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The interactions of ferroelectric (FE) perovskite oxides (4B03) with light are increasingly being studied
for different applications, such as photovoltaics and optoelectronics. The combination of different cations
at the 4 and B sites to form solid solutions allows tuning of the material’s properties and, most importantly,
the band gap (£, ), which sets the wavelength range of light absorption. Classic FE perovskite oxides, such
as BaTiO3, KNbOs3, and PbTiO;, exhibit £, > 3 eV, which limits their implementation in visible-light-
absorbing devices. Furthermore, the tuning of their £, via a solid solution strategy to a lower E, range
is limited by the requirement for the presence of a d° metal at the B site, which is necessary for the FE
distortion, but leads to a larger E,. This gives rise to the challenge of decreasing E,, while maintaining
FE distortion. Here, we use first-principles calculations to explore the FE and optical properties of the
(KNbO3),(KTi;2Mo;203)1—y (KNTM) perovskite oxide solid solution. The introduction of Ti** and
Mo®" into the parent KNbO; decreases the E, to about 2.2 eV for x = 0.9, while preserving or enhancing
polarization. Experimental fabrication and characterization show that the obtained KNTM material at
x=10.9 has an orthorhombic structure at room temperature and a direct gap of <2.2 eV, confirming first-
principles-based predictions. These properties make KNTM a promising candidate for further studies and
applications as a visible-light-absorbing FE material.
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L. INTRODUCTION

Ferroelectric (FE) perovskite (4B03) oxides have been
studied for close to 80 years as functional materials in a
wide variety of piezoelectric, optoelectronic, and memory
applications and are also fundamentally fascinating mate-
rials due to the complex interplay of soft and hard degrees
of freedom, structural properties, and functional response.
Over the last decade, there has been a surge of interest
in the study of the interactions of FE with light, particu-
larly for photovoltaic applications [1-3]. Owing to their
polar nature, FE materials exhibit the bulk photovoltaic
effect (BPVE) that can, in principle, allow a power conver-
sion efficiency above the Shockley-Queisser limit in PV
devices, as demonstrated for BaTiO; (BTO) material with
nanoscale electrodes [4]. However, classic FEs, such as
BTO, KNbO; (KNO), and PbTiO3 (PTO) have high band
gaps (E,) [5-7] that preclude the absorption and utiliza-
tion of visible light and most of the energy of the solar
spectrum. The high E, is due to the d° transition-metal
electronic structure necessary for the second-order Jahn-
Teller distortion that drives the off-center displacements
of the B cations, which give rise to the FE response. The

*ilya.grinberg@biu.ac.il

2331-7019/20/14(4)/044052(7)

044052-1

large electronegativity difference between the d° metal and
the O atom means that across-the-gap excitation, which
is essentially charge transfer from the O 2p states to the
metal d states has high energy, leading to large E, for FE
materials. Recently, this limitation has been overcome by
incorporating non-d°-metal states into FE perovskite, first
in the KBNNO material [KNO modified by doping with
Ba(NipsNbg5)O03_68] [7] and then in many other works
using a variety of compositions [5,6,8—10]. The group
of non-d’-perovskite oxides also includes compounds for
which ferroelectricity is driven by the A4-site cation lone
pair, such as BiFeO;(BFO). Previous works on relatively
low-gap (E;~2.7) BFO demonstrated the induction of
photocurrent by visible light, exploiting the BPVE to gen-
erate photovoltages larger than the band gap [11-14].
However, despite exhibiting a relatively low band gap for
an oxide perovskite, the band gap of BFO is within the
upper limit of visible-light absorption, preventing it from
utilizing most of the visible-light range. Incorporation of
Cr (additional non-d° metal) into BFO to form Bi,FeCrOg
reduces the band gap by about 1 eV, albeit accompanied by
a FE polarization decrease [15], similar to its combination
with KNO in KNO-BFO solid solution [16]. In general, the
approach of using a non-d° metal to reduce the band gap
often involves the formation of oxygen vacancies, loss of
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polarization, sensitivity to synthetic conditions, and weak
light absorption due to the dipole-forbidden nature of the
across-the-gap transition.

