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Defect-mediated ferroelectric domain depinning of polycrystalline BiFeO;

multiferroic thin films
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(CSIC), Sor Juana Inés de la Cruz 3, 28049, Madrid, Spain

(Received 8 November 2013; accepted 20 February 2014; published online 5 March 2014)

The ferroelectric domain depinning in a polycrystalline BiFeO; film is studied by a defect-mediated
diffusion mechanism driven by a secondary re-oxidation anneal. The presence of defect complexes
(oxygen-vacancy-associated dipoles) responsible for pinning is discussed from the current-voltage
(I-V) characteristics of the film. Dissociation of these complexes by re-oxidation anneal produces the
effective depinning of domains in the material. The released oxygen vacancies would be
compensated at the re-oxidized state due to the valence change of Fe*" to Fe*". Improvement on

domain mobility results

in a larger contribution to ferroelectric switching,

showing a

room-temperature remanent polarization of 67uCcm 2. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4867703]

The bismuth ferrite (BiFeO3) perovskite remains consid-
ered the most competitive compound among single-phase
multiferroics nowadays." One of the reasons lies on its high
Curie (1103K) and Néel (643 K) temperatures, which allow
displaying both ferroelectricity and G-type antiferromagnet-
ism at room temperature. Today, the development of potential
BiFeO; devices is however focused on its ferroelectric charac-
ter. With the highest polarization among perovskite oxides
predicted (P, ~ 100 uC cm2),? it took several decades until
this could be experimentally measured in thin films only few
years ago,” confirming its intrinsic nature soon afterward in
single crystals.* The main obstacle is associated with the high
electrical conductivity of the material that prevents an opti-
mum ferroelectric polarization at room temperature.” In this
context, the presence of impurities (nonstoichiometry, second-
ary phases) and charged defects are considered crucial with
regard the large leakage currents observed in BiFeO5,® which
has limited its application for a long time. Recently, the exis-
tence of non-neutral (head-to-head) domain walls that are
electrically compensated by trapping of mobile charges has
been observed in the 180° polarization switching of BiFeO;
epitaxial films.” The stabilization of this configuration pro-
duces a strong domain-wall pinning in the material responsi-
ble for the intrinsic polarization fatigue (and suppression®)
observed. Improvement on domain dynamics, e.g., by releas-
ing a domain-wall pinned structure, may significantly enhance
the ferroelectric polarization of the film allowing higher satu-
ration values that would make the material suitable for practi-
cal applications.” In this Letter, we demonstrate the effective
depinning of BiFeOj; thin films by means of a defect-mediated
diffusion mechanism that results in a domain configuration
with increased mobility and large ferroelectric response.

Polycrystalline BiFeO5; multiferroic thin films (240 nm)
were grown on Pt/Ti0,/SiO,/(100)Si substrates by a solution
method reported elsewhere.'® Ten layers of this solution
were successively deposited and pyrolyzed before the whole
stack was crystallized by rapid thermal annealing (RTA) at
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773K for 60 s in air. The resulting as-crystallized sample
will be denoted as “fresh” BiFeOj film. For the purpose of
this study, a subsequent thermal treatment in static oxygen
was applied to this sample in a furnace at 573 K for 30 min
(10K min~"). The resulting postannealed sample will be
denoted as “re-oxidized” BiFeOj film. X-ray diffraction
(XRD) and scanning electron microscopy (SEM) examina-
tions revealed no change in the structure and surface mor-
phology upon reoxidation annealing. A planar array of
discrete capacitors was formed in the BiFeOs; films by sput-
tering Pt/Au top electrodes on their surface through a shadow
mask. Ferroelectric characterization of the samples was car-
ried out using a Radiant Precision Premier II materials ana-
lyzer, a HP-8116A pulse generator, a Keithley-K428 current
amplifier, and a Tektronix-TDS520 oscilloscope. Impedance
spectroscopy was carried out with a HP-4284A LCR
Meter (signal 0.01 V) and a lock-in amplifier DSP7265
for low-frequency measurements. X-ray photoelectron spec-
troscopy (XPS) was performed in a VGS ESCALAB 210
instrument using a nonmonochromatic Mg Ka x-ray source
(hv =1253.6eV) at normal emission angle and 20eV pass
energy.

