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Ferroelectrics have recently attracted attention as a candidate class
of materials for use in photovoltaic devices, and for the coupling of
light absorption with other functional properties'”. In these mate-
rials, the strong inversion symmetry breaking that is due to spon-
taneous electric polarization promotes the desirable separation of
photo-excited carriers and allows voltages higher than the band-
gap, which may enable efficiencies beyond the maximum possible
in a conventional p-n junction solar cell>**"'°. Ferroelectric oxides
are also stable in a wide range of mechanical, chemical and thermal
conditions and can be fabricated using low-cost methods such as
sol-gel thin-film deposition and sputtering>*. Recent work>>'" has
shown how a decrease in ferroelectric layer thickness and judi-
cious engineering of domain structures and ferroelectric-electrode
interfaces can greatly increase the current harvested from fer-
roelectric absorber materials, increasing the power conversion
efficiency from about 10~* to about 0.5 per cent. Further improve-
ments in photovoltaic efficiency have been inhibited by the wide
bandgaps (2.7-4 electronvolts) of ferroelectric oxides, which allow
the use of only 8-20 per cent of the solar spectrum. Here we
describe a family of single-phase solid oxide solutions made from
low-cost and non-toxic elements using conventional solid-state
methods: [KNbOs], _ ,[BaNi,;,Nb;,,03 _ 5], (KBNNO). These oxides
exhibit both ferroelectricity and a wide variation of direct bandgaps
in the range 1.1-3.8 electronvolts. In particular, the x= 0.1 com-
position is polar at room temperature, has a direct bandgap of
1.39 electronvolts and has a photocurrent density approximately
50 times larger than that of the classic ferroelectric (Pb,La)(Zr,Ti)O;
material. The ability of KBNNO to absorb three to six times more
solar energy than the current ferroelectric materials suggests a route
to viable ferroelectric semiconductor-based cells for solar energy
conversion and other applications.

The wide bandgap of typical ferroelectric perovskites (with ABO;
composition) is due to the fundamental characteristics of the metal-
oxygen A-O and B-O bonds. The excitation across the bandgap is
essentially a charge transfer from the oxygen (O) 2p states at the valence
band maximum to the transition-metal d states at the conduction band
minimum. Transition-metal B cations enable the perovskite oxide to
exhibit ferroelectricity'>. Owing to a large difference in electronegativity
between the oxygen and transition-metal atoms, the bandgap is quite
large (3-5eV). The lowest known bandgap for a ferroelectric oxide has
been E,=2.7eV, obtained for BiFeO; and the recently fabricated
LaCoOs-doped BiyTi;0;, films®". This made BiFeOs the subject of a
number of investigations for photovoltaic applications"*'*. However,
BiFeOs is capable of absorbing only 20% of the solar spectrum, neces-
sitating the development of new semiconducting ferroelectric oxides.
For example, a weakly ferroelectric non-perovskite KBiFe,Os material
has recently been discovered with a bandgap of 1.6 eV (ref. 15).

Following the bandgap-engineering strategy explored in a previous
theoretical study''® on Ni-doped PbTiO;, we used two different
transition-metal cations on the perovskite B-site to create ferroelectric

perovskites with low bandgaps, with one cation driving ferroelectri-
city and the other giving an E, in the visible range. We used the classic
ferroelectric perovskite KNbO; (KNO) to provide off-centre dis-
tortions and polarization (P = 0.55 Cm ™2 at 0K)*, and mix it with
BaNi, ,Nb,,,05 _ 5 (BNNO) to introduce a combination of Ni**" on
the B-site and an oxygen vacancy, which can give rise to electronic
states in the gap of the parent KNO material. Nb-containing ferroelec-
tric perovskites have been shown to tolerate a high concentration of
vacancies® so B-site Nb ions should be able to accommodate the Ni* ™ -
oxygen vacancy combination. The large sizes of K and Ba cations favour
solubility and vacancy formation, because Ni>* has a small ionic radius
and is only stable in perovskites with (small) La®" cations on the A-site,
whereas the larger Ni** ion is known to be stable in ferroelectric com-
pounds such as PbNi, 3Nb,/305 (ref. 21).