Here, we first use density-functional theory (DFT) cal-
culations to investigate an alternative approach of achiev-
ing visible-light absorption in KNO through inclusion of
the highly electronegative Mo®" cation coupled with the
Ti** ion at the B site, to form K(Nb, Mo, Ti)O; (KNTM),
and then validate the computational design by the synthe-
sis and characterization of KNTM ceramics. Our previous
computational design studies have shown that Mo®* sub-
stitution into BaTiOs, coupled with the substitution of
either Mg?" at the B site or Na+ at the 4 site, can lower the
band gap to about 2.5 eV [17]. However, this £, value is
still too high for the efficient light absorption necessary in
photovoltaic cells. Here, we pursue an alternative strategy
of using KNO as a parent material and using the coupled
substitution of Mo®* and Ti*" to achieve a low E ¢ value.
This approach preserves the d° nature of the B-cation sub-
lattice and its full occupation by the FE-active cations. The
high distortion ability of Mo and Ti [18] also means that
a high polarization (P) will be preserved or enhanced in
the KNO-based material by coupled Mo and Ti substitu-
tion, while the O 2p-metal 4d across-the-gap excitation is
dipole-allowed and is likely to show strong absorption that
is favorable for the use of KNTM in thin films. In addi-
tion, the KNTM material is also fundamentally interesting
because, despite the long history of KNO and its impor-
tance for FE and piezoelectric materials, the family of 4+
and 64--substituted KNO materials is not investigated. Our
DFT calculations show that KTNM shows a low direct
band gap of about 2.0 eV and an enhanced P compared
with that of KNO. We then perform experimental syn-
thesis and characterization to confirm the first-principles
predictions, obtaining a FE Mo-substituted perovskite and
a KNO-based solid solution with 4+ and 64 substitu-
tion. We find that the obtained KNTM materials exhibit
good visible-light absorption, with £, <2.2 ¢V and strong
P, which is encouraging for the further exploration of
the synthesis, properties, and applications of Mo®"-based
perovskites.

II. METHODOLOGY

To computationally investigate how the substitution of
KNTM affects the properties of KNO, Nb atoms are com-
bined with the Mo and Ti atoms at the B site in a ratio
of 7:1 to form (KNbO3)Q'g75(KTi1/2M01/203)0_125 and in
a ratio of 3:1 to form (KNbO3)().75(KTi1/2M01/203)0.25,
which are referred as 87.5-12.5KNTM and 75-25KNTM,
respectively. For the 75-25KNTM solid solution, the (001),
(011), and (111) arrangements are studied, which are
named according to the orientation of the vector connect-
ing Ti and Mo. For the 87.5-12.5KNTM solid solution, the
(001)-4, (001)-B, (011)-4, (011)-B, (111)-4, and (111)-B

arrangements are studied, with 4 and B indicating the two
possible ionic positions (see Fig. S1 within the Supplemen-
tal Material for schematic descriptions of the arrangements
[19]). For each arrangement, different initial displacements
are imposed and then full ionic relaxations are performed.
To obtain highly accurate band-gap estimates, we perform
DFT calculations using hybrid HSE06 all-electron calcula-
tions with the FHI-aims code for the 75-25KNTM system.
The HSE06 band gaps have an almost constant difference
of 1.19 eV, on average, from the local-density approxima-
tion (LDA) E, values (see Fig. S2 and Table SI within
the Supplemental Material [19]). Therefore, a simple addi-
tion of this correction to the LDA E, is used to predict
highly accurate HSE06 E, values for all studied structures.
The ionic relaxations are carried out using the Quantum
ESPRESSO (QE) package [20] with LDA [21,22] for the
exchange-correlation functional. LDA is well known to
underestimate the unit-cell volume and the FE distortion
in such a system [23,24]. Therefore, we perform calcula-
tions using the expected experimental lattice parameters of
75-25KNTM that are obtained by multiplying the underes-
timated LDA 75-25KNTM lattice parameters by the ratio
of the parent KNO experimental lattice parameters and
the KNO lattice parameters obtained by LDA calculations.
Polarization (P) calculations are performed using the Berry
phase method, as implemented in QE.

