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ABSTRACT: We report confinement of ferroelectric domain-
wall motion at conducting-nanofilament wall in epitaxial
BiFeO; thin film on Nb-doped SrTiO; substrate. The
BiFeO; film exhibited well-defined ferroelectric response and
unipolar resistive switching behavior. We artificially formed
conducting-nanofilaments in the BiFeO; via conducting
atomic force microscope techniques. The conducting-nano-
filament wall, which does not possess any ferroelectric
polarization, is then able to block domain propagation.
Consequently, we demonstrate that the domain-wall motion
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is effectively confined within the conducting-nanofilament wall during polarization switching. This significant new insight
potentially gives an opportunity for the artificial manipulation of nanoscale ferroelectric domain.
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B INTRODUCTION

Until recently, multiferroic materials, which simultaneously
exhibit both ferroelectricity and ferromagnetism with coupled
electric and magnetic order parameters, have been a subject of
intensive scientific investigation due to their interesting physical
properties and potential device applicability including the
emerging field of spintronics, data-storage media, and multiple-
state memories.' > Through the exploration of these properties
in many materials, BiFeO,; (BFO) has stood out as the most
promising candidate, since it was still known to be the only
ABOj;-type simple perovskite with ferroelectricity and anti-
ferromagnetism coexisting at room temperature.“_7 Never-
theless, a large leakage current, which originates from the
presence of oxygen vacancies created in the film growth
process, hinders its potential applications as the ferroelectric
material. Accordingly, numerous attempts have been devoted to
reducing the leakage current; these have primarily focused on
site-engineering using substitution of some elements at the A-
site.5 ™10

Contrastively, as far as other applications in the BFO films
are concerned, the oxygen vacancies can be used to some extent
in conjunction with ferroelectric polarization. In recent years,
the BFO has exhibited a great potential in nonvolatile resistance
random access memory (RRAM) device."'™** Particularly, Liu
et al. reported that both unipolar and bipolar resistive switching
phenomena, which are associated with conducting nanofila-
ments consisting of oxygen vacancies, were simultaneously
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observed in the BFO-based RRAM capacitors."* More
interestingly, formation of a RRAM conducting nanofilament
wall in the BFO film seems possible by using a conducting
atomic force microscope (CAFM) technique. Since then,
subsequent surface measurements using the CAFM enables us
to observe the conducting nanofilaments pertaining to the
RRAM switching phenomena. In recent literature, on the basis
of the CAFM methodology, we have demonstrated the
formation of conducting nanobits and subsequent character-
izations of resistive switching for NiO and HfO, thin films.">™7

In this report, therefore, we comprehensively investigated
terroelectric domains and RRAM conducting nanofilaments in
an epitaxially grown BFO thin film grown on an Nb-doped
SrTiO; (Nb:STO) substrate. The BFO films exhibited the
terroelectric polarization with a well-defined saturation and the
unipolar resistive switching behavior. In addition, the control-
lable formation of conducting nanofilament was demonstrated
in the BFO films by using a biased CAFM tip. Based on the
above key features, we observed an interesting phenomenon
that the ferroelectric domain-wall motion during the polar-
ization switching is confined within the conducting nanofila-
ment wall.
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Figure 1. (a) AFM image of the BFO thin film on the Nb:STO substrate, (b) schematic illustration of the BFO capacitor (Pt/BFO/Nb:STO)
structure, (c) ferroelectric hysteresis loop (P—E), and (d) bistable resistive switching characteristic of the Pt/BFO/Nb:STO capacitor.

