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Abstract
(1− x)KNbO3–xBiMnO3 (0 ≤ x ≤ 0.25) ceramics were prepared by the solid-state
reaction method. An X-ray diffraction analysis combined with Raman spec-
troscopy showed the co-solubility of Bi and Mn in the orthorhombic structure to
be less than 5% BiMnO3. Orthorhombic and pseudocubic symmetries coexist in
the 0.05≤ x≤ 0.15 region, coinciding with a bimodal grain size distribution. This
coexistence of crystal symmetries is further corroborated by several anomalies
in the dielectric behavior, which can be ascribed to structural phase transitions.
For x ≥ 0.20, only one dielectric anomaly is detected around 100◦C, which is
commensurate with in situ Raman spectroscopy analysis. This work also shows
that Bi/Mn co-doping can be employed to tailor the bandgap of KNbO3, which
narrows continuously with increasing x, resulting in∼1-eV narrowing for single-
phase x = 0.25. This may offer the possibility to employ this ferroic material in
photoresponsive technologies.

KEYWORDS
ferroelectricity/ferroelectric materials, Raman spectroscopy, solid solutions

1 INTRODUCTION

Chemical doping aimed at narrowing the optical bandgaps
of classical ferroelectrics such as KNbO3, BiFeO3, and
BaTiO3 has recently attracted considerable attention,1–6
due to the potential use of thesematerials in the fabrication

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2022 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

of photo-responsive devices. Indeed, bandgap narrow-
ing via doping in ferroelectrics has been deemed as an
essential footstep for enhancing the photoresponse of fer-
roelectrics. A fewdoping strategieswere adopted to narrow
the bandgap of lead-free ferroelectric KNbO3 as recently
reviewed by Wang et al.7 For example, Grinberg et al.3
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investigated theK1−xBaxNb1−x/2Nix/2O3−δ, a systemwhere
electroneutrality is attained via the creation of oxygen
vacancies. These researchers reported a bandgap as low as
1.7 eV for x = 0.10; however, it was later demonstrated by
Pascual-Gonzalez8 and by Wu9 that this low value does
not correspond to the intrinsic bandgap, which in real-
ity is only marginally affected by this doping mechanism.
This may partially explain the modest photovoltaic per-
formance, such as the short-circuit photocurrent density,
Jsc, of 0.1 μA/cm2 and open-circuit photovoltage, Voc, of
0.007 V exhibited at room temperature by a ferroelec-
tric photovoltaic (FEPV) device fabricated from x = 0.10.
In 2017, it was demonstrated that the optical bandgap of
KNbO3 can be successfully reduced by ∼1 eV in a virtu-
ally defect-free solid solution based in K1−xBixNb1−xFexO3
(KNBF).10 Later, Elicker et al.11 observed a comparable
bandgap reduction in the K1−xLaxNb1−xFexO3 (KNLF) sys-
tem, implying a negligible role played by the electronic
lone-pair in Bi3+ in the process of bandgap narrowing.
Their FEPV prototype devices based on KNBF and KNLF
(x= 0.32) combined with a redox couple (I−/I3−) displayed
a typical diode-like response, characterized by Jsc and Voc
of 0.115 μA and 0.075 V for KNBF and 0.19 μA and 0.035 V
for KNLF, respectively. These are still modest values com-
paredwith amore recent study byLi et al.,12 who fabricated
a solar cell based on (K,Bi)(Nb,Yb)O3

13 combined with
light-absorbing p-type NiO and TiO2 nanoparticles. Those
cells exhibit a Voc of 1 V, which can be enhanced to 1.56 V
via an electric bias close to the coercive field. Under sim-
ulated standard AM 1.5G illumination (terrestrial spectra)
this cell showed a power conversion efficiency of 0.85%.
To our knowledge, structure–property relationships

in the K1−xBixNb1−xMnxO3 (KNBM) system remain
unexplored. The end-members of this solid solution are
the orthorhombic ferroelectric KNbO3 and themonoclinic
non-ferroelectric (at least in bulk form) BiMnO3.14,15
BiMnO3 is known to form solid solutions with other
perovskites, which can be prepared at ambient pressure.
For example, Bi1−xLaxMnO3

