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Abstract 

Photo-ferroelectric single crystals and highly oriented thin-films have been extensively 

researched recently, with increasing photovoltaic energy conversion efficiency (from 0.5 % up 

to 8.1 %) achieved. Rare attention has been paid to polycrystalline ceramics, potentially due to 

their negligible efficiency. However, ceramics offer simple and cost-effective fabrication routes 

and stable performance compared to single crystals and thin-films. Therefore, a significantly 

increased efficiency of photo-ferroelectric ceramics contributes towards widened application 

areas for photo-ferroelectrics, e.g. multi-source energy harvesting. In this paper, all-optical 

domain control under illumination, visible-range light-tunable photo-diode/transistor 

phenomena and opto-electrically tunable photovoltaic properties are demonstrated, using a 

recently discovered photo-ferroelectric ceramic – (K0.49Na0.49Ba0.02)(Nb0.99Ni0.01)O2.995 

(KNBNNO). For this monolithic material, tuning of the electric conductivity independent of 
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ferroelectricity is achieved, which previously could only be achieved in organic phase-separate 

blends. Guided by these discoveries, a boost of 5 orders of magnitude in the photovoltaic output 

power and energy conversion efficiency is achieved via optical and electrical control of 

ferroelectric domains in an energy harvesting circuit. These results provide a new approach and 

knowledge for other photo-ferroelectrics to further boost their efficiency for energy efficient 

circuitry designs and enable the development of a wide range of optoelectronic devices.  

 

 

 

Photo-ferroelectric materials have been under investigation since the 1970s, and are 

experiencing extensive research interest.[1-5] Thanks to their non-centrosymmetric 

microstructure which promotes the desired photo-excited carrier separation, photo-

ferroelectrics allow an open-circuit voltage higher than the band gap.[4] To the state of the art, 

a maximum photovoltaic energy conversion efficiency of 8.1 % has been achieved with a multi-

layer Bi2FeCrO6 (BFCO) thin-film solar cell.[6] Although this is still far below the most efficient 

(38.8 %) multi-junction cell made from GaAs thin-films[7], photo-ferroelectrics offer the 

possibility of exceeding the S-Q (Shockley-Queisser) limit, which is advantageous compared 

to conventional semiconductor solar cells.[4] In most cases, the band gaps of photo-ferroelectric 

single crystals or polycrystalline ceramics such as BaTiO3 and BiFeO3 are wider than 2.7 eV. 

This value is far from the ideal value of 1.34 eV for the optimum S-Q (Shockley-Queisser) limit, 

making them less likely to effectively absorb the whole visible-range of light in the solar 

spectrum.[8-10] However, in our previous research[11], the KNBNNO polycrystalline ceramic was 

able to exhibit a band gap similar to that of the most advanced BFCO thin-film photo-

ferroelectrics (1.5-2.7 eV).[6] The KNBNNO’s band gap is re-confirmed here (Figure S1 in 

Supporting Information), where the sample showed responses to the entire visible range. It was 

also comparable to the widely studied organic-halide perovskite thin films[12] and the emerging 

(KNbO3)1-x(BaNi0.5Nb0.5O3-δ)x ceramics[8, 13] with > 1.1 eV tunable band gaps. The narrow band 
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gaps enable absorption of the entire visible light spectrum. Comparing the above materials, 

KNBNNO has additional interesting properties, i.e. its proven much larger remanent 

polarization (~ 11.7 µC cm-2) and piezoelectric (d33 ~100 pC N-1) and pyroelectric (~128 µC m-

2 K-1) coefficients.[11] Furthermore, although the efficiencies of photo-ferroelectric and other 

perovskite solar cells have been significantly improved, they are all achieved with single 

crystals or highly oriented thin-films. Single crystals and BFCO thin films are known for their 

fabrication cost/challenge[6, 14], and organic-inorganic perovskite thin films usually suffer from 

stability issues.[15, 16] As a ceramic, KNBNNO can be fabricated easily and performs stably 

under illumination (Figure S2a in Supporting Information). However, rare attention is paid to 

the photovoltaic output improvement of photo-ferroelectric ceramics. In fact, it is desirable to 

replace single crystals with ceramics if the ceramics can achieve the same level of the single 

crystals’ performance. For instance, ultrahigh piezoelectricity has been recently reported in 

ferroelectric ceramics which are considered promising single crystal substitutes[14]. Therefore, 

efforts should also be made towards high-performance photo-ferroelectric ceramics. Here, the 

advantageous KNBNNO ceramic is used to investigate the optical control of ferroelectric 

domains.    