For the experimental validation of the first-principles
predictions, the conventional solid-state route is used to
fabricated KTNM ceramics. Starting reactants of K;CO;
(=299%, J. T. Baker), Nby,Os (99.9%, Aldrich Chem-
istry), MoO3 (99.5%, Alfa Aesar), and TiO, (99.9%, Alfa
Aesar) powders are weighed precisely, according to the tar-
get stoichiometry, with an electronic balance of 0.01 mg
readability and 1 mg accuracy (ES 225SM-DR, Precisa,
Switzerland). The amounts of K,CO3, Nb,;Os, MoOs3, and
TiO, in the raw mixture of the reactants are 34.57, 59.83,
3.60, and 2.00 wt %, respectively. The parental composi-
tion, KNO, is also fabricated alongside 90-10KNTM for
comparison. The amounts of K,COj3; and Nb,Os are 34.21
and 65.79 wt %, respectively. An extra 5wt % of K,CO;
is added to the starting reactants for both KNO and 90-
10KNTM to compensate for the potential volatilization
of K at high temperatures during calcination and sinter-
ing. As some reactants, such as K,CO3; and Nb,Os, are
hygroscopic, all reactants are dried at 220 °C for over 4 h
before weighing, to ensure the correct stoichiometry. The
weighed reactants are mixed in a ZrO, jar on a planetary
ball mill (Pulverisette 6, Fritsch, Germany) with ZrO, balls
(3 mm in diameter) and ethanol as the milling media. After
6 h of mixing and subsequent drying at 80 °C, a one-step
calcination at 725 °C for 4 h in air is applied to the reac-
tant mixtures. The calcined powders are milled again for
12 h following the above-described procedure. After dry-
ing at 80°C, 5 wt% of binder (5 wt % polyvinyl alcohol
dissolved in deionized water) is added and mixed with
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the powders. The powder-binder mixtures are uniaxially
pressed at 90 MPa into disk-shaped green bodies with a
diameter of 14.5 mm. Following burning off of the binder
at 500 °C, the disks are sintered at 1000 °C for 4 h (for
90-10KNTM) and at 1040 °C for 4 h (for KNO). During
sintering, the disks are buried with calcined powders of
the same compositions and sealed in an Al,O3 crucible. It
should be pointed out here that both sintering temperatures
are very close to the melting temperatures of the corre-
sponding compositions, i.e., 1020 °C for 90-10KNTM and
1060 °C for KNO. The sintered ceramic samples are pol-
ished with P1200 silicon carbide abrasive paper to make
flat and parallel surfaces for characterization.

XRD (D8 Discover, Bruker, Germany) and UV-to-
visible-to-near-infrared (UV-vis-NIR) spectroscopy (Cary
500 Scan, Varian, USA) are used to characterize the struc-
ture and light-absorption behavior of the ceramic samples,
respectively. The samples are also characterized by differ-
ential scanning calorimetry (DSC; STA449, NETZSCH,
Germany) to identify the phase transitions. The dielec-
tric properties are measured using an LCR meter (4284A,
Hewlett Packard, USA) combined with a sample-stage
apparatus (LTS 350, Linkam Scientific Instruments, UK)
to control the temperature. The FE properties are tested by
a FE evaluation system (Precision LCII, Radiant Technolo-
gies Inc., USA). For dielectric and FE characterizations,
the samples are coated with Ag electrodes (DT 1402,
Heraeus, fired at 600 °C for 20 min) prior to measurements.

III. RESULTS

To investigate the influence of Ti and Mo substitution
in KNO, we carry out DFT calculations for the KNTM
material. The average of E,, total polarization (Pyy), and
DFT energy differences relative to the lowest energy struc-
ture (AFE) are given in Table I, together with the standard
deviations for each of the obtained phases (for informa-
tion regarding each studied structure see Tables SII and
SIII within the Supplemental Material [19]). The P vector
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TABLEI Average of E, (obtained using the HSE06-based cor-
rection), Py, and relative energy (compared within the same
composition) for the studied compositions. For each composi-
tion, the structures in the same phase are averaged and presented
in each row. The “+” value indicate standard deviation, and “*”
indicates an energetically favorable phase (see Tables SII and
SIII within the Supplementary Material [19] for structures used
for these averages).

