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Perovskite-oxide (1 — x)KNbOs-xBaCoq/9Nb1205_s (KN-BCN; x = 0.00-0.20)
ferroelectric semiconductor ceramics with oxygen defects are successfully
prepared via a conventional solid-state sintering method. X-ray diffraction
data indicate that the crystal symmetry evolves from orthogonal to tetragonal
at increasing x values. Raman spectroscopic analysis confirms the long-range
polarization of all compositions. X-ray photoelectron spectroscopy shows that
the detailed chemical formula of 0.90KIN-0.10BCN ceramics is 0.90KNbOs-
0.10BaCo1,5Nb;/,502 99. Room-temperature ferroelectricity weakens when the x
value increases. The optical band gap narrows from 3.25 eV for x = 0.00 to
1.57 eV for x = 0.20, and the minimum value of ~ 1.28 eV occurs in the
0.90KN-0.10BCN ceramic. Impedance analysis illustrates that the conduction
mechanism of grains is mainly internal electron conduction, and that of the
grain boundary is intrinsic conduction. The conducting mechanism of the
ceramic system follows ohmic behavior by log I-log U curves. The maximum
short-circuit photocurrent density and open-circuit photovoltage are 6.68 nA
ecm 2 and 0.80 V, and stable output is maintained. The KN-BCN ceramic
system can be used in photovoltaic materials.

Key words: Perovskites, band gap, ferroelectric semiconductors,
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INTRODUCTION

ABOgs-type perovskite oxides have attracted inter-
est because of their optical properties that are
essential to photocatalysis, photovoltaics, and solar
cells.’® Ferroelectric semiconductor perovskite
materials have been widely studied as candidate
optoelectronic materials. As an excellent photore-
sponsive material, a ferroelectric internal electric
field is expected to greatly improve the separation of
electron—hole pairs and efficiency.® However, most

(Received February 5, 2020; accepted July 14, 2020;
published online August 10, 2020)

ferroelectrics exhibit optical band gaps that are
usually larger than 3 eV and only absorb in the
ultraviolet range. Therefore, effective methods for
regulating band gaps are urgently needed. At
present, halides and oxides in perovskite structural
materials have attracted considerable attention.
However, perovskite halides are extremely sensitive
to the effects of temperature and humidity and are
very unstable. Perovskite ferroelectric semiconduc-
tor oxides, such as BiFeOs,”1° Pb(Zrq 5Tig 5)03, 11712
and KNbO3,'* 16 are widely used in photovoltaic
and photocatalytic applications. The band gap of
Pb(Zry 5Tip5)03 is > 3.6 €V, and the corresponding
absorption of the semiconductor can only use less
than 8% of the solar spectrum. BiFeO; thin films
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with room-temperature ferroelectricity have a rela-
tively small optical band gap (approximately
2.4 eV), but their solar absorption efficiency is only
about 15%. KNbO3 has attracted increasing atten-
tion because of its low optical band gap and high
absorbability.

The band gap engineering of KNbOj3 ceramics has
been the focus of many researchers. The band gap of
ceramics was recently decreased to 1.18 eV, which
is considerably smaller than that of KNbOs;
(N 3.2 eV), when (1 — QC)KNbOS-xBaNi]_/ng]_/QO:g,(;
is used.’ The maximum value of the valence band
is dominated by hybrid Ni 3d and O 2p states,
whereas the conduction band is minimally com-
posed of a Nb 4d state. Ni 3d plays a vital role in the
reduction of the band gaps of ceramics. The band
gap of a ceramic can be decreased from 3.25 eV to
2.25 eV by using KNbO3 with BiFeO3; compared
with pure KNbO3.'” The increase in the valence
band value may be due to the substitution of Nb®*
with Fe®* and the subsequent enhanced repulsion
between O 2p and Fe 3d states. The optical band
gap of KNbO3; can be reduced to 2.89 eV by doping
with Ba?*/Bi°* and Zn®* ions at A and B sites,
respectively.'®

In this work, the solid—solution ceramics of (1 —
x)KNbO3-xBaC01/2Nb1/2O3,(5 (x = 0, 002, 005, 010,
0.20) are investigated by solid-state methods. The
structures, lattice vibrations, optical properties,
impedance spectroscopy, dielectric/ferroelectric
properties, and photoresponse of the ceramics are
systematically investigated. Low band gap, satis-
factory room-temperature ferroelectricity, and high
photocurrent density of ~6.68 nA cm 2 are
obtained in the system. This research is of great
significance for understanding the band gap engi-
neering and ferroelectric properties of perovskite
KNbO;3; materials, and provides alternatives for
oxide ferroelectric photovoltaic devices.

