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Electric-field-induced epitaxial breakdown and emergent magnetoresistance
due to strong oxygen reduction in Ca-doped BiFeO3
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We study the structural and transport properties of a heavily oxygen-reduced region that is formed by electrical
injection of a large amount of oxygen vacancies into a Bi0.7Ca0.3FeO3−δ thin film. In electroforming, the epitaxial
as-grown state is transformed into a disordered, polycrystalline phase. Nonohmic current-voltage relations,
which can be interpreted as a space-charge-limited conduction, appear at low temperatures. As temperature
increases, the curvature of the current-voltage relationship gradually changes to be nearly ohmic at and above 100
K. The maximum value of magnetoresistance, as large as −2.6% at 90 kOe, is attained at the same temperature
of ∼100 K, which is significantly larger than −0.1% at 25 K and −1.3% at 300 K.
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I. INTRODUCTION

Oxygen vacancies are omnipresent in oxides and provide
opportunities into intriguing phenomena such as supercon-
ductivity [1], magnetoresistance [2], and ferroelectricity [3].
Various technological applications have exploited either the
migration of oxygen vacancies or the resulting change in
the material properties, such as in batteries [4], solid ox-
ide fuel cells [5], resistive switching memories [6,7], and
sensors [8]. The electroforming process provides a powerful
way to manipulate oxygen vacancy concentration through
the use of an electrical bias for migrating charged ions.
Even a thermodynamically stable phase, which is barely
oxidized under 100 atm of O2 at 800 ◦C [9], can be elec-
trically oxidized at low temperatures (T ). Thus, this process
can create highly oxidized or reduced phases, which are
hardly obtained by conventional annealing methods [10].
Electroforming experiments are usually conducted on the
conventional parallel-capacitor geometry with top and bot-
tom electrodes, particularly in studies of resistive switching
memory [11,12] and dielectrics [13]. However, by using an
apparatus featuring a lateral device with coplanar electrodes
relatively far apart from each other (a few hundred micron),
the electroformed phases in between are spatially separated
wide enough to perform selective measurements of physical
properties from a particular phase. Furthermore, this method
employing optical microscopy enables observations of elec-
troforming in real time. The visualization in conjunction
with postquantification analysis offers an efficient pathway
to observe various dynamic behaviors such as filamentary
conduction propagation [14] and turbulence [15].
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Ca-doped BiFeO3 (Bi0.7Ca0.3FeO3−δ) (BCFO) shows re-
sistive switching phenomena [16], high ionic mobility [15],
and electrochromism [17]. The 30% Ca-ion substitution into
Bi sites makes the material tetragonal. By separating from
the rhombohedral ferroelectric phase of pure and low (less
than 15%) Ca-substituted BiFeO3 [16], we can pay atten-
tion to the inherent ionic migration property avoiding the
involvement of complex ferroelectric domain textures and
defect dipole problems. Moreover, the compound contains
sufficiently high oxygen vacancies, as much as δ ∼ 0.15
[10]. Additionally, various electroforming experiments have
been previously conducted in BCFO thin films utilizing lat-
eral devices with coplanar electrodes [10,14,15], generating a
nonuniform distribution of oxygen vacancies in a quasiclosed
oxygen system. As a result, three competing states arise: the
as-grown phase, oxidized phase, and the oxygen-reduction
phase. In the as-grown phase, the balanced coexistence of
oxygen-vacancy donors and Ca ion acceptors cancel their
electronic carriers leading to a compensated semiconductor
with a yellowish semitransparent color [10,15]. The previous
works have mainly focused on the as-grown and oxidized
phases, and their boundary. Here, we characterize the oxygen-
reduction region where oxygen vacancies are highly confined
in a narrow region near the cathode, and explore the possibility
of emergent conduction properties in the so far unexplored
heavily n-type doping regime of BiFeO3. These efforts not
only provide useful insights into the electrochemical reactions
of solids, but also provide an alternative route to the electrical
formation of highly oxygen-reducing phases such as nickelate
superconductors [1].