Figure 1 shows the ferroelectric hysteresis loops meas-
ured on the fresh BiFeO; film at different temperatures.
Contrary to the common issue of conducting BiFeOs,” the
sample of this work presents a relatively high resistivity at
zero DC bias (>10'" Q cm). Room-temperature polarization
[Fig. 1(a)] at low voltages (sub-switching fields) results in a
slim loop with no ferroelectric contribution. However, upon
voltage increase, domain switching starts to occur together
with a significant non-linear conduction that suppresses fer-
roelectric polarization of the film by reaching an irreversible
dielectric breakdown at 7 V (not shown). This behavior was
unfortunately repeated in a number of capacitors and repro-
duced for several samples of fresh BiFeO; films. To gain
insight into the polarization process, we minimized the leak-
age current contribution in this film by low-temperature
measurements at 200K [Fig. 1(b)]. The resulting hysteresis
curve reveals now a pinched-like shape very similar to that
found in recent reports on pinned BiFeO3 bulk ceramics.' 112

© 2014 AIP Publishing LLC
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FIG. 1. Polarization hysteresis P vs E of the fresh BiFeOs film measured at
room temperature (a) and 200 K (b) at a frequency of 1 kHz.

Constriction of ferroelectric loops (“pinching”) is generally
indicative of domain pinning in the material, usually induced
by point defects and/or oxygen-vacancy-combined defect
dipoles. Despite the reduced conductivity and the higher
voltage applied in the film at this temperature, complete
switching of ferroelectric domains is still not observed for
positive voltages, what suggests the “hardening” of the sam-
ple due to the presence of aligned oxygen-vacancies-associ-
ated dipoles.'® The polycrystalline nature of this film, with
grains revealed as being in a monodomain state,'” may lead
to the formation of non-neutral grain boundaries in the mate-
rial that would be electrically compensated by the former
defect species, thus pinning the associated domain in an
analogous situation to that shown for BiFeO; epitaxial films
with electrically uncompensated domain walls.” From this
first analysis, we can state that the initial configuration of the
fresh BiFeO; film is close to a hard ferroelectric material
with ferroelectric domains strongly pinned by local defects.
The current-voltage (I-V) curves at room temperature
for the fresh BiFeO; film are shown in Figure 2. Successive
measurements were carried out at maximum voltages of 3 V,
5V, and 3 V back, depicted from Figs. 2(a) to 2(c), respec-
tively. At low voltages [Fig. 2(a)], the film exhibits a high re-
sistance state (HRS) which relates to the low dielectric loss
of the capacitor at zero voltage (0.044). The stabilization of
a domain configuration strongly pinned by defects may

Appl. Phys. Lett. 104, 092905 (2014)

explain the reduced leakage current observed at this voltage.
Oxygen vacancies present in the film can be located at the
pinning centers (as defect dipoles) not contributing to any
mechanism increasing the concentration of electronic charge
carriers. However, when the maximum voltage is increased
up to 5 V [Fig. 2(b)], the film changes its state to a low resist-
ance one (LRS) that would account for the increased conduc-
tion measured in the corresponding ferroelectric loop of Fig.
1(a). The application of switching voltages in this film pro-
duces a strong charge motion out of traps which severely
degrades the electrical performance of the material. Oxygen
vacancies resealed from the pinning centers would act as
donors in the system leading to the high leakage current
measured. It is worth noting that the sample holds irreversi-
bly on this conductive state despite decreasing the voltage
again down to 3 V [Fig. 2(c)], what rules out any resistance
switching behavior on this film."*