16 can be synthesized at
ambient pressure when x > 0.4. Woodward and Reaney17
also showed BiMnO3 to form a solid solution with the fer-
roelectric PbTiO3, according to the Pb1−xBixTi1−xMnxO3
mechanism. Interestingly, the 0.6PbTiO3–0.4BiMnO3
composition is characterized by the coexistence of a
tetragonal P4mm phase (isostructural with PbTiO3) and
a pseudocubic phase, giving rise to a potentially multifer-
roic polar/nonpolar morphotropic phase boundary. These
examples show BiMnO3 to be an effective putative end-
member, which can be employed to tailor physical proper-
ties of other stable perovskites. Indeed, it can also provide
a promising route to design new photoferroelectrics using
a site-by-site substitution approach, which makes use of
the stereochemical activity of the 6s2 lone-pair of electrons

in Bi3+, to create local distortions required to induce
polarization, and transition metals to tailor the bandgap.
Based on X-ray emission and absorption spectra, McLeod
et al.18 reported a bandgap of 0.9(5) eV for BiMnO3;
however, this value should be interpreted with caution,
as in the same investigation, the bandgap of BiFeO3 was
reported as 0.9 eV, when literature’s widely accepted value
is ∼2.7 eV.19–21 Bhardwaj et al.22 prepared BiMnO3 by sol–
gel and reported a bandgap of 1.25 eV. Xu et al.23 reported
a bandgap of 1.1 eV for epitaxial thin films fabricated
from BiMnO3. Interestingly, they also demonstrated that
BiMnO3 can be employed to narrow down the bandgap of
BiFeO3, in agreement with a previous study by Bi et al.24
Hence, based on an empirical mixing approach, one may
expect BiMnO3 to be an effective end-member to reduce
the bandgap of KNbO3, providing that a solid solution
between the two compounds is thermodynamically viable.
In this work, the effect of BiMnO3 alloying on the long-

range polar order ofKNbO3 is investigated for the first-time
using Raman spectroscopy, whereas the impact of this
alloying mechanism on the optical bandgap is investigated
by UV–visible (UV–VIS) diffuse reflectance spectroscopy.
To our knowledge, the structure–property relationships in
the KNbO3–BiMnO3 system have never been investigated.

2 EXPERIMENTAL PROCEDURES

KNBM (0 ≤ x ≤ 0.25) ceramics were fabricated by the
solid-state reaction method. Oxides and carbonates were
pre-dried in a drying oven at 200◦C for 24 h to avoid any
unwanted moisture. High-purity K2CO3 (Sigma-Aldrich,
>99%), Nb2O5 (Aldrich, 99.9%), Bi2O3 (Fluka Analytical,
98%), andMn2O3 (Aldrich, 99%) powders were weighed in
the required stoichiometric ratios to produce 15 g of each
composition. The mixture was placed into a polyethylene
bottle containing propanol (up to 50 ml) and Y-stabilized
zirconia milling media. Then, the bottle was transferred
into a ball mill and rotated overnight (for 24 h) for effec-
tive mixing of the reactants. After milling, the slurry was
moved into a stainless-steel pan, which was placed into
the drying oven at 100◦C. The mixed powders were passed
through a 250-μmmesh sieve. Sieved powders were placed
into covered alumina crucible and fired at 800◦C in air
for reaction for 4 h using a heating rate of 3◦C/min. The
powders were re-milled, and the calcination repeated at
900◦C, in order to ensure that reaction proceeds to com-
pletion. The end of the processing was considered when
non-changes in the X-ray diffraction (XRD)were observed.
Subsequently, pellets of 10 mm in diameter and ∼2 mm
in thickness were fabricated by uniaxial pressing (1 ton).
Higher applied pressure loads led to the appearance of
cracks in the pellets. Green bodies were sintered in air for
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F IGURE 1 The room-temperature X-ray diffraction (XRD) data for KNBM (0 ≤ x ≤ 0.25) ceramics sintered at 1070◦C for 4 h in the (A)
20 ≤ 2θ≤ 80 range and (B) around 78◦ 2θ

