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We report on the fabrication and characterization of Ti/BaTiO3/Pt memristive devices. BaTiO3 films were grown
on platinized silicon by pulsed laser deposition with different laser pulse energies. We prove the existence of a
correlation between the fabrication conditions and the microstructure and stoichiometry of the films. It is sug-
gested that the small grain size found on our BaTiO3 films destabilizes the structural tetragonal distortion and in-
hibits the appearance of long-range ferroelectric ordering.We show that even in absence of ferroelectric resistive
switching (RS), two different RS mechanisms (metallic filament formation and oxidation/reduction of the Ti top
electrode) compete, and can be selected by controlling the films stoichiometry and microstructure.
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1. Introduction

The sustained increase of memory densities over the last decades
has been, to a large extent, responsible for the remarkable evolution of
micro- and nanoelectronics present in laptops, digital cameras, mobile
phones, etc. Further progress, especially in portable appliances, crucially
depends on the development of new solid-state memories. Today, dy-
namic random access memories (DRAM) and Flash represent the dom-
inantmemory technologies. DRAMs are fast and show almost unlimited
cycle times for write and read operation, but they are volatile, i.e. they
lose the stored information when the supply voltage is cut off. In addi-
tion, a further increase in storage density faces huge obstacles since
their storage principle is charge-based. Although Flash memories are
non-volatile and show better scaling potential than DRAMs, their
write access is relatively slow and the number of write cycles is limited.
The “holy grail” of thememory technologywould be a RAMbringing to-
gether non-volatility, speed, durability and extended scaling. Different
technologies have been proposed to accomplish these requirements,
i.e. phase-change memories, magnetic or ferroelectric random access
memories and resistive random access memories (RRAM). The latter
are based on materials which show a significant, non-volatile, change
in their resistance upon application of electrical stress, a mechanism
Aplicaciones, CNEA, Av. Gral Paz
that from early 00′s is usually called resistive switching (RS) (see re-
views [1,2] and references therein). RS has been found to ubiquitously
exist in a huge variety of simple and complex transition metal oxides.
A typical RS device, usually called “memristor”, consists in a metal/
oxide/metal stack, usually laterally confined by means of standard
micro or nanofabrication techniques. Although still immature compared
to other approaches, RS materials show promising properties in terms
of scalability, low power consumption and fast write/read access
times. In addition, memristors were shown to exhibit a similar behavior
than the bit-cells of the human brain (synapses) [3], suggesting the pos-
sibility of developing disruptive devices with neuromorphic behavior.

Up to now, the microscopic physical and chemical mechanisms un-
derneath RS have not been fully understood. Different RS mechanisms
have been proposed, being themost widely accepted related to the cre-
ation/disruption of conducting filaments bridging both electrodes, or to
the drift-diffusion of oxygen vacancies that modulate the height of the
Schottky barrier at the oxide/metal interface [1]. More recently, it has
been proposed that in the case of ferroelectric oxides, the direction of
the spontaneous polarization can also modulate the Schottky barrier
at the oxide/metal interface, and therefore the device resistance
[4–12]. These devices have the advantage of not relying on voltage-
induced migration of ions -i.e. cations coming from the metallic elec-
trode or oxygen vacancies- but on a pure electronic mechanism, being
expected to display superior reliability and endurance.