EXPERIMENTAL

All the reagents used were of analytical pure
grade. KzCOg (990%), Nb205 (999%), B3003
(99.0%), and Co503 (99.0%) were used as starting
reagent materials. The raw materials, with a chem-
ical formula of (1 — x)KNbOs-xBaCoq/oNb1505_;
(x = 0.00, 0.02, 0.05, 0.10, 0.20), were milled with
a ZrOs ball for 24 h in anhydrous ethanol medium.
The dried slurries were calcined in air at 900°C for
12 h. The calcined powder was added with polyvinyl
alcohol (PVA, 5 wt.%), dried, and ground. The
powder was then pressed into a cylindrical disc
with 12 mm diameter and 0.6 mm thickness at
120 MPa. For the removal of PVA, the ceramic
samples were heated to 600°C for 2 h. Finally, the
samples were sintered at 1050-1120°C for 3 h in air.
For the analysis of electrical properties, an Ag paste
was printed on a screen, polished with sandpaper on
both sides of the ceramics, and fired at 580°C for
30 min.

The structure and composition of the samples
were analyzed by an x-ray diffraction (XRD) system
(PIXCED3D, Netherlands) using Cu-K, radiation
with 20 ranging from 20° to 80°. Lattice vibration
was studied by Raman spectroscopy (LabRAM HR
Evolution, HORIBA France). An ultraviolet—visi-
ble-near infrared spectrophotometer (Lambda750,
PerkinElmer, USA) with an integrated sphere was
used for optical absorption tests. X-ray photoelec-
tron spectroscopy (XPS, XSAM-800) was used for
analysis of the chemical valence changes and polar-
ization intensity (P) under an electric field (£) with
a ferroelectric testing system (TF Analyzer 2000
HS, Germany). Variable temperature impedance
was measured with a precision impedance analyzer
(Agilent 4294A, USA). The frequency and temper-
ature of the impedance were measured at 40 Hz to
1 MHz and 330—420°C, respectively. The impedance
data were fitted using ZView 2 software. Light was
provided by xenon lamps with standard solar
energy (AM1.5), and the photovoltaic effect was
obtained from a Keithley 2410 digital source meter.

RESULTS AND DISCUSSION

Figure la shows the XRD patterns of (1 — x)KN-
xBCN (x = 0.00, 0.02, 0.05, 0.10, 0.20) ceramics in
the 20 range of 20°-80°. All the samples exhibit a
single perovskite structure, and no secondary phase
is present. These results indicate the formation of
ceramic solid solutions in the system. Pure KN is an
orthorhombic system with a space group of Amm2.'°
Figure 1b shows that the pure KN has typical split
peaks of (022) and (200), but only a single peak (020)
is seen in doped BCN ceramics. This finding indi-
cates the transition from the orthorhombic phase
(Amm2) to tetragonal phase (P4mm). The charac-
teristic peak (020) shifts to lower 20 angles, indi-
cating an increase in the unit cell size with
increasing x. This finding supports the introduction
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Fig. 1. (a) XRD patterns of KN-BCN ceramics with different x values.
(b) Magnified XRD patterns at 20 = 44°—46°.
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of Co®* ions because the ionic radius of Nb%*
[r(Nb®*) = 0. 64 A)] is smaller than that of Co®* [r
(Co®") = 0.68 A], resulting in lattice expansion.
Through the refinement of (1 — x)KN-xBCN with
x = 0.00-0.10, the structure is confirmed as
orthorhombic (Amm2) with »? values of 3.62, 3.45,
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Fig. 2. Refined XRD profiles and crystal structures for KN-BCN

ceramics with different x values: (a) x=0.00, (b) x=0.02, (c)
x = 0.05, (d) x=0.10, and (e) x = 0.20.

3.11, and 3.27. The XRD peaks of 0.80KN-0.20BCN
best fitted by Amm2 with »? value of ~ 2.90 are
shown in Fig. 2. The cell parameters (a, b, and c¢)
increase with BCN content because the radius of the
Co®* ion is larger than that of the Nb°* ion. This
occurrence also causes an increase in cell volume
(V). Table I provides the detailed parameters of
Rietveld analysis.