II. SAMPLE PREPARATION

A BCFO thin film was deposited on a SrTiO3 (100)
substrate (CrysTec GmbH) by pulsed laser deposition. The
detailed growth condition was previously reported [15]. The
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FIG. 1. X-ray diffraction of the as-grown Ca-doped BiFeO3 (Bi0.7Ca0.3FeO3−δ) (BCFO) thin film and scheme of the experiment. (a) 2θ -ω
plot of the as-grown BCFO thin film. Peaks at “SL” originate from the ordering of oxygen vacancies. The rightmost inset enlarges the curve
near (002). (b) ω rocking curve. (c) Schematic of electroforming in the coplanar device for generating the oxygen-vacancy-rich phase. Circles
qualitatively describe the concentration of oxygen vacancies in each phase. (d) Optical microscopy images of the device, showing the evolution
of electroforming with time t . The red asterisks indicate the oxygen-reduction regions. The directions of polarizer and analyzer of the optical
microscope were set to be perpendicular to each other. (e) Real-time channel current monitored as a function of V application time.

epitaxial BCFO thin film (∼100 nm in thickness) with Ca 30%
substitution was grown. X-ray diffraction characterizations
show the sample has superlattice peaks due to 5-unit-cell mod-
ulation of pseudocubic cells along the c axis as a consequence
of oxygen vacancy ordering [Fig. 1(a)] [18] and small mosaic-
ity is observed in the ω-rocking curve [Fig. 1(b)]. A lateral
channel device with coplanar electrodes was fabricated for
electroforming experiments as follows. A 400-μm-long and
50-μm-wide bar-shaped sample was made with ultraviolet
lithography and argon ion milling. We note that a transparent
LaAlO3 capping layer (10 nm thick) was ex situ deposited
on the patterned BCFO channel by pulsed laser deposition

at a growth T of 650 ◦C with an oxygen partial pressure
of 1 mTorr, as LaAlO3 has a high defect formation energy,
greater than 7 eV [19,20], and thus, can prevent the BCFO film
from reacting with the atmosphere. Therefore, with regard
to oxygen ions, the channel of a BCFO film is considered
a quasi-isolated system. Pt metal was deposited as coplanar
electrodes on both sides of the bar-shaped sample just after
in situ milling the capping layer on the defined electrode
areas, because Pt and BCFO form almost no Schottky barriers,
and thus, the contacts are nearly ohmic for the pristine and
oxidized phases with p-type carriers [21]. The entire fab-
rication processes are depicted in Figs. S1(a)–S1(g) of the
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Supplemental Material [22]. For creating a nonuniform con-
figuration of oxygen vacancy distribution, 25 V was applied
between the coplanar electrodes at 300 ◦C in ambient condi-
tions [Fig. 1(c)]. Thereafter, two kinds of visibly dark phases
appeared on both sides of the sample due to the migration of
oxygen vacancies at high T . Over time, the two dark phases
expanded to fill the nearly entire sample except for the narrow
depletion region at the interface. The dark phase on the side of
a positively biased electrode covering a majority of area is the
hole-doped (p-type) phase, because the electric field removed
positively charged ionized oxygen vacancies that played a
role of double electron donors, as confirmed by x-ray pho-
toelectron spectroscopy, indicating that almost all the oxygen
vacancies were removed [10]. Meanwhile, the removed oxy-
gen vacancies were accumulated near the ground electrode.
Provided that the total amount of oxygen ions is conserved due
to the capping layer, the density of oxygen vacancies would be
high in the resulting narrow region. The optical microscope
images in Fig. 1(d) show the evolution of an electroforming
channel with the region with high oxygen-vacancy density
indicated by red asterisks. On the naïve assumption that the
relative ratio of the oxygen-reduction area to the p-type area
is ∼10% and the BCFO channel encapsulated by oxygen
barrier is a closed system, we estimate the oxygen vacancy
concentration δ to be close to 1.5 in the oxygen-vacancy
confined region. It is a considerably large amount, enough
to deteriorate the crystal structure and change the valence
state. A pale dark color of the central region at t = 200 s is
attributed to the existence of an intermediate state, which can
have dark filaments imbedded in the dark-yellow intermediate
phase [14].

Figure 1(e) shows the real-time channel current recorded
during the electroforming. The current increased by four or-
ders of magnitude and was saturated to a level of ∼2 mA after
a forming time of ∼240 s. Simultaneously, the color contrast
profile did not change appreciably after the forming time and
remained similar to the image taken at 290 s. The constant
current after the electroforming time suggests that the ion
distribution reaches a steady state under bias and the change
in T through Joule heating is negligible.

