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Harnessing the topotactic transition in oxide
heterostructures for fast and high-efficiency
electrochromic applications

JiSoo Lim"?, Jounghee Lee’, Byeoung Ju Lee3, Yong-Jin Kim'?, Heung-Sik Park'?,
Jeonghun Suh™?, Ho-Hyun Nahm*, Sang-Woo Kim®, Byeong-Gwan Cho?, Tae Yeong Koo?,
Eunjip Choi®, Yong-Hyun Kim"**, Chan-Ho Yang'>*

Mobile oxygen vacancies offer a substantial potential to broaden the range of optical functionalities of complex
transition metal oxides due to their high mobility and the interplay with correlated electrons. Here, we report a
large electro-absorptive optical variation induced by a topotactic transition via oxygen vacancy fluidic motion in
calcium ferrite with large-scale uniformity. The coloration efficiency reaches ~80 cm? C™', which means that a
300-nm-thick layer blocks 99% of transmitted visible light by the electrical switching. By tracking the color prop-
agation, oxygen vacancy mobility can be estimated to be 1078 cm? s~ V™" near 300°C, which is a giant value
attained due to the mosaic pseudomonoclinic film stabilized on LaAlOs substrate. First-principles calculations
reveal that the defect density modulation associated with hole charge injection causes a prominent change in

electron correlation, resulting in the light absorption modulation. Our findings will pave the pathway for practical
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topotactic electrochromic applications.

INTRODUCTION

Complex transition metal oxides have been extensively studied due
to their intriguing physics and functionalities related to the interplay
of the charge, spin, orbital, and lattice degrees of freedom (I, 2). Re-
cently, much attention has been paid to lattice defects such as oxygen
vacancies and interstitials in these complex oxides (3-8). Significant
control of their concentration by electrochemical redox reactions
affects various physical properties, such as optical (9-11), magnetic
(12), and electronic conduction characteristics (13), as well as crys-
talline and electronic structures (14). In particular, controlling ion-
ized charged defects in an electric way provides a useful pathway
into the emergence of exotic quantum phases that are hardly real-
ized in thermodynamic equilibrium (15, 16). Finding the controlla-
bility of those defects, along with examining competing electronic/
defective states and related property modulation, is a promising re-
search topic. In this context, it is very interesting but rarely explored
to realize a prominent and high-speed change with large-scale uni-
formity in the optical contrast between two competing defective crys-
tal structures beyond the conventional bandgap engineering. The
conversion uses a topotactic transition, i.e., a structural change to a
crystalline solid that is crystallographically equivalent to the original
phase, which may include loss or gain of constituent elements (17-19).
Because the large carrier injection is relatively difficult to achieve by
conventional dopant substitution limited by the solubility, the elec-
tric field-induced topotactic transitions between (meta-)stable states
in complex oxides offer a great opportunity for emergent functions.
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Our model compound is calcium ferrite CaFeO;_5 (CFO) that
spontaneously contains a large number of oxygen vacancies (8 ~ 0.5)
to maintain the valence state of Fe** as a thermodynamically stable
phase in ambient pressure. The oxygen vacancies are arranged in an
ordered manner along a pseudocubic <110> axis, forming the brown-
millerite structure of CaFeO, 5 (BM-CFO) (20). It is an optically
transparent and electronically insulating phase with an estimated
bandgap of 2.5 eV (21). A topotactic transition by filling the vacancies
with externally supplied oxygen anions can create another compet-
ing crystal structure that is the perovskite CaFeO; (P-CFO). Be-
cause an ionized oxygen vacancy plays the role of a double-electron
donor, the transition induces a high valence state of Fe*" and/or ligand
hole. This stoichiometric phase can be emergent usually in extreme
conditions through the application of a high pressure up to 3 GPa in
air or of high-temperature annealing in an oxygen plasma environ-
ment (22, 23). However, both ways are challenging to access device
applications.

Here, we explore the possibility of a topotactic phase transition
between the BM-CFO and P-CFO phases in epitaxial films through
oxygen vacancy migration by the external electric fields as an alter-
native and readily accessible approach. The transparent BM-CFO is
changed to a highly conducing dark-colored P-CFO. We quantify the
optical absorption change in the visible range to be Ao = 2 x 10> cm ™"
with a high coloration efficiency. The measured optical spectra are
interpreted with first-principles density functional theory (DFT)
calculation results, which propose that the hole carrier injection in
oxygen-filled P-CFO reduces the effective on-site interaction on Fe
3d orbitals, giving a strong optical transition in the visible range in
contrast to the relatively less probable O 2p to Fe 3d transition in
the as-grown BM-CFO. The mobility of phase-boundary motion,
attributed to collective oxygen vacancy electromigration, at an ele-
vated temperature is approximately 10™® cm® s™' V™', indicating
that a fast operation is feasible in the conventional geometry using a
thin electrochromic layer. Furthermore, careful x-ray diffraction anal-
yses not only clarify both of the competing crystal structures with
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the epitaxial relationship with the substrate, which provides im-
portant clues of a strain relaxation mechanism for the fast ionic
migration, but also confirm the occurrence of the charge dispropor-
tionation accompanied by the metal-insulator transition known to
appear in the nearly stoichiometric phase. Our findings offer useful
insights into a topotactic electrochromic material with high color-
ation efficiency, fast switching speed, and material durability.