Phase E, (eV) Py (C/m?) AE (meV/atom)
87.5-12.5KNTM
C 1.93 +£0.03 0.00 7.48 +0.53
T 1.96 £0.30 0.29+0.03 436+0.82
Mc 2.61+£0.09 0.37+£0.02 2.17+0.55
(0] 2.75+£0.22 0.38£0.05 1.47 £0.99
Mg" 2.91+£0.03 0.39+0.04 0.96 £0.60
R not obtained
My not obtained
75-25KNTM
C 1.94 +£0.03 0.00 11.244+2.05
T 2.06+£0.25 0.29+0.02 6.81 +2.15
Mc 2.40+0.02 0.37 333+1.41
(0] 2.41+0.19 0.37+0.01 5.09+2.18
Mg" 2.69 0.42 0.00
R 2.59 0.40 4.83
My 2.61 0.40 3.40

direction is used to determine the obtained phases, and the
monoclinic phases (M, Mp, and M) are named according
to Vanderbilt and Cohen [25]. In addition, in Figs. 1 and
2, we plot AE, Py, and E, as a function of the obtained
phase [see Fig. S3 within the Supplemental Material for the
change of E; and Py as a function of the KNTM content
[19]].

Examination of the energy differences between the
arrangements within both compositions [Figs. 1(a) and
2(a)] shows that they are fairly small and are on the same
scale as the energy differences in the alloys where the B-
site arrangement is known to be disordered [26]. Thus,

—_
9,

AE (meV/atom)
w o

(=)

C T Mc

o-(001)-A

(011)-A
(001)-B < -(011)-B

(111)-A 0-KNO
(111)-B

FIG. 1.

Relative energy within composition AE (a), Py (b), and E, (c) of the studied 87.5-12.5KNTM structures and parent KNO.
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FIG. 2. Relative energy within composition AE (a), Py (b), and E, (c) of the studied 75-25KNTM structures and parent KNO.

it is likely that all three local Mo-Ti arrangements will
be present in KNTM, albeit with a greater content of the
(100) arrangement compared with that of the (110) and
(111) arrangements. The low energy difference is likely
to be due to the small deviation of the Mo and Ti formal
charges from the 45 average charge of Nb and the KNTM
B site. Examination of AE between different phases shows
that, unlike KNO, which prefers the R phase at 0 K, in
KNTM, O (orthorhombic) and Mp (monoclinic) phases are
preferred, and all phases are close in energy. Our DFT
calculations show P values of 0.43 and 0.42 C/m? for
the obtained lowest-energy structures of 87.5-12.5KNTM
and 75-25KNTM, respectively, compared with 0.37 C/m?
obtained for the parent KNO material [Figs. 1(b) and
2(b)]. Thus, as expected, the substitution of highly FE-
active Ti and Mo cations enhances P. The relaxed KNTM
structures show no octahedral tilting. Owing to the corre-
lation between polarization and the Curie temperature (7¢)
[27,28], it is likely that the phase transitions in KNTM
will be shifted to higher temperature than those in KNO.
Examination of the E, data shows that Ti-Mo substitution
lowers the gap between different ferroelectric phases rel-
ative to that of the parent material, as observed in Figs.
I(c) and 2(c). For 75-25KNTM, E, values of 2.59 eV
for the R phase, (2.41£0.19) eV for the O phase, and
(2.06 £0.25) eV for the T phase are obtained, on aver-
age (Table I). For the 87.5-12.5KNTM, band-gap values
of (2.7540.22) and (1.96 £ 0.30) eV are obtained for the
O and T phases, respectively, on average. No R phase is
found in this composition; however, the Mp phase (which
is the most similar to the R phase in polarization direc-
tion) is found to have a band gap of (2.91 +0.03) eV, on
average. These values are lower than the corresponding
E, of the parent KNO (3.33, 3.1, and 2.71 eV in the R,
0, and T phases, respectively). The relatively small energy
difference between the O and T phases suggests that the
low approximately 2.0 eV E, value of the T phase can be
obtained by an application of a small compressive strain,
if KNTM is grown in thin-film form on an appropriate
substrate.