We have studied the effect of a postannealing in oxygen
on the leakage characteristics of the resulting re-oxidized
BiFeO; film, whose corresponding I-V curves appear
included in Figure 2. The concentration of oxygen vacancies,
which play an important role in the electric transport proper-
ties of ferroelectric perovskites, is known to decrease after
conditioning treatments in oxidative atmospheres.'’
Interestingly, the dielectric loss of the film at zero voltage
becomes now larger (0.060) and higher levels of leakage cur-
rent (almost three orders of magnitude) are measured at 3 V
[Fig. 2(a)] with respect to the fresh sample. This behavior is
indicative of a greater amount of free Vo™ in the system after
treatment that contributes to the increased electronic conduc-
tion of the film. However, the concentration of these species
is lower with respect to that arisen in the fresh film after elec-
trical degradation, i.e., when dissociation of defect dipoles is
produced by the high electric fields responsible for the low
resistance state of the sample. Thus, when voltages close to
ferroelectric switching are applied [Fig. 2(b)], the re-oxidized
BiFeO; film shows a symmetric and mostly reversible
curve in contrast to the fresh one. Note that degradation of
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the capacitor after this voltage level is not observed in the
former film with values of leakage current comparatively
lower at 3 V back [Fig. 2(c)]. The re-oxidized BiFeOj; film
showed a dielectric loss at zero voltage of 0.026 after this se-
ries of electrical measurements, whereby the local defects
were expected to diffuse generating a new domain structure
in the material. Therefore, the results obtained from this fig-
ure point to an improved domain mobility in the BiFeO;
films of this work after the re-oxidation anneal. The effect of
this process on the defect equilibrium of the films is
described as follows:

(1) A ferroelectric domain configuration strongly pinned
by local defects is assumed for the fresh BiFeOj5 film.
The use of a bismuth excess in the precursor solution'’
would compensate for the Vg;"’ generated by volatiliza-
tion from the film, leaving the Vo™ defect as the main
candidate responsible for pinning.

(2) Postannealing in oxygen, however, results in higher
dielectric losses at zero DC bias. The mechanism caus-
ing this response may be associated with the presence
of pair centers in the fresh BiFeOs film resulting from
the combination of oxygen vacancies with transition
metal ions.'® In agreement with other authors,12 we
propose the plausible formation of the Fe®™—Vy™
defect dipole during crystallization that would incorpo-
rate (freeze) into electrostatically non-neutral grain
boundaries of the film, acting thus as pinning center.
The Vo™ species forming the pinning dipoles would
not contribute to any conduction mechanism involving
the generation of charge carriers in the film.

(3) Dissociation of this defect complex with the re-
oxidation anneal (via thermal energy) produces depin-
ning of ferroelectric domains in the film. The released
species (Fe*" and V™) may interact with the surround-
ing O, atmosphere resulting in iron oxidation (i) and
compensation for oxygen vacancies (ii) according to
the complementary reactions

Fe’t — Fe*™ + ¢/, Q)

1

3 02+ Vo™ + 2¢' — O,. (i1)
The presence of mobile, free Vo™ species out of the pin-
ning centers contributes to the generation of conducting
electrons that would be responsible for the relatively
high leakage currents measured (Fig. 2(a)).

Appl. Phys. Lett. 104, 092905 (2014)

