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Abstract 

The flexoelectric effect, which manifests itself as a strain-gradient-induced electrical 

polarization, has triggered giant interest due to its ubiquitous existence in crystalline 

materials without the limitation of lattice symmetry. Here, we propose a flexoelectric 

photodetector based on a thin-film heterostructure. This prototypical device is demonstrated 

by epitaxial LaFeO3 thin films grown on LaAlO3 substrates. A giant strain gradient of the 

order of 106 /m is achieved in LaFeO3 thin films, giving rise to an obvious flexoelectric 

polarization and generating a significant photovoltaic effect in the LaFeO3-based 

heterostructures, with nanosecond response under light illumination. This work not only 

demonstrates a novel self-powered photodetector different from the traditional interface-type 

structures, such as the p-n and Schottky junctions, but also opens an avenue to design 

practical flexoelectric devices for nanoelectronics applications. 
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It is well known that strain engineering can change lattice structure and modulate 

electronic, magnetic, and optoelectronic properties of crystalline materials. A number of 

intriguing functionalities absent in their bulk counterparts are therefore created in strained 

thin-film heterostructures. For example, uniform in-plane strains induce room-temperature 

ferroelectricity in paraelectric SrTiO3 (STO) heterostructures 1 and nanometer-scale 

polar-skyrmion bubbles in (PbTiO3)n/(STO)m superlattices 2. Furthermore, with a strain 

gradient that breaks inversion symmetry, an electric polarization, i.e., a flexoelectric 

polarization (Pl), can be generated in centrosymmetric materials due to the flexoelectric effect, 

which provides new opportunities for the manipulation of their physical properties. The Pl is 

given by 3 

𝑃! = 𝜇"#$!
%&!"
%'#

                                   (1) 

where 𝜕𝑒"#/𝜕𝑥$ is the strain gradient and 𝜇"#$! the flexoelectric coefficient, which scales 

with the dielectric susceptibility of the material (𝜀"#) and obeys 𝜇"#$! = 𝛾$!𝜀"#
&
(
 (𝛾$! is a 

constant related to the material, e the electron charge, and a the lattice constant). As a 

fourth-rank tensor determined physical phenomenon, the flexoelectric effect can exist in all 

32 point groups regardless of the lattice symmetry 3. This ubiquitous feature provides a wide 

material selection for the design of flexoelectric devices with diverse functionalities. Typical 

examples are complex oxides, in which the asymmetric loading of stresses applied on 

trapezoid-shape structures (Figure 1a) and flexure-mode composites first demonstrated 

flexoelectric effects in nonpiezoelectric materials, revealing the possibilities of giant 

piezoelectric responses comparable with or beyond those achievable in ferroelectrics 4-7.  

Given that the strain gradient is inversely proportional to the material dimension, the 

flexoelectric effect may become more pronounced and affect physical properties more 
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significantly with decreasing feature size. For example, bendable devices (Figure 1b) with 

specially designed structures of Pb(Zr,Ti)O3 ribbons, (Ba,Sr)TiO3 beams, and SrTiO3 

micro-cantilevers can generate a strain gradient of 10-1 ~ 104 /m. These structures have been 

utilized in energy harvesters 8-9, curvature sensors 8, and actuators10. Shu et al reported that 

flexoelectric effect in halide perovskites can be enhanced by orders of magnitude by 

illumination and therefore beneficial for its application in energy harvesting11. By using 

scanning transmission electron microscopy (STEM), Tang et al12 observed strain gradients at 

the centers of flux closure domains in ferroelectric films as high as 109 /m. Enhanced 

nanoscale flexoelectric effects have also been achieved by using the atomic force microscopy 

(AFM) technique, in which the AFM tips apply loading forces and induce strain gradients 

underneath the sample surface. Therefore, mechanical modulations of various electrical 

properties, such as the ferroelectric polarization switching 13-14, the migration of charged 

defects 15, the mechanical control of charge-carrier transport16-17, and the strain 

gradient-induced photovoltaic effect 18, have been observed. Lee et al demonstrated a 

flexoelectricity-controlled rectification effect in epitaxial HoMnO3 thin film19. In addition, it 

has been observed that the flexoelectric polarization can modulate electron transport of 

2-dimensional electron gases in LaAlO3/STO heterostructures20. These advances suggest 

giant potential for the application of the flexoelectric effect in nanoelectronics devices.  