The SEM images of (1 — x)KN-xBCN (x = 0.00,
0.02, 0.05, 0.10, 0.20) ceramics are shown in Fig. 3.
In Fig. 3a, the surface crystallinity of KN ceramics
is good, and the arrangement of compact particles is
clear. Figure 3b—e shows the microstructure of
BCN-doped samples. The grain size of the samples
is not uneven, which may be due to the increase in
Co®* at the grain boundary, thereby hindering the
movement of the graln boundary and inhibiting the
growth of local gralns resultmg in a significant
difference in graln size.?° In addition, obvious pores
are formed in the sintering process of KN-BCN
ceramics. The increasing number of holes will
seriously affect the dielectric loss of the ceramics,
which will be confirmed in later dielectric
measurements.

Raman spectroscopy is a reliable technique used
to determine non-centrosymmetric polar character-
istics and crystal structures in advanced functional
materials. This technique is more sensitive to local
lattice vibrations compared with XRD.?! The
Raman spectra of (1 — x)KN-xBCN (x = 0.00, 0.02,
0.05, 0.10, 0.20) ceramics are presented in Fig. 4.
The modes of Raman spectroscopy are demon-
strated in the literature for determlnlng single-
crystal distribution principle for KN.?2 The Raman
spectrum shows that KN has an orthogonal crystal
symmetry and long-range polarity sequence. The
Raman peaks at 192 and 833 cm*, are considered
ferroelectric long-range orders in solid solutions
based on KN.?®> The peak centered at 272 cm !
shifts to a lower wavenumber, and a smaller peak
appears at 295 cm !, which are consistent with the
orthogonal—tetragonal phase trans1t10n 4 As the
dopant increases, the 833 cm ™! bond shifts to the
left, indicating that the Co-O bond strength
increases significantly.

Table I. Refined structural parameters for (1 — x) KN-xBCN ceramics with different x values

Parameters x = 0.00 x = 0.02
Space group Amm2 P4mm
a (A) 3.9934 4.0092
bA) 5.6814 5.6820
c (A) 5.7006 5.6970
cla 1.4275 1.4210
V (A?) 129.33 129.78
Rp 23.7 22.3
Rwp 12.5 11.5
Rexp 6.41 6.21

¥Z 3.62 3.45

x = 0.05 x =0.10 x = 0.20
P4mm P4mm P4mm
4.0098 4.0215 4.0431
5.6884 5.6947 5.7179
5.6935 5.6822 5.6869
1.4199 1.4130 1.4066
129.86 130.13 131.47
16.8 17.6 19.3
9.91 114 11.1
5.62 6.29 6.54
3.11 3.27 2.90
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Fig. 3. SEM images of KN-BCN ceramics with different x values: (a) x = 0.00, (b) x = 0.02, (c) x =0.05, (d) x = 0.10, and (e) x = 0.20.

XPS is often used to analyze chemical composition
and atomic valence states on the surface of materi-
als. Figure 5a shows the full XPS spectra of KN and
0.90KN-0.10BCN ceramics. Except for Ba and Co,
the peaks of the detected elements are similar. The
C 1s peak at 284.6 eV is usually used as a reference
standard.?® In Fig. 5b, the K 2pse and K 2pis
binding energies are 291.68 and 294.28 eV, respec-
tively, indicating that the spin—orbit splitting
energy is 2.6 eV; hence, the +1 valence is proven
to be the effective charge of K ions.?®?” Figure 5¢
shows that the spin—orbital splits of the Co 2p3/5 and
Co 2p1/2 peaks are located at 779.68 and 795.18 eV,

respectively, which are consistent with the binding
energies of Co,05 and Co(OH),, respectively.?® As
shown in Fig. 5d, the peak of Ba 3ds5, is 779.68 eV,
which is close to the previously reported Ba?*
oxide.? In Fig. 5e, the binding energies of Nb 3dj,
o and Nb 3ds/ are located at 206.78 and 209.48 eV,
respectively, corresponding to the values reported in
KN.3° Figure 5f shows the lattice oxygen peaks of
529.78 and 531.78 eV in the fitted O 1s spectrum,
demonstrating the presence of OH groups on the
surface of KN-BCN. These data are consistent with
a previous report.>! According to the above results,
the detailed chemical formula of 0.90KN-0.10BCN
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Fig. 4. Raman spectra of KN-BCN ceramics with different x values.

