-
ple. In the following, we will see that there are abundant
oxygen vacancies in the PLT thin film actually. Because of
oxygen vacancies, we believe that the PLT thin film can ex-
hibit notable RS effect, as verified in the subsequent current-
voltage (C-V) analysis. As indicated by the schematic plot
in Fig. 1a, the C-V tests were started by applying a positive
voltage on the top Pt electrode of the prepared device with a
voltage increment of 0.02 V. The C-V characteristics of the
device are illustrated in Fig. 3, where the data is plotted in
semi-log scale. At the very beginning, the forming process
was achieved when the device underwent a stepwise increase
of voltage (until 8.3 V) for sufficient time, with a compliance
current of 0.1mA to prevent the films from permanent break-
down, as shown in the inset of Fig. 3a. With regular voltage
sweep of 0 V→ +6 V→0 V→ −6 V→0 V, more than one
thousands of cycles of typical RS behavior were observed.
The RS of our sample is bipolar, with opposite sign of the
set voltageVset and reset voltageVreset. To see the stability of
RS, the first fifty cycles and the last fifty cycles of the> 103

C-V sweeps were selected, and their absolute values are plot-
ted in semi-log scale, with arrows indicating the direction of

sweep voltage, as shown in Figs. 3a and 3c, respectively. It
is apparent thatVset andVresetpresents large variation during
the first fifty cycles, withVset ranging from 1.6 to 5.8 V and
Vreset ranging from 0.5 to 2.1 V (Fig. 3a). In the subsequent
hundreds of switching cycles, the set-reset processes tend to-
wards a stable state. For the last fifty cycles of which larger
than> 103 C-V sweeps, the RS process has become quite
stable withVset of about 1.3 V andVreset of about 0.9 V. To
see the stable RS more clearly, one of the last fifty RS cycles
has been individually picked out and depicted in the inset of
Fig. 3c.

Furthermore, resistance evolutions of a high resistive
state (HRS) and a low resistive state (LRS) in the first and
the last fifty cycles of the device were calculated and plotted
in semi-log scale, as shown in Figs. 3b and 3d. It is evi-
dent that resistance ratio exhibited a quite large variation in
the first fifty cycles, which varied over almost four orders
of magnitude in the initial twenty two cycles, and the vari-
ation gradually decreased to one order of magnitude in the
following twenty eight cycles. On the contrary, as the blue
fitting line shows, resistance ratio of HRS and LRS in the
last fifty cycles exhibited relatively steady behavior, varying
within one order of magnitude, which is considered to be
related to the RS mechanism of the device (refer to the fol-
lowing). Therefore, throughout our C-V test, the Pt\PLT\Pt
device stably maintained typical bipolar RS characteristics
in more than one thousand C-V sweeps. To the best of our
knowledge, it is the first time that such stable and reliable RS
characteristics are found in ferroelectrics of PLT thin films.

Fig. 3 The BRS current-voltage behaviors of Pt\PLT\Pt device ina the first fifty cycles, andc the last fifty cycles, with absolute values
plotted in semi-log scale. The insets in right below corner of3a and3c show respectively the forming processes before BRS and a single
BRS cycle picked out from the last fifty cycles. The resistance evolution of HRS and LRS in BRS process withinb the first fifty cycles,
andd the last fifty cycles, as plotted in semi-log scale
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To further analyze the bipolar RS characteristics, one
cycle of the last fifty C-V curves in Fig. 3c was chosen and
replotted in logarithmic scale in Figs. 4a and 4b. From the
linear fitting results with red lines, the slopes in set process
are about 1.02 and 1.08 in low voltage region, while up to ap-
proximately 1.54 and 1.80 in high voltage region, as shown
in Fig. 4a. Similarly, straight fitting lines with the slopes of
∼1.06 and∼1.15 in low voltage region, together with∼1.98
and∼1.80 in relatively high voltage region, can be obviously
observed in Fig. 4b. The results can be associated to space-
charge-limited current (SCLC) theory [30, 31]. According to
the typical SCLC theory, the concentration of injected carri-
ers is lower than the thermal equilibrium carrier concentra-
tion in low voltage region, which will make the current be-
havior show Ohmic conduction property (I ∝ Vm, m ≈ 1).
As the voltage increases to large enough value to make the

density of injected carriers greater than the equilibrium num-
ber of carriers, the Ohmic conduction transitions to the trap-
controlled conduction (I ∝ Vm, m > 1), resulting in larger
slope values in high voltage region. Since SCLC conduction
mechanism is controlled by the localized traps of thin film, it
is believed to be of great relevance to the RS behavior of the
Pt\PLT\Pt device.