RESULTS

Large-scale electrical forming process for the topotactic
phase transition

The BM-CFO thin film spontaneously contains a lot of oxygen va-
cancies (16.7% oxygen ions are missing relative to the stoichiomet-
ric perovskite). Positively ionized oxygen vacancies can be migrated
by electric fields, resulting in a nonuniform defect distribution with
spatial separation of optical contrast. The oxygen-rich (oxygen va-
cancy poor) region is shown to be opaque due to the strong and
broad absorption of photons in the visible light regime (Fig. 1A).
We deposited an epitaxial BM-CFO thin film of 100-nm thickness
on an LaAlO3 (LAO) (001) substrate. The BM-CFO film was pat-
terned to form a rectangular BM-CFO channel (400 pm long and
50 pm wide) between platinum coplanar electrodes to apply external
electric fields. We post-deposited an optically transparent LAO film
of 10 nm thickness on the entire area of the BM-CFO channel, in-
cluding the substrate area and edges of the CFO channel, to main-
tain the electrically formed state for a long time. The capping layer
assists to reduce the reaction between the channel and atmospheric
environments because LAO has high oxygen vacancy formation en-
ergy of ~7.3 eV (24). Also, the LAO, used in the experiment, is opti-
cally stable under the application of external bias of 75 V.

To quantify the motion of oxygen vacancies, we analyze the
real-time images of a long bar channel at 300°C during the electric
field-driven defect flow process (Fig. 1B). As an external bias of
75V is applied on this channel, dark spots appear unevenly near the
positively biased electrode and spread out toward the negatively biased
electrode. These dark areas expand and completely fill the channel
except for a narrow area near the ground electrode. Considering that
the area of the accumulated region is not sufficiently large enough
to supply all oxygen ions to the formed channel, it can be deduced
that a considerable portion of oxygen vacancies is moving out of the
channel. During the electric field-driven defect flow, the conductiv-
ity rises to 10° higher than that of the BM-CFO and also shows an
anomaly at the completion of the electroforming process (Fig. 1C).
The time-dependent visualization also provides insights into the
detailed evolution of color change during the oxygen vacancy mi-
gration. It exhibits the BM-CFO changes to the dark phase via an
intermediate state (fig. S1A). The forming time is logarithmically
proportional to the inverse of temperature due to the thermal acti-
vation process in ionic migration; however, the saturated electronic
current after the forming exhibits little temperature dependence, sug-
gesting that the dark-colored phase has a metallic electronic con-
duction. By considering the finite length of the channel of 400 pm,
we obtain an average speed of oxygen vacancies as a function of tem-
perature. We estimate ionic mobility (i) using the relation, u = v/E,
where v is the average speed and E is the average electric field (Fig. 1D).
The activation energy barrier for oxygen vacancy migration records
to be 0.75 eV, which is comparable to Ca 30% substituted BiFeOs;
thin films (25, 26). In addition, the ionic mobility shows the order of
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Fig. 1. Electrochromic process of a CFO thin film. (A) Schematic of an electro-
chromic CFO device. (B) Real-time optical images of a CFO channel during an elec-
troforming process at a bias voltage of 75 V at selected elapsed times. (C) Real-time
current monitoring during electroforming processes. Green marks indicate the
forming time of each process. (D) Temperature dependences of the forming time
and ionic mobility. Error bars were estimated to be one-fifth of the full-width
half-maximum of the time derivative of the monitor current. (E) Oxygen 1s binding
energy spectra of both BM-CFO and P-CFO, normalized by the integrated intensity
of Ca 2p spectra. Each spectrum is deconvoluted into two (main and shoulder)
peaks. (F) Oxygen stoichiometry of the formed state is estimated by comparing the
spectral areas of the main peaks, on the assumption that the oxygen stoichiometry
of BM-CFO is 2.5.

107 cm? s V™! between 300° and 400°C. We also investigated the
voltage dependence of ionic migration. The higher forming voltage
is applied, the more quickly the electroforming is completed. Even
under the application of different external voltages, ionic mobility
shows the similar order of magnitude (fig. S1). The ionic mobility
we estimated using the collective migration and phase transition is
distinct from the usual ionic mobility of a given material taken in
the small perturbation regime. Intermediate phases between the two
end phases and nonequilibrium states can be involved in the mo-
tion of defects.

Different oxygen contents on both states are investigated by
using the O 1s binding energy spectra (Fig. 1E). Each spectrum is
normalized by the peak area of Ca 2p binding energy spectrum of
each state because Ca ions are not significantly affected by the form-
ing process (fig. S2A). A 1-eV blue shift of the O 1s spectra indicates
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that hole carriers appear in P-CFO and reduce screening charges in
Fe—O bonding. Because BM-CFO has a charge-transfer insulating
property, the Fermi level of P-CFO lies in the O 2p orbitals, which
are hybridized to Fe orbitals, invoking the Fe**L (L denotes a ligand
hole) rather than the Fe' state (fig. S2B) (27). In addition, we con-
firm 1-eV blue shift of the Fe 2p binding energy spectrum in P-CFO
owing to the hole carriers in Fe—O hybridized orbitals. Each O 1s
binding energy spectrum is split into two peaks. The main peaks
(528 to 530 eV) originate from oxygen ions of the crystalline net-
work, while the minor peaks are attributed to surface hydroxides or
dangled oxygen ions at the surface. The spectral weight is propor-
tional to the content of oxygen ions. By comparing the spectral areas
of main peaks, we are led to the fact that the oxygen stoichiometry
of P-CFO reaches “3,” indicating that all oxygen vacancies are re-
moved in P-CFO (Fig. 1F).