To reveal the strong interaction between illumination and domain wall motion, the ferroelectric 

hysteresis loops (P-E loops) of the KNBNNO samples were measured under different 

conditions (Figure 1). It should be noted that the loops were measured for the entire surface of 

the samples (~110 mm2) while the spot size of the laser illumination on the samples was only 

0.5 mm2. The increase of the remanent polarization under illumination compared to the cases 

in the dark can be clearly seen (Figure 1a and 1c). It has been reported that similar phenomena 

were observed in CH3NH3PbI3 (organic-inorganic perovskite) thin films, where a 405 nm laser 

illumination induced an increase in the remanent polarization.[17] However, such an increase 

was observed in only the first few cycles of the measurement before it disappeared[17], possibly 

due to either the decay of the thin film or the saturation of the charge carrier separation.[15, 16] 
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By contrast, the photo-induced increase of the polarization in KNBNNO ceramics has been 

proven to be constant and reproducible, where loops with the same increase of remanent 

polarization were obtained in the first 6 cycles of the measurement (Figure S2b in Supporting 

Information). The observed increase of the remanent polarization in ferroelectrics under 

illumination could result from either of two reasons – photo-stimulated domain switching or 

localized heating.[17-20] The latter has been excluded in our case because the temperature 

dependent P-E loops showed negligible difference in polarization (Figure S3 in Supporting 

Information). The mechanisms of the former have been previously discussed, regarding the 

asymmetric potentials generated at the interfaces between ‘‘a’’ and ‘‘c’’ domains (spontaneous 

polarizations perpendicular to and in parallel with the external electric field, respectively).[21] 

With these potentials and light illumination, a net displacement of the locally free charges at 

the domain walls can be induced, thus unbalancing the pressure on the domain wall and 

stimulating domain wall motion.[21]   

One of the most interesting discoveries was the time dependence of the photo-

induced/stimulated domain wall motion. The lower the frequency, the larger was the increase 

of the remanent polarization under the same illumination. In comparison, the loops measured 

in the dark showed only a very weak or negligible frequency dependence (Figure S4a-b in 

Supporting Information). This implies that the photo-induced domain poling is time-dependent. 

The above-mentioned photo-induced charge displacement introduces an additional electric 

potential, preventing a part of the ‘‘c’’ domains from reversing to become ‘‘a’’ domains when 

the external electric field disappears, as is the case for poling in the dark.[22] The domains do 

not switch at the same time and the number of switched domains is time-dependent.[22] 

Although a similar effect was reported with a highly oriented (Pb0.6Li0.2Bi0.2)(Zr0.2Ti0.8)O3 

(PLBZT) thin film[18], the time dependence could not be concluded as there was already a 

frequency dependence for the P-E loops, even when measured in the dark. For further evidence, 

a wide band gap (> 3 eV), (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramic reference sample was measured 
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in the same way. No additional domain switching could be realized (Figure S4c in Supporting 

Information), indicating true photo-stimulated domain switching shown in Figure 1. The time-

dependence can also be proven at the nanoscale, where domain switching with light exposure 

was observed (Figure S5 in Supporting Information).  

To understand the practical implications of the phenomena presented above, an unpoled 

KNBNNO sample (with randomly oriented domains) was exposed to white light. The 

piezoelectric charge coefficient d33 was measured before, during and after the exposure. The 

unpoled KNBNNO sample exhibited a d33 of nearly zero. After one hour of exposure under the 

light, the d33 remained unchanged. However, after being exposed overnight (> 8 hours) which 

allowed sufficient time for optical poling of the domains, a d33 of 4 pC/N was obtained at the 

same measuring point of the sample’s surface. Thus, macroscopic poling was achieved solely 

by normal room light (white light) and in the absence of any externally applied electric field. 

This proves the existence of photo-induced, permanent domain switching. Accompanying this 

true poling process with light, a change of the pyroelectric response was observed (Figure 2a). 

An increased pyro-current could be clearly seen for the sample poled under white light 

compared to the unpoled case.  

Due to the different amount of free charge carriers induced by different incident light intensities 

and wavelengths, it was also possible to tune the conductivity (Figure 2b-d). The most 

significant change was found with the 405 nm laser, where a conductivity increased more than 

two orders of magnitude. It is worth noting that the results shown in Figure 1d and Figure 2b-d 

provide an opportunity to tune the conductivity independent of ferroelectricity in a monolithic 

material, which previously could only be achieved in organic phase-separate blends.[23]  

Light and electric field can be applied simultaneously to promote domain switching and thus 

improve the d33. In the poling experiments, the same KNBNNO sample poled under 

illumination (405 nm, 50 mW laser) exhibited a 56 % higher d33 value (39 pC/N) than the one 

poled in the dark (25 pC/N). Both the d33 values were measured in the dark. This increase also 
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resulted from the photo-stimulated domain switching. Meanwhile, a boosted photocurrent can 

be obtained together with a DC electric field bias. The polarity of the photocurrent was 

reversible according to the polarity of the bias, even when the sample was poled (Figure 3a). 