B EXPERIMENTAL SECTION

2.1. BiFeO; Thin Film Deposition and Capacitor Fabrication.
For this study, a BiFeO; bulk target was prepared by using a
conventional solid-state reaction method. High purity, commercially
available powders of all the chemicals, that is, Bi,O5 (99.99% pure) and
Fe,0; (99.99%) (MTI Co., U.S.A.), were mixed in molar ratios. The
mixtures were well ground, pelletized, and fired in an air environment
at 400 °C for 10 h, at 700 °C for 12 h, and finally at 880 °C for S h
with intermediate grinding. Then, BFO thin films were epitaxially
grown by pulsed laser deposition (PLD) on a (001) oriented Nb-
doped SrTiO; (Nb:STO) substrate with resistivity of ~0.001 2-cm at
the Nb-doping level of ~1 wt %, which has an atomically flat surface
with well-aligned terraces formed by HF treatment and annealing at
1000 °C for 1 h. A KrF excimer laser with a wavelength of 248 nm and
an energy density of 0.5 J/cm* was focused onto the targets. The
distance between the target and substrate was maintained to be ~4 cm.
Once the base pressure reached ~5 X 1077 Torr, the substrate
temperature was set to 800 °C with an oxygen partial pressure of 100
mTorr. After deposition, all thin films were subject to slow cooling
down to room temperature at a rate of 100°C/h in an oxygen ambient
at 300 Torr. To prepare circular-shaped top electrodes with a radius of
100 pm, 100 nm-thick Pt layer was deposited on the BFO film by RF
magnetron sputtering through a dot-patterned shadow mask, and then,
subsequent annealing was carried out at 400 °C for 5 min in ambient
air.

2.2. Characterizations. The thickness of the BFO film was 50 nm
unless otherwise noted, which was measured by taking a cross-
sectional image of the sample using a scanning electron microscope
(SEM). For the structural determination of the thin films, the X-ray
diffraction data of @—26 scan and ®-scan were obtained by powder
(Rigaku, Cu Ka radiation) and four-circle (Huber goniometer, Cu Ko
radiation) X-ray diffractometers. The surface morphology and root-
mean-square (RMS) roughness of the BFO thin film was observed by
atomic force microscope (AFM) measurement with a VEECO
Dimension 3100 AFM system. Besides that, the RRAM conducting-
filament and ferroelectric polarization switching in the BFO thin film
were elaborately monitored by various AFM characterizations such as
CAFM, piezoresponse force microscope (PFM) and Kelvin force
microscope (KFM). The ferroelectric hysteresis loop of the BFO thin
film capacitors was measured by an RT66A (Radiant Technologies,
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Inc.) test system, and the resistive switching characteristic was
evaluated by Keithley 4200 semiconductor characterization system.

B RESULTS AND DISCUSSION

Figure la shows an AFM image of the BFO thin film grown on
the Nb:STO substrate. Atomically flat (RMS roughness <5 A)
and clear surface steps with an interval of about 50 nm were
clearly observed due to its layer-by-layer growth. The 6—26 X-
ray diffraction patterns indicate that the BFO films on the
Nb:STO(001) is epitaxially grown without any secondary phase
along the substrate orientation [Figure Sla in the Supporting
Information (SI)]. The in-plane epitaxial relationship between
the Nb:STO substrate and the BFO films was further
investigated by 360° ®-scan for (111) diffraction of
Nb:STO(001) and BFO (Figure S1b in the SI). Perfectly
overlapped four peaks with 90° separation of BFO and
Nb:STO(111) peaks manifest the cube-on-cube epitaxial
relationship of BFO[100]//STO[100] and BFO(001)//
STO(001). We then prepared the Pt/BFO/Nb:STO-structured
capacitor, which is schematically shown in Figure 1b, to
examine the ferroelectric polarization and resistive switching
behavior. First, the ferroelectric polarization versus electric field
(P—E) characteristic was evaluated at a measurement frequency
of 10 kHz in Figure 1c. The P—E hysteresis loop of the BFO
thin film capacitor exhibited a high remnant polarization of ~50
uC/cm? (2P, ~ 100 uC/cm?) with a coercive electric field (E.)
of ~200 kV/cm. Next, to further confirm the resistive switching
behavior with a carefully limited compliance current (Icopp) of
2 mA, we investigated current—voltage (I—V) characteristics of
the BFO thin film capacitor. The BFO RRAM capacitor
exhibited a bistable resistive switching behavior with a typical
unipolar resistive switching characteristic as presented in Figure
1d. Initially, we formed a conducting path in the BFO film with
a forming bias of about 15.5 V. In the following voltage sweep
measurements, the Ry state goes back to the Ry state above
the RESET bias of ~6.6 V. This Rogg state switches again to the
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Ry state above the SET bias of ~11.7 V. The transformed low
resistance state in the BFO film is maintained even with
decreasing the voltage down to zero. The bistable resistance
states of the Pt/BFO/Nb:STO capacitor could be reproducible
for more than 200 DC sweep cycles and remain almost
unchanged over a period of 10° s (Figure S2 in the SI). In other
words, it means that reliable endurance and retention
properties of the BFEO RRAM capacitor were demonstrated.
Figure 2a illustrates the BFO thin film with opposite
ferroelectric polarization configuration on each side of a
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Figure 2. (a) Schematic illustration of the BFO thin film with opposite
ferroelectric polarization configuration around the conducting nano-
filament wall formed by a biased CAFM tip; (b) CAFM, (c) PFM, and
(d) KFM images of the BFO thin film in the vicinity of the CAFM-
formed conducting nanofilament wall.