The solid solutions [KNbOs]; — ,[BaNi; ,Nb,;,03 _ 5], with compo-
sitions x = 0.1-0.5 were synthesized by standard solid-state synthesis
methods. The samples were sintered to 95% density and characterized.
Synchrotron X-ray diffraction shows (Fig. 1b) the formation of a stable
perovskite for all solutions, with very small NiO impurity peaks. The
increase in lattice parameters with BNNO substitution is consistent
with the presence of the Ni*" cation, with a larger ionic radius (0.69 A)
than Nb>" (0.64 A) or Ni** (0.60 A).

To examine the microscopic structure and properties of KBNNO,
we performed first-principles density functional theory (DFT) calcula-
tions for the x = 0.33 composition using a 60-atom supercell (Fig. 1c).
Two of the twelve Nb° " ions are replaced by Ni2*, and four of the
twelve K ions are replaced by Ba. This substitution will generate an
oxygen vacancy Vo' adjacent to Ning''' defects (in Kroger-Vink
notation)* with the local dipole (Ni-V() parallel to the overall polari-
zation P. We obtained two stable KBNNO configurations, with the local
structure of Ni* - Vo-Ni** and Ni#*-Vo-Nb>* (Fig. 1¢c). The calculated
Pvalues are 0.19 Cm ™ > and 0.18 Cm > for the two KBNNO structures,
mainly owing to the Nb off-centre distortions. The polarization is smaller
than that of the parent KNO material (P = 0.43C m~*at 0K in DFT)
but still substantial. Comparison of lattice parameters for fully oxidized
(6 = 0) compositions (KBNNO,,) and KBNNO (6 > 0, with oxygen
vacancies) showed that KBNNO volume is increased compared to
KNO, in agreement with experimental data, whereas the KBNNO,,
volume is decreased (Extended Data Table 1). At the synthesis condi-
tions, DFT + U (where U is the Hubbard on-site repulsion term) free-
energy calculations® found oxygen vacancies to be thermodynamically
favoured, indicating that the material is in the KBNNO state. Finally,
KBNNO samples are not conductive, in contrast to KBNNO,,, for
which the DFT + U calculations predict a metallic state. Therefore,
the material we synthesized is indeed KBNNO, with oxygen vacancies.

For efficient and practical separation of excited carriers, ferroelec-
trics must be polar at room temperature and higher. Comparison of
the 0-K, DFT-calculated P values for KNO and x = 0.33 KBNNO
(0.43Cm~ 2 and about 0.2Cm ™2, respectively) shows that BNNO
substitution decreases polarization. This should reduce the temperature
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Figure 1| KBNNO structural properties. a, The solar spectrum and E, values
for Si, CdTe, BiFeO; and x = 0.1 KBNNO. b, KBNNO synchrotron X-ray
diffraction results. The inset shows the (220)p family of reflections. Perovskite
peaks are marked by tick marks and NiO impurity peaks by arrows.

¢, (KNbO;)g-(BaNb, ,Ni; ,0, 75)4 crystal structures used in DFT calculations.

of the ferroelectric-to-paraelectric and orthorhombic-to-tetragonal
transitions and make the tetragonal phase preferred for ferroelectric
KBNNO compositions at room temperature*. X-ray-diffraction data
for the (220)p (where ‘p’ represents the cubic perovskite sub-cell) peak
for x = 0-0.5 compositions shows a gradual transition from the ortho-
rhombic ferroelectric KNO structure to a cubic structure at x = 04.
For x = 0.1, the broad (220)p peak exhibits a shoulder on the side of
lower 20 (scattering angle); this is consistent with a weakly tetragonal
ferroelectric phase. Raman spectroscopy (Fig. 1d) shows a resonance
depth at 200cm ™" and a peak at 820 cm ™" for x < 0.3 compositions;
these have been identified as signatures of ferroelectricity in KNbOs-
based solid solutions™. These features are sharpest for the x = 0.1 com-
position, which also exhibits peaks in the dielectric constant at around
450K and at around 600 K (Extended Data Fig. 1a) and is the focus of
our further investigation.