Here, we propose a flexoelectric photodetector based on thin-film heterostructures. As 

depicted in Figure 1c, this optoelectronic device has a two-terminal metal/oxide/metal 

structure, in which a strain gradient along the out-of-plane direction is introduced in the oxide 

layer by gradually relaxing the heteroepitaxial lattice-mismatch strain between the film and 

substrate. The inherently-formed nonlocal strain gradient generates a flexoelectric 

polarization throughout the oxide layer (Figure 1c). Under light illumination, the 

photo-excited carriers are separated and migrate toward the metal electrodes due to the 

flexoelectric polarization induced band bending in the oxide layer (Figure 1d). As a result, we 

observed a photovoltaic effect with photocurrent of 0.3 mA/cm2 and a photovoltage of 0.4 V, 
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which is comparable to junction-based photodetectors. In addition, owing to the universal 

existence of the flexoelectric effect, the proposed photodetector can be customized by diverse 

materials 18, 21-24 with band gaps matching the wavelength of light to be detected, as shown in 

Figure 1e.  

In the present work, a perovskite oxide LaFeO3 (LFO), which exhibits a bandgap of ~2.6 

eV (Figure S3), corresponding to a wavelength of 475 nm (blue light), is selected as the 

photoactive layer. LFO has an orthorhombic perovskite structure, with an average 

pseudocubic lattice parameter of 3.924 Å, facilitating epitaxial growth on commercial single 

crystalline substrates. Pseudocubic (001)-oriented LAO is adopted as the substrate, which has 

a lattice constant of a=3.81 Å, resulting in a large compressive strain of 2.99% in the LFO 

layer. Ultrathin LaNiO3 (LNO) with a thickness of 6 nm is first grown on the LAO substrate 

as the bottom electrode. As a comparison, we also grow LFO thin films on cubic 

(001)-oriented STO substrates (a=3.905 Å). The lattice mismatch between LFO and STO is 

only 0.48%, much smaller than that on the LAO substrate. Figure S1a shows X-ray 

diffraction patterns of LFO/LNO/LAO and LFO/LNO/STO heterostructures, in which only 

(00l) Bragg reflections can be observed in a 2θ range of 42o to 50o, suggesting epitaxial 

growth of the LFO thin films. In addition, due to the larger in-plane compressive strain, the 

(002) Bragg reflection of LFO/LNO/LAO locates at a lower 2θ than that of the 

LFO/LNO/STO. AFM images (Figure S1b) indicate atomically-smooth surfaces of the LFO 

thin films with a root-mean-square roughness of ～0.1 nm.  

As shown in Figure 2, the lattice structure of the LFO thin films is visualized by means of 

STEM using atomic resolution high angle annular dark field (HAADF) images. Because the 
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brightness of the HAADF image is approximately proportional to Z2 (Z is the atomic number), 

the brightness of heavier atoms is much higher than that of lighter atoms 12. As shown in 

Figure 2c and 2e, the LFO thin films show cube on cube growth on both the LAO and STO 

substrates and the interfaces between the LFO layers, the LNO bottom electrodes, and the 

substrates (LAO or STO) can be easily distinguished, as indicated by the cyan dashed lines. 

The thickness of the LFO thin films is therefore determined as 11.5 and 10.5 nm on LAO and 

STO, respectively. The relaxation of heteroepitaxial misfit strain is quantified by geometric 

phase analysis (GPA) 12, 25-26, and the distributions of in-plane strain exx calculated relative to 

the substrate are demonstrated in Figure 2d and 2f, respectively, for the LFO/LNO/LAO and 

LFO/LNO/STO heterostructures. One can find that the strains in the 6 nm-thick LNO bottom 

electrodes are almost the same as that of the LAO and STO substrates, indicative of the 

coherent epitaxial growth of the ultrathin LNO, which facilitates the strain modulation of the 

upper LFO layers with the substrates. For the LFO on LAO substrate, a terraced color 

mapping with increasing exx from ~0 at the LFO/LNO interface (light yellow) to ~0.04 at the 

surface (dark green) is observed, as shown in Figure 2d. The gradual relaxation of in-plane 

strain is realized by the formation of dislocations, as indicated by the dashed red circle in 

Figure 2c. A line profile of the exx in the representative region along the blue arrow in Figure 

2d is plotted in Figure 2g for clarity. The in-plane strain increases linearly from ~0 up to 3.8 % 

in the LFO layer within a thickness of 11.5 nm, which results in a strain gradient 𝜕𝑒))/𝜕𝑧* 

of ~3´106 /m along the [001] direction (Figure 2g). However, in the LFO/LNO/STO 

heterostructure the calculated exx is ca. 0.3% (Figure 2h), smaller than 0.5 %, the resolution 

limitation of the GPA method 27-28, and no obvious strain gradient can be observed. (More 
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details about the structure relaxation of the LFO thin films on STO substrates with different 

thickness are shown in Figure S14.) 2-dimensional distribution of the strain gradient of the 

LFO thin films with different thickness can be seen in Figure S8. 