4 h at 1070◦C using a controlled heating rate of 3◦C/min.
No binder was used.
Phase purity and crystal structure were evaluated by

powder XRD using a PANalytical diffractometer equipped
with a Co-tube (λ= 1.7890 Å,model Empyrean). Data were
collected in the 2θ range 20◦–80◦, with a step size of 0.02◦
with a scan length of 2 s/step. Raman spectrawere obtained
with a RenishawRamanmicroscope (model InVia) using a
532-nm solid state (100mW) laser, in backscattering geom-
etry. In situ temperature Raman spectroscopy was carried
out using a Linkam stage (model THMS600). A scanning
electron microscope (model: Nova Nano 200, FEI, Brno,
Czech Republic) equipped with a field emission gun was
used to examine the ceramic microstructures. EDX map-
ping of K, Nb, Bi, and Mn was carried out. In order to
measure the electrical properties, electrodes were fabri-
cated from Pt painted onto both faces of the ceramic discs
and heat-treated at 600◦C for 30 min. Relative permittiv-
itywas extracted from temperature-dependent capacitance
measurements in the frequency range 10 kHz–1MHzusing
an Agilent LCR meter (model E4980A) and employing a
small signal of 100 mV. A heating rate of 1◦C/min was
employed. Finally, DRUV–vis spectra were acquired in the
range 200–1400 nm using a Shimadzu UV–VIS–NIR spec-
trophotometer (model UV-3600 Plus). Fine BaSO4 powder
was employed as a non-absorbing standard. To estimate
the bandgaps, the Kubelka–Munk (K–M) function given in
the following was first calculated:

𝐹 (𝑅) =
(1 − 𝑅)

2

2𝑅

whereR is the experimental reflectance referred to a BaSO4
standard. Hereafter, the K–M function (or F(R) curves)

is assumed to be proportional to the optical absorption.
Therefore, the absorption coefficient, α, can be replaced by
F(R) in the Tauc equation:

(ℎ𝜈𝛼)
𝑛
= 𝐴

(
ℎ𝜈 − 𝐸𝑔

)
= [ℎ𝜈𝐹 (𝑅)]

𝑛

where h is Planck’s constant, ν is frequency of vibration, α
is absorption coefficient, Eg is the bandgap, and A is a pro-
portionality constant. For direct allowed transition, n = 2
and for indirect allowed transition, n = 1/2.

3 RESULTS AND DISCUSSION

3.1 Phase purity and crystal structure

The room-temperature XRD data for KNBM (0 ≤ x ≤

0.25) ceramics sintered at 1070◦C for 4 h are shown in
Figure 1. XRD data for undoped KN can be assigned
to an orthorhombic perovskite described by the Amm2
space group. The lattice parameters of KN were refined
as a = 3.9711(1) Å, b = 5.6909(1) Å, and c = 5.7158(1) Å,
which are in good agreement with those reported on
ICDD card 00-032-0822. For x ≥ 0.05, the absence of
reflections associated with any secondary phase or resid-
ual precursor phases supports the incorporation of Bi+3
and Mn+3 into two KN-based phases, as described later.
The peak splitting typical for the orthorhombic structure
disappears gradually with increasing alloying levels and
new reflections ascribed to a new KN-based pseudocubic
phase appear. For doped KNBM ceramics (up x = 0.10),
the orthorhombic a lattice parameter increases, whereas
c decreases, as shown by the data listed in Table 1. For
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TABLE 1 Rietveld refinement results for KNBM x = 0, x = 0.05, x = 0.10, x = 0.15, x = 0.20, and x = 0.25 ceramics

x 0 0.05 0.10 0.15 0.20 0.25

Space group Amm2
Amm2
22.8(7) %

Pm�̄�m
77.2(1) %

Amm2
14.1(5) %

Pm�̄�m
85.9(1) %

Amm2
5.4(3) %

Pm�̄�m
94.6(8) % Pm�̄�m Pm�̄�m

Density
(experimental)
g/cm3

4.35(3) 4.3(2) 4.2(1) 4.3(2) 4.3(2) 4.2(1)

