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Visualization of dynamic processes during ionic migration in oxides can provide us opportunities for direct
observation of various ionic phenomena and for understanding mechanisms of various applications that work
based on ionic migration in solids. Electrocoloration is a readily accessible means of the direct observation
of dynamic processes governed by oxygen ion migration. Here, we investigate the dynamic behavior of color
fronts in the lateral devices of Ca-doped BiFeO; thin films grown on SrTiO; (100) substrates by recording
the electrocoloration process with an optical microscope while simultaneously measuring the channel current.
Voltage-dependent morphological instabilities, such as kinetic roughening of color fronts, are analyzed. We
found that a significant amount of oxidation preceded the propagation of color fronts during electrocoloration

and hence oxygen ionic mobility measured from the electrocoloration methods is the property of the intermediate
phase, more oxidized than the pristine phase. This work provides intriguing insights into the dynamic behaviors
of oxygen ions in oxides and the ionic mobility measurements with electrocoloration methods.
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I. INTRODUCTION

Various next-generation applications, such as solid oxide
fuel cells [1-3], resistive random access memories [4—6],
electrochromic windows [7,8], and solid-state batteries [9,10],
work on the basis of ionic migration in solids. Thus, di-
rect visualization of ionic migration in solids can provide
us with fruitful information for observing various ionic phe-
nomena and understanding the devices’ mechanisms. Many
methodologies, such as in situ x-ray diffraction [11], con-
ductive atomic force microscopy [12], transmission electron
microscopy [13,14], atom probe tomography [15], and time-
of-flight secondary-ion-mass-spectroscopy [16] are utilized
as a tool for studying the kinetics of mobile ions in solids.
However, it remains challenging to observe the dynamic be-
havior both in real time and space because of several reasons
such as poor spatial resolution, a light atomic mass of mo-
bile ions, or the destructive nature of measurement tools.
Given that the direct visualization of ionic motions has been
challenging, the dynamic processes occurring with the spa-
tial redistribution of oxygen ions are not fully understood.
For example, there were many contentions about the growth
direction of conducting filaments in resistive random access
memories [17].

Electrocoloration can be a complementary tool capable of
directly visualizing the dynamic behaviors of oxygen ions in
oxides. Local color changes induced by oxygen ionic mi-
gration can be visualized by optical microscopy, providing
an easily accessible platform for modeling oxygen ionics by
varying external parameters such as the applied voltage and
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by measuring the channel current simultaneously. Electrocol-
oration has been a traditional method to study the resistance
degradation mechanisms of perovskite oxides, such as BaTiO3
[18] and SrTiO3 [19-22]. Conventional models for describing
electrocoloration processes consider systems composed of a
binary phase and corresponding moving interface [18,19]. The
binary phase consists of an infinitely conducting oxidized
phase and an insulating phase with constant conductivity
[Fig. 1(a)]. Since those two phases are connected in series, the
entire voltage is considered to be applied across the insulating
region, with Ohm’s law:

K _ L xy )

1 Aatot
where V is the applied voltage, [ is the total current, L is the
length of the channel, x is the position of the color front, A
18 the cross-sectional area of the channel, and o, is the total
conductivity of the insulating phase. On the other hand, color
front mobility is expressed as
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where v, is the velocity the of color front, and E is the
electric field across the insulating phase. Generally, the
rate-determining step for color front propagation is considered
as the oxygen ionic migration [18,19]. Therefore, the mobility
of the color front can be interpreted as the mobility of oxygen
ions. Determination of the oxygen ionic mobility in oxides has
been essential for various purposes, such as for estimations
of the degradation rates of oxide capacitors [18] and for
discovering candidate materials for solid oxide fuel cells
with high oxygen ionic diffusivities at lower temperatures
[23]. Recently, oxygen ionic mobilities determined from
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FIG. 1. Basic characterization of the sample and the electro-
coloration experiment. (a) Schematic representation for the models
describing electrocoloration processes. (b) X-ray diffraction 260-w
scan of a BCFO/SrTiO; thin film. Peaks noted with asterisk (¥)
indicate oxygen vacancy orderings. (c) Optical microscopy images
during electrocoloration where 25 V was applied at 350° C (multime-
dia available online). (d) Evolution of position and width of the color
front. (e) Current during electrocoloration. Pale-shadowed regime
corresponds to the propagation of the intermediate phase composed
of the dark filaments and deep-shadowed regime corresponds to the
propagation of the color front.

electrocoloration  experiments in Ca-doped BiFeOs;
(Bi;_,Ca,FeOs_s; BCFO) were found to be consistent with
those measured by electrochemical impedance spectroscopy
[23,24].