To validate the feasibility of the coupled Mo and Ti sub-
stitution and verify the first-principles predictions, experi-
ments are carried out to fabricate and characterize KNTM
ceramic samples. The 90-10KNTM composition is cho-
sen for experimental validation. It should be noted here
that efforts to fabricate other compositions, such as 75-
25KNTM, have also been made. However, a perovskite
structure is not formed in this composition (Fig. S4 within
the Supplemental Material [19]); this is most likely to be
due to the competing phases that may be promoted by
the preference of Mo for a nonperovskite structure (as
observed in MoO3) and the stability of multiple Mo oxi-
dation states in oxides. For this reason, only 90-10KNTM,
as a representative of the KNTM system, is studied exper-
imentally in this work.

Figure 3(a) shows the XRD patterns of the fabricated 90-
10KNTM and KNO ceramics obtained at room tempera-
ture. Both 90-10KNTM and KNO form pure orthorhombic
perovskite phases. The lattice parameters calculated from
Rietveld refinement are also given in Fig. 3(a). Notably,
special sintering conditions, as described in Sec. II are
necessary to suppress the formation of secondary phases,
and thus, to obtain pure perovskite phases. Figures 3(b)
and 3(c) show changes to the relative permittivity and
dielectric loss at 100 Hz—1 kHz with the measurement
temperature for 90-10KNTM. Both parameters exhibit a
strong dependence on frequency, most likely due to the
high leakage of the sample, making it difficult to identify
potential phase transitions. In the inset of Fig. 3(b), neither
the DSC curve of 90-10KNTM nor that of KNO shows
any sign of a ferroelectric-ferroelectric phase transition.
A ferroelectric-ferroelectric (i.e., orthorhombic-tetragonal)
phase transition, which is expected for KNO [29] at
approximately 220 °C, can be observed in Fig. 3(b). How-
ever, a similar one could be neither identified from the
temperature-dependent permittivity profile nor observed in
the DSC curve for 90-10KNTM. To confirm this, XRD
is carried out at 30-380 °C, with 50 °C intervals, and no
differences are observed between the XRD patterns mea-
sured at different temperatures, apart from the transition
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Characterization of fabricated 90-10KTNM ceramics: (a) XRD pattern obtained at room temperature compared with that of

KNO. (b) Dependence of relative permittivity on temperature measured at 100 Hz—100 kHz; the inset shows the DSC curve compared
with those of KNO. (¢) Dependence of dielectric loss on temperature measured at 100 Hz—100 kHz. (d) Tauc relation at room temper-
ature, compared with that of KNO; the inset shows the appearance of the fabricated ceramics. (e) FE hysteresis loops measured in the
dark, at room temperature, and with different frequencies compared with that of KNO.

toward the cubic phase near T¢. The disappearance of the
orthorhombic-tetragonal phase transition on 90-10KNTM
may be attributed to two possible reasons. First, the
substitution of Mo and Ti changes the polarization val-
ues of the orthorhombic and tetragonal phases with a
greater enhancement in the polarization of the orthorhom-
bic phase. This may stabilize the orthorhombic phase and

push the temperature of the orthorhombic-tetragonal phase
transition higher, close to the tetragonal-cubic phase tran-
sition, so that the orthorhombic-tetragonal phase transition
may not be easily noticeable. Furthermore, since Mo®* and
Ti**, which are smaller than Nb>*, are present at the B site,
the phase transition may be suppressed by the internal lat-
tice strain, resulting from lattice distortion. An elucidation
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of the origin of this effect requires additional theoretical
and experimental study and is outside the scope of this
work.

Figure 3(d) shows the Tauc plots for the fabricated 90-
10KNTM and KNO ceramic samples. 90-10KNTM has
a lavender color, compared with an ivory color for KNO
[see the inset of Fig. 3(d)]. The fitting of F(R) [where R
is reflectance, F(R)=(1—R)*/2R] [30] data suggests that
90-10KNTM has a direct E, in the 1.9-2.2 eV range, com-
pared with the indirect £, of 3.2 eV for KNO (Figs. S5
and S6 within the Supplemental Material [19]). The uncer-
tainty for the precise position of the band edge of KNTM
may be due to the presence of mixed phases (which,
according to DFT, have different £, values), stoichiometry
fluctuations, or noise in the data due to the use of a thick
(100 pm) sample. Detailed £, determinations, according
to both direct and indirect assumptions, are shown in Fig.
S6 within the Supplemental Material [19], where the val-
ues of 1.9-2.2 eV direct £, for 90-10KNTM and 3.2 eV
indirect E, for KNO are considered to be reasonable. The
reduction of E, is about 1 ¢V, and the measured E, val-
ues for both 90-10KNTM and KNO are consistent with the
first-principles-based predictions presented above. Band-
gap identification using the Tauc fitting method may be
affected by factors such as impurity phases and defects. As
shown in Fig. 3(a), both 90-10KNTM and KNO ceramics
form pure perovskite phases, without noticeable impuri-
ties or a secondary phase. Meanwhile, identical amounts
of codopants, Mo®* and Ti**, and the resultant charge
neutrality make the formation of point defects unlikely.
Therefore, the band-gap reduction here is considered to be
the effect of codoping, rather than the impurity phase or
defects.

The spectrum of KNTM in Fig. 3(b) for the direct-band-
gap Tauc plot calculation exhibits two linear regions, with
the lower one extrapolated to about 1.7 eV and the higher
one extrapolated to about 2.1 eV. Since the lower gap
estimate is much smaller than the value predicted by our
DFT calculations and the DFT HSEO06 band-gap values
are highly accurate, it is likely that the higher value repre-
sents the true intrinsic band gap of KNTM, while the lower
value may be due to deviations in the stoichiometry of the
experimental KNTM material that lead to further lowering
of the band gap. Thus, the higher value is likely to be a
more accurate representation of the stoichiometric KNTM
material designed in our first-principles calculations. The
onset of absorption at lower energies (~1.6 eV) may be
due to the presence of regions with slight changes in sto-
ichiometry, for example, oxygen or K vacancies, that will
likely affect Mo—O bonding in KNTM and the energy of
the light-absorption onset. The direct absorption of KNTM
is favorable for its use in thin films in PV applications due
to the good light absorption of the direct-gap materials.

Figure 3(e) shows the polarization-electric field (P-
E) hysteresis loops observed for the fabricated ceramic

samples. For 90-10KNTM, the loops are frequency depen-
dent. A lower frequency (10 Hz) tends to lead to a lossy
loop, meaning that the maximum polarization is much
larger than the polarization value at the maximum elec-
tric field, compared with the loop measured at 100 Hz.
This may be caused by Mo®" and Ti*" codoping, which
degrades the resistivity [see Fig. 3(e)]. In comparison,
KNO is rather insulating and an unlossy loop can be
obtained at low frequencies, e.g., 1 Hz. The FE hystere-
sis loops of KNO are relatively independent of frequency.
Taking these factors into account, we estimate the true
remanent polarization of the 90-10KNTM ceramics to be
about 0.1 C/m?2. This is smaller than the calculated values,
most likely due to the increased measurement temperature
(300 K in measurement and 0 K in calculation) and the
polycrystalline microstructure (i.e., the existence of grain
boundaries and domain walls suppress the FE switching).
Moreover, the FE properties of 90-10KNTM are also likely
to be suppressed by its smaller grain size than those of
KNO (see Fig. S7 within the Supplemental Material).

IV. CONCLUSION

To summarize, we use first-principles calculations to
design Mo®*-containing perovskite KNTM and then carry
out experimental synthesis and characterization to ver-
ify the predicted properties of this material. Consistent
with theoretical predictions, it is found that this material
exhibits ferroelectricity, a high ferroelectric-paraelectric
transition temperature similar to that of the parent KNO,
and a low direct £, of less than 2.2 eV, despite only
including d° metals that are traditionally considered to be
unfavorable for obtaining visible-light absorption. Thus,
this solid-solution system is promising for further studies
of'its optical, ferroelectric, and piezoelectric properties and
demonstrates the utility of first-principles calculations for
the exploration of new photoferroelectric materials.
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