Electronic conduction and charge disproportionation
The stoichiometric P-CFO phase has been notoriously difficult to
synthesize, and it has been limitedly successful in bulk materials an-

nealed in high oxygen gas pressure (22). The ideal stoichiometric
compound is known to exhibit a charge disproportionation as well
as a metal-insulator transition (23). Therefore, we check whether the
temperature-driven electronic phase transition occurs in the elec-
trically formed area. As-grown BM-CFO film shows a highly insu-
lating state of 10* ohm-cm at room temperature. On the other hand,
the P-CFO phase is expected to have a high electronic conductivity
due to the optically dark contrast after the electroforming process.
The valence band also exhibits that P-CFO has finite states at the
Fermi level, likely to show a metallic behavior (fig. S3). By using a
set of measurement electrodes additionally deposited at the center
of the P-CFO area (Fig. 2A), we confirmed that the P-CFO recorded
a very low resistivity of 10~ ohm-cm at room temperature. Such a large
resistivity change by 10° suggests the generation of a huge amount
of electronic free carriers in P-CFO, indicating that CFO is promis-
ing in terms of resistive switching as well as electrochromism. We
found that a metal-insulator transition occurs at ~280 K in the elec-
troformed film (Fig. 2B). Below the transition temperature, it is pre-
sumed that a charge-ordered gap brings the insulating state.
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Fig. 2. Electronic conduction change and emergence of charge disproportionation. (A) Microscopic image of four-probe measurement electrodes (green) post-
deposited on an electroformed P-CFO (dark yellow) between two forming electrodes (pink). (B) Electrical resistivity of BM-CFO and P-CFO. Dashed vertical line indicates a
metal-insulator transition. (C) Energy-dependent integrated intensity of the (1/2 1/2 1/2) peak of P-CFO near Fe K-edge. The integrated intensity was obtained through
areal integration of  rocking curve. (D) Fluorescence near Fe K-edge at the (1/2 1/2 1/2) reflection. a.u., arbitrary unit. (E) Temperature-dependent integrated intensity of
the (1/2 1/2 1/2) peak at 7.128 keV for P-CFO, rescaled by the value at the lowest temperature. The intensity was normalized by the integrated intensity of (0 1/2 2) at 7.128
keV.The inset graphs represent w-rocking curves of (1/2 1/2 1/2) at 10, 200, and 300 K. Dashed line indicates the charge disproportionation transition.
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To obtain direct evidence of the occurrence of charge dispropor-
tionation in the electrically formed area, we performed resonant
x-ray scattering. We found that the pseudocubic (1/2 1/2 1/2) re-
flection of a P-CFO film has a resonant behavior associated with
the charge disproportionation (Fe’*L => Fe** + Fe’*L?). The energy-
dependent integrated intensity at 200 K shows a distinct peak en-
hancement at a photon energy of 7.128 keV (Fig. 2C). The resonance
energy is consistent with the absorption edge of Fe 1s to 4p electric
dipole transition observed in fluorescence (Fig. 2D), indicating that
the 4p energy levels are influenced by the Fe charge state. The differ-
ent Fe charge states induce distinct atomic form factors under the
resonance condition, resulting in a pronounced diffraction peak at
(1/2 1/2 1/2) in addition to the nonresonant background. A small
peak at 7.09 keV in the pre-edge region is known to be due to the
quadrupolar transition from Fe 1s to 3d (28). We examined the tem-
perature dependence of the integrated intensity of the resonant peak
at (1/2 1/2 1/2). The charge ordering emerges below 280 K, which
coincides with the metal-insulator transition temperature (Fig. 2E).

Crystal structural analysis for a monoclinic to tetragonal
transition with mosaicity

To gain hints on the reason why the topotactic transition is readily
realized in CFO films on LAO substrate, we pay attention to a mo-
saicity associated with the crystal structure and strain relaxation by
clarifying epitaxial relationship between the film and substrate. We
performed x-ray diffraction on BM-CFO and P-CFO films to inves-
tigate the topotactic phase transition in terms of crystal structure,
orientation, and mosaicity. The conventional 8-26 scans show c-axis
oriented films without detection of any impurity peaks (a full range
scan is not shown here, Fig. 3A). The P-CFO phase has a notably
smaller c-axis lattice parameter than BM-CFO due to the higher
valence state of Fe** as a consequence of stronger Coulomb attrac-
tion between cations and anions.

The bulk crystal of BM-CFO has a distorted orthorhombic unit
cell with space group Pnma, and a = 5.427 A, b = 14.763 A, and
¢ =5.597 A (29), which is converted to the pseudocubic perovskite
unit cell with ¢, () =~ Va® + ¢*/2 = 3.898 A, and b, ~ b/4 = 3.691 A
(Fig. 3B), where the pseudocubic ¢, or a, lattice parameters can de-
viate from 3.898 A in opposite directions to form a rhombic cell
(B # 90°). Oxygen vacancies in brownmillerites are periodically or-
dered along the [100], direction (subscript “o” denotes the orthor-
hombic index). In the following, we will show that BM-CFO thin
films grown on (001) LAO substrate have the orthorhombic ¢-a plane
to be perpendicular to the substrate, more specifically, [100], ||
[101]sup> [010], || [010]sub, and [001], || [TO1]sub. In addition, the
two in-plane axes of LAO (100) are equivalent to each other, so it is
natural to consider the four-variant twin structure.