Most reports on ferroelectric memristors deal with the room tem-
perature multiferroic BiFeO3 [6, 10–13] or with the canonical room
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Fig. 1. X-ray diffraction pattern corresponding to a BTO/Pt/Ti/SiO2/Si thin film. Peaks
labeled with * correspond to a small amount of SiO2 –buried below the Pt/Ti layers– that
crystallizes during the BTO deposition process at high temperature. The inset shows a
sketch of the connected device for electrical characterization.
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temperature ferroelectric BaTiO3 (BTO) [4,5,7]. In the latter case, reports
on epitaxial films grown on SrRuO3 buffered DyScO3 [14], La2/3Sr1/
3MnO3 buffered NdGaO3 [7,15] or conducting Nb:SrTiO3 substrates
[16,17] can be found in the literature. In these cases, it is suggested
that the ferroelectric character of the oxide layer plays a key role in
the observed RS behavior. However, in order to allow a massive imple-
mentation of these devices, the growth of cheap, compatible metal
oxide semiconductor (CMOS) devices on silicon is desired. A few
works report on RS in polycrystalline Ba0.6Sr0.4TiO3 thin films, grown ei-
ther on platinized Si [18] or Ir/MgO/TiN buffered Si [19]. The RS found in
these systemswas reported to be independent of the ferroelectric prop-
erties of the oxide. In the first case, it was shown that the RS behavior is
enhanced if the films are grown in Ar atmosphere, which increases the
grain size and the existence of mobile oxygen vacancies. A similar RS
scenario, related to the formation of oxygen vacancies filaments, is sug-
gested in the second case. It is therefore worth asking if ferroelectric RS
can be achieved in polycrystalline BTO thin films on buffered silicon.We
recall that this is difficult task as a high control of themicrostructure and
themetal/oxide interfaces -usually rougher than in the case of epitaxial
films- should be achieved in order to allow the stabilization of switch-
able ferroelectric ordering modulating the interface resistance.

In this article we study the memristive behavior of BTO thin films
grown on platinized silicon by pulsed laser deposition under different
growth conditions. The characterization of our samples suggests that
in all cases the BTO films display a mixture of tetragonal and cubic
phases. We propose that the small grain size of the films destabilize
the tetragonal distortion and inhibits the appearance of long-range fer-
roelectric ordering. We show that even in absence of ferroelectric RS,
two different resistive switchingmechanisms -metallic filament forma-
tion and oxidation/reduction of the Ti top electrode- compete, and can
be selected by tuning the filmsmicrostructure and stoichiometry. Alter-
native strategies for getting BTO-based heterostructures on Si with fer-
roelectric RS are discussed.

2. Experimental

BTO thin films were grown on (001) Pt/Ti/SiO2/Si commercial sub-
strates by pulsed laser deposition. A 266 nm Nd:YAG solid state laser,
operating at a repetition frequency of 10 Hz, was used. The deposition
temperature and oxygen pressure were 700 °C and 0.13 mbar, respec-
tively. In order to modify the microstructure of the films we changed
the energy per pulse of the laser beam between 50 and 100 mJ, main-
taining the laser fluency constant at ~2 J/cm2 by adjusting the area of
the laser spot at the target position. X-ray diffraction was performed
by means of an Empyrean (Panalytical) diffractometer. The film thick-
ness was estimated by cross-section scanning electron microscopy im-
aging. Thicknesses of 390, 350 and 230 nm were obtained for films
grown at 100, 70 and 50 mJ/pulse. The growth rates were estimated in
0.81, 0.32 and 0.15 Å/pulse, respectively. The microstructure of the
films was observed by scanning electron microscopy (SEM), using a
Carl Zeiss's Supra 40 microscope. Also, atomic force microscopy was
performed in selected samples, by using a Veeco's Nanoscope III micro-
scope to image the samples surface topography. Room temperature
Raman spectra were recorded on a LabRAM HR Raman system (Horiba
Jobin Yvon), equipped with two monochromator gratings and a charge
coupled device detector (CCD). The Ar laser line at 514.5 nmwas used as
excitation source and it was filtered to give a laser fluence lower than
1 mW/mm2 on the sample. 100 nm thick Ti top electrodes were depos-
ited by sputtering and shaped bymeans of optical lithography. Top elec-
trode areas ranged between 32 × 103 μm2 and 196 × 103 μm2. Electrical
characterization was performed at room temperature with a Keithley
2612 source-meter hooked to a probe station. The bottom Pt electrode
was grounded and the electrical stimulus was applied to the top elec-
trode. Polarization versus applied electrical field loops were recorded
at room temperature with a Radiant Precision LC Material Analyzer at
a frequency of 1.5 kHz.
3. Results and discussion

