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            Abstract
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 properties1,2,3,4,5,6,7. In these materials, the strong inversion symmetry breaking that is due to spontaneous electric polarization promotes the desirable separation of photo-excited carriers and allows voltages higher than the bandgap, which may enable efficiencies beyond the maximum possible in a conventional pâ€“n junction solar cell2,6,8,9,10. 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 solâ€“gel thin-film deposition and sputtering3,5. Recent work3,5,11 has shown how a decrease in ferroelectric layer thickness and judicious engineering of domain structures and ferroelectricâ€“electrode interfaces can greatly increase the current harvested from ferroelectric absorber materials, increasing the power conversion efficiency from about 10âˆ’4 to about 0.5 per cent. Further improvements in photovoltaic efficiency have been inhibited by the wide bandgaps (2.7â€“4â€‰electronvolts) of ferroelectric oxides, which allow the use of only 8â€“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: [KNbO3]1â€‰âˆ’â€‰x[BaNi1/2Nb1/2O3â€‰âˆ’â€‰Î´]x (KBNNO). These oxides exhibit both ferroelectricity and a wide variation of direct bandgaps in the range 1.1â€“3.8â€‰electronvolts. In particular, the x = 0.1 composition is polar at room temperature, has a direct bandgap of 1.39â€‰electronvolts and has a photocurrent density approximately 50 times larger than that of the classic ferroelectric (Pb,La)(Zr,Ti)O3 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.
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                    Figure 1: KBNNO structural properties.[image: ]


Figure 2: Experimental results for ferroelectricity and bandgap in KBNNO.[image: ]


Figure 3: Photocurrent measurements for the KBNNO samples.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ferroelectric and dielectric data.
a, Dielectric data for x = 0.1â€“0.4 KBNNO. Two dielectric anomalies (arrows) at about 450â€‰K and about 600â€‰K are present (solid lines indicate heating; dotted lines indicate cooling). b, Ferroelectric hysteresis loops at 77â€‰K, showing the effect of increasing the maximum poling voltage. c, Ferroelectric hysteresis loop for approximately 20-Î¼m-thick x = 0.1 KBNNO film at 170â€“200â€‰K. d, Ferroelectric hysteresis loop for approximately 20-Î¼m-thick x = 0.1 KBNNO film at 300â€‰K.


Extended Data Figure 2 Electronic Structure of KBNNO.
Band structures (top) and orbital-projected density of states (PDOS, bottom) for KBNNO Niâ€“VOâ€“Ni and Niâ€“VOâ€“Nb solid solutions near the Fermi level. The high-symmetry points in the Brillouin zone are Î“ (0,â€‰0,â€‰0) A (âˆ’0.5,â€‰0.5,â€‰0), B (âˆ’0.5,â€‰0,â€‰0), D (âˆ’0.5,â€‰0,â€‰0.5), E (âˆ’0.5,â€‰0.5,â€‰0.5), Z (0,â€‰0,â€‰0.5), C (0,â€‰0.5,â€‰0.5) and Y (0,â€‰0.5,â€‰0). k is the wavevector. The more stable Niâ€“VOâ€“Nb structure provides a smaller bandgap. As Ni concentration rises, Niâ€“VOâ€“Ni becomes more common and the bandgap energy rises.


Extended Data Figure 3 Switchable bulk photovoltaic effect in KBNNO and the dependence of photocurrent on poling.
Ferroelectric photovoltaic effect for approximately 20-Î¼m-thick x = 0.1 KBNNO film in ambient conditions under 4â€‰mWâ€‰cmâˆ’2 of above-bandgap illumination following poling by an 80-V pulse applied for 300â€‰s (a), a 50-V pulse applied for 300â€‰s (b), a 50-V pulse applied for 180â€‰s (c), a 50-V pulse applied for 30â€‰s (d) and a 50-V pulse applied for 10â€‰s under 4â€‰mWâ€‰cmâˆ’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 Isc for different product of duration and magnitude of poling voltage. The current is collected through 200â€‰Âµmâ€‰Ã—â€‰200â€‰Âµm ITO and Crâ€“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.


Extended Data Table 1 Comparison of structural data from experiment and DFT calculationsFull size table
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The spontaneous electrical polarization that characterizes a ferroelectric material is attractive for solar-cell applications as the positive and negative charges generated by light absorption have a natural tendency to separate, making them easier to harvest efficiently. Unfortunately most known ferroelectrics have wide electronic bandgaps â€” that is they absorb only higher energy photons that make up a small fraction of the solar spectrum. Ilya Grinberg and colleagues now show that a classic ferroelectric can be chemically engineered to tune the bandgap over a broad range, achieving strong absorption and photocurrent generation across the solar spectrum.
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