A rather small bias field (~ 0.67 kV cm-1 compared to the coercive field of > 10 kV cm-1) was 

able to induce a two orders of magnitude boost to the photocurrent which was completely 

polarity reversible. The magnitude of the boost was related to the bias field. No lower threshold 

was observed, i.e. the boosting phenomenon could always been seen even with smaller bias 

fields. This phenomenon was also observed for the entire visible range, even for an unpoled 

sample (Figure S6 in Supporting Information). Both the electric bias and illumination are 

proven to be compulsory for a current boost, with the absence of either leading to the 

disappearance of the phenomenon (Figure S7a-b in Supporting Information). The 

photocurrents observed here were shown to be due to the photovoltaic effect, as the relationship 

between the photocurrent and incident light power was linear (Figure S7c-d in Supporting 

Information).[24, 25] 

Without any electric bias, the photovoltaic performance (current density-voltage (J-V) curves) 

was strongly related to the extent of the domain alignment (Figure 3b-e). The short-circuit 

current, maximum output power and photovoltaic energy conversion efficiency were all 

positively related to the d33 (Table S1 in Supporting Information). For the same material, higher 

d33 induced larger net polarization, i.e. more aligned domains in the poling direction. Therefore, 

the net polarization plays an important role in the photovoltaic effect for the KNBNNO. The 

photocurrent dependence on the net polarization could also be observed in KNN doped with 

different concentrations of (BaNi0.5Nb0.5)O2.75 (BNNO) (Figure S8 in Supporting Information).   

Based on the above findings, i.e. (1) incident light stimulates domain wall motion, (2) higher 

extent of domain alignment induces larger photovoltaic output and (3) DC bias helps to boost 

photocurrent, a device comprising a KNBNNO cell, a charged capacitor (100 µF, 18 V as the 

DC bias) and a resistive load (1 MΩ) connected in series was used to demonstrate the approach 
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of photo-output boost. Figure 4 shows the schematic of the circuit and the calculated powers 

on the resistor. Before the laser was turned on (in the dark), the high resistance (>> 30 MΩ, 

Figure S9a in Supporting Information) of the KNBNNO cell prevented the capacitor from 

releasing a recognizable current, leading to negligible power on the 1 MΩ resistor. When the 

laser was turned on illuminating the KNBNNO cell, its resistance rapidly dropped to only 6 

MΩ (Figure S9a in Supporting Information), inducing an increasing current in the circuit thus 

an increasing power on the 1 MΩ resistive load (Figure 4b). Meanwhile, the KNBNNO cell 

generated a significantly higher power than that given by the capacitor, providing a boosted 

gross output power on the 1 MΩ resistive load. The net output power was calculated by 

deducting the power given by the capacitor from the gross power, i.e. representing the output 

power provided by the KNBNNO cell. As a consequence of the photo-induced domain wall 

motion, local free charges were extracted by the biasing electric potential. In addition, the DC 

bias aligned more domains which further elevated the photo-output level. This explanation is 

supported by the decreasing net power as a function of capacitor voltage (Figure 4b and Figure 

S9a in Supporting Information). The maximum net output power (~ 60 µW) gives the cell an 

energy conversion efficiency of 0.12 %, more than 60,000 times larger than that without a DC 

bias (Table S1 in Supporting Information). This constitutes an increase of 5 orders of magnitude.  

By exploiting the various interactions between visible light and domains presented above, other 

optoelectronic applications can also be explored. The boosted photo-output of the KNBNNO 

cell can provide an approach for other photo-ferroelectrics to further improve their photovoltaic 

performance. The visible-range optical control of domain switching can open doors for 

optoferroelectric devices such as photo-actuators and data storage with specific wavelength 

sensitivities. The reversible photovoltaic effect with electric bias can be used to develop 

photodiodes and phototransistors. The conductivity change under illumination can induce 

photo-tunable semiconductors. The KNBNNO provides an opportunity towards the 
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replacement of photo-ferroelectric single crystals with polycrystalline ceramics, and contributes 

to energy efficient designs in future ultra-low power circuits.  