is determlned to be 0.90KNbO3-0.10BaCoq,Nby,
202.90.°

Figure 6 displays the relative permittivity (¢.) and
dielectric loss (tand) for (1 — x)KNbOs-xBaCoq/5Nb1,
003_s ceramics measured at 150 kHz. KN exhibits
two peaks, namely, the ferroelectric orthorhombic to
ferroelectric tetragonal (O — T) transition peak at
245°C and the tetragonal to paraelectric cubic
(T - C) transition peak at 408°C, also known as
Curie temperature (T,).>* By doping BCN content of
x = 0.02 to x = 0.10, two transition peaks similar to
KN are found at ~ 248°C and ~ 395°C, respec-
tively. However, for x = 0.20, the transitional peak
almost disappears, indicating the occurrence of a
cubic or pseudocubic phase. The relative permittiv-
ity of all the doping ceramics decreases with
increasing doping content at the phase transition
point. This decrease indicates the weakening of the
polarization order. The tand increases with increas-
ing x, indicating that the quality of the ceramics is
reduced by the doping of BCN.

The P-E hysteresis loops of (1 — x)KN-xBCN
(x = 0.00, 0.02, 0.05, 0.10, 0.20) ceramics measured
under an electric field of 30 kV ecm ™! are shown in
Fig. 7. The P-E hysteresis loop for pure KN has a
polarization of 5.26 uC cm . Within the range of
x = 0.02-0.20, the polarizatlon decreases to 3.49,
2.97, 1.33, and 0.75 uC cm 2. The remnant polar—
ization intensity with x values decreases mainly due
to the structural phase transition from ferroelectric
to paraelectric.® Oxygen vacancy contributes to the
behavior, resultmg in dlfﬁculty of domain-wall and
domain inversion with 1ncreasmg BCN content.?®
Nb*® is replaced with Co*® 2 causing long-range
ordered displacement of Nb*® and structural local
strain. Given the electronegativity of Ba and K, the

ionic strength of the modified A-O bond is partly
replaced with Ba*? at the A-site.

Figure 8a shows the absorption spectra of KN-
BCN ceramics. The absorption range of KN-BCN is
far wider than that of pure KN in the ultraviolet,
visible, and infrared regions, showing excellent
absorption characteristics. In Fig. 8b, the optical
band gap is obtained by the tangent1al intercept 1n
the curve of the Kubelka—Munk function (chv)?
versus hv for the direct-band-gap materials, where «
is the absorbance and Av is the photon energy.36 The
colors of the samples (inset of Fig. 8b) change from
white to blue and finally to black, indicating the
reduction in the band gap. With increasing BCN
content, the band gap of KN-BCN is in the range of
1.28-1.67 eV, which is considerably smaller than
that of pure KN (~ 3.22 eV). The band gap reaches a
minimum value of 1.28 eV for x = 0.10. The excita-
tion of the band gap is caused by the doping of Co®*
ions, which transfers the charge of hybrid Co 3d and
O 2p to the Nb 4d state. The reduction in the band
gap of KN-BCN lays the foundation for photovoltaic
and photocatalytic applications.

Figure 9 shows the impedance complex plane of
0.90KN-0.10BCN ceramics measured at 330—420°C
for air [(a)—(b)] and Ny [(c)—(d)]. The illustration of
Fig. 9a is an equivalent circuit. A perfect fit can be
achieved through the combination of R, C, and
CPE.*" The radius of the curve decreases with
increasing temperature in Fig. 9a and b, indicating
the reduced resistance of grains and grain bound-
aries. This finding is due to the decrease in the
barrier height at high temperature and the increase
in the charge mobility and conductivity of the
sample because electrons can easily break away
from the nucleus.®® Figure 9c and d shows the
measurement under Ny, and its trend is basically
the same as that in the air. However, the resistance
of grain and grain boundary is higher than that of
air, because oxygen absorption reaction can occur
when the sample contacts in air.*®

The impedance fit residuals are shown in Fig. 10-
a. The fitting error of air and N, at 420°C ranges
from —0.001 to +0.006. These results show that the
circuit is suitable for fitting, and the error is small.
The fit accurately represents electrical microregions
inside the ceramic body. Figure 10b shows an
Arrhenius diagram of grain and grain boundary
conductance for the 0.90KN-0.10BCN ceramic in air
and Ny. The activation energy (E,) represents the
ease of ion hopping and is related to the crystal
structure and, in partlcular to the openness of the
conduction pathways 9 In air and Ny, the E, values
of particles are 0.61 and 0.58 eV, respectwely,
which are about half of the optical band gap
(1.28 eV), indicating that the conduction mecha-
nism is mainly internal electron conduction.*! The
E, values of grain boundary in air and Ny are 0.73
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Fig. 5. (a) XPS spectra of KN and 0.90KN-0.10BCN ceramics and high-resolution XPS spectra of (b) K 2p, (c) Co 2p, (d) Ba 34, (e) Nb 3d, and (f)