The ferroelectric switching measurements on a 20-pm-thick x = 0.1
sample in high vacuum (pressure of 10~ torr) at 77-170 K showed
standard ferroelectric hysteresis loops reaching the maximum value of
about 0.2 Cm ™ *at 170 K (Fig. 2a, Extended Fig. 1b) for an applied field
of 250kV cm ™!, We ascribe the increase of measured P with temper-
ature to the greater speed of domain-wall motion and, therefore, more
effective switching at higher temperatures. The measured P value is
therefore the lower limit of the true bulk P. With further increase in
temperature, increased leakage made poling ineffective. Under ambient
conditions, poling of the sample produced very thin, elongated loops
with P reaching only 0.01 Cm~* (Extended Data Fig. 1c, d). In contrast
to the hysteresis measurements at room temperature (300K), local
ferroelectric piezoelectric measurements on a thin and electrically
addressable lamella extracted (see Methods) from an x = 0.1 sample
(Fig. 2b) showed a strong switching loop characteristic of ferroelectric
materials, as has been found before for leaky ferroelectrics™'®. Taken
together, the DFT calculations and experimental data unambiguously
show the presence of strong P in KBNNO for x = 0.1.
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Raman shift (cm™™)

K and Ba are shown by blue and green spheres, respectively; Nb-Og and Ni-Og
are shown as brown and grey octahedra with O atoms at the vertices. d, Raman
data for KBNNO x = 0.1-0.4 compositions. For x =< 0.3, a depth resonance
at 200cm ™' and a peak near 800 cm ™" indicate a ferroelectric phase?.

We characterize the light-absorption properties of the KBNNO
pellets using spectroscopic ellipsometry (Fig. 2c). We find that the
bandgaps of Ni-containing KBNNO solutions are in the range 1.1-
2.0 eV; this is much lower than the 3.8-eV bandgap of the KNO mate-
rial (Fig. 2d). Owing to the smaller bandgap, the samples are green, in
contrast to KNO, which is white. The bandgap tunability of 2.7 eV is
150% greater than previously achieved by doping of ferroelectric
Bi,Ti;O;, or by the doping of the non-ferroelectric perovskite
Ba(In;;Ta; ;)O3 and is on par with the largest bandgap tunabilities
observed in oxides (such as E, = 1.4-3.9 eV variation in CdO-CaO
solid solutions)®****, To our knowledge, the E; = 1.1-3.8 eV variation
of KBNNO solid solutions is the largest ever observed for a perovskite
or a ferroelectric material. The bandgaps are direct, as indicated by a
single slope of the extinction coefficient versus wavelength, and the
power law of its variation. The absorption coefficient is approximately
2.5X 10*cm™" at 885 nm, comparable to the absorption coefficient
of CdTe and GaAs. Inspection of Fig. 2d shows that there is a non-
monotonic change in E; with BNNO fraction, with an initial steep
decay for low BNNO fraction and then a slow rise starting from
x=0.3.

To elucidate the origin of the bandgap lowering in the KBNNO solid
solutions, we examined the electronic structure of KBNNO with first-
principles methods. The electronic structures of the x = 0.33 KBNNO
supercells show direct bandgaps of 1.84 eV and 1.49 eV, much smaller
than the 2.3-eV local density approximation (LDA) + U bandgap of
KNO (Extended Data Fig. 2). The valence band maximum consists of
hybridized Ni 3d and O 2p states, while the conduction band min-
imum is composed of Nb 4d states. The filled Ni 3d gap states in
KBNNO therefore play a crucial part in lowering the bandgap.