Fig. 1 displays an X-ray diffraction pattern corresponding to a film
grown with a laser pulse energy of 100 mJ. The spectrum suggests a
polycrystalline growth, without any particular texture. Similar
diffractograms were found in the cases of films grown at different
pulse energies. The diffractogram was indexed by assuming the usual
tetragonal room temperature structure [20], in spite of the fact that it
has been reported that size effects present in polycrystalline films
with reduced grain size can suppress the tetragonal distortion, leading
to a cubic non-ferroelectric structure [21]. However, it should be point-
ed out that the typical full width half maximum (FWHM) of the diffrac-
tion peaks (typically 0.2–0.3°) is higher than the splitting expected
between corresponding peaks of tetragonal and cubic BTO phases (for
example, Δ(2θ) = 0.1° between (001)T and (100)C), indicating that
this technique does not allow discriminating between these two struc-
tures.Wewill come back later to this issue. Mean crystallite sizewas es-
timated from peak (111) using the Scherrer equation, obtaining 93, 57
and 42 nm for 100, 70 and 50 mJ/pulse respectively. As can be seen,
crystallite size increases with the energy per pulse.

Fig. 2 shows scanning electron microscopy images corresponding to
films grown with laser pulse energies of 100 mJ ((a), (b)), 70 mJ ((c))
and 50 mJ ((d)). In the case of the films grown at the highest energy, a
non-homogeneous microstructure with the presence of “cracks” is
found. The distribution size of the grain follows a bimodal function cen-
tered at ~20 and ~80 nm. Upon lowering the laser energy, the micro-
structure becomes more homogeneous. In the case of the films
deposited with 50 mJ pulses, only one type of grain with typical sizes
below 20 nm is found. In all cases, a small amount of particulate, typical
of pulsed laser deposition, [22] is found, covering less than 0.3% of the
surface of the samples. The root mean square roughness values (RMS),
derived from atomic force microscopy images (not shown here), are
3.49, 2.55 and 2.88 nm for films grown at 100, 70 and 50 mJ/pulse, re-
spectively. The higher roughness obtained for the films grown at
100 mJ/pulse is related to the inhomogeneous microstructure of this
film and to the presence of bigger grains. The Ba/Ti ratio was quantified
by EDAX, obtaining values of 1.2, 1.1 and 1 for pulse energies of 50, 70
and 100 mJ, respectively. We recall that the expected ratio is 1 − δ,
where δ depends on the thickness of the film and accounts for the con-
tribution to the EDAX spectra of the adhesion Ti layer existing in



Fig. 2. Scanning electron micrographs corresponding to film grown at 100 mJ/pulse (a), (b), 70 mJ/pulse (c) and 50 mJ/pulse (d).
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between the SiO2 and Pt layers. The evolution of the deviation of the
measured Ba/Ti ratio with respect to the expected (nominal) values
for the different films is depicted in Fig. 3(b). The Ba excess increases
Fig. 3. (a) Polarization and capacitance as a function of the electrical field for a BTO/Pt
device. The inset displays the leakage current for the same device. The lack of trend of
the current with the electrical field is due to the rather low signal-to-noise ratio;
(b) Evolution of the deviation of the measured Ba/Ti EDAX intensities with respect to
the expected (nominal) values for films grown with different pulse energies.
as the laser energy decreases, indicating a higher ablation rate for Ba
species for low pulse energies. This is likely related to an inhomoge-
neous laser beam, with zones where the fluence drops below the mini-
mum energy threshold for congruent ablation [22]. The operation of the
laser at 100 mJ/pulse leads to a more homogeneous beam, congruent
ablation and a measured Ba/Ti ratio equal to the nominal one, within
the technique resolution.