O 1s.

and 0.71 eV, respectively, which belong to the
intrinsic conductive mechanism.*?> The grain and
grain boundary conductivity of No samples is lower
than that of air samples, suggesting a p-type
conduction behavior for grain and grain boundary
regions. This finding is consistent with the p-type
behavior commonly observed in Co oxide or Co-
containing oxides.***3

Figure 11 shows the Cole—Cole plots of 0.9KN-
0.1BCN ceramic under different DC biases in air.
The electrical behavior of decreasing resistivity with
increasing DC bias denotes that the sample shows
typical p-type conduction, which is consistent with
the literature.** The illustration in Fig. 11 shows
the log I-log U curve of 0.9KN-0.1BCN ceramics.
Information on the conduction mechanism can be
determined using the slope of the log I-log U
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curve.”” The linear behavior for the log I-log U
curve can also be observed with DC bias ranging
from 4 V to 14 V, and the slope of all the electrical
components is fitted to ~ 1 in air. Understandably,
the conduction mechanisms of all electrical microre-
gions follow the ohmic behavior.

Given the above findings, the x = 0.10 ceramics
have relatively higher residual polarization and
smaller band gap. Hence, the photocurrent of the
x = 0.10 ceramics is measured, and the correspond-
ing results are demonstrated in Fig. 12a. An ITO
film with thickness of ~ 300 um was used as elec-
trode, and 100 mW cm 2 simulated AM 1.5 sunlight
was provided to the sample by a xenon lamp. The
samples were polarized at room temperature with
20 kV em ™! electric field for 10 min. The short-
circuit photocurrent density (Js.) and open-circuit
photovoltage (V,.) measured under light are 1.36 nA
cm 2 and 0.36 V, respectively, and the influence of
the dark environment is negligible. The positive
polarizations J and V,. are 6.68 nA cm 2 and
0.80 V, respectively, whereas those on the negative
polarizations are 2.71 nA cm 2 and 0.66 V, respec-
tively. The effect of positive polarization is obviously
greater than that of negative polarization. This
finding confirms the existence of the ferroelectric
photovoltaic effect. Figure 12b shows the simulation
of the typical conversion of light and the dark
photocurrent densities of the x = 0.10 samples. The
photocurrent density of stable and significant
response can be detected by turning on/off the lamp.
The findings indicate that the photocurrent can be
steadily produced under the action of light. The
photoresponse indicates that KN-BCN has potential
application in the photovoltaic field.
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Fig. 11. Cole-Cole plots of 0.90KN-0.10BCN ceramic under
different DC biases at 420°C in air. The inset shows the Log /—Log
U curves of Ry and the Ry,
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CONCLUSIONS

The structures, optical absorption, impedance
spectra, dielectric/ferroelectric properties and pho-
tocurrent densities of (1 — x)KNbO3-xBaCo;/oNby,
2035_5 (x = 0.00, 0.02, 0.05, 0.10, 0.20) ceramics are
investigated. A pure perovskite structure is
observed by doping with BCN. Raman spectra
confirm the transformation of the phase structure
and the weakening of the ferroelectric long-range
order. The detailed formula for 0.90KN-0.10BCN
ceramic is determined to be 0.90KNbO3-0.10BaCoy,
oNb1,509 99 by XPS analysis. The optical band gap of
the 0.90KN-0.10BCN ceramics is 1.25 eV, which is
61.5% less than that of pure KN. The short-circuit
photocurrent density and open-circuit photovoltage
are 6.68 nA cm 2 and 0.80 V, respectively. There-
fore, BCN doping can reduce the band gap, render-
ing the ceramic a potential candidate for
photovoltaic applications. In air and Ny, the con-
duction mechanism of grain and grain boundary are
internal electron conduction and intrinsic conduc-
tion, respectively. The Log I-Log U curves reveal
that the grains and grain boundaries of the samples
follow ohmic behavior. These results are helpful for
understanding the photoresponse, microstructures
and electrical structures of perovskite—oxide ferro-
electric semiconductor ceramics.
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Fig. 12. Photocurrent measurements for the selected polished 0.90KN-0.10BCN samples: (a) photocurrent density (J)—voltage (V) curves under
simulated AM 1.5 sunlight of 100 mW cm~2 irradiance and in the dark; the photocurrent densities after positive and negative polarizations are
indicated in blue and red, respectively. (b) Simulation of a typical photocurrent density and dark current density conversion (Color figure online).
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