Photoresponse measurements showed that KBNNO is promising
for photovoltaic applications. We first examined the dependence of the
photocurrent response of KBNNO on incident optical wavelength,
using a monochromatic source tunable from 700 to 900 nm (Fig. 3a).
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Figure 2 | Experimental results for

ferroelectricity and bandgap in
KBNNO. a, Ferroelectric hysteresis
loops for a 20-pm-thick x = 0.1
KBNNO film at 10~ torr and
77-170 K. b, Local ferroelectric
piezoelectric hysteresis loops
measured for an x = 0.1 lamella
sample of KBNNO. ¢, Ellipsometry
measurements for KBNNO oxides
with x = 0.0-0.5, showing bandgaps

from 1.18 eV to 3.8 eV. This makes
KBNNO promising for visible solar
light absorption. d, Bandgap values
versus BNNO fraction. Also shown
are images of the KNbO; and
KBNNO pellets for x = 0.1 and

x = 0.4 compositions.
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The response starts to rise at about 850 nm (1.46 eV) and peaks at about
710nm (1.74eV), showing a good match with the solar spectrum.
Measurements of the open-circuit photovoltage V. and short-circuit
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photocurrent J; found that the photoresponse of KBNNO is controlled
by the polarization and is much larger than that for the classic ferro-
electric (Pb,La)(Zr,Ti)Oz and (Na,K)NbO; materials. The 20-pum-thick
ceramic sample was first poled at 77 K with a 500 V pulse for 400 s, and
its response was then measured in the dark and under illumination by a
halogen lamp delivering about 4 mW cm ™2 of above-bandgap illumina-
tion (Fig. 3b). The direction of the photocurrent is reversed after the
material is poled in the opposite direction; this is a signature of excited
carrier separation by the bulk of material exhibited by ferroelectrics.
The measured J,. and V, are about 40 nA cm ™ ?and 3.5V, respectively.
The large value of V. is in line with previous reports of above-bandgap
photovoltage in ferroelectric materials™.

We then measured V,,. and J. at room temperature after poling with
a *£80-V pulse for 300s. We note that, on the basis of the hysteresis-
loop measurements discussed above, this procedure will pole only a
small fraction of the sample. We found V. and J;. of 0.7 mV and about
0.1 pA cm ™, respectively. Here too, we found a reversal of photocurrent
direction on change in the sign of the poling voltage (Extended Data
Fig. 3). Despite the weak poling at room temperature, the 300-K J,. is
greater than the 77-K J,.. This is due to the strong dependence of J,. on
temperature?. The room-temperature J. is higher than 8 nA cm ™2 for
a50-pm (Pb,La)(Zr,Ti)O3 sample or 25 nA cm” 2 for 0.84-pum (Na,K)NbO,
samples measured in previous 300-K experiments under ultraviolet
illumination®”*'. Our 300-K KBNNO results also compare favourably
to the photoresponse of BiFeOj; reported' for a 70-pum sample under
green-light illumination (J;. = 4 HA cm 2 Voo =35mV for I0mW cm >
illumination) considering the broad-spectrum illumination and the
partial poling for our KBNNO sample.

Figure 3 | Photocurrent measurements for the KBNNO samples. a, The
current collected between two co-planar 85-um? electrodes per watt of total
incident illumination. The photoresponse starts at the bandgap energy of 1.39 eV
and saturates at 1.74 eV. b, Ferroelectric photovoltaic effect under short circuit
(U= 0) conditions for 20-pm-thick x = 0.1 film at 77 K following poling by a
+500-V pulse applied for 400 s and under 4 mW cm ™2 of above-bandgap
illumination. Reversal of poling voltage results in the reversal of photocurrent
direction. The inset shows the photoresponse versus applied bias at 77 K
obtained by subtracting light current from dark; a large V,,c of 3.5 V is observed.
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Decreased thickness of the ferroelectric layer and optimization of
the ferroelectric-metal interfaces have been shown to increase the
photocurrent of wide-bandgap ferroelectric-based solar cells by up
to six orders of magnitude®”. In particular, 270-nm-thick PZT-based
cells with a Cu,O cathode buffer layer have been demonstrated to
reach a tenth of the theoretically possible efficiency (0.57% for the case
of PZT with E, = 3.5 eV.) The ideal match of the KBNNO bandgap to
the solar spectrum, its compositional tuning throughout the visible
range and its photoresponse properties open up the possibility of
ferroelectric photovoltaic efficiency of >3% in a thin-film device and
the use of ferroelectric materials as solar absorber layers and carrier
separators in practical photovoltaics. It is also important for the emer-
ging field of ferroelectric photovoltaics as the first visible-light-absorbing
strongly ferroelectric material.