 

 

Experimental Section 

Sample fabrication: Ceramic powder with the composition 

(K0.49Na0.49Ba0.02)(Nb0.99Ni0.01)O2.995 (KNBNNO) was fabricated via the solid state route. The 

starting reactants of K2CO3 (≥ 99 %, J. T. Baker, USA), Na2CO3 (≥ 99 %, Sigma-Aldrich, USA), 

BaCO3 (99.98 %, Aldrich Chemistry, USA), NiO (99.999 %, Aldrich Chemistry, USA) and 

Nb2O5 (99.9 %, Aldrich Chemistry, USA) were weighed according to the stoichiometry of each 

composition. All of the reactants were dried at 220 ˚C for over 4 hours before weighing, in order 

to remove the potentially adsorbed water and to give precise weights with 0.01 mg readability 

and 1 mg accuracy (ES 225SM-DR, Precisa, Dietikon, Switzerland). All of the weighed 

reactants for each composition were loaded together into a ZrO2 jar before mixing. The mixing 

was carried out in the jar with ethanol using a planetary ball mill (Pulverisette 6, Fritsch, Idar-

Oberstein, Germany) with ZrO2 balls (3 mm diameter) for 6 hours, followed by drying at 80 ˚C. 

The mixed powder was subjected to a one-step calcination at 850 ˚C for 4 hours in air prior to 

further planetary ball milling for 12 hours with ZrO2 balls and ethanol. The milled and dried (at 

80 ˚C) powder was then mixed with 8.8 wt.% of binder (3.3 wt.% polyvinyl alcohol dissolved 

in deionized water), and uniaxially pressed at 62 MPa into disc-shaped green bodies with a 

diameter of 14.5 mm. The binders in the green bodies were burnt off at 500 ˚C for 10 hours 

with a slow ramping rate of 1 ˚C min-1. The subsequent sintering was carried out for 2 hours on 

Pt foil at 1165 ˚C. The samples were buried by sacrificial powder of the same composition in a 

covered alumina crucible in order to inhibit the volatilization of potassium. The sintered 

samples were polished successively on a P1200 silicon carbide abrasive paper (Eco-Wet, KWH 

Mirka Ltd., Finland) using ethanol as the coolant, on a 3 µm grain-sized plate (MD Dur, Struers, 
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Denmark) with diamond suspension (DiaPro Mol B3, Struers, Denmark), and on a 1 µm grain-

sized plate (MD Nap, Struers, Denmark) with diamond suspension (DiaPro Nap B1, Struers, 

Denmark). Such a process gave an average surface roughness of 50-60 nm. The final 

dimensions of the samples were 100-150 µm in thickness and 11.6-12.0 mm in diameter. The 

two surfaces of each sample were coated with 200 nm thick ITO (indium tin oxide) and 220 nm 

thick metal (20 nm Cr and 200 nm Au, Au on top) electrodes, respectively. Other compositions, 

i.e. KNN doped with different concentrations of BNNO, were fabricated by the same method 

presented above. More information about the sample fabrication can be found in reference.[11] 

The fabrication method of the reference BCZT sample can be found in reference.[26] However, 

the polishing and electrode deposition methods were the same as presented above.  

Macroscopic characterization: The ferroelectric hysteresis loops (P-E loops) were measured 

with a ferroelectric test system (Precision LCII, Radiant Technologies, Inc., USA). The 

electrical resistivity was also measured together with the P-E loop measurements using the same 

equipment but with a DC field of 10 kV cm-1. The pyroelectric current was obtained with a 

high-precision electrometer (B2985A, Keysight, USA) on a sample stage (LTS 350, Linkam 

Scientific Instruments, UK) which controlled the temperature. The photocurrent under halogen 

and deuterium light sources was recorded using the same electrometer. The same sample stage 

was also integrated with the ferroelectric test system for the measurement of P-E loops at 

different temperatures. The J-V curves and photocurrent with low bias electric field (±0.67 kV 

cm-1) were measured with the 2450 SourceMeter (Keithley, USA). The poling process and the 

photocurrent recording with high bias electric field (10 kV cm-1) were carried out with a poling 

station consisting of a voltage amplifier (Ultravolt, USA) and a data acquisition card (USB-

6211, National Instruments, USA). Various light sources were involved: (1) Lasers (OBIS 

LX/LS series, Coherent, USA) with wavelength/maximum power/beam diameter at 1/e2 of 405 

nm/50 mW/0.8±0.1 mm, 552 nm/20 mW/0.7±0.05 mm and 660 nm/100 mW/0.9±0.1 mm, 

respectively; (2) A fiber light source probe (DH-2000, Ocean Optics, USA) consisting of 
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deuterium and tungsten-halogen lamps with a beam size of 5 mm in diameter and with 

wavelength/power of 210-400 nm/217 µW and 300-1500 nm/295 µW, respectively; (3) A14 W 

white light energy saving fluorescent lamp (normal room light) which illuminated the entire 

sample surface with an intensity of ~12.5 mW cm-2. This intensity was measured with a 

PM100D optical power and energy meter integrated with an S120C silicon photodiode detector 

(Thorlabs, Germany). The incident light was applied to the surfaces through a transparent (ITO) 

electrode.  