However, the conventional model needs to be revised for a
better understanding of the electrocoloration process and the
ionic mobility measured from it. Fitting curves established
from the model showed non-negligible deviations from the
real data [19,23]. Yoo et al. reported that the color front mo-
bilities of doped BaTiOj5 single crystals had little dependency
on the impurity types and contents [18]. The mechanism of
the impurity independency has not been explained yet. These
reports in the literature motivate us to establish the more ap-
propriate model for describing the electrocoloration process.

Meanwhile, another interesting outcome related to the
dynamic behaviors during electrocoloration was noted: the
width, or roughness, of the color fronts. Roughening of grow-
ing surfaces, also known as kinetic roughening, has been
widely studied in various types of physical systems, such
as ferroelectric domain walls [25] and epitaxial growth [26]
and fluid invasion processes [27-29]. In electrocoloration,
the stability criterion for kinetic roughening was described

by Schmalzried [30]. Several studies experimentally reported
unstable morphologies of the color front in BaTiO3 [18],
yttria-stabilized zirconia [31], and BCFO [32]. However, the
evolution of the width with morphological instability was not
a main concern of earlier authors.

BCFO is a useful model material for investigating the
dynamic behaviors of oxygen ions in oxides. Aliovalent sub-
stitution of Ca>* for Bi** produces a large number of oxygen
vacancies. In pristine BCFO, the number of oxygen vacancies
is proportional to the Ca content, i.e., § = x/2 [33]. The spon-
taneously produced oxygen vacancies facilitate ionic diffusion
in this material. Low activation energy (~0.43 eV) for oxygen
ionic diffusivity was reported for BCFO at x = 0.45 [23].
Under electrical bias at an elevated temperature, oxygen ions
were redistributed, and an oxidized phase, in which nearly
all oxygen vacancies were removed according to x-ray pho-
toelectron spectroscopy [34], could be generated. In addition,
BCFO has strong electrochromism, which makes it a good
material for electrocoloration studies [35].

Here, we quantitatively analyze the dynamics of the color
front during the electrocoloration of BCFO thin films at x =
0.3 grown on SrTiO; (100) substrates. In the first part, the
kinetic roughening and morphological instability of the color
fronts are reported. In the second part, the mobility of the
color front is carefully studied with a revised model proposed
for electrocoloration dynamics. Discussion about the question
of whether the measured ionic mobility are about the pristine
phase or about the intermediate phase, which is more oxidized
than the pristine phase, is given. The oxygen ionic mobility of
the BCFO thin film determined with our model is compared
with outcomes in the literature.

BCFO thin films were grown on SrTiO3; (100) substrates
by pulsed laser deposition (see Ref. [32] for detailed informa-
tion about sample synthesis). Figure 1(b) presents the x-ray
diffraction 26-w scan of the BCFO thin film, revealing its
epitaxial growth. The satellite peaks marked with asterisks in
Fig. 1(b) originate from the modulation of the crystal structure
by every five pseudocubic unit cells along the ¢ axis due to
oxygen vacancy ordering [36]. The film thickness was deter-
mined to be 100 nm from the periodicity of a fringe structure
near the Bragg peak. Lateral devices were fabricated for elec-
trocoloration experiments. In this case, 400-um-long BCFO
channels were fabricated by Ar ion milling. Subsequently, a
10-nm-thick transparent LaAlO3 capping layer was deposited
on top of the device. Given that LaAlO3 has large formation
energy for oxygen vacancies, it can act as a capping layer to
prevent oxygen exchange between the atmosphere and the thin
film [37,38]. Pt electrodes were deposited onto both sides of
the channels after slight Ar ion milling to remove the LaAlO3
capping layer at the region intended for Pt deposition.