The effective flexoelectric coefficient μxz of 70 nC/m of the LFO thin films is measured 

using a cantilever beam bending method (Figure S4). However, it should be noticed that such 

value includes contribution from both flexoelectric response and piezoelectricity, which 

cannot be distinguished from each other29-30. The electron energy loss spectra of the L edge of 

Fe were also recorded by STEM (Figure 2i, Figure S5). The L edge is induced by electron 

transitions from the 2p to 3d orbitals, and hence, the oxidation state of Fe ions can be 

revealed 31. It is observed that the L3 peak of the LFO thin film on the LAO substrate (Line 

profile 1, 2) shifts to a lower energy compared with that of the LFO on STO (Line profile 3, 

4), which indicates a lower oxidation state of Fe in the LFO/LNO/LAO heterostructure. The 

reduction of Fe ions may be a result of the trapping of electrons in the LFO layer, which 

screen the flexoelectric polarization, or could indicate the presence of oxygen vacancies, 

which are known to be one method for strain relaxation32-34. 

The effect of flexoelectric polarization on the band structure of Pt/LFO/LNO is depicted in 

Figure 3a and 3b. Figure 3a depicts the band diagram of a Pt/LFO/LNO heterostructure 

without considering the existence of flexoelectric polarization. It can be seen that the 

Schottky barriers ∅+,-.  and ∅+,/.  at Pt/LFO and LFO/LNO interfaces are 1.6 eV and 0.8 eV, 

respectively, compared to the work function of Pt (5.3 eV), LNO (4.5 eV), and the electron 

affinity of LFO (3.7 eV). The Schottky junction contributed photovoltaic effect is therefore 

dominated by the higher Schottky barrier at Pt/LFO interface. The photogenerated carriers 
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can be separated and the electrons (holes) would flow out (into) Pt electrodes. In such case, 

the photovoltaic current density-voltage (J-V) curve would appear in the fourth quadrant as 

shown in Figure 3c. (Voltage is applied on the top metal electrode while the LNO bottom 

electrode is grounded). However, when taking flexoelectric polarization into consideration, 

the band diagram of the Pt/LFO/LNO heterostructure is expected to be tuned, as the 

appearance of polarization is always companied by band tilting35-36. The actual barrier heights 

at the Pt/LFO (ΦB01) and LFO/LNO (ΦB02) interfaces in the Pt/LFO/LNO/LAO device are 

1.22 eV and 1.25 eV, respectively, as revealed by fitting the dark J-V curve with a thermal 

emission mechanism (Figure S6 and supporting text 7), and the band diagram is depicted in 

Figure 3b. It is observed that the energy band tilting direction is opposite to the case in Figure 

3a. Under illumination, the separated electrons (holes) would flow into (out) Pt, and therefore 

the photovoltaic current density-voltage (J-V) curve would appear in the second quadrant as 

shown in Figure 3c.  

The photovoltaic effects of Pt/LFO/LNO devices are shown in Figure 4a. For the 11 

nm-thick LFO on LAO substrate under blue light illumination, a significant photovoltaic 

effect with a short-circuit current density (Jsc) of 0.21 mA/cm2 and an open circuit voltage 

(Voc) of -0.2 V is observed in the second quadrant, indicating that the flexoelectric effect 

dominates the photocurrent, according to Figure 3c. In addition, with decreasing work 

function of the top electrode, the flexoelectric-induced band tilt should become more 

pronounced and, as a result, the absolute value of Voc observed in the metal/LFO/LNO/LAO 

devices increases (Figure S7). These results confirm the dominant effect of the flexoelectric 

polarization in determining the photovoltaic effect in Pt/LFO/LNO devices.  
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However, the I-V curve of the 11 nm Pt/LFO/LNO/STO device under illumination does not 

appear in the fourth quadrant. Instead, it crosses the zero point, which indicates no 

photovoltaic effect exists in the sample. The I-V curves and the relaxation of the LFO thin 

films of different thicknesses on STO substrates were further studied (see the supporting text 

11 in the Supporting information attached). These results suggest that the relaxation of misfit 

strain also occurs in the 11 nm LFO/LNO/STO structure, but the induced flexoelectric 

polarization is very weak and its effect is canceled out by the Schottky contacts (see the 

discussion in the supporting text 11). 

Since both the strain relaxation and the strain gradient 𝜕𝑒))/𝜕𝑧* are closely related to the 

film thickness (Figure S8 and Figure S9), the dark and illumination current density-voltage 

(J-V) curves of Pt/LFO/LNO/LAO devices are measured as a function of LFO thickness 

(Figure S10). The values of Voc and Jsