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1 | INTRODUCTION in which electric polarization is considered as the order

parameter characterizing the structure phase transition from
Multiferroic materials that simultaneously exhibit ferroelec- high-temperature prototypic to low-temperature ferroelectric
tric and magnetic orderings have attracted great interests state.* It is universally acknowledged that BiFeOs is still
due to their potential applications in spintronic and photo- the only single-phase room-temperature multiferroic mate-
catalytic devices, data storage, and sensors.'™ BiFeOs and rial. Recently, magnetoelectric coupling were obviously
BaTiO; are typical examples of conventional ferroelectrics, observed in Bij »5l.ag 75Tis sNbg »5(Feg sCog 5)9 25012
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ceramic by Li etal via composition modification.” In
recent years, significant attention has been paid to the study
of the hybrid improper ferroelectricity (HIF). Benedek et al
were the first to introduce the term HIF to describe a state
where the electric polarization is induced by a complex dis-
tortion pattern consisting of octahedral rotation mode and
octahedral tilt mode.® Bousquet et al reported that a electric
polarization can also arise from the coupling of two rota-
tional modes in certain ABO; perovskite superlattices.’
Because the spontaneous electric polarization in those
materials is not the primary order parameter anymore in
the structure phase transition, they are called “improper”
ferroelectrics.® Such a concept paves an avenue for the
research of room-temperature multiferroic materials with
possible magnetoelectric coupling via modulating the
octahedral tilt and rotation by electric field.

CazMn,0; and Ca;Ti,O; (CTO) may indeed be good
candidates for research on HIFs. A rich set interesting phys-
ical properties has been predicted in CazMn,0O5 such as fer-
roelectricity, magnetoelectricity, and weak ferromagnetism
induced by oxygen octahedral rotations.® CTO is a member
of the Ca,Ti,O3,41 family with n = 2. In recent years,
several studies have been reported on electrical, optical, and
structural properties of CTO. Benedek et al investigated the
lattice dynamical properties of CTO using first-principles
theoretical calculations and predicted that CTO may exhibit
an electric polarization of 20 pC/cm?.° Yoon et al provided
the first experimental evidence of ferroelectric polarization
and ferroelastic domain structure at room temperature in sin-
gle-crystal samples of Ca;_,Sr,Ti,0O; (x =0, 0.54, and
0.85)."> Moreover, optical spectroscopy and band gap anal-
ysis of single crystals CTO samples have been investigated
through theoretically calculation and experimental verifica-
tion."" Nowadnick et al used group theory methods and
first-principles calculations to investigate the possible ferro-
electric switching pathway in CTO with low-energy barriers
via an orthorhombic twin domain, an antipolar stacking
domain, or a rhombohedral-like phase.'” In a report by
Huang et al, the high-energy antiphase boundaries and fer-
roelastic tilting and rotation domain walls were found to
dominate the nucleation controlled kinetics of polarization
flipping in a CTO single crystal.'® Very recently, employing
pulsed laser deposition, Li et al deposited CTO thin films
onto SrTiOj; single-crystal substrates and found that CTO
film exhibits a coercive field of 5 kV/cm at a temperature of
2 K. While the coercive field of bulk CTO single crystal is
around 120 kV/cm.'* The remnant polarization values of
CTO have been reported to be 8,10 0.6,8 and 8 pC/cm214 for
single crystal along the [100] direction, ceramic and thin
film, respectively. Furthermore, those polarization character-
istics were all probed and extracted from the so-called posi-
tive-up-negative-down (PUND) process. In this method,
with applying the double triangular waveform voltage to

measure the polarization vs electric field (P-E) hysteresis
loops, the influence of the nonpolar contribution from leak-
age current could be removed. However, the dynamic hys-
teresis measurement result was not reported until now,
although dynamic hysteresis probing allows a comprehen-
sive investigation of the characteristics in the P-E hysteresis
loop within a wide frequency range. In addition, the influ-
ence of leakage current through the ferroelectric layer would
be included in the dynamics hysteresis loop. It is known that
the leakage current can strongly deteriorate the ferroelectric
polarization and electrical reliability. Until now, the electric
transport properties and dynamic hysteresis loops including
the effect of leakage current on CTO ceramics have not
been reported.