III. ATOMIC-SCALE STRUCTURE

To reveal atomic-scale configuration of the oxygen-
reduction region, we performed high-angle annular dark-
field (HAADF) scanning transmission electron microscopy
(STEM) using a Titan cubed G2 60–300 (FEI Company)
operating at an acceleration voltage of 200 kV for a specimen
prepared by ultrahigh resolution focused ion beam (Helios
G4) with an in-plane [100] zone axis. In contrast to the well-
ordered epitaxial structure in the as-grown phase as shown in
the x-ray diffraction results in Figs. 1(a) and 1(b), this region
shows a coarse-grained texture [Fig. 2(a)]. The resulting dis-
order can be easily identified by comparing its crystallinity
with those of the capping layer LaAlO3 and the underlying
substrate SrTiO3 shown in the same image. The BCFO grains
are of a nanometer-sized shape and crystal orientations seem
to be aligned primarily along the original axes [Fig. 2(b)].
Figure 2(c) shows the fast Fourier transform result of the
STEM image in Fig. 2(b), indicating not only the presence of a

FIG. 2. STEM images of the oxygen-reduction region of BCFO.
(a) Low magnification HAADF image. (b) High magnification
HAADF image. (c) Diffraction image obtained by fast Fourier trans-
form for (b), wherein red circles indicate diffraction spots of a
perovskite structure and yellow dashed circles indicate unidentified
second phase. (d) Nanoparticles of a circular shape with several
nanometer sizes are notable.

perovskite structure with a lattice parameter of c = ∼0.39 nm
(red solid circles), but the diffraction spots at d = ∼0.32 nm
arising from an unidentified second phase are also observed
(yellow dashed circles) (see Fig. S2 of [22] for a detailed
analysis). In some areas, circular grains with a diameter of
a few nanometers are observed [Fig. 2(d)]. The lattice param-
eters of ∼0.39 nm calculated from the perovskite regions are
consistent with those of as-grown phase of BCFO on a SrTiO3

(100) substrate [16]. Epitaxial breakdown occurs from the
fully coherent epitaxial film to a granular film with significant
ion substitution and change, but the original structure and ori-
entation seem to remain in most areas of the oxygen-reduction
region.

Figure 3 shows electron energy loss spectroscopy (EELS)
results of the brighter and darker regions from the annular
dark-field image shown in Fig. 3(a). Figure 3(b) represents the
electron energy loss spectra near the Fe L edge for two repre-
sentative positions. The background intensity was removed by
interpolation of the spectra near the Fe L2,3 edge. L3 and L2

peaks of both spectra are fitted to Lorentzian function (blue
dashed lines). L3/L2 intensity ratio obtained from the height
of each Lorentzian functions is 4.56 for the brighter region
and 5.07 for the darker region. According to the work of Cavé
et al., the iron valence ratio (Fe3+/�Fe), which represents
the relative fraction of Fe3+ ions between ferrous (Fe2+) and
ferric (Fe3+) valences, can be calculated from the relative
ratio of Fe L3 intensity to L2 intensity in EELS measurements
[23]. From the calibration model of Fe3+/�Fe versus L3/L2

ratio [23], the value of Fe3+/�Fe in our BCFO film can
be estimated as 0.36 (0.70) for the brighter (darker) region.
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FIG. 3. EELS study of an oxygen-reduction area of BCFO.
(a) Incident beam positions at a bright position (indicated by a black
solid arrow), and a darker position (indicated by a red dotted arrow).
(b) EELS spectra near the Fe L edges for the positions. Blue dashed
curves are Lorentzian curves fitted to the peaks. (c) EELS spectra for
a wide range of energy loss, which include Ca L-edge, O K-edge,
and Fe L-edge peaks.

Considering that magnetite (Fe3O4 or Fe2+Fe2
3+O4) has a

Fe3+/�Fe value of 0.67, the darker areas have a valence state
similar to Fe3O4, and that of the brighter areas decrease more,
closer to Fe2+. However, as shown in the EELS spectra for a
wide range of energy loss in Fig. 3(c), the Ca L-edge peaks
are clearly detected. The oxygen-reduction phase contains Ca
ions and thus it is compositionally distinct from Fe3O4. The
lowering of Fe valence state is mainly driven by the introduc-
tion of oxygen vacancies.