II. OBSERVATION OF ELECTROCOLORATION
WITH CURRENT MONITORING

Figure 1(c) presents optical microscopy images taken dur-
ing electrocoloration at an elevated temperature, in this case
350° C (for a video, see the Supplemental Material [39]). Note
that the analyzer was positioned and aligned to be perpendic-
ular to the polarizer of the optical microscope because doing
so leads to better contrast for the detection of color fronts by

123401-2



MORPHOLOGICAL INSTABILITY AND MOBILITY OF ...

PHYSICAL REVIEW MATERIALS 7, 123401 (2023)

darkening the conducting phase. Positive voltage was applied
to the electrode on the right side, i.e., the anode. The color
of the pristine BCFO sample, i.e., § = x/2 = 0.15, was bright
[+ = 0sinFig. 1(c)]. After 8 s of applied voltage, an interme-
diate phase nucleated from the anode and propagated toward
the cathode (+ = 15 s). The intermediate phase was composed
of dark filaments growing along the crystal axes [40]. From
t =22 s, a color front appeared from the anode and propa-
gated toward the cathode (+ = 26, 33, and 36 s). Furthermore,
the color front exhibited an increasingly undulating shape over
time. After a sufficiently long time, almost the entire channels
except the narrow region near the ground electrode became
dark and the color front nearly reached the cathode. All oxy-
gen vacancies were removed in the dark phase, i.e., § =0
(t = 40 s) [34]. The narrow region near the ground electrode,
persistent even after the electrocoloration process was finished
and a current was saturated, is an oxygen-vacancy-rich phase
that acts as a sink for the removed oxygen vacancies near the
positive electrode. The position and width of the color front
were quantitatively tracked [Fig. 1(d)]. The position of the
color front was defined as the average of the normal distances
from the anode, and the width was defined as the standard
deviation of the normal distances from the average position.
Both the position and width grew over time while acceler-
ating, and the width evolution demonstrated more dramatic
acceleration. The electrocoloration process was accompanied
by resistance degradation of more than three orders of magni-
tude [Fig. 1(e)]. At the initial stage, several uA of current was
flowing. Until 8 s, the current increased more than an order
of magnitude even though there was little change of apparent
color in the channel. While an intermediate phase composed
of the dark filamentary conduction paths extended, the current
increased with an additional one order of magnitude to several
mA. Finally, during the propagation of the color front, the cur-
rent increased from 2 to 8 mA. These observations indicated
that a significant amount of oxidation had already occurred
in the channel, even before a color front appeared near the
positive electrode.

III. MORPHOLOGICAL INSTABILITY
OF THE COLOR FRONT

The propagation and roughening of the color front could
be understood by considering the model described in ear-
lier work, for which with schematic images are shown here
[Fig. 2(a)] [30]. In Fig. 2(a), the white dashed region indi-
cates an intermediate phase, and the blue region indicates a
completely oxidized conducting phase. Under electrical bias,
oxygen ions flowing through the intermediate phase accumu-
late at the color front and therefore extend the conducting
phase, leading to the propagation of the color front. If the
oxygen ionic conductivity of the intermediate phase is weaker
than the electronic conductivity of the oxidized conducting
phase, the oxygen ionic current through the intermediate
phase becomes the rate-determining step in the propagation
of the color fronts. In the presence of a small fluctuation in
the roughness of the color front, oxygen ions tended to ac-
cumulate more at protruding regions, where stronger electric
fields were concentrated. This gives rise to amplification of
the roughness, or instability [30,31].
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FIG. 2. Morphological instability of the color fronts. (a)
Schematic representation of kinetic roughening of color fronts. (b)
Images captured when the position of the color fronts reached 20,
60, and 150 um, under various applied voltages at 300° C. (c) Width
and most-unstable wavelength, A., as a function of applied voltage.
(d) Width as a function of position with different applied voltages.