METHODS SUMMARY

All samples were made by standard solid-state synthesis techniques in the powder
form, followed by sintering. An integrated focused ion beam and scanning electron
microscope (FEIL, DB235) equipped with a lift-out tool (Omniprobe) was used to
extract thin-film lamellae from the bulk-synthesized KBNNO pellets for bandgap
and local ferroelectric piezoelectric switching measurements. Mesoscopic (about
20 um thick) samples were prepared by metallization of the polished side of each
pellet using thermally evaporated layers of Cr (5nm) and Au (100 nm), followed
by mounting with the pellet’s metallized side face down, thinning and subsequent
polishing to a root mean squared roughness of around 100 nm. Indium/tin oxide
thin films (about 50 nm) were subsequently deposited onto shadow-masked,
approximately 20-um-thick KBNNO via pulsed laser deposition at 200 °C in
O,. Bandgaps were measured by spectroscopic ellipsometry using a variable-angle
spectroscopic ellipsometer equipped with Glan-Taylor polarizers, a rotating com-
pensator, and deuterium and quartz halogen lamps for spectral coverage (J. A.
Woollam, Model M2000). Ferroelectric switching within the lamellae was evalu-
ated from the local piezoresponse using a scanning probe microscope (Asylum
Research, MFP-3D) and Pt-coated Si probes (Olympus, AC 240TM; nominal
stiffness constant, about 2 N'm ™). Ferroelectric polarization hysteresis measure-
ments were collected at 77-200K in high vacuum (10”7 torr) and at ambient
pressure using a ferroelectric tester (Radiant LC). Steady-state photocurrent/
bias-voltage traces were collected in bulk KBNNO and BTO and in approximately
20-um-thick films under 120-W tungsten-halogen spectrally broad lamp probe
illumination and using a fibre-coupled supercontinuum source (NKT Compact),
under vacuum (10~ ®torr, Lakeshore Cryotronics, TTP4) using a picoammeter
(Keithley, model 6487). Photocurrent spectra were collected using a tunable-
wavelength Ti:sapphire laser (M2 SolsTiS) with an incident spot diameter of about
10mm. First-principles DFT LDA + U calculations were done using norm-
conserving pseudopotentials and a plane-wave basis set, as implemented in the
Quantum-Espresso package.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Synthesis and dielectric measurements. All samples were made from stoichi-
ometric quantities of dried K,CO3, BaCO3, NiO and Nb,Os powders. After mixing
in a mortar, the powders were ball-milled using yttria-stabilized zirconia planetary
milling media in ethanol for 2 h. The dried powders were calcined on Pt foil in an
alumina crucible at 900 °C for 12 h. Approximately 300 mg aliquots were pressed
into 0.25-ml pellets in a uniaxial press and isostatically pressed at 80,000 psi
(pounds per square inch). The pellets were placed on Pt foil in a covered alumina
crucible, surrounded by sacrificial powder of the same composition to inhibit
volatilization of potassium, and sintered at temperatures between 1,050 °C and
1,250 °C, depending on the composition. To minimize any absorption of H,O,
which is a potential issue in the synthesis of KNbO3, at all stages of the synthesis
samples were kept either at elevated temperature (at least 200 °C) or in a desiccator
to minimize their exposure to moisture. Powder X-ray-diffraction patterns of the
samples were collected on a laboratory X-ray diffractometer (Rigaku GiegerFlex
D/Max-B) using Cu Ko radiation generated at 45kV and 30 mA and by synchro-
tron X-ray diffraction (wavelength 0.413473 A) using the Advanced Photon
Source at Argonne National Laboratory. The dielectric data were collected on
pellets coated with Ag paint (Heraeus ST1601-14 type) to provide electrical con-
tacts for the Pt lead wires. The dielectric properties were investigated as functions
of frequency and temperature using a high-precision impedance-capacitance—
resistance meter (Hewlett-Packard, model 4284A) and a high-temperature thermal
chamber. The sample temperature was monitored by an S-type thermocouple
positioned near the pellet.