Fig. 3(a) shows a typical polarization vs. electricalfield loop recorded
on a sample grown at 100 mJ/pulse. A linear non-hysteretic behavior is
measured for this sample, indicating the absence of long-range ferro-
electric ordering. We recall that the maximum applied electrical field
(~100 kV/cm) is well above the reported coercive fields for sub-
micrometric polycrystalline samples (b~5 kV/cm, according to Tan
et al. [23]). The capacitance C, deduced from the polarization by taking
into account that C = dP/dV, is constant, as expected for a linear capac-
itor. We remark that in the case of a ferroelectric capacitor the capaci-
tance should display two sharp peaks at the coercive electrical fields.
Measured leakage currents were below ~50 nA –see the inset of
Fig. 3(a)–; these low values are consistent with the absence of the char-
acteristic oval shape displayed by leaky samples [18,24]. A similar be-
havior was found for films grown at different pulse energies. Further
information can be obtained by analyzing the relative permittivity, de-
fined as ε = C × d / ε0 × A, where d and A are the film thickness and
the top electrode area, respectively. We have found values of 17, 25
and 31 forfilms grownat 50, 70 and 100mJ/pulse, showing amonotonic
increase with the pulse energy. We stress that typical values of permit-
tivity for polycrystalline tetragonal BTO range between 80 and 1900
[25], indicating the presence of some amount of non-tetragonal phase
with lower permittivity in our films [26]. According to these results,
the films grown at 100 mJ/pulse are expected to present the highest
amount of tetragonal phase.

In order to get further evidence about the crystalline phases present
in our films, we have performed Raman spectroscopy, as shown in
Fig. 4(a). The spectra display well defined features at 306, 520 and
714 cm−1, that according to Parsons et al. [27] were classified as E
(transverse), A (transverse) and mixed longitudinal modes, respective-
ly. The Emode is a signature of the tetragonal phase, being absent in the
Raman spectra of the cubic phase [27]. Interestingly, we found that the
intensity of this mode increases monotonically with the energy per



Fig. 4. (a) Raman spectra recorder for BTO films grown with different pulse energies;
(b) blow-up of the spectra around 300 cm−1, showing the progressive increase of the
Raman E-mode as the pulse energy increases.
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pulse used during the deposition, as shown in Fig. 4(b). This behavior
strongly suggests that the formation of tetragonal phase is maximized
for higher laser energies, consistently with the evolution of the permit-
tivity described above. In consequence, based on the electrical and
Raman characterization we propose a scenario where tetragonal and
non-tetragonal (presumably cubic) phases coexist in our films. The
amount of tetragonal phase is maximized for higher laser energy, but
even in the case of films grown at 100 mJ/pulse the stabilization of a
long-range ferroelectric ordering is not achieved. The formation of
cubic phase can be related to the small grain size present in our samples
as reported by Ring et al. [21].

We will focus now on the resistive memory behavior of the 100 and
50 mJ/pulse films. In the first case we found a virgin resistance of the
order of a few MΩ, which is substantially different from the initial
~100 Ω found in the second case. We have recorded in both cases two
types ofmeasurements: pulsed current-voltage (I-V) curves and hyster-
esis switching loops (HSL). The pulsed I-V curve consists on applying a
sequence of voltage pulses of different amplitude, with a time-width
of a fewmilliseconds, while the current is measured during the applica-
tion of the pulse. This is a dynamicmeasurement. Additionally, after the
application of each of these pulses we apply a small reading voltage of
100mV that allows us to measure the current and evaluate the remnant
resistance state (HSL). Recorded I-V curves and HSLs for five
consecutive cycles are displayed in Fig. 5 for both films. In the case of
the 100mJ/pulse film, it is found that the transition from high to low re-
sistance (SET process) is found after the application of positive voltages
in the range +1 V/+2 V, as shown in Fig. 5(a). The transition from low
to high resistance states starts after the application of−0.8 V pulse and
is gradual. The remnant resistance states can be observed in
Fig. 5(b) and are in the range 500 kΩ/20 MΩ and 200 Ω/1 kΩ for high
and low resistance states, respectively. This gives an average ON/OFF
ratio of 5 × 106. The physical mechanism associated with the observed
RS in this case can be related to the drift-diffusion of Ti atoms from
the electrode to the oxide until a metallic nano-filament bridging both
electrodes is formed. The application of positive (negative) stimulus to
the top electrode induces the migration of Ti ions from the electrode
and filament formation (retraction). The lack of dependence of the
low resistance state with the top electrode area and the nearly ohmic
behavior of this state (not shown here) support this scenario [1,28].