In this paper, highly resistive CTO ceramics were char-
acterized to illustrate the contribution of ferroelectric
domain switching to current vs biased electric field (I-E)
curves. The effect of leakage current on ferroelectric behav-
ior was investigated by a combination of dynamic hystere-
sis loops and PUND analysis. We also presented the
switchable diode effect in CTO ceramics and discussed the
possible mechanism for the observed switching resistance.
We further report our investigation of the optical band gap
of CTO ceramics.

2 | EXPERIMENTAL PROCEDURE

Ca;Ti,O; ceramics were synthesized by a conventional
solid-state reaction method in air. Stoichiometric mixtures
of high purityCaCOj3; (99.99%), TiO, (99.99%) were thor-
oughly grounded for 10 hours in agate mortars with alco-
hol and preheated at 1000°C for 10 hours. After
preheating, the calcined powder was hydrostatically cold
pressed into 0.2 mm thick disks for 300 seconds under a
uniaxial pressure of 30 MPa and sintered at 1450°C for
48 hours in air. Dense CTO ceramics were obtained after
natural cooling to room temperature.

Analysis of the CTO's crystalline structure was carried
out with X-ray diffraction using D/MAX-2500 diffractome-
ter with Cu-K, radiation (Rigaku Co., Tokyo, Japan)* and
using the Rietveld structure refinement. For the morpholog-
ical study, scanning electron microscopy was done using
field-emission scanning electron microscope with model
SUB010 series (Hitachi Co., Tokyo, Japan). For the mea-
surement of electrical properties, both surfaces of ceramic
disks were polished and coated with silver paste as elec-
trodes. Ferroelectric polarization (P-E) and leakage current
(J-E) vs electric field were recorded using a ferroelectric

*The purpose of identifying the equipment in this article is to specify the
experimental procedure. Such identification does not imply recommenda-
tion or endorsement by the National Institute of Standards and Technology.
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FIGURE 1 A, Rietveld-refined XRD
pattern of CTO ceramic at room
temperature. B, Crystal structure of CTO
with the Ccm2; space group. C and D,
SEM images of CTO ceramics with
magnifications of X800 and x6000,
respectively.[Color figure can be viewed at
wileyonlinelibrary.com]

analyzer (Axiacct model TF2000; aixPES Co., Aachen,
Germany). X-ray photoelectron spectroscopy (XPS) was
performed with a PHI1600 spectrometer (Ulvac-Phi Co.,
Chigasaki, Kanagawa, Japan) to analyze the chemical states
of the constituents. UV-vis absorption spectra were
recorded with a UV-3600 UV-VIS-NIR spectrophotometer
(Shimadzu Co., Tokyo, Japan).

3 | RESULTS AND DISCUSSION

The Rietveld refined XRD patterns of CTO ceramic is
shown in Figure 1A, which indicates that all main XRD
diffraction peaks could be well fitted with a single-pha-
seCcm2; model. The crystal structure of CTO, which is a
distorted perovskite with strongly distorted TiOg octahe-
drons, is schematically shown in Figure 1B. The CTO unit
cell is composed with two CaTiOj3 perovskite blocks layers
and a CaO layer alternating with each other along the b
axis.” The Rietveld refinements yielded a good fit and no
additional diffraction peaks exist in the measured XRD
profile, which indicates that no impurity phases are present
in the CTO sample. The final refined lattice parameters are
a = 5.4095(8) A, b = 19.5167(9) A, ¢ = 5.4107(6) A, and
V =571.26 A The lattice volume is slightly larger than
that reported in literature (570.46 A3).15Typical SEM
images of the CTO grains are shown in Figure 1C and D.
It is observed that the distribution of grain size is

20(degree)

60 80

(D)

homogeneous, and porosity seldom exists among the com-
pact connected grains in CTO ceramics. The shapes of
most grains are flaky.

Figure 2A shows loops of ferroelectric polarization vs
electric field (P-E) as measured with positive up negative
down (PUND) method at room temperature with electrical
fields up to 175 kV/cm. It can be seen that all hysteresis
loops show rectangular shape, indicating a ferroelectric nat-
ure in present CTO ceramics. With a maximum electrical
field of 175 kV/cm, the coercive field and remnant polar-
ization of the CTO ceramic are about 113 kV/cm, and
0.78 puC/ecm?, respectively. These values are comparable to
the reported results.® Since the PUND method has already
removed the influence of nonhysteresis components on the
P-E loop, in order to observe the effect of leakage current
on the P-E loop, the dynamic P-E and [-E loops were
probed. It is worth noting that the dynamic hysteresis loop
(Figure 2C-E) is different from P-E loop with PUND
method (Figure 2A). In these P-E loops obtained by two
different measurement methods, the coercive field and the
remnant polarization cannot be directly compared. Because
dynamic P-E loop cannot reflect the true polarization flip-
ping process of the ferroelectric domain, the coercive field
mentioned below (Figure 2C-E) is defined as electric field
at which the current peak appears on the I-E loop.

Figure 2B shows dynamic loops of switching current vs
electric field under various maximum driving electric fields
(E,,) for CTO. The E,, of the triangle wave used for the
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measurements of switching currents was from 120 to
195 kV/cm. When E,, >150 kV/cm, the polarization
switching current start to show a bump at around 100 kV/
cm, which indicates the reversion of the ferroelectric
domains in CTO ceramics. The current peak position
increases and shifts slightly towards higher electric field
with the increase in E,,. It is known that an applied electric
field can lead to an obvious change of the surface charges
in the samples. One contribution of the surface charge is
the switching of ferroelectric dipoles that is manifested by
a peak in the switching current curve. If the resistance of
the CTO sample is not high enough, the leakage currents
passing through the CTO bulk will be large and overlay
the current of ferroelectric dipoles switching. In this case,
the peak from the switching current would disappear.
Hence, the observed switching current peaks shown in Fig-
ure 2B indicate high resistance of CTO ceramics.

Figure 2C and D show the dynamic /-E and P-E loops
of CTO ceramics with electrical field up to 175 kV/cm at
frequency of 1, and 100 Hz, respectively. The larger peak-
current value at higher frequency can be attributed to the
higher switching rate of the electric field.'® The values of
intersection with the vertical axis of CTO ceramics are
1.73, and 0.39 pC/cm2 at frequency of 1, and 100 Hz,
respectively. The corresponding value of intersection with
the horizontal axis is 100 and 22 kV/cm. The increasing

rounded shape and the remnant polarization in P-E loops
with decreasing measuring frequency is a result of the con-
tribution from the leakage current. When increasing the
temperature to 70°C the leakage current density will be
dramatically enhanced (that will be discussed in next sec-
tion), leading to a larger value 0.5 pC/cm?® of intersection
with the vertical axis and a smaller value of intersection
with the horizontal axis, as shown in Figure 2E. The lower
density of leakage current is important to attain excellent
retention properties for ferroelectric capacitor. Figure 2F
presents the retention characteristics of the remnant polar-
ization of the CTO capacitor after poling with 175 kV/cm.
It is found that the there is no obvious degradation for rem-
nant polarization even after 3000 seconds.

Figure 3A-C show the room-temperature leakage current
density vs electric field (J-E) curves for the CTO sample in
the bias range of +80, +110, and +170 kV/cm, respec-
tively. We can see from Figure 3A that, in measurement
process, the electrical field which biased the top electrode
was swept from 0 -+ 80 - 0 - —80 — 0 kV/cm, as
denoted by the numbers labeled in that figure. J-E charac-
teristics on a semi-logarithmic scale are also plotted in the
inset of Figure 4A. The J-E curves in Figure 3A are almost
symmetric from 107 to 107° A/cm? and show only weak
hysteresis behavior. When sweeping electrical field was
from 0 to +80 kV/cm, the CTO ceramic exhibits a
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FIGURE 4 A and B, XPS survey
spectra of CTO ceramic in the binding
energy range of 0-1100 eV and of O Is
core-level region, respectively. A schematic

diagram to show the formation of a p-n
junction-like diode with a ferroelectric
polarization upward (C) or downward
(D).[Color figure can be viewed at wile
yonlinelibrary.com]

relatively larger leakage current than that sweeping from
+80 to 0 kV/cm. This hysteresis behavior supposed to be
the result of the ferroelectric polarization switching in CTO
ceramics. It is not difficult to understand that in addition to
the ohmic current contribution, some polarization switching
current exists in the positive sweep regions 0 — +80 and 0

