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            Abstract
Flexoelectricity is a property of all dielectric materials whereby they polarize in response to deformation gradients such as those produced by bending1,2,3,4,5. Although it is generally thought of as a property of dielectric insulators, insulation is not a formal requirement: in principle, semiconductors can also redistribute their free charge in response to strain gradients. Here we show that bending a semiconductor not only generates a flexoelectric-like response, but that this response can in fact be much larger than in insulators. By doping single crystals of wide-bandgap oxides to increase their conductivity, their effective flexoelectric coefficient was increased by orders of magnitude. This large response can be explained by a barrier-layer mechanism that remains important even at the macroscale, where conventional (insulator) flexoelectricity otherwise tends to be small. Our results open up the possibility of using semiconductors as active ingredients in electromechanical transducer applications.
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                    Figure 1: Barrier layer model.


Figure 2: Capacitance of BTO.


Figure 3: Effective flexoelectricity of BTO.


Figure 4: Effective flexoelectricity of TiO2 and 0.05%Nb-doped TiO2.
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Extended data figures and tables

Extended Data Figure 1 Effective flexoelectric coefficients of semiconducting crystals of Nb-doped TiO2 (0.05%Nb by weight) as a function of sample thickness.
The red line is a linear fit to the data.


Extended Data Figure 2 EELS analysis.
Top, EELS spectra of a cross-sectional sample of BaTiO3, measured in a transmission electron microscope. There is no monotonic trend as a function of distance to the surface, so no indication that the surface (at least to a depth of 1.4 Î¼m) is any more (or less) oxidized than the bulk. A comparison with the shape of the EELS spectra of SrTiO3âˆ’Î´ (bottom-left; image reproduced from ref. 34, Macmillan Publishers Limited) or BaTiO3âˆ’Î´ (bottom-right; reprinted from ref. 35, with the permission of AIP Publishing) is consistent with Î´â€‰â‰¤â€‰0.14 for our crystals.


Extended Data Figure 3 Consecutive measurements of the flexoelectric coefficient for semiconducting BaTiO3âˆ’Î´.

Extended Data Figure 4 Conductivity of BaTiO3âˆ’Î´.
Total conductivity Ïƒâ€‰=â€‰Ïƒelectron + Ïƒion measured across the capacitor structure.


Extended Data Figure 5 Flexoelectricity of undoped TiO2 and Nb-doped TiO2.
The conducting Nb-doped sample (right) displays an effective flexoelectricity that is >2,000 times larger than the insulating sample (left). Note that the units are nC mâˆ’1 and Î¼C mâˆ’1 for TiO2 and Nb-TiO2 respectively.
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Making more of flexoelectricity
Flexoelectricity, the phenomenon in which a strain gradient induces spontaneous electrical polarization, could be enormously useful if the effect weren't usually so minuscule. Until now, flexoelectricity has been investigated mainly as a property of dielectrics. Here Gustau Catalan and colleagues demonstrate the existence of effects similar to flexoelectricity in semiconductors, an environment in which the effect might be greatly enhanced. The authors reasoned that if the interfacial layers of a material are considered very thin capacitors, then the effective polarizability of this capacitor structure can be amplified if the charges are able to move freely. By applying this concept to barium titanate doped with oxygen vacancies to increase conductivity, they show that the effective flexoelectricity is enhanced by several orders of magnitude. This method of enhancing the flexoelectric response could be of practical use, for instance in flexoelectricity-based sensors.
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