conducting nanofilament line. First, we arranged upwardly
polarized domains on the surface by applying a bias of =5V
between the PFM tip and the substrate. Then, a line pattern of
conducting nanofilament was artificially formed across the
upwardly polarized region by using the CAFM technique with
the forming bias of 15.5 V. We applied a bias of +5 V between
the PFM tip and the substrate again to reverse the domain
direction on the right side of that conducting nanofilament line,
and thereby, the formation of ferroelectric domain regions
polarized upwardly and downwardly, respectively, around the
conducting line pattern was achieved. The following CAFM
image clearly shows the conducting nanofilament wall with the
width of about 20 nm (a bright line in Figure 2b). Additionally,
Figure 2c shows a PFM image of the BFO thin film in which
upwardly and downwardly polarized domains are clearly
separated by the conducting nanofilament formed by a biased
CAFM tip. It is noted that the brightness of the conduction-
filament is nearly intermediate between upwardly (left) and
downwardly (right) polarized regions, implying the absence of
the dominant polarization direction in the conducting nano-
filament. A KFM image in the vicinity of the conducting
nanofilament is presented in Figure 2d, showing upward and
downward polarizations likewise. In contrast to the PFM image,
however, it is difficult to clearly observe the conducting
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nanofilament wall due to relatively lower resolution of KFM
than that of PEM.'®"?

To further clarify the existence of the artificially formed
conducting nanofilaments between the opposite polarization
regions, we comparatively presented surface potential differ-
ences by complementary PFEM and KFM measurements in the
vicinity of the conductive line, as pictorially shown in Figure 3a.
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Figure 3. (a) Cross-sectional illustration of the BFO thin film with
opposite ferroelectric polarization configuration around the conduct-
ing nanofilament wall formed by a biased CAFM tip; (b) PFM, and (c)
KEM surface potential profiles in the vicinity of the CAFM-formed
conducting nanofilament wall.

Here, the sign of the (+) surface potential on the left-hand-side
domain is opposite to that (—) on the right-hand-side domain
as well, because both sides of the conducting filament line have
opposed polarizations with upward and downward direction,
respectively. However, the value of the surface potential on the
conducting filament line in the KFM measurement is a little bit
different from that in the PFM measurement. More specifically,
the PFM can reflect local piezoelectric response properties by
applying the bias as the direct contact mode of the tip. Once
the highly leaky surfaces such as the conducting filaments are
scanned, all the charges induced by the voltage applied to the
PEM tip are flowing into the conducting nanofilaments with
high conductivity, and thereby, the surface potential is observed
to be “0” (Figure 3b). On the contrary, to measure the surface
potential by the non-contact KFM measurement, a reference
AC bias is applied to the KFM tip, then, image charges are
induced only at the conducting nanofilament region.
Accordingly, the negative surface potential of the KFM signal
is expected, reflecting attractive force between the surface
potential of the image charges on the surface of the conducting
filament and the charges induced at the KFM tip (Figure 3c).!
Figure 4a schematically depicts a conducting nanofilament
wall built up between upwardly polarized domains by the same
CAFM method above. For this, we arranged upwardly polarized
domains on the surface by applying a bias of —5 V between the
PFM tip and the substrate as well, and then, the conducting
nanofilament line was scanned across the upwardly polarized
region by the CAFM technique with the forming bias of 15.5 V.
In the PFM measurement, likewise, the surface potential on the
conducting nanofilament should be “0”, whereas that on both
the parallel domains in the vicinity of the conducting line
should have (+) surface potential (Figure 4b). Figure 4c shows
a PFM image of upwardly polarized parallel domains separated
by the conducting nanofilament wall. Both sides of the
polarized regions show a brighter color in the PFM image
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Figure 4. (a) Schematic illustration of the BFO thin film with upward
ferroelectric polarization configuration around the conducting nano-
filament wall formed by a biased CAFM tip; (b) PFM surface potential
profile in the vicinity of the CAFM-formed conducting nanofilament
wall; (c) PFM and (d) KFM images of the BFO thin film in the
vicinity of the CAFM-formed conducting nanofilament wall; (e)
schematic illustration showing the confinement of domain-wall motion
inside the conducting nanofilament wall; (f) PFM image of the
ferroelectric polarization nanobit confined by the conducting nano-
filament wall.