Spectroscopic ellipsometry. Spectroscopic ellipsometry was performed on po-
lished KBNNO at 300K in the 247-1,000-nm wavelength range using a variable-
angle spectroscopic ellipsometer equipped with Glan-Taylor polarizers, a rotating
compensator, and deuterium and quartz halogen lamps for spectral coverage (J. A.
Woollam, model M2000). Measurement of the components of linearly polarized
reflectivity at each selected wavelength were used to obtain the ellipsometric para-
meters ¥ and 4 through the relation

tan P(A)exp(id(1)) = Ry(A)/Ry(A)

where R,(4) and Ry(4) are reflection coefficients for light polarization parallel and
perpendicular to the plane of incidence, respectively. The energy-dependent com-
plex dielectric function was calculated using Fresnel’s equations. The bandgap was
calculated using a Tauc plot of (hva)* versus v, where o is the absorption coeffi-
cient. Measurements were taken at 65°.

Extraction of thin-film lamellae. An integrated focused ion beam and scanning
electron microscope (FEI, DB235) equipped with a lift-out tool (Omniprobe) was
used to extract thin-film lamellae from the bulk-synthesized KBNNO. Briefly, a
thin layer of carbon by sputtering coating (several tens of nanometres) is first
deposited to provide protection against subsequent ion-beam irradiation and to
enhance the imaging contrast. This was followed by deposition of a 500-nm-thick
platinum film using ion-beam-assisted deposition onto the lift-out area, prevent-
ing direct ion-beam damage during the process. The lift-out preparation process
consists of initial cross-sectional milling steps on both sides, a series of thinning
steps using lower ion-beam currents, a finer-scale cross-sectional cleaning using
an approximately 100-pA ion-beam current, and ion-beam local deposition of Pt
to affix the lamella to the lift-out tool. A low beam current (<100 pA) was main-
tained during the final release of the lamella from the substrate. Using the lift-out
probe, each harvested lamella was transferred carefully to glass substrates coated
with layers of fluorine-doped tin oxide (TEC-15, Pilkington) and a top coating of
30 nm of indium (selected to facilitate wetting of the bottom contact to the lamella)
deposited via electron-beam evaporation in vacuum. Each lamella is transferred to
the substrate with the lamella first making contact with the substrate along one
edge; the free-standing lamella is then pushed down onto the surface. As a final
step in the transfer of the lamellar thin-film test specimen, Pt is deposited using
electron-beam-assisted deposition onto the corners of each lamella to anchor it.
Following this, post-processing steps of ultralow-beam-current surface ion milling
and subsequent thermal annealing (500 °C for 5h, followed by a slow cooling at
1°Cs™ ") were carried out in a furnace (Ney Vulcan 3-130) to effectively eliminate
ion damage.

Local ferroelectric measurements. The KBNNO pellets were cut to roughly
250 pm with a diamond saw and polished under water to thicknesses of about
25 pm using lapping films (3M) coated with successively finer aluminium oxide
particles. The final polish was done using a slurry of 0.05-pm colloidal silica (Ted
Pella) in an alkaline suspension (pH 9.8). We estimate that the surface roughness
should be less than 0.1 pum.
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Ferroelectric switching within the lamellae was evaluated from the local piezo-
response using a scanning probe microscope (Asylum Research MFP-3D) and
Pt-coated Si probes (AC 240TM, Olympus; nominal stiffness constant, about
2Nm™"). A triangular waveform (frequency 0.025 Hz, peak-to-peak bias of 10 V)
was applied to the bottom electrode while a sinusoidal alternating-current probing
voltage (5kHz, 0.5V amplitude) was applied to the cantilever tip to collect the
variation in the cantilever phase as a function of the bias voltage. The cantilever
phase signal at the modulation frequency was collected with the aid of a digital
lock-in amplifier (Stanford Research Systems SR830).

Ferroelectric hysteresis in mesoscopic (about 20 pim thick) KBNNO film sam-
ples (x =0.1) was carried out at 77-200 K under 10”7 torr and at 300K under
ambient pressure in a probe station (Lakeshore Desert Cryotronics TTP4) using a
ferroelectric tester (model LC, Radiant Technologies) and a high-voltage amplifier
with selected bias voltage sweep rate periods ranging from 10 ms to 10 s and selected
peak voltages of up to 500 V, and poling using direct-current bias for different
durations ranging from 5 to 400 s.

Photocurrent and Raman measurements. Electrical contacts were produced on
KBNNO samples and BaTiO; samples using a shadow mask and Cr/Aulayers, and
on mesoscopic (about 20 pm thick) and polished films using thermally evaporated
200 pm X 200 pm Cr-Au (bottom side) and ITO deposited by pulsed laser deposi-
tion at 200 °C using shadow masks. The resulting structures on bulk were 85 pm
X 85 pm pads separated by 45-um gaps. Steady-state photocurrent/bias-voltage
traces were collected under a halogen spectrally broad lamp probe illuminator
(Dolan-Jenner MI-150), and alternately using a broadband supercontinuum laser
source (NKT Compact) under ambient pressure and vacuum ( 107 torr, Lake-
shore Cryotronics Model TTP4) using a picoammeter (Keithley model 6487).
Photocurrent spectra were collected over the range of 700 nm to 900 nm using a
wavelength-tunable Ti:sapphire laser (M2 SolsTiS). The laser radiation incident on
the sample was about 10 mm in diameter, resulting in an incident intensity of
120 mW cm ™2, The laser spot was directed on the sample and aligned by max-
imizing the resulting output current. The BaTiO; photocurrent measurements
were carried out on (100)-oriented substrate-grade BaTiO; (MTI Corporation).
Raman scattering was collected at 300 K using the 543.5-nm laser line (Horiba
Jobin-Yvon). Raman spectra were collected at 300 K under ambient pressure from
ax = 0.1-0.4 bulk KBNNO sample and from KNbOs;.

Computational modelling. We perform first-principles calculations with a plane-
wave basis set, as implemented in Quantum-Espresso®”>. The LDA exchange-
correlation functional is used for structural relaxations, with a 6X6X6
Monkhorst-Pack k-point grid and a 50-Ry plane-wave cut-off. All atoms are
represented by norm-conserving optimized nonlocal pseudopotentials, generated
with the OPIUM code (http://opium.sourceforge.net). The electronic contribution
to the polarization is calculated following the Berry’s phase formalism.

Because LDA severely underestimates the bandgap, and even falsely predicts
KBNNO to be metallic, all the electronic structure calculations have been done at
the level of LDA + U. Although LDA + U's unable to predict Eg with the accuracy
of the more advanced hybrid functionals or GW** methods, it can still provide a
good description of the change of E; with respect to the solid-solution cation
ordering"’. A simplified version of the rotationally invariant formulation of the
LDA + Umethod is employed in the present work, where U can be determined by
self-consistent linear-response calculations. Under the conditions of our synthesis,
LDA + U free-energy calculations™ show oxygen vacancies to be thermodyna-
mically favoured.

The dependence of bandgap on composition is due to the interplay between
local bonding and the bandgap in KBNNO, as elucidated by LDA + U calcula-
tions. There are two possible configurations for the oxygen vacancies in KBNNO,
Ni-V,-Ni and Ni-V5-Nb. Our calculations show that although both Ni-Vo-Ni
and Ni-V5-Nb configurations result in a lower bandgap owing to the intro-
duction of the Ni 3d states, an extra density-of-states peak, contributed by the
d-orbitals of the six-fold-coordinated Ni, is present in the valence-band maximum
in Ni-V5-Nb (see Supplementary Fig. 3). Therefore the E, of the Ni-Vo-Nb
configuration is lower than that of the Ni- V-Ni configuration. This configuration
is also found to be more energetically favourable by our calculations. At low
BNNO concentration, the Ni cations are isolated, so the Ni-Vo-Nb arrangement
is prevalent. As Ni concentration increases, more Ni-V-Ni configurations are
formed and therefore the measured bandgap E; rises.