Nanoscale measurements: The samples used for the nanoscale measurements were not coated 

with ITO electrodes. Only Cr-Au was deposited on one surface of each sample. The surface 

without an electrode was further polished to a surface roughness of 5-10 nm using a 0.25 µm 

diamond suspension (DiaPro Nap 1/4, Struers, Denmark). Samples were then investigated by 

AFM (Atomic Force Microscopy), PFM (Piezoresponse Force Microscopy) and KPFM 

(Kelvin-probe Force Microscopy). The nanoscale measurements were performed in the dark 

using a customized AIST-NT Smart SPM system. A Fianium Whitelase supercontinuum laser 

source was used to shine light with variable wavelength onto the sample. Initially, switching 

voltages were determined by electrical poling experiments. It was found that an AC bias of 0.4 

V could cause partial switching of the sample. Therefore, an optimized AC bias of 0.2 V was 

applied between the conductive AFM tip (Platinum coated NSC35/PT probes from 

MikroMasch) and the bottom Cr-Au electrode for performing light induced temporal PFM 

measurements. KPFM measurements were performed in non-contact mode with a lift height of 

10 nm. Initially, a smooth area was found and the AFM tip was maintained at a constant height 

of 10 nm from the surface. KPFM was performed with different wavelengths of the incident 

light at the same intensity.  

Device demonstration: A poled KNBNNO sample (10 kV cm-1, under 405 nm 50 mW laser, 

room temperature) was connected with a charged capacitor (100 µF, 18 V) and a resistive load 

(1 MΩ) in series. The voltage of the capacitor (Ucapacitor) and the current of the entire circuit (I) 
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were recorded with the electrometer presented above. The resistance of the KNBNNO 

(RKNBNNO) was measured with a multimeter (Model 115, Fluke, USA). The measurement setup 

is shown in Figure S9b-c in Supporting Information. The gross power (Pgross) on the resistive 

load (Rload) was calculated by 𝑃𝑔𝑟𝑜𝑠𝑠 = 𝐼2 ∙ 𝑅𝑙𝑜𝑎𝑑. The power on the resistive load contributed 

by the capacitor (Pcapacitor) was calculated by 𝑃𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 = (
𝑈𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟

𝑅𝐾𝑁𝐵𝑁𝑁𝑂+𝑅𝑙𝑜𝑎𝑑
)
2

∙ 𝑅𝑙𝑜𝑎𝑑. The net 

power (Pnet) on the resistive load is calculated by 𝑃𝑛𝑒𝑡 = 𝑃𝑔𝑟𝑜𝑠𝑠 − 𝑃𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟.  

 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Ferroelectric enhancement under light illumination. P-E loops for the same 

KNBNNO sample measured in the dark, under illumination (405 nm laser) with different power 

inputs and at different frequencies of electric field. a, c, Unsaturated hysteresis loops with the 

maximum electric field smaller than the coercive force. b, d, Saturated hysteresis loops.  
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Figure 2. Interaction between illumination and electric, piezoelectric and pyroelectric 

properties. a, Dependence of pyroelectric current and temperature on time (pyroelectric 

response) measured in the dark for the same KNBNNO sample in unpoled status (d33 ≈ 0 pC/N) 

and after poled only by applying white light (d33 ≈ 4 pC/N). b-d, Dependence of resistivity on 

illumination power with different wavelengths for the same KNBNNO sample.   
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Figure 3. Interaction and relationship between illumination, polarization, electric bias and 

photovoltaic performance. a, The photocurrent response of the KNBNNO with DC bias and 

illumination (405 nm, 50 mW laser). b-e, I-V curves of the KNBNNO sample with different 

extents of domain alignment (indicated by d33 values with unit pC N-1) and under different 

visible light sources. b, 660 nm, 100 mW laser. c, 552 nm, 20 mW laser. d, 405 nm, 50 mW 

laser. e, White light. d33 = 0, 4 and 39 means the sample was unpoled, poled solely by white 
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light and poled under 405 nm 50 mW laser with 10 kV cm-1 electric field at room temperature, 

respectively.  

 

 

 

Figure 4. Demonstration of the photovoltaic output boost in a KNBNNO cell. a, The 

schematic of the energy harvesting circuit. b, The power given by the capacitor, gross power 

and net power on the 1 MΩ resistive load.  
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