IV. ELECTRICAL TRANSPORT MEASUREMENTS

The electrical transport property of the oxygen-reduction
BCFO state was measured using a commercial low-T sys-
tem (Quantum Design PPMS 9T) equipped with a current
source (Keithley 6221), a high resistance meter (Keithley
6517A), and a multimeter (Keithley 2001). Figure 4(a) shows
a schematic of the four electrodes deposited on the oxygen-
reduction region. Note that the original Pt electrodes used for
electroforming were removed and then we etched the LaAlO3

capping layer on the areas where the additional four electrodes
would be deposited [Figs. S1(h)–S1(j) of [22]]. Since the
oxygen-reduction region and the oxidized region each have
heavily more n-type and p-type carriers than the as-grown in-
sulating phase, there should be a depletion region in between
and the region appeared to be a more optically transparent
strip. Thus, the oxygen-reduction region can be isolated from
the oxidized region in terms of electrical connection.

A semiconducting behavior is observed above 75 K follow-
ing a simple Arrhenius relation with an activation energy of 49
meV [Fig. 4(b)]. However, the behavior deviates from the Ar-
rhenius relation below 75 K and the variation of resistance (R)

FIG. 4. Electrical transport properties of the oxygen-reduction
region of BCFO. (a) A four-point probe is deposited on the oxygen-
vacancy-rich phase after removal of the original Pt electrodes and
the capping layer. (b) R-T curve with inset showing resistance as a
function of T −1 and red dotted line representing Arrhenius relation
with an activation energy of 49 meV. (c) I-V curves measured up
to 15 nA. Inset shows I-V curves at 100–300 K up to 100 nA. (d)
Double logarithmic plots of the I-V curves in (c) with the guide lines
representing SCLC and ohmic conduction. (e) Variation of slopes,
α, obtained from the linear regression (log10V ∼ αlog10I + β ) of (d)
with respect to T . Data measured from 2 to 75 K are marked with
solid squares, while results from 75 to 300 K are marked with open
squares. Error bars represent 10 times of standard errors.

becomes gentler, suggesting the existence of a competing con-
duction mechanism. Isothermal current-voltage (I-V ) curves
were measured at selected T ranging 2–300 K. In considera-
tion of a large variation of R depending on T , two I levels were
used: a constant I of 15 nA was used for the T range of 2–75
K and 100 nA for 100–300 K [Fig. 4(c)]. The measured I-V
curves indicate that nonohmic behavior occurs at far below
100 K and the ohmic behavior appears as T approaches 75 K.
At low T , the nonlinear I-V curves can be better analyzed in
double logarithmic plots [Fig. 4(d)]. In accordance with the
linear regression, log10V = αlog10I + β, the power exponent
α is plotted as a function of T in Fig. 4(e). At low T , α is
near 0.5, indicating that I is proportional to V 2, suggesting that
space-charge limited current (SCLC) is the dominant transport
mechanism at low T [24]. Near 75 K, α becomes unity (I is
linearly proportional to V ), and therefore, ohmic conduction
is dominant in the intermediate and high T ranges. One pos-
sibility for this change in the primary conduction mechanism

024404-4



ELECTRIC-FIELD-INDUCED EPITAXIAL BREAKDOWN … PHYSICAL REVIEW MATERIALS 6, 024404 (2022)

is the conversion of charge carriers from injected carriers to
thermally generated carriers. At 2 K, charge carriers injected
from the electrode constitute space charges, and thus, SCLC
becomes the primary conduction mechanism. As T increases
to 10–50 K, ohmic behavior due to thermally generated carri-
ers begins to arise at weak injection (V < 0.3 V). At stronger
injection (V > 0.3 V) trap-limited SCLC arises. That is the
reason why the I-V curves on the double logarithmic plot at
10–50 K are not perfectly fitted with the linear regression.
Thus, α values in this T range have no direct meaning but
it qualitatively describes that a crossover of the SCLC and
ohmic conductions occurs within the I range. In general, an
I-V curve of the SCLC has four regimes. As described above,
ohmic conduction changes to the trap-limited SCLC with
quadratic V dependence as I increases. In the third regime,
I can increase abruptly when V reaches the trap-filled-limit
voltage. In the fourth regime, trap-free SCLC, the abrupt
current increase ceases and the quadratic V dependency re-
sumes. Therefore, considering that no abrupt increase in I
was observed, we realize that the conduction does not reach
the third and fourth regimes, but remains within the second
regime of SCLC in our measurements. The diffusion I can be
ignored compared to the field-driven drift I at sufficiently low
kBT � eV . Accordingly, the Mott-Gurney law can be used
for describing the trap-limited SCLC. Thus, I can be written
as a sum of the ohmic conduction and the trap-limited SCLC,