The alternating appearance of an octahedron layer and a tetrahe-
dron layer along [010], (|| [010]su or [100]sun) produces superlat-
tices at [0 £1/2 0] or [£1/2 0 0] around the (002) peak (Fig. 3C).
Two additional satellite peaks close to the central peak are observed,
which are more clearly detected in the reciprocal space map for
(002) reflection (Fig. 3D). The symmetric peak splits in the (001),
(002), and (004) reflections on the same line slanted 1.24° proving a
mosaic rotation angle (fig. S4, A and B). To get information of in-
plane axes, we carried out reciprocal space map around the (103)
peak (Fig. 3E). The measured peak splitting can be interpreted based
on the pseudomonoclinic unit cell compatible with the bulk orthor-
hombic phase and the mosaic rotation. The monoclinic angle related
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to the L-splitting of (103) and (103) peaks is determined to be
B =88.76° = 90° — 1.24°, which is equivalent to the mosaic rotation
angle, and as a result, the monoclinic ¢ axis becomes perfectly nor-
mal to substrate (Fig. 3E and fig. S4C). The BM-CFO film has a four-
variant twin structure consisting of a*(b*)-twins tilted by +1.24°
around the a(b) axis, which is reminiscent of the ferroelastic WO3
crystal structure (30). The larger peak intensity at (1.031, 2.928) [re-
ciprocal lattice unit (r.l.u.)] is due to superposition of three reflec-
tions, +1.24°-rotated (103), (013), and (013), while the —1.24°-rotated
(103) reflection appears as a weak peak at a rather small H position.
The original H position (0.968 r.l.u.) of (103) and (103) peaks and
that (1.031 r.l.u.) of (013) and (013) are separated at equal intervals
from that of LAO substrate. Provided that a* and b*-twins are
equally distributed, the interfacial energy due to misfit strain can be
minimized.

On the other hand, the P-CFO film has a noticeable reduction of
the oxygen vacancy superlattice peaks (Fig. 3F). From the reciprocal
space maps, we confirm that the P-CFO film is described by a pseudo-
tetragonal unit cell that is fully strained on LAO substrate (Fig. 3,
G and H). When an external electric field removes oxygen vacan-
cies, the mosaic crystal structure of the BM-CFO was rearranged to
be a single tetragonal structure in P-CFO with a contracted pseudo-
cubic c-axis lattice parameter (Fig. 3I). The interfacial contact area
does not change during the topotactic transition into the fully
strained phase. It might be a necessary requirement for minimizing
the interfacial energy and improving the functionality and material
endurance.

The role of mosaicity for fast ionic migration and comparison
with cases on other substrates
The prominently high ionic mobility measured in this CFO film on
LAO is related to the peculiar interfacial strain relaxation through
the monoclinic twin structure without a large deformation of the
bulk phase. The four-variant monoclinic twin structure is revealed
as a mosaic surface topography with nanodomains of ~50-nm size
(Fig. 4A). These nanodomains are spread over the entire area of the
BM-CFO film. The edges of nanodomains are mostly parallel to
[010] or [100] of LAO substrate. Because the unit cell of the mono-
clinic BM-CFO phase has different in-plane lattice parameters of a,
and by, which are larger or smaller than those of substrate, the twin
structure of the alternating a- or b-domain array (a type of ferro-
elastic domains) efficiently relieves the misfit strain. The domain
boundaries between differently oriented nanodomains are expected
to have large strain gradients and lattice imperfections, which provide
an efficient pathway of ionic migration, in a similar context to grain
boundaries in Yttria-stabilized zirconia (YSZ) ionic conductor (31).
On the basis of the nonuniform dark contrast at the initial stage
of forming (Fig. 1B) and the two-step process with emergence of an
intermediate-state region (fig. S1A), as well as consideration of the
mosaic domain pattern, we propose a hypothetical scenario for the
ionic migration in this sample. As illustrated in Fig. 4B, oxygen va-
cancies within the domain boundaries are more rapidly migrated by
electric fields, appearing an irregular vague dark phase in the mid-
dle of topotactic transition. After the oxygen vacancy density within
domain boundaries is reduced, remnant oxygen vacancies in do-
mains are coming out to completely transform to the dark phase
(P-CFO). From the comparison experiments with other films on
different substrates below, it is clear that the mosaicity and granular
feature are critical for fast ionic migration in this compound. Grain
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Fig. 3. Transformation of crystal structure in electroforming process. (A) X-ray 6-20 scans for BM-CFO and P-CFO films on LAO substrate. (B) Orthorhombic unit cell of
BM-CFO phase and the relationship with the pseudocubic unit cells of a film on LAO substrate. (C) Reciprocal line scan along an in-plane H direction at the BM-CFO (002)
position. The reciprocal lattice unit (r.l.u.) is normalized by that of LAO. (D) Reciprocal space maps for (002) and (E) (103) reflections of a BM-CFO thin film. (F) Reciprocal
line scan along the H direction at the P-CFO (002) position. (G) Reciprocal space maps for (002) and (H) (103) reflections of a P-CFO thin film. (I) Schematic of the oxygen
vacancy arrangements for mosaic BM-CFO domains with pseudomonoclinic (M) cells. Pseudocubic lattice constants of the BM-CFO are measured to be a,=3.914 A,
bp=3.675A, c,=3.883 A, a=y=90° and =88.76°. The transformed tetragonal (T) P-CFO phase has lattice constants of a,=b,=3.789 A, ¢, =3.768 A, a =p=y=90".

boundaries can provide efficient routes for the migration of defects.
As if a network of blood vessels carries and transports oxygen to
individual living cells, both rapid movement through grain bound-
aries and interdiffusion between grains and grain boundaries occur
cooperatively.

We perform an electroforming process on BM-CFO films grown
on various substrates [SrTiO3 (STO), (Lag3Srg.7)(Alys5Tag.35)O03

Lim et al., Sci. Adv. 2020; 6 : eabb8553 9 October 2020

(LSAT), and LaSrAlO4 (LSAO)] to clarify the importance of nano-
domain formation in strain relaxed monoclinic films. All BM-CFOs
on these substrates show atomically flat surfaces with step terraces
(Fig. 4C). They have been reported to have tetragonal structures,
epitaxially strained on their substrates (29). We fabricated long-bar
channels (400 pm long and 50 um wide) with 10-nm LAO capping
layer, which have the same geometry of the BM-CFO film on LAO
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CaFeO, /LSAO(001)

Fig. 4. Electroforming effects on BM-CFO films on various substrates. (A) The surface topography of a 100-nm-thick BM-CFO film on LAO shows nanodomains of
~50 nm in lateral size. The surface roughness (SD of surface height) is evaluated to be 1.62 nm. (B) Schematics of hypothetical oxygen vacancy migration steps through
the mosaic structure. The yellow dotted boxes represent mosaic domains, and the domain walls appear between the domains. Oxygen vacancies (green balls) rapidly
move through the wall regions, and they are also supplied from the domain regions through relatively slow diffusion. (C) Surface topographic images of as-grown
BM-CFO films on various substrates [from left to right, STO(001), LSAT(001), and LSAO(001)1. (D) Initial (t = 0 min) and final (t = 120 min) microscopic still images of BM-CFOs

during the electroforming processes.

substrate. When an external bias of 75 V was applied at 300°C for
2 hours on these BM-CFOs, none of them showed notable film
color changes. In case of BM-CFO on STO(001) substrate, the ex-
ternal bias rather makes the STO substrate become darker, reminis-
cent of color change and blue light emission associated with oxygen
vacancy creation (32, 33). Even if the STO is influenced by the ex-
ternal bias, its BM-CFO does not show a distinct color change. Oxy-
gen vacancies in tetragonal BM-CFOs fully strained to substrates
are much stable and thus hard to migrate, indicating that the struc-
turally relaxed films with mosaic nanodomain formation are a key
factor for high-speed switching.

We also performed the backward forming by controlling the po-
larity of electric bias. The electroformed P-CFO can be returned to
BM-CFO via an intermediate phase (gray-yellow region) by apply-
ing an external bias to the opposite direction (fig. S5, A and B). The
gray-yellow phase is presumed to have less oxygen vacancies than
the pristine P-CFO. In the initial forward forming process, the total
amount of oxygen vacancies seems to be not perfectly conserved
within the channel between the coplanar electrodes. The highly con-
fined oxygen vacancies in the accumulative region can more easily
diffuse into surrounding materials such as the LAO substrate, the
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capping layer, and the extra channel of CFO material extended un-
derneath Pt electrode. A thorough understanding of the redox reac-
tion in the vicinity of the ground electrode still remains a challenge.
In addition, the P-CFO region can repeatedly expand and contract
according to the direction of external bias alternately changed (fig.
S5, C and D). The formed phase can return to BM-CFO by thermal
annealing at 300°C for 4 hours. We confirmed that the crystal struc-
ture of the thermally relaxed BM-CFO was the same as that of the
original BM-CFO (fig. S6). The sufficient annealing time for the re-
covery depends on the thickness of the capping layer as well as tem-
perature because oxygen ions should be ejected to the environment
through the capping layer. The stability at low temperatures (<400°C)
can promote the functionality and lifetime of future devices.

Optical absorption property and coloration efficiency

To investigate the electrochromic effect on P-CFO, we carried out
measurements of dielectric constants on both films, BM-CFO and
P-CFO, by using variable angle ellipsometry. Optical ellipsometry
provides an optical complex function, € = & + i€;, without a Kramers-
Kronig transformation and reference measurement. The imagi-
nary part of dielectric constant ¢, indicates an absorption loss that
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characterizes the electronic band structure. In Fig. 5A, €; and ¢, of
the BM-CFO demonstrate three main band excitations. Two main
peaks at 3.2 eV (Bg) and 4.2 eV (yg) are most likely assigned to
charge-transfer transitions from O 2p to Fe 3d band, but a more
rigorous discussion will be undertaken based on first-principles cal-
culations in the following section. Regardless of the existence of a
defectlevel, & is quite small at low energies. Meanwhile, the €, spec-
trum of P-CFO shows a broad peak around 2.3 eV ({g), which is
attributed to the optical transition from the O 2p to Fe 3d band
(Fig. 5B). A Drude-like upturn is found to the extent that €, is more
than 10 in the infrared region, which seems to accord with the me-
tallic behavior. A more detailed study of optical conductivity in the
lower energy regime exhibits a gap-like characteristic (below 0.6 eV)
that changes commensurately with the charge disproportionation
when temperature is lowered (fig. S7).

The absorption coefficient (o)) and extinction coefficient (k) can
be calculated using the equations, o = 2wk/cand k2 = ((e% +
£,9)"2.£)/2, where o is photon frequency and ¢ is the speed of
light. The o value of the P-CFO is recorded to be 1.9 x 10° to
3.5 x 10° cm™" in the visible light region (Fig. 5C). That is a large
value compared to other 3d* oxide systems, such as LaMnOj3 and
NdMnOj (34). Meanwhile, BM-CFO shows an abrupt drop of o be-
low 3 eV. Its optical bandgap is estimated to have a similar value of
BiFeO; of 2.67 eV (35), and a midgap peak at 1.8 eV is thought to
arise from defect states (9) such as imperfection of oxygen vacancy
ordering. The two topotactically switchable phases provide an ideal
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electrochromic effect in the range of visible light (as guided by two
dashed vertical lines). From the large modulation of the absorption
coefficient (Ac) as much as ~1.5 x10° cm ™}, we infer that a P-CFO
film of 300 nm thickness can screen 99% of light illumination
(Fig. 5D). Under a conservative assumption that all the hole carriers
induced by the full oxidation contribute to the optical absorption
change, the modulated charge density is calculated to be ~2900 C cm ™
[e/(unit cell volume)], and thus, coloration efficiency (defined
as absorption coefficient change normalized by charge density mod-
ulation) can be estimated to be more than 30 cm? C! in the visible
light region and reaches the maximum of 80 cm” C™" at a blue color,
which is comparable to a value reported in a conventional electro-
chromic oxide, WO3 (36).

Optical properties from the first-principles calculation

We performed first-principles DFT calculations to precisely under-
stand the electronic structures and optical properties of BM-CFO
and P-CFO for electrochromism. We first analyzed electronic struc-
ture, i.e., the site- and orbital-decomposed density of states (DOS)
and band structure of BM-CFO and P-CFO, as shown in Fig. 6 and
fig. S8. The BM-CFO is an antiferromagnetic (AFM) insulator with
abandgap of 2.2 eV, which is composed of a valence band dominated
by the O 2p state and a conduction band dominated by the Fe 3d
state (Fig. 6A). The Fe 3d bands in the tetrahedron are more local-
ized because of the disconnected Fe—O bonding. The O 2p band
shows a more dispersed band due to the connected Fe—O bonding

B
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Fig. 5. The measured dielectric function and absorption coefficient spectra of CFO thin films on LAO substrate. (A) Real and imaginary dielectric function spectra
of BM-CFO phase. The two main peaks at 3.2 eV (Bg) and 4.2 eV (yg) in the imaginary part are attributed to O 2p to Fe 3d optical transition. The relatively weak peak at
1.8 eVis likely caused by defect states. (B) Real and imaginary dielectric function spectra of P-CFO phase. The broad peak at 2.3 eV ({g) is due to the interband O 2p to Fe
3d transition. (C) Absorption coefficient spectra of BM-CFO and P-CFO phases, calculated from the dielectric functions. Two vertical dashed lines guide the visible light
region. (D) Absorption coefficient change and coloration efficiency for the topotactic transition from BM-CFO to P-CFO.
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Fig. 6. Calculated electronic structure of BM-CFO and P-CFO. (A) Site- and orbital-decomposed DOS and band structure of AFM BM-CFO. (B) Schematic electronic
structure of BM-CFO. Bg and y indicate the optical transitions in its imaginary part of dielectric function spectra. (C) Site- and orbital-decomposed DOS and band structure
of P-CFO. (D) Schematic electronic structure of P-CFO. (¢ represents the optical transition in its imaginary part of dielectric function spectra.

in the [101] direction of the octahedron. The schematic band dia-
gram of BM-CFO in Fig. 6B shows that the optical transition from
the considerably (slightly) dispersed O 2p bands to unoccupied Fe
3d bands is the origin of the “Bg” (“yg”) peak.

On the other hand, the P-CFO at room temperature has been
experimentally reported to have a Pbnm structure, paramagnetic (PM),
and metallic characteristics (23). We used noncollinear magnetic
sampling methods (37) to consider the PM property of randomly
arranged spin configuration in P-CFO. The total DOS in PM order-
ing is found to be qualitatively similar to total DOS (spin-up + spin-
down) in a ferromagnetic (FM) region (fig. S9). Therefore, we analyzed
the electronic structure of FM P-CFO, instead of computationally
cumbersome PM P-CFO. The dispersion of O 2p related bands is
further enhanced in the P-CFO than in the BM-CFO because the
oxygen ions occupied at the oxygen vacancy sites connect each
Fe—O bond to form three-dimensional octahedral channels (Fig. 6C).
Moreover, the O 2p band is partially filled (metallic) in the spin-up
direction, but the bandgap of 1.8 eV appears between the occupied
O 2p band and unoccupied Fe 3d in the spin-down direction.
Figure 6D shows a schematic of optical transitions in P-CFO. While
the Drude-like peak at low photon energy originates from the spin-
up optical transitions between the occupied and unoccupied O 2p
bands, a broad peak in the visible light region, denoted by “Cg,” can
theoretically be described by the spin-down optical transition from
the O 2p in the slightly dispersive valence band to the Fe 3d band in
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the considerably dispersive conduction band. This indicates that
the difference between the Bg transition of the BM-CFO and the g
transition of the P-CFO is a major cause of high coloration in the
visible light region.

To verify the above analysis of the optical absorption variation,
we calculated the dielectric constants and optical absorptions for
both BM-CFO and P-CFO. The calculated imaginary parts and op-
tical absorption coefficients of their dielectric constant are qualita-
tively similar to the experimental results (fig. S10, A and B). The
peaks, assigned as Bg, Vg, and (g in the experimental data, are well
reproduced from the calculated values. The calculated absorption
coefficient is around 4 x 10°> cm ™" in the visible light regime, which
is the same order of magnitude of the experimental value (fig. S10C).
The calculated coloration efficiency (fig. S10D) also reasonably agrees
with the experimental data (Fig. 5D). Therefore, the rapid transparent-
to-dark color change is explained by the modulation of optical prop-
erties due to the topotactic transition of BM-CFO to P-CFO.

DISCUSSION

It is remarkable that the absorption in the visible li%ht regime in
P-CFO reaches a high coloration efficiency of 80 cm” C™". On the basis
of the above electronic structures of BM-CFO and P-CFO, we pro-
pose a possible scenario in which the modulation of effective on-site
U energy of Fe causes the large change of the absorption coefficient.

8of 11

0202 ‘6T JaqWaA0oN uo /610" Bewasualos saoueApe//:dny wol) papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Because O 2p bands in insulating BM-CFO and metallic P-CFO are
fully and partially occupied, respectively, the effective on-site U and
U’ energies of Fe ions in BM-CFO and P-CFO are expected to be
distinguished due to the different screening effects. This can be easily
understood because the Hubbard-like on-site U energy on transi-
tion metal ion depends on &, (Usreen ~ Uo/€r), where U is the on-
site Coulomb interaction between electrons and ¢, is the relative
permittivity. To check the validity of the assumption, we estimated
the on-site U and U’ to be 5.03 and 4.31 eV, respectively, in BM-
CFO and P-CFO using the linear response approach (fig. S11) (38).
Because U’ is smaller than U, the spin-down energy splitting of Aeyr
between the O 2p bands and the Fe 3d bands in P-CFO is more re-
duced than of Aey in BM-CFO. The decrease in energy splitting from
Agey to Agy reduces the spin-down gap, where the interband transi-
tion starts from the O 2p bands to Fe 3d bands. This explains why
the optical absorption in the visible energy region of the P-CFO can
be very large.

To independently consider the difference in magnetic order and
on-site U energy between the BM-CFO and the P-CFO, we individ-
ually estimated the contribution to the optical transitions of both the
on-site U energy and spin configuration by comparing three types
of P-CFO (FM metallic, AFM insulating, and FM insulating) in the
same structure. This analysis shows that the low-energy optical tran-
sition of the spin-down channel in P-CFO is first caused by the on-
site energy and followed by the spin configuration (fig. S12).

In conclusion, we found that oxygen vacancy migration in CFO
induces an electrochromic effect with a large modulation of the ab-
sorption coefficient and the emergence of a metallic behavior. We
carefully examined the topotactic phase transition between the brown-
millerite and perovskite structures with observing the emergence
and disappearance of the superlattice peaks associated with the oxy-
gen vacancy ordering. We also experimentally confirmed that most
of the oxygen vacancies were removed with a large-scale uniformity
by the electrical forming process to the extent that the charge dis-
proportionation transition is detected by the resonant x-ray scat-
tering and the metal-insulator transition is also observed in the
temperature-dependent electronic transport measurement. More-
over, we directly confirmed that the oxygen stoichiometry of the
P-CFO approaches “3” by the comparative analysis of O 1s binding
energy spectra. Furthermore, oxygen vacancies in the system were
turned out to be highly mobile in electric fields, showing the large
collective ionic mobility around 10 cm® s V™', From these com-
prehensive and combined investigations of the theory and experi-
ments, we can conclude not only that the CFO is a promising material
for large electrocoloration effects but also that topotactic metallic
transitions via ionic flows can be a key factor in designing fast and
high-efficiency electrochromic devices through electron correlation
control.

MATERIALS AND METHODS

Growth of epitaxial CaFeO, s thin films

The epitaxial CaFeO, 5 (CFO) thin films were grown on an LAO
(001) substrate (CrysTec GmbH) using pulsed laser deposition
equipped with a KrF excimer laser (A = 248 nm). A pellet was pre-
pared by mixing CaCOj3 (99.95%) and Fe;O3 (99.9%) powders
(Sigma-Aldrich) and forming. The pellet was first heated at 850°C
to eliminate CO, and then crushed, ground, and pressurized to make
a 1-inch-diameter button-shaped target. It was calcined at 850°C
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for 8.5 hours at an ambient condition. After the calcination, the pel-
let proceeded with the same previous processes. Then, it was sin-
tered at 900°C for 9 hours at an ambient condition. The epitaxial
CFO thin films (~100 nm in thickness) were grown at a heater tem-
perature of 650°C in an oxygen environment of 0.05 torr. Laser flu-
ence and repetition rate were set to be ~1 ] cm™2 and 10 Hz. All films
were cooled down to room temperature at a rate of 10°C min~" un-

der an oxygen pressure of 500 torr.

Fabrication of BCFO microdevices and crystal structure
characterization

Conventional ultraviolet (UV) lithography using a photoresist
(AZ5214E, AZ Electronic Materials) was carried out to pattern a
channel (400 um long and 50 um wide) on an as-grown CFO thin
film. The patterned samples were dry-etched by the Ar*-ion milling
technique using a 2-cm-diameter ion beam source. During the etch-
ing process, the sample was continuously cooled by circulating cool-
ing water to prohibit any thermal decomposition and degradation.
We post-deposited an LAO capping layer (usually 10 nm in thick-
ness, but a 20-nm-thick layer was used for the purpose of better
protecting the highly confined oxygen vacancy region with a highly
reactive redox tendency near the ground electrode for back-and-
forth switching) on the entire sample surface including the sub-
strate area and edges of the CFO regions by pulsed laser deposition
to maintain the frozen state for a long time. The etched CFO film
was put in the growth chamber again and heated to 650°C in an
oxygen gas of 0.1 torr, and the epitaxial capping layer was deposited
under the laser fluence and a repetition rate of ~1 ] cm™* and 2 Hz
after the oxygen pressure is quickly dropped to 0.01 torr at the
growth temperature. After the deposition, the sample was cooled
down to room temperature at a rate of 10°C min~" at an oxygen
pressure of 500 torr. To produce the platinum electrodes required
for the electrical contact with the external measurement equipment,
their positions were patterned using the abovementioned UV li-
thography. The LAO capping layers on the patterned positions were
removed by Ar" ion milling, and then platinum was in situ deposited
by DC magnetron sputtering operated at an argon pressure of 5 mtorr
with a power of 25 W at room temperature to contact the platinum
electrodes directly on the surface of the CFO.