The morphological instability exhibited voltage depen-
dency. Figure 2(b) presents images during electrocoloration
with different applied voltages captured when the position
reached 20, 60, and 150 um. At the initial stages, all color
fronts showed flat surfaces. As time elapsed, color fronts with
higher voltages showed greater roughness levels. When the
position reached 150 um, all images exhibited rough color
fronts. Furthermore, the color fronts with higher voltages had
fingerlike structures. Here, we introduced an additional pa-
rameter, called the most unstable wavelength, A., defined as
the shortest distance between the protruding fingerlike struc-
tures as indicated in Fig. 2(b). The width increased and A,
decreased as the applied voltage was increased [Fig. 2(c)],
both indicating greater instability under stronger applied volt-
ages. Except for very early stages, i.e., when the widths were
narrower than 3 pum, the widths were generally wider under
stronger applied voltages as shown in the position-dependent
plot of width in Fig. 2(d). The cause for the wider width
at lower voltages in the early stages may be related to the
filamentary conduction pathways preceding the propagation
of the color front. The images taken at 5 V shown in Fig. 2(b)
present more inhomogeneous textures in the intermediate
phase due to the greater inhomogeneity arising during the for-
mation of filamentary conduction pathways at lower voltages.
This could induce a certain amount of unstable propagation
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FIG. 3. Morphological retention of the color fronts. Images cap-
tured when the position reached 150 um for repeated trials of
electrocoloration.

of the color front at the beginning of the electrocoloration
process with weakly applied voltages. Time-dependent plots
of position and width are also presented in the Supplemental
Material [39].

These voltage dependencies of the morphological insta-
bility are not explicitly contained in the model shown in
Fig. 2(a), although there was another experimental case that
reported qualitatively determined voltage dependencies of the
widths of color fronts [31]. Here, we note that our tendencies
can be interpreted, at least phenomenologically, using the
concept of fluid dynamics. When a fluid with lower viscosity
displaces a fluid with higher viscosity, fingerlike boundaries
can form, as shown in the electrocoloration experiments. In
this system, A, was inversely proportional to the square root
of the fluid-injection speed [27,29,42]. In addition, injection-
speed-dependent morphological transformation from stable to
unstable fronts has been reported in another system involving
fluid invasion [28].

In some physical systems, such as ferroelectric domain
walls, kinetic roughening is strongly affected by pre-existing
defects distributed within a sample. In other cases, such
as epitaxial growth, kinetic roughening should be a purely
stochastic behavior under a given model. Our system is likely
to be the former case. Figure 3 presents images from repeated
electrocoloration processes under given applied voltages cap-
tured when the position reached 150 um. The overall shapes of
the color front with the same voltages very closely resemble
each other, suggesting that the color front propagation was
hardly a purely stochastic process but was instead affected
by the internal defect distribution, which was not randomized
within several trials of electrocoloration. Questions about the
exact type of defect distribution governing the shape of color
fronts are beyond the scope of this work. Although the gen-
eral shapes were similar, they were not completely identical,
meaning that the original shapes of the color fronts would
become increasingly distorted as the number of repeated elec-
trocoloration steps increased, and at some point, beyond the
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FIG. 4. Model for color front propagation and determination of
the oxygen ionic mobility. (a) Schematic picture of the model for
the color front propagation. (b) Conductivities of the intermediate
phase as a function of position with different applied voltages and
temperatures. (c) Color front velocities as a function of current. (d)
Oxygen ionic mobilities as a function of position. (e) Arrhenius plot
of the oxygen ionic mobilities under 25 V, compared with Ref. [32].

retention ability, the information pertaining to the original
shape would be lost.

IV. MOBILITY OF THE COLOR FRONT

In contrast to the fact that instances of morphological in-
stability in electrocoloration have not been investigated thus
far, color front mobility has been examined in a range of
previous studies. One of the main outcomes of a color front
analysis is the determination of the oxygen ionic mobility
from the conventional model with Egs. (1) and (2). In this
study, we propose a revised model that assumes nonconstant
conductivity of the intermediate phase and finite conductivity
of the conducting phase [Fig. 4(a)]. At arbitrary times, Ohm’s
law leads to the following relationship:

v L —x(t) x(t)
1) AcV(x,v)  Ac®’

tot

3

where 6.} is the total conductivity of the intermediate phase,

and crtf)zt) is the total conductivity of the conducting phase. U[E)Zt)
was calculated and found to be 60 S/cm at 300° C from the
saturation current at the end of the electrocoloration process at
25 V when mostly the entire BCFO channel became oxidized.
Figure 4(b) shows that a;}t) increases as the color front propa-

gates. Furthermore, it is higher when higher voltage is applied.
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ot(olt) and ot(ozt) were even on the same order of magnitude,
indicating that the intermediate phase had already undergone
a significant amount of oxidation from the beginning of color
front propagation, as already observed in Fig. 1(e). Although
the current flowing through the intermediate phase came
from the corresponding mixed ionic-electronic conduction,
the propagation of a color front provided us with information
about the pure oxygen ionic current. The velocity of the color
front and the mixed conductivity of the intermediate phase can
be related to each other, as follows:

% =tolx, V)I(t) = 2eA - vp(t) - n(x, V), “)
where Qo is the charge of oxygen ions accumulated near the
color front, g is the transference number for oxygen ionic
current, vy is the velocity of the color front, e is the electronic
charge, and n is the oxygen vacancy concentration. Therefore,
the velocity of the color front can be expressed as a function
of the total current, as follows:

. 1 to(x,V)
Ub(x, V, t) = ﬂ (m)](l) (5)

In this way, an unknown parameter 7o/n can be determined
from the velocity versus total current results [Fig. 4(c)]. Fi-
nally, the oxygen ion mobility can be written as follows:

LI
Vo _ _2An
ED, V) ED,V)

_ 1 (1o V)N @
T 2e ( n(x,V) )Uml @ V), ©

ulx, V) =

where u is the mobility of the oxygen ions, vg is the drift
velocity of the oxygen ions in the intermediate phase, and
EW is the electric field in the intermediate phase [Fig. 4(d)].
Even at the same temperature, the mobility depended on the
position of the color front and the applied voltage. As men-
tioned earlier, this occurred because the intermediate phase
oxidized over time. The oxidation affected both aé)lt) and 1o /n,
leading to an increase in the mobility during electrocoloration.
These observations provided us with a hint about the ori-
gin of the impurity-independent mechanism of color fronts
reported by Yoo et al. [18]. The mobility levels determined
from the electrocoloration experiments were related to the
intermediate phase, where a significant amount of oxidation
had already occurred from the pristine phase. Regardless of
the types of and amounts of impurity doped into the pristine
phase, the initial differences became relatively negligible after
the significant oxidation that occurred during the formation
of the intermediate phase. Figure 4(e) presents the mobility
outcomes as determined from three different positions (20, 60,
and 150 um) when 25 V was applied at 250, 300, and 350° C.
These results were compared to others in the literature [32],
where the mobility values of BCFO with x = 0.3 grown on
SrTiO3 (100) were determined using the conventional model
of constant mobility independent of the position.

The color front movements were nearly at constant veloci-
ties under constant currents [Fig. 5(a)]. The average velocities
calculated from the slope of the linear fitting curve are shown
in Fig. 5(b). The average velocities were linearly proportional
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FIG. 5. Color front dynamics under constant currents. (a) Evo-
lution of position under constant currents at 450° C. (b) Average
velocity proportional to applied currents. (¢) Evolution of width un-
der constant currents. (d) Oxygen ionic mobilities of the intermediate
phase as a function of position.

to the current. Kinetic roughening was also observed under
a constant current, and color fronts had larger widths when
higher currents were flowing [Fig. 5(c)]. The mobility levels
were determined using methods similar to those used in the
constant voltage experiments [43]. In contrast to the exper-
iments with constant voltages, the mobility versus position
relationships overlapped along a single curve.

V. CONCLUSION

In summary, we quantitatively studied the dynamics of
color fronts during electrocoloration in BCFO thin films,
focusing on morphological instability and the mobility of
the color fronts. In the first part, kinetic roughening was
reported with quantitative measurements of the position and
width of the color fronts. Instances of voltage-dependent
morphological instability as expressed by the widths and the
most unstable wavelength, A., were observed. The general
shapes of the color fronts were retained within several tri-
als of electrocoloration when the same voltage magnitudes
were applied. In the second part, we measured the color
front mobilities and found that the pristine insulating phase
kept changing to the more conducting phase during color
front propagation and its conductivities were comparable to
the conductivity of the conducting phase, by establishing
the revised model which modified basic assumptions for the
conventional model. A significant amount of oxidation was al-
ready occurring even before the appearance of the color front
and this observation led us to conclude that the color front
mobilities reflected the ionic mobilities of the intermediate
phase, not of the pristine phase. Last, the color fronts moved
with constant velocities under constant currents. The mobility
versus position relationship was found to be on a single curve
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with various currents. Our studies of the dynamics of electro-
coloration processes will provide interesting insights into the
dynamics of oxygen ions in oxides and the measurements of
ionic mobilities.
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