To clarify the type of traps in the PLT thin film, the
chemical states of Pt ions, Ti ions and O ions have been in-
vestigated by X-ray photoelectron spectroscopy (XPS). The
results of curve fitting was generated by subtraction of a
Shirley background, followed by decomposition calculations
using Gaussian–Lorentzian mixed functions [32]. The peak-
fitted XPS spectrum is illustrated in Fig. 5. As shown in
Fig. 5a, the spin-orbit split Pb (4f) peak exhibits only one
binding states at Pb (4f7/2)∼138.31 eV and Pb (4f5/2)∼

Fig. 4 The BRS current-voltage curves replotted in log-log scale.a Positive bias range;b Negative bias range

Fig. 5 XPS spectra ofa Pb(4f),b Ti(2p), andc O(1s) in the PLT thin film
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143.18 eV, which well corresponds to the state of lead in
the perovskite lattice [33, 34], demonstrating that only one
chemical state has been realized on the surface of PLT
thin film. In the spectrum of Ti(2p) shown in Fig. 5b, the
Ti(2p3/2) and Ti(2p1/2) peaks are observed at binding ener-
gies of 458.63 and 464.31 eV, associated with different state
of Ti present in the sample, assigning to titanium of TiO and
PbTiO3, which indicates that perovskite structure has been
generated in the film. Figure 5c shows that the O(1s) spec-
tra exhibits three peaks. The peaks correspond respectively
to the perovskite lattice oxygen at 529.89 eV (pink line), the
oxygen vacancies at 530.76 eV (blue line) and the surface
absorbed oxygen at 532.16 eV (green line) [33–36], indicat-
ing complicated states of oxygen in the film. The abundant
surface absorbed oxygen would possibly act as an absorp-
tion source to absorb water, oxygen and even other small
molecules from its surroundings [37], supplementing oxy-
gen vacancies to the film. Therefore, the XPS result evi-
dences the existence of large amounts of oxygen vacancies
on the film surface, which can provide large quantity of trap-
ping sites for electrons and contribute to the formation of
conductive filament. Note that the signal of lanthanum was
very small in our XPS result, which may be due to the low
doping and a small detecting region of the sample. More-
over, because of the minute scale of the conducting path
and the limitation of XPS detection, the direct observation of
voltage-dependent dynamic and cyclic evolution of the fila-
ment change in RS should be further elaborated, and it would
be a worthy topic for future investigation.

Based on the above mentioned, we suggest that the
oxygen-vacancies based conductive filament mechanism is
responsible for the observed RS effect in PLT. As the form-
ing voltage is applied to the device, chemical reactions pro-
ducing oxygen vacancies take place at the electrode/PLT in-
terface. These excess oxygen vacancies (as confirmed by
XPS shown in Fig. 5c), together with those already existing
in the PLT film during the preparation stage, will migrate and
accumulate from one electrode to another under the applied
voltage.

To a certain time, a conductive path forms between
the two electrodes, and the device appears in ON state (i.e.,
transforms from HRS to LRS). Because of the compliance
current, the conductive filament may not completely form
(i.e., it may continue to grow if a compliance current is set
larger). When the applied voltage turns to reverse, oppo-
site reactions and migration of oxygen vacancies will take
place and the conductive filament probably breaks at the
electrode/PLT interface [12, 38], making the device turn to
OFF state with the transformation from HRS to LRS. Within
the first tens or hundreds of RS cycles, due to the complex
physical and chemical process in the films, the form-break
process of the conductive filament is not well reproducible,
resulting in fluctuation observed in Figs. 3a and 3b. As the
RS process repeated, the transport of oxygen vacancies tends
to be regular and the form-break processes in conductive fil-

ament also become stable, giving rise to the uniform RS be-
havior in the last cycles (Figs. 3c and 3d).

Finally, we would like to discuss about the coupling
between ferroelectricity and RS effect in the PLT thin film.
As already shown in Fig. 2b, fresh-made PLT thin film can
exhibit ferroelectricity. However, ferroelectric signal of the
sample was hindered after subsequent measurements of P-V
loops and RS curves, indicating large effect of space charges
on the behavior of ferroelectricity. The hindering of ferro-
electric signal after these measurements is attributed to the
large leakage current caused by the formation of conductive
filaments. In other words, it seems that there is a tradeoff be-
tween ferroelectricity and RS behavior in the same sample.
Nevertheless, on account of the difficulty in characterizing
the dynamics of polarization relaxation and RS process, it
is not clear whether these two phenomena can coexist in the
same sample, and how they couple with each other. Intu-
itional results about mechanism analysis of the interactive
influence between ferroelectricity and RS effects are scarce,
which is worthy of investigation in near future.

4 Conclusions

In summary, ferroelectricity and RS effect have been in-
vestigated in a Pt\PLT\Pt sandwiched structure fabricated
on Pt\Ti\SiO2\Si substrates by chemical solution deposition
methods. The fresh-made PLT thin film has been shown to be
ferroelectric through piezoelectric force microscopy by writ-
ing reversible ferroelectric domains. It should be especially
noted that, due to the effect of large amount of mobile space
charges, the PLT thin film also exhibited off-standard fer-
roelectricity when we measured the ferroelectric hysteresis
loops using a ferroelectrics test system. Meanwhile, highly
reliable bipolar nonvolatile RS characteristics have been re-
ported in 5 mol% La-doped PLT thin films. The C-V re-
sults show that the film presents highly stable RS behavior
up to more than one thousand switching cycles. Based on
current conduction analysis, trap-limited SCLC conduction
mechanism is considered to be dominant in the whole RS
process. According to XPS results, the oxygen-vacancies
based conductive filament mechanism is likely responsible
for the observed RS behavior. The apparent RS characteris-
tics and the intrinsic ferroelectricity observed in the device
may have significant impacts on each other. Nonetheless,
the exact influencing mechanism between them needs fur-
ther studies, which may provide a promising way to device
development and applications, such as the development of
ferroelectric-tunable RS devices.
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