Electroforming process and crystal structure
characterization

A high-voltage source (Tektronix, Keithley 237) and a multimeter
(Tektronix, Keithley 2000) were used to perform the electroforming
process on the CFO thin films. To prohibit film cracking during
the electroforming process, current compliance was set to be
50 mA. The CFO film was mounted on a heating stage (Microptik,
MHCS622-MTDC600). External voltage of 75 V was applied at
high temperatures. The mobility was estimated as i = Vyy/Eayy =
L%/ (2tiora1V). The average speed (v,y) was defined as L/fot,1, Where
L is the channel length and tio(, is the total forming time, and
the average electric field (E,y,) was defined as 2V/L. Simultaneously,
the electrical current and applied voltage were measured. The c-axis
lattice parameters of the as-grown and electrically formed CFO
thin films were measured using a four-circle x-ray diffractometer
(PANalytical X’Pert PRO MRD) with Cu Ky radiation. We mea-
sured 20-o x-ray scans from 10° to 60° with 1 s per point at an inter-
val of 0.1°. We also performed reciprocal lattice maps at (002) and
(103) reflections.
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X-ray photoelectron spectroscopy of BM-CFO and P-CFO

We observed the binding energy spectra of each element of BM-
CFO and P-CFO using x-ray photoelectron spectroscopy (Thermo
Fisher Scientific, K-alpha). A focused x-ray beam (Al Ko, 1486.6 eV)
with a diameter of 200 um was injected onto the sample surface.
The kinetic energy of the emitted photoelectrons was analyzed
using a hemispheric analyzer with a 50-eV pass energy. The areas of
consideration were etched by Ar ion milling (EX06 Ion Source) to
remove the capping layer and surface contaminants. A low-energy
electron flood gun was operated during the experiment to remove
charging effects on both sample surfaces. Each binding energy spec-
trum was normalized by an intensity of Ca 2p3/; because Ca was not
much influential during the electroforming process. We used the
Shirley method to extract the backgrounds of all the binding energy
spectra. All spectra were analyzed using a commercial software
(Thermo Fisher Scientific, Avantage 5923).

Resonant x-ray scattering

The resonant x-ray scattering was performed in the pressure of
~1077 torr at the 3A beamline at Pohang Accelerator Laboratory. A
Si(111) double-crystal monochromator was used to generate the in-
cident light with o-polarization, and the photon energy was cali-
brated using a Fe foil at its K-absorption edge (7.112 keV) within an
energy resolution of 0.5 eV. The scattered light from the sample was
detected via a highly oriented pyrolytic graphite (002) analyzer in a
o-n’ mode. The measured intensities were normalized by the mon-
itor count of the incident x-ray beam.

Measurement of electronic conduction property

Electrical conductivity of BM-CFO was measured by the two-probe
method using a high-resistance electrometer (Tektronix, Keithley
6517A). To investigate the electrical conductivity of P-CFO, we first
patterned a coplanar channel (200 um by 100 pm). The whole area
of the BM-CFO region was encapsulated by the LAO capping layer
of 2-nm thickness. After removing the capping layer on the elec-
trode region, platinum was deposited at both sides of the channel to
apply an external electric field. An external bias of 25 V was applied
to transform the phase to P-CFO. After that, measurement elec-
trodes were patterned at the center of the P-CFO region and etched
to remove the capping layer, and last, platinum was deposited.
The reason for using the exceptionally thin LAO layer of 2 nm
thickness is to minimize a heating damage effect on the electro-
formed P-CFO during the LAO etching process, but it is sufficient-
ly thick to protect the sample because the sample is mainly kept
in low temperatures for the transport measurement. The electrical
conductivity of P-CFO was measured by the four-probe method
using a current source for applying a constant 5 pA (Tektronix,
Keithley 6221) and a nanovoltmeter (Tektronix, Keithley 2182A)
for measuring the voltage between the two central electrodes. Both of
the films were characterized inside a Quantum Design Physical
Property Measurement System (PPMS-9T) to control the temperature.

Optical absorption spectroscopy

We measured complex dielectric functions as a function of frequen-
cy in the range from near infrared to UV upon reflection, for both
films BM-CFO and P-CFO, by using a variable angle ellipsometry
(Woollam WVASE). The optical conductivity of BM-CFO and P-
CFO on LAO was extracted from the dielectric functions as 61(w) =
(2)o (39
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Computational method
First-principles density functional theory calculations were carried
out using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional as implemented in the Vienna Ab-initio Simulation
Package (VASP) (40). A cutoff energy of 500 eV was applied for the
plane-wave basis set and a I'-centered 4 x 2 x 4 k-point mesh for the
bulk CaFeO; 5 and 8 x 8 x 8 for the bulk CaFeOs. The atomic posi-
tions were relaxed until the forces were less than 0.005 eV/A, and
the calculation result converged at the electronic energy of 107 eV.
We applied a Hubbard- U correction of 5 eV to improve the descrip-
tion of the Fe 3d states in the BM-CFO and perovskites P-CFO. We
found that the BM-CFO had orthorhombic lattice constants of 5.358,
15.156, and 5.649 A and the P-CFO had cubic lattice constants of
7.641 A, which are consistent with the experimental values.

The imaginary part of the dielectric function was obtained with the in-
dependent particle approximation in the long-wavelength limit g — 0
by summation over the empty states using the following equation

2 2
2 4n°e” . 1
gop(0) = —gl_rg?gkmké(s ok~ Evk— ©){Uckieyg | k)
<uc,k+el:,q| uv,k>*

where the indices v and ¢ refer to valence and conduction band
states, respectively. 1, is the periodic part of the Bloch wave function
(i.e., Kohn-Sham wave functions with the band index # are written as
Wok(T) = 1 (1) e 7). @y is the symmetry-associated weight factor
and the factor “2” accounts for spin degeneracy. The e, or ep are
the unit vectors for the three Cartesian directions indication by a
or B, and Q represents the volume of the primitive cell. The real
part, S;B((v)) is generated via the Kramers-Kronig transformation.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/41/eabb8553/DC1
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