The defect-mediated mechanism leading to ferroelectric
domain depinning in the film is supported by Figure 3. The
fitting analysis of the XPS spectra shown in Fig. 3(a) denotes
the coexistence of both Fe*>" (711.4 eV) and Fe>" (709.1 eV)
states in the BiFeO; samples due to the common valence
fluctuation of this ion.'” However, the Fe>*/Fe?™ ratio calcu-
lated from the integration of the corresponding fitting curves
at the Fe 2p;, level (including satellites peaks) is 0.809 and
1.041 for the fresh and re-oxidized film, respectively. This
means a relative increase in the Fe*" concentration of 6.3%
after dissociation of the Fe>™—V™ complex following reac-
tion (i). The release of electrons to the system contributes to
the raise of the electrical conductivity of the BiFeOj film, as
clearly shown by Fig. 3(b). The DC resistivity calculated
from the plateau of the real part of admittance with fre-
quency results two order of magnitude lower in the re-oxi-
dized film (6.7 x 10'° Q cm) with respect to the fresh one
(2.5 x 10'? Q cm), which accounts for the higher dielectric
loss and leakage current observed at moderate voltages after
ferroelectric domain depinning. To corroborate the effective-
ness of this process, Figure 4 shows the ferroelectric proper-
ties of the re-oxidized BiFeOj; film by hysteresis [Fig. 4(a)]
and pulsed polarization [Fig. 4(b)] measurements at room
temperature. Experimental loop (open circles) of ferroelec-
tric hysteresis is plotted as the variation of charge current
with the electric field. An optimum switching of ferroelectric
domains is deduced for this film from the symmetric dual
peaks observed at an average coercive field of ~400kV
cm ™', Non-switching contributions arisen from linear capac-
itance and resistance effects, as well as from non-linear con-
duction (leakage current), were subtracted from the
experimental loop of Fig. 4(a) by a simulation model'® using
a fitting algorithm based on an implemented hyperbolic tan-
gent function.'” Note the high accuracy between the experi-
mental and simulated data (solid line), from which the
compensated charge current loop (closed circles) is obtained.
The integration of this loop results in the plot of polarization
versus electric field, which appears in the inset of this figure.
A remanent polarization of 67 uC cm 2 (P,) is obtained for
the re-oxidized film, being among the highest values reported
to date for thin films of this multiferroic composition.>”*
This result is confirmed by the pulsed polarization character-
istics shown in Fig. 4(b). The integration of the switching
current transitory between two consecutive reading pulses in
the poled sample yields a pulsed, non-volatile polarization of
110 uC cm 2 (2P)). Improvement on ferroelectric switching
by a defect-mediated mechanism for domain depinning is

-5 Y' re-oxidized (low frequency)
-6
74 o

FIG. 3. (a) Fe 2p core levels XPS spec-
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and FWDH width (eV) of fitting curves
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FIG. 4. (a) Charge current hysteresis J vs E of the re-oxidized BiFeO; film measured at room temperature and 5 kHz frequency. Experimental (open circles),
simulated (solid line), and compensated (closed circles) curves are depicted. The equivalent P vs E graph resulting from the integration of the compensated
J vs E loop appears in the inset. (b) Switching current transitory measured at room temperature between two consecutive reading pulses (14 V amplitude, 2 us
width) separated by 10 us after the application of a train of pulses with opposite sign (2 us width) at the writing voltage in a poled re-oxidized BiFeO; film.
Integration of the difference area (filled under curve) gives rise to the pulsed non-volatile polarization.

thus revealed as a powerful strategy to achieve large polar-
ization values at room temperature in BiFeOj thin films.

In summary, ferroelectric domain depinning in a poly-
crystalline BiFeOj; thin film is studied by a defect-mediated
diffusion mechanism driven by a secondary re-oxidation
anneal. Comparison of I-V curves between the fresh and the
re-oxidized BiFeO; films reveals the formation of defect
dipoles (Fe*™—V™) as the main cause responsible for pin-
ning. Re-oxidation treatment leads to the effective dissocia-
tion of these complexes to Fe’™ and Vo™, whose
re-association is minimized by iron oxidation and oxygen va-
cancy compensation. Consequently, an enhanced domain
mobility is obtained for the re-oxidized BiFeO; film with
larger contribution to ferroelectric polarization. A remanent
polarization of 67 uC cm ™2 is measured in this film that con-
firms its potential application in advanced devices and sup-
ports the tremendous expectation devoted to this multiferroic
compound during the last years. The possible generation of
new defect dipoles upon continued electric cycling or with
time, which would affect the reliability of these re-oxidized
BiFeO; films, is an area of future investigation.
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