200
Binding Energy (eV)

534 532 530 528 526
Binding Energy (eV)

600 800 1000 536

— —80 kV/cm because of inversion of a small part of the
dipole. While, since the dipole cannot inverse in the nega-
tive sweep regions +80 — 0 and —80 — 0 kV/cm, no
polarization switching current contributes to the total
amount of current.'” However, when the sweep range of
electrical field is increased step by step, the J-E curve
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exhibits rather different characteristics. At the beginning
for the sweep range of +110 kV/cm, the J-E curves are
still nearly symmetric but the weak hysteresis behavior dis-
appears, as shown in Figure 3B. Then, as the sweep range
of electric field reaches around +150 kV/cm, the hysteresis
loop can be observed again but with new characteristics.
With further increasing electric field range, the hysteresis
becomes much wider. Figure 3C shows the representative
J-E hysteresis curve probed with the sweep range of
+170 kV/cm. The numbers labeled in the figure illustrate
the sweeps sequence of biased electric field. The hysteresis
loop shows an opposite trend as compared with that shown
in Figure 3A. When electrical sweeping field is from O to
+170 kV/cm, the samples exhibits a relatively lower leak-
age current than that in backward scanning process, leading
to the appearance of a current hysteresis loop. In the region
with negative bias, a similar hysteresis also appears in the
J-E curve, indicating a resistive switching effect. Further-
more, two J-E segments (inset of Figure 3C) in the range
of +110 kV/cm are plotted using different color solid lines.
As the electrical field sweeps from 110 to —110 kV/cm,
the diode-like behavior can be observed clearly, whereas
for sweeping the electrical field from —110 to 110 kV/cm,
the currents exhibit a reverse diode-like behavior. During a
sweep cycle of biased electric field the diode polarity can
be switched at about +110 kV/cm. In contrast, as men-
tioned in Figure 2B, the room-temperature P-E loops with
various electric fields indicates that the CTO ceramic exhi-
bits ferroelectricity, and it's ferroelectric polarization
switching occurs at the coercive field of around +110 kV/
cm. With such bias range in the room temperature, there is
no obvious hysteresis loop or resistive switching effect in
J-E curve (Figure 3B), but the diode-like electric transport
behavior can be observed in J-E curve at 70°C, as shown
in Figure 3D, in which the electric field biased on the CTO
ceramics is in the bias range of +110 kV/cm. Two J-E seg-
ments in the inset of Figure 3D clearly demonstrate a simi-
lar switchable diode behavior in the range of +90 kV/cm.
Appearance of the switchable diode effect at 70°C can be
ascribed to the reduced coercive electric field (~75 kV/cm),
as shown in Figure 2E. Although the coercive field may be
varied with the applied maximum electric field, the fre-
quency of the triangle voltage excitation and temperature,
the switchable diode-like J-E characteristics seems to be
closely correlated with the ferroelectric polarization. I-V
curves in Figure 3C and D show a clear asymmetry
between positive and negative sweep regions. This asym-
metry maybe due to unbalanced accumulation of oxygen
vacancies and charged carriers etc.

The switchable ferroelectric diode behavior has ever been
observed in BiFeOj single crystal.'® It was proposed that this
switchable diode behavior is connected with a polarization-
dependent depletion layer containing positive charged oxygen

vacancies.'” Fractions of resistance switching and rectifica-
tion phenomena have been explained by bulk conduction
under trap density gradient in previous report.”° J-E curves
with switchable rectifying characteristics was ever reported in
BiFeO; epitaxial thin films and were explained by the polar-
ization-modulated Schottky-like barriers.*'-**

The switchable diode-like J-E behavior could be ascribed
to the interaction between the ferroelectric domain switching
and oxygen vacancies. The electrical properties of a material
are usually related with its electronic structures. In order to
get electronic energy band structures of CTO, the core-level
lines of constituent elements were investigated by XPS. Fig-
ure 4A presents the survey spectra of CTO ceramic in the
binding energy range from 0 to 1100 eV, where the core
level binding energies were aligned with respect to C 1s
peak (284 eV). Photoelectron peaks and some Auger lines
of constituent elements of Ca, Ti, and O elements are shown
in the survey spectra. There are no other impurities existed
up to 1100 eV except Carbon. The presence of oxygen
vacancies is believed to be one of the main causes for the
leakage current in CTO ceramics.”® To confirm the presence
of oxygen vacancies, the corresponding survey spectra of O
1s core level regions was probed with XPS and is shown in
Figure 4B. Using Lorentzian—Gaussian fitting and Shirley
background, the asymmetric O 1s peak can be resolved into
four peaks. It is observed that the first peak locates at around
528.9 eV and can be attributed to the O~ ions at the lattice
sites of CTO ceramics.?**> While the second peak at around
531 eV could be resolved into three peaks. The peak at the
lower binding energy (530.6 eV) can be assigned to the
adsorbed oxygen species.”® The component at the intermedi-
ate binding energy of 531.5 eV can be assigned to the che-
misorbed oxygen of the surface hydroxyl and carbonate
(CO5%).2**” The highest binding energy (532.3 eV) corre-
sponds to adsorbed water.?*

As confirmed in above-mentioned XPS O;, core level
profile, there are oxygen vacancies in the bulk CTO ceram-
ics, hence, CTO ceramics can be thought as an n-type
semiconductor (oxygen vacancies act as donor impurities).
Figure 4C provides a schematic diagram that illustrates the
formation process of a p-n junction like diode. For a CTO
capacitor at low electric field, the oxygen vacancies which
act as donor impurities are not easy to move or release
electrons. While, under the high electric field, a neutral
oxygen vacancy (Vo) would release one or two electrons

s0 as to become positive oxygen vacancies,”'** as illus-
trated by the following equation
Vo —V,+¢€, (1)
Vo vyt @

The released electrons would move under the influence
of the depolarization field to form an electron region near



TONG ET AL.

the surface with positive bound charges. While, positive
oxygen vacancies move in the opposite direction and pile up
near the surface with negative bound charges. As a result,
the negative electrons and positive oxygen vacancies are dis-
tributed locally unbalanced, leading to form a p-n junction
like diode in the Ag/CTO/Ag capacitor, as shown in Fig-
ure 4C. This kind of junction could result in the appearance
of the rectifying J-E curves (inset of Figure 3C).*®* When
the ferroelectric polarization is reversed and point down-
wards, as shown in Figure 4D, the mobile charged carriers
including electrons and oxygen vacancies would move and
result in the redistribution in the capacitor, leading to the
appearance of reverse diode-like J-E curves.

Oxygen vacancies in CTO ceramics could not only
modulate the electric transportation but also modify the
electronic energy band gap. The optical band properties of
CTO ceramics can be described by UV-vis absorption
spectrum, as presented in Figure SA. There is a sharp
increase in the wavelength range of 300-350 nm. Since
CTO is a direct band gap material, as indicated from the
calculated energy band structure (Figure 5B) that the mini-
mal-energy state in the conduction band and the maximal-
energy state in the valence are at the same point, the opti-
cal band gap E, for the CTO can be calculated by the rela-
tion: (ahv)’ = C(hv — E,), w here C is a constant, Av is
the photo energy and « is absorption coefficient.”” The cor-
responding plots of (ochv)2 vs hv for CTO sample and the
value of the band gap estimated by the linear extrapolation
approach are shown in the inset of Figure 5A. From inter-
section of the extrapolation the band gap of CTO ceramic
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is estimated to be 3.27 eV. This value of band gap is much
smaller than that of the single crystal (3.9 eV), due to the
presence of oxygen vacancies that is in well agree with the-
oretical prediction.!" Moreover, there is a so-called broad
tail that persists to lower energies in the curve of ((xhv)2
vs hv. Such a broad tail and narrowed band gap in CTO
ceramic could be again ascribed to the oxygen vacancies.
The presence of oxygen vacancies in CTO ceramics will
raise the position of the valence band due to the overlap of
the nonlocalized oxygen vacancy states and the valence
band edge.'"*® A similar result has been found in oxygen
deficient SrTiO5.>° Oxygen vacancies are thought to be
able to distort the local environment around the transition-
metal center, modify band width, and introduce carriers,
and eventually influence the electronic properties.