Density
(calculated)
g/cm3

4.6273(1) 4.7829(7) 4.7568(4) 4.9560(8) 4.8890(2) 5.1267(7) 5.0480(2) 5.2137(4) 5.3657(9)

Relative density
(%)

94(1) 91(4)a 86(2)a 85(5)a 83(3)a 78(1)a

a (Å) 3.9711(1) 3.9883(3) 4.0234(2) 4.0003(3) 4.0325(1) 3.9874(3) 4.0353(1) 4.0356(8) 4.0406(1)
b (Å) 5.6909(1) 5.6979 (6) 4.0234(2) 5.6855(5) 4.0325(1) 5.6800(7) 4.0353(1) 4.0356(8) 4.0406(1)
c (Å) 5.7158(1) 5.7007(5) 4.0234(2) 5.6914(6) 4.0325(1) 5.7176(8) 4.0353(1) 4.0356(8) 4.0406(1)
V/106 (pm3) 64.576(2) 64.77(1) 65.130(7) 64.72(1) 65.572(3) 64.748(10) 65.711(3) 65.723(3) 65.97(1)
Rexp 1.26460 0.69640 0.84829 0.83353 0.6694 0.68507
Rprofile 2.97912 1.34817 2.17999 2.27072 1.54564 1.33107
Rwp 4.65175 1.91855 3.16955 3.85881 2.48361 2.22667
GOF 13.53086 7.58975 13.96061 21.43187 13.76548 10.56425

aRelative densities were calculated with the ratio of the theoretical densities from the two coexisting phases.

F IGURE 2 Compositional variation of the unit cell volume for
KNBM 0 ≤ x ≤ 0.25 ceramics

the pseudocubic phase, the lattice constant increases from
4.0234(2) Å for x = 0.05 to 4.0406(1) Å for x = 0.25.
These reflections shift toward lower 2θ angles, indicat-

ing an increase of the unit cell volume with increasing
Bi3+/Mn3+ contents. The variations of the unit cell
volumes with increasing x for the orthorhombic and
cubic phases are illustrated in Figure 2. This variation is
consistent with the replacement of Nb5+ (rVI = 0.64 Å) by
the larger Mn3+ (rVI = 0.645 Å), which under the assump-
tion of a high spin state, may give rise to a Jahn–Teller
distortion. The presence of larger Mn2+ should not be
discarded, as this cation in sixfold coordination has an

even larger radius (rVI = 0.67 and 0.83 Å, for low- and
high-spin, respectively).
A closer inspection of the XRD data suggests the coexis-

tence of two KN-based polymorphs. Indeed, with increas-
ing x, the triplet between 77◦ and 80◦ (x = 0) evolves into
a single peak accompanied by a significant reduction of
intensity for the reflection at higher 2θ angles (Figure 1B),
which eventually disappears at x= 0.20. Speculatively, this
reflection (black dashed line, Figure 1B) can be ascribed
to an orthorhombic KN-based phase (reflection (2 2 2) for
x = 0).
Moreover, in comparison with undoped KN, this reflec-

tion is slightly shifted toward lower 2θ angles, as a result
of simultaneous incorporation of Bi+3 and Mn+3. The fact
that this reflection does not shift for x > 0.05 suggests that
the solubility limit in orthorhombicKN structure is limited
to x ≤ 0.05. This is supported by the Rietveld refinements
in Table 1, which show XRD data for 0.05 ≤ x ≤ 0.15 to be
successfully refined as a combination of an orthorhombic
phase (space group Amm2) and cubic phase (space group
Pm3̄m). The calculated content of cubic phase increases
from ∼77% for x = 0.05 to ∼95% for x = 0.15. Finally, reflec-
tions associated with the orthorhombic polymorph are not
visible in KNBM x = 0.20 and x = 0.25, which is consis-
tent with an average cubic structure. The orthorhombic
phase for 0.05 ≤ x ≤ 0.15 presents an average unit cell vol-
ume of ∼64.7 Å3 (indicated by a horizontal dashed black
line in Figure 2). This fact suggests limited incorporation
of Bi3+/Mn3+ into the orthorhombic phase. On the other
hand, the volume of the cubic phase increases with x;
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F IGURE 3 Room-temperature Raman spectra for KNBM 0 ≤ x ≤ 0.25 ceramics

however, in the 0.05 ≤ x ≤ 0.15 range, this variation is
nonlinear, which may be associated with inhomogeneous
dopant incorporation, as inferred from the EDXmaps of K,
Nb, Bi, andMn for x= 0.05 and x= 0.25 ceramics shown in
Figures S3 and S4. Additional XRD data for KNBM x = 0,
0.01, 0.02, 0.04 and x = 0.08 can be found in Figure S1.
The reduction in orthorhombicity and the emergence of
the cubic phase becomes evident.

3.2 Raman spectroscopy

Room-temperature Raman spectra for KNBM 0 ≤ x ≤ 0.25
ceramics are illustrated in Figure 3. The assignment of
Raman modes for pure KN follows the classical work
by Quittet et al.25 Essentially, all doped compositions
exhibit the same general spectral features observed in
undoped KN; however, those modes are broader (which
can be directly related to a higher degree of disorder) and
slightly shifted toward lower wave numbers. In addition,
new modes emerge in all doped compositions, which are
labeled as 1,2,3,4, and 5. Mode 1 appears around∼100 cm−1

and mode 2 emerges at ∼175 cm−1 as a shoulder of the
sharp peak at 192 cm−1. Their intensity increases systemat-
ically with increasing the co-substitution of Bi andMn, but
they do not exhibit any frequency shift. Comparablemodes
have been reported in the KNbO3–BiFeO3 system,10 which
were speculatively associated to A–O vibrations within

nm-sized clusters rich in either Bi3+ and/or K+ cations.
The sharp mode at 192 cm−1 is invariably regarded as a
fingerprint for the occurrence of long-range polar order
in KN; its perceptibility in the spectra of compositions up
to x = 0.15 is in broad agreement with the XRD data that
suggest the presence of a residual orthorhombic KN-based
phase (ferroelectric phase) in x= 0.15. Indeed, the intensity
of this sharp mode decreases with increasing x, in agree-
ment with a decline of the content of the orthorhombic
phase in KNBM (0.05 ≤ x ≤ 0.15) ceramics, as estimated
from the Rietveld refinements, in Table 1.
Modes 3 and 4 appear at 740 and 800 cm−1, respec-

tively, and their relative intensity increases with increasing
x. Finally, mode 5, the least intense, continuously shifts
by ∼10 cm−1 to lower wave numbers. The absence of the
sharp mode at 192 cm−1 for x ≥ 0.20, is consistent with
the disappearance of ferroelectric orthorhombic KN-based
phases, but the presence of Raman modes for x ≥ 0.20
shows that the local structure is not purely cubic, as Raman
activity is absent from crystals described by the centrosym-
metric Pm3̄m space group. Raman spectroscopy data for x
≤ 0.08 are given in Figure S2 of the ESI. For x ≤ 0.04, all
spectra exhibit spectral features like those of orthorhombic
KN, with the addition of a small intensity mode adjacent
to the A1(LO) mode. The A1(LO) + A1(TO) mode softens
continuously with increasing x.
In summary, the evolution of the room-temperature

Raman spectra is consistent with the XRD analysis. In
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F IGURE 4 In situ Raman spectroscopy for KNBM ceramics: (A) x = 0.15 and (B) x = 0.25

addition, in situ temperature-dependent Raman spec-
troscopy was conducted to gather a further insight into the
nature of the coexisting phases. For this purpose, a bipha-
sic composition (x = 0.15) and a single-phase composition
(x = 0.25) were investigated. The results are illustrated
in Figure 4, which clearly show a dramatic change in the
Raman spectra between 20 and 100◦C, marked by the
appearance of a sharp mode below 100 cm−1.
A more detailed analysis confirms the presence of a

spectral feature (as indicated by the arrows) associated
with a polar phase for x = 0.15 in the temperature range
between −180 and 20◦C, as shown in Figure 4A. This
feature is absent from all the spectra for x = 0.25, as
shown if Figure 4B. New modes also appear at 620 and
900 cm−1 in both compositions above 100◦C. The modi-
fication of the Raman activity supports the fact that the
room-temperature structure is pseudocubic, and this is
also consistent with a dielectric anomaly around 100◦C, as
it will be shown later in Section 3.4.
At this stage, it is useful to reiterate that in the KNBM

system, the co-solubility of Bi and Mn in the orthorhom-
bic phase is limited to x < 0.05. In the 0.05 ≤ x ≤ 0.15
compositional range, the orthorhombic phase coexists
with a pseudocubic phase, as shown by XRD and Raman
spectroscopy. Finally, both x = 0.20 and 0.25 exhibit a
pseudocubic structure that undergoes a transformation
between 20 and 100◦C, as shown by Raman spectroscopy.

3.3 Phase assemblage and
microstructure

Scanning electron microscopy images of the as-fired sur-
faces for KBMN ceramics are illustrated in Figure 5.
The microstructure of undoped KN consists of cubic
grains, with sizes varying between 3 and 5 μm. Bimodal

F IGURE 5 Microstructures for KNBM ceramics: (A) x = 0, (B)
x = 0.05, (C) x = 0.10, (D) x = 0.15, (E) x = 0.20, and (F) x = 0.25

microstructures consisting of a mixture of cubic grains
embedded in a matrix of fine irregularly shaped grains
were observed for KBMN ceramics in the 0.05 ≤ x ≤ 0.15
range, as shown in Figure 5B–D. Coincidentally this type of
microstructure is only observed within the compositional
range where two phases coexist, as revealed by XRD in
Figure 2. After an initial grain size reduction upon doping,
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F IGURE 6 Temperature dependences of relative permittivity and loss tangent for KNBM ceramics: (A) x = 0, (B) x = 0.05, (C) x = 0.10,
(D) x = 0.15, (E) x = 0.20, and (F) x = 0.25

the grain size increases continuously and ceramics with x
≥ 0.2 consist uniquely of cubic grainswith an average grain
size greater than 1 μm.

3.4 Dielectric properties

Temperature dependence of the relative permittivity (εr)
and loss tangent (tan δ) for KNBM ceramics (x = 0, 0.05,
0.10, 0.15, 0.20, and 0.25) measured at 10, 100, and 250 kHz
are illustrated in Figure 6. Undoped KN shows two large
dielectric anomalies at 206 and 394◦C, corresponding to
the orthorhombic–tetragonal and tetragonal-to-cubic tran-
sitions, respectively, as illustrated in Figure 6A. These
dielectric anomalies are also visible in x= 0.05 and x= 0.10
at ∼220 and ∼400◦C, as illustrated in Figure 6B,C, respec-
tively. Their presence corroborates the presence of the
orthorhombic ferroelectric phase as determined from the
XRD and Raman analysis (Figures 1 and 3, respectively). A
third anomaly around 100◦C (indicated with an arrow) is
also visible. Again, its presence is consistentwith the in situ
Raman spectroscopy analysis in Figure 4, which reveals

a local structural modification in this temperature range.
The temperature for the εr anomalies remains almost
constant, but their magnitude decreases with frequency.
KNBM x = 0.15 shows a dielectric anomaly at ∼400◦C,
which is indicated with an arrow, as shown in Figure 6D.
Again, this is consistentwith the 5% of orthorhombic phase
estimated by Rietveld refinement for KNBM x = 0.15.
For compositions with x ≥ 0.20, only one dielec-

tric anomaly is observed around 100◦C, as illustrated in
Figure 6E,F for x = 0.20 and x = 0.25, respectively. Again,
this is in broad agreement with the in situ Raman data
shown in Figure 4B for x = 0.25. Finally, it is worth to
mention that the dramatic increase of the loss tangent with
increasing temperature is associated to an increase of the
electrical conductivity.

3.5 Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy was carried out in the
range of 200–1400 nm. Bandgaps can be obtained from
the intersection of the tangent line in the plot of [ℎ(𝑅)]𝑛
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F IGURE 7 Tauc plot spectra for KNBM 0 ≤ x ≤ 0.25 ceramics

with the x-axis; F(R) is the K–M function, and R are the
diffuse reflectance data. Figure 7 shows the Tauc plot of
KNBM 0 ≤ x ≤ 0.25 ceramics constructed for n = 2 (direct
bandgap). Bandgaps narrow systematically from 3.66 eV
(x = 0) to 2.44 eV (x = 0.25).
The estimation of the bandgaps was done by the Tauc

method, which for the case of the single-phase materials
should not pose an issue. Hence, for x = 0, x = 0.20 and
0.25, the estimated values should be rather accurate. The
accuracy of the bandgaps for the non-single phase materi-
als is affected by the coexistence of two different phases,
but we did not see a clear superposition of spectra that
could be ascribed to each phase, which could be employed
to use a subtraction method to extract the bandgap for
each phase. The arrows indicate the absorption at lower
energies, which can be ascribed to intrabandgap states or
inhomogeneities, and it would be incorrect to fit tangents
to those regions to estimate the intrinsic optical bandgap.
The nonlinear dependence of the bandgap with x may
also be a result of chemical non-homogeneity, associated
mainly with the different solubility limits of the coexisting
orthorhombic and pseudocubic phases, but also to some
residual Mn-rich phase, which remained undetected in
the XRD analysis, but can be observed in the EDX map-
ping provided in Figures S3 and S4. Finally, we reiterate
that x = 0.20 and 0.25 are only pseudocubic, as demon-
strated by the Raman spectra, thereby at local level these
are non-cubic semiconductors.

4 CONCLUSIONS

In this work, the structure–composition–properties rela-
tionships of (1 − x)KNbO3–xBiMnO3 (0 ≤ x ≤ 0.25)
ceramics were established by combining XRD, Raman
spectroscopy, and electron microscopy with dielectric and

optical measurements. It was found that the co-solubility
of Bi and Mn into the orthorhombic phase of KN is lim-
ited to x < 0.05. This is accompanied by a small increase
in the temperature of the orthorhombic–tetragonal struc-
tural phase transition from 206 to 220◦C, and of the
tetragonal–cubic phase transition from 394 to 400◦C. In
the 0.05 ≤ x ≤ 0.15 region, ceramics consist of a combi-
nation of orthorhombic and pseudocubic phases. In this
compositional range, the volume of the unit cell of the
pseudocubic phase increases from 65.130(7) to 65.711(3) Å3,
corroborating the incorporation of Bi and Mn in this
pseudocubic lattice. This also implies a nonhomogeneous
distribution of dopants between those phases, which has
an impact on the optical response of these materials, mak-
ing it more challenging to extract a single-bandgap value.
For x ≥ 0.20, XRD data can be refined as a cubic single-
phase, but Raman spectroscopy shows that their local
structure is non-cubic. The room-temperature relative per-
mittivity of these high dopant content ceramics is around
200,which is greater than that onewould expect for a cubic
perovskite, therefore supporting the pseudocubic nature of
the compositions x = 0.20 and 0.25. Interestingly, in situ
Raman spectroscopy suggests the occurrence of a possi-
ble structural transition around 100◦C, which is in broad
agreement with a subtle dielectric anomaly observed in
the temperature dependence of the relative permittivity.
Finally, the direct bandgap for undoped KNbO3 is 3.66 eV,
whereas for x = 0.25, it narrows to 2.44 eV, as confidently
estimated from diffuse reflectivity data, as those are single-
phase compositions. This narrowing of the bandgap by
more than 1 eV opens the potential to exploit these ferroic
materials in photoresponsive process.
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