32.  Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source software
project for quantum simulations of materials. J. Phys. Condens. Matter 21,
395502 (2009).

33.  Hybertsen,M.S. & Louie, S. G. Electron correlation in semiconductors and insulators:
band gaps and quasiparticle energies. Phys. Rev. B 34, 5390-5413 (1986).
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Extended Data Figure 1 | Ferroelectric and dielectric data. a, Dielectricdata  increasing the maximum poling voltage. c, Ferroelectric hysteresis loop

for x = 0.1-0.4 KBNNO. Two dielectric anomalies (arrows) atabout 450 Kand  for approximately 20-pum-thick x = 0.1 KBNNO film at 170-200 K.

about 600K are present (solid lines indicate heating; dotted lines indicate d, Ferroelectric hysteresis loop for approximately 20-pum-thick x = 0.1 KBNNO
cooling). b, Ferroelectric hysteresis loops at 77 K, showing the effect of film at 300K.
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Extended Data Figure 2 | Electronic Structure of KBNNO. Band structures B (—0.5,0,0), D (—0.5,0,0.5), E (—0.5,0.5,0.5), Z (0,0,0.5), C (0,0.5,0.5) and
(top) and orbital-projected density of states (PDOS, bottom) for KBNNO Y (0,0.5,0). k is the wavevector. The more stable Ni-Vo—-Nb structure provides
Ni-Vo-Ni and Ni-Vo-Nb solid solutions near the Fermi level. The a smaller bandgap. As Ni concentration rises, Ni-Vo-Ni becomes more
high-symmetry points in the Brillouin zone are 7" (0,0,0) A (—0.5,0.5,0), common and the bandgap energy rises.
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Extended Data Figure 3 | Switchable bulk photovoltaic effect in KBNNO
and the dependence of photocurrent on poling. Ferroelectric photovoltaic
effect for approximately 20-pm-thick x = 0.1 KBNNO film in ambient
conditions under 4 mW cm 2 of above-bandgap illumination following poling
by an 80-V pulse applied for 300 s (a), a 50-V pulse applied for 300 s (b), a 50-V
pulse applied for 180 (c), a 50-V pulse applied for 30s (d) and a 50-V pulse
applied for 10's under 4 mW cm ™2 of above-bandgap illumination (e). Black
denotes collected dark current; blue and red traces indicate photocurrent
following poling under positive and negative voltages, respectively.

f, Short-circuit photocurrent I, for different product of duration and
magnitude of poling voltage. The current is collected through
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200 pm X 200 pm ITO and Cr-Au electrodes on the top and bottom of the
sample, respectively. The height of each error bar is two standard deviations in
the measured short-circuit current. As the applied voltage and poling time are
increased, the difference between the photocurrents for the up- and
down-polarized sample increases and the photocurrent magnitude rises by two
orders of magnitude until saturation caused by leakage. This indicates that the
sample is not yet fully poled even for the highest voltage possible in our
set-up. Therefore, our results are the lower limit for the photocurrent for a fully
poled material that can be achieved by application of larger electric fields in
thinner films.
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Extended Data Table 1 | Comparison of structural data from experiment and DFT calculations

ay VR

DFT KMbOy 3885 53.26
0.33 KBNMO Ni-Vac-Ni 3.986 63.35

0.33 KBNMO Ni-Vac-Nb 3.99 63.64

03.33 KENNG Mi-S-Ni 34875 52.86

03.33 KENNG Ni-S-Nb 3871 52.58

Experiment KMNbO5 4015 64 70
0.3 KENNGS 4.036 55.74

LETTER

Pseudo-cubic lattice constant a and volume V values are as obtained computationally by DFT-LDA relaxations and by experimental X-ray diffraction measurements. DFT calculations for KBNNO with vacancies
correctly reproduce the experimentally observed increase in the cell volume with increased BNNO content. In contrast, fully oxidized KBNNO samples show a decrease in cell volume compared to the parent

KNbO3 material. This indicates that the experimentally studied material is indeed KBNNO with vacancies.
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