The behavior is completely different in the case of the 50 mJ/pulse
films. Fig. 5(c) displays that the SET takes place for negative voltages
(−1 V) and the RESET for positive stimulus (from+0.6 V), on the con-
trary of the 100 mJ/pulse film which displays the opposite I-V and HSL
circulation. The high and low resistance states resulted ~1 kΩ and
~100 Ω, respectively, which gives an ON/OFF ratio of ~10 in this case.
The dispersion found on SET voltages and remnant resistance values
are substantially lower than in the case of 100 mJ/pulse films. The
inset in Fig. 5(c) displays for both RHIGH and RLOW retention times of at
least 500 s. Similar I-V curves were reported by Herpers et al. in manga-
nite/Ti systems [29], andwere attributed to the oxidation/reduction of a
TiOx layer formed at the Ti/manganite interface. This thin oxide layer is
initially formed during the deposition of the electrode. A similar mech-
anism was proposed for Ag/Ca0.1Bi0.9FeO3 system [30]. The application
of positive voltage to the top electrode favors oxygen transfer between
the oxide and the TiOx layer, the latter increasing its oxygen content and
therefore becoming more insulating. This is related to the observed
RESET process observed with positive stimulus. The application of a
negative stimulus reverses this process and gives place to the SET pro-
cess. We propose that this mechanism dominates the RS behavior of
our Ti/BTO structureswhen the oxide is deposited at low laser pulse en-
ergies (50 mJ/pulse). It is therefore worth asking about the physical
property that controls the activation of the two RS mechanisms ob-
served in both films. First, we should mention that the 100 mJ/pulse
presents a less homogeneous microstructure, which should favor the
migration of Ti ions through the cracks, defects and grain boundaries
present in this sample. In this way, the filamentary regime stabilizes
more easily and dominates the electrical behavior of the device. The
more homogeneous microstructure of the 50 mJ/pulse film inhibits Ti
migration [31] and unveils another dominant mechanism. In addition,
we have shown that this film presents cationic off-stochiometries (Ba
excess), which should enhance the conductivity of the BTO as it has
been shown that A cations in excess in ATiO3 oxides pair with oxygen
vacancies and form n-type antisites defects, which increase the conduc-
tivity of thematerial [32]. This is related to the considerably lower virgin
resistance found in this case. Upon the application of electrical stress,
the lowvoltage drop on theBTOdue to its low resistance allows a higher
voltage drop at interface with the Ti electrode (TiOx layer). This implies
that a higher electrical field acts on the Ti/BTO interface andmakes pos-
sible the oxidation/reduction of the interfacial TiOx layer.

4. Conclusions

In summary, we have grown and characterized BTO thin films on
platinized silicon. The microstructure of the films was demonstrated
to be strongly dependent on the growth conditions. Moreover, we ob-
serve a coexistence of tetragonal and cubic crystalline phases correlated
with the deposition conditions. The latter characteristic is associated
with the small grain size of our films and is responsible for the absence
of long-range ferroelectricity. Finally, a correlation between two



Fig. 5. (a), (b) Dynamic I-V curve and hysteresis switching loop corresponding to a Ti/BTO/Pt device, where the BTO layer was grown with a pulse energy of 100 mJ/pulse; (c), (d) same
measurements for a 50 mJ/pulse film. The inset in (c) displays retention properties for both RHIGH and RLOW states of a 50 mJ/pulse film.
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different RS mechanisms and the microstructure and stoichiometry of
the films was disclosed. Future strategies to obtain ferroelectric RS in
BTO-based structures on Si rely on the use of suitable buffers such as
CeO2/YSZ [33,34] to allow an epitaxial growth on Si.
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