In order to investigate the influence of oxygen vacancies
on the electronic energy band structure of CTO, we used
first-principles calculations to study the CTO's density of
states (DOS) and energy band structure. The projected DOS
plots for the pure CTO 2 X 1 X2 super-cell with
orthorhombic structure are presented in Figure 5C. In this
figure, the position of the Fermi level is located at the top
of the valence band, and the valence and conduction band
edges near the Fermi energy are quite sharp. It can be seen
that the contribution around the bottom of conduction band
is mainly from the 7i 3d states with a small component
from the O 2p states. The maximal-energy state in valence
band is mainly composed of the O 2p states with a slight
contribution from 77 3d orbital. This demonstrates that there
is a strong hybridization between the oxygen and titanium

B2
%-l.ﬂ/) §‘°
8 o8} %@, 5
§ : i, . |~ ,
7 p
g i, I‘:"(e\/)
2 04t iy,
0.0 . . ! - .
200 300 400 500 600 700 800
Wavelength(nm)
© (D)
1200 800

~ 800F
FIGURE 5 A, UV-vis absorption 3 < 400}
spectrum of CTO ceramic. The inset shows E 400¢ %
(ahv)? vs hv plot of CTOs ample. B, The % ol % 0
calculated electronic band structure of CTO. ; ‘ =
C and D, show the total and partial DOS of 8 ~400 § 400}t
a2 X 1x 2 CTO super-cell of pure CTO -800
and CTO with three (I)xygen vacanc.les, 1200 ) ) ) _800L— . :
respectively. [Color figure can be viewed at -4 -2 0 2 4 -6 -3 0 3
wileyonlinelibrary.com] Energy (eV) Energy (eV)
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states in the CTO compound. Hence, the oxygen vacancies
existing in CTO sample will dramatically influence their
electronic energy band. Furthermore, it can be predicted that
the photo-excitation of the electrons from the top of the
valence band to bottom of the conduction band will have
the effect of bringing electrons from O 2p—Ti 3d state via
charge-transfer excitations.""
vacancies on the electronic structure is studied via the plot
of the density of states using 2 X 1 X 2 super-cell CTO
with three oxygen vacant sites, as shown in Figure 5D. An
energy gap around 3.12 eV is found for both pure CTO and
oxygen-deficient CTO samples. Such band gap value is
smaller than that obtained by the optical absorption route
(Figure 5A), but is generally acceptable since both local
density approximation and the generalized gradient approxi-
mation based on density functional theory usually underesti-
mate the band gap. However, the density of state curves,
Figure 5D, show that by creating three oxygen vacancies in
the 192-atoms super-cell of CTO, three new occupied states
appear in the gap, at 2.41 eV above the top of the valence
band and 0.36 eV below the bottom of the conduction band.
This result is consistent with experimental estimates and
theoretical prediction in strontium titanite. The presence of
the defect states can facilitate the transition of carrier from
the valence band to conduction band.

The influence of oxygen

4 | CONCLUSIONS

To summarize, the observation of a peak in the current sig-
nal before reaching the maximum electric field indicates
that domain switching is taking place in highly resistive
CTO ceramics. Dynamic hysteresis measurement in CTO
ceramics is reported for first time, it appears that freely
movable charges contribute significantly to the electrical
hysteresis loop. The switchable diode effect accompanied
an abrupt jump of current in /-E curves coincides with the
local switching of ferroelectric polarization. The locally
unbalanced distribution of mobile charges upon application
of electrical fields is thought to be the reason for the
observed switchable diode effect and asymmetric J-E
curves. Analysis of the linear absorption spectrum reveals a
direct gap at 3.27 eV. We hope our work inspires further
research on hybrid improper ferroelectricity mechanisms in
other ferroelectric material.
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