I = neμ
A

s
V + 9μkε0A

8s3

n

nt
V 2, (1)

where n, e, and μ stand for the density, charge, and mobility
of free electronic carriers. A and s are the area and length
of the BCFO channel, k is the dielectric constant, ε0 is the
vacuum permittivity, and nt is the trapped charge density.
The crossover voltage (Vcr) between those two conduction
mechanisms can be deduced by equalizing the first and second
terms of Eq. (1),

neμ
A

s
Vcr = 9μkε0A

8s3

n

nt
V 2

cr. (2)

Thus, Vcr can be expressed as

Vcr =
(

8es2

9

)
nt

kε0
. (3)

Measuring Vcr determines the ratio of the trapped charge
density to the dielectric constant. The I-V curves at low T
in Fig. 4(d) show that Vcr is approximately 0.3 V, indicat-
ing nt/kε0 ∼ 1028 V C–1 m–2. Assuming k ∼ 100 for an order
estimation, the value of nt can be estimated as 1013 cm–3.
At 75 K, thermally generated delocalized carriers begin to
dominate overall conduction, showing ohmic behavior.

Figure 5 shows the magnetoresistance (MR) measurements
of the oxygen-reduction phase of BCFO. Magnetic fields up
to 90 kOe were applied perpendicular to the thin film. A
DC bias I of 15 nA was used at 25–75 K, whereas AC I at
1.3 Hz was used in the range 100–300 K to employ lock-in
technique for reducing noise at high T . Figure 5(a) shows the
ratio of R changes by magnetic field in percent, defined as
MR(%) = [R(B)–R(0)]/R(0) × 100, at selected values of T .
Remarkably, large negative MR of a few % emerges, suggest-
ing that the oxygen-reduction phase has magnetic ordering

FIG. 5. Negative MR of the oxygen-reduction region of BCFO.
(a) MR measured under DC I 15 nA (for 25, 50, 75 K) and under AC
I at 1.3 Hz with various amplitudes (20 nA for 100 K, 100 nA for
200 K, 100 nA for 300 K). (b) Plot of MR as a function of T . Mea-
surements performed with DC I are marked with solid squares while
measurements with AC I are marked with open squares. Dashed lines
extrapolate MR above 100 K.

due to the significant mixture of Fe3+ and Fe2+ valence states.
Negative MR (%) at H = −10,−30,−50,−70,−90 kOe are
plotted in Fig. 5(b). The low-T data measured with DC I are
marked by solid squares, while high-T results with AC I are
indicated by open squares. The noticeable mismatch between
the solid and open symbols is thought to arise from a slow
aging effect in a glassy magnetic state in external magnetic
fields. The high T (open symbols) data with cooling were
acquired earlier than the low T (solid symbols) data. The
magnitude of MR abruptly increases as T increases from 25 to
100 K. A maximum negative MR of −2.6% is observed near
100 K. The value then steadily decreases to −1.3% at 300 K.

Considering that the negative MR from disordered mag-
netic moments at grain boundaries [25,26], a large density
of grain boundaries in our sample with similar Fe valence
states may cause the similar magnetotransport behaviors. It
is another picture that magnetic BCFO nanoparticles behave
as if they possess superparamagnetic spins and their magnetic
frustration makes a glassy state [27]. It is worth mentioning

024404-5



PARK, LIM, SUH, AND YANG PHYSICAL REVIEW MATERIALS 6, 024404 (2022)

that the MR curves from different magnetic fields extrapolate
to zero at similar T ranges, 500–580 K, indicating the spin
glass transition T . Although we investigated effects of field or
zero-fieldcooling from 300 K on the R-T curve, we did not
observe any systematic variation (see Fig. S3 of [22]). The
appropriate field-cooling experiment from a higher T than
the spin glass T is difficult to implement because the heating
deteriorates the oxygen-reduction state.

V. CONCLUSIONS

In this study, a heavily oxygen-reduction state of BCFO
was prepared by electroforming using a lateral device with
coplanar electrodes. Structural and transport properties of the
oxygen-vacancy-rich BCFO region were examined. Intensive
injection of oxygen vacancies induced an epitaxial breakdown

leading to a polycrystalline structure with nanometer-sized
grains. Nonohmic transport behavior is observed for T below
100 K and the dominant conduction mechanism can be de-
scribed by SCLC. Negative MR is maximized to be −2.6% at
100 K where ohmic conduction emerges. The MR values of
several percent persist up to room T .
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