than the conducting nanofilament region. Contrastively, a KFM
image does not distinctively exhibit the conducting nanofila-
ment wall between the upwardly polarized regions due to
relatively poor resolution, compared with the PFM (Figure
4d)."*" We then placed the AFM tip near the conducting
nanofilament wall to form the upwardly polarized nanobit.
Once the ferroelectric polarization nanobit is reversed by the
AFM tip, the domain wall of the nanobit spreads out. This is
called “domain-wall motion” in the ferroelectric switching. As
schematically depicted in Figure 4e, the AFM tip with a bias
voltage of 0.5 V can induce a local region of the downward
polarization, which is surrounded by the upwardly polarized
domain (right-hand-side) and the conducting nanofilament wall
(left-hand-side). The downwardly polarized domain can
propagate through the surroundings having the opposite
polarization. Interestingly, however, this downward polarization
nanobit cannot spread out inside the conducting nanofilament
wall with the surface potential of “0”. Figure 4f shows a PFM
image of the ferroelectric polarization nanobit confined by the
conducting nanofilament wall. The distorted dark circle
represents a region of the downward polarization induced by
the CAFM bias. The left-hand-side of the asymmetric dark
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circle demonstrates the confinement of domain-wall motion by
the conducting nanofilament wall.

We mainly attribute the confined ferroelectric domain
motion to voltage-driven oxygen vacancies formed at the
conducting filament region, although the detailed composition
inside the conducting nanofilament still needs to be further
clarified by more elaborate analysis techniques. As specified
earlier, the oxygen vacancies have been considered to play a key
role in forming the conducting filament path related to the
unipolar resistive switching."''* These oxygen vacancies have
also been generally believed to be the main element resulting in
the pinning of the ferroelectric domain wall related to
polarization fatigue.20_23 In other words, it implies that the
ferroelectric domain-wall motion can be effectively restricted to
the conducting filament wall. In addition, the highly conductive
filaments lead to the electric field screening, where the domain-
wall motion is indicative of being constrained. In the previous
publications, accordingly, the conducting filaments in RRAMs
have exhibited metallic characteristics.'”’** This suggests that
the ferroelectric domain cannot propagate into this wall region
since the metallic-ilament wall cannot possess any non-zero
electric polarization as well. Therefore, it is worthy to note that
the controllable conducting nanofilament wall formed by the
CAFM techniques can be envisaged to manipulate the artificial
shape of the ferroelectric domain, and thereby enables its
individual nanometer-scale confinement.

B CONCLUSIONS

In summary, we demonstrated the artificially controllable
formation of conducting nanofilament walls via using the
CAFM techniques inside the epitaxial BiFeOj; thin films which
exhibit the well-defined ferroelectric response and unipolar
resistive switching behavior. More interestingly, we observed
that the domain-wall motion is effectively confined within the
conducting nanofilament wall during the polarization switching.
These interesting features are envisaged to extend opportunities
for nanoscale confinement of the domain-wall motion in the
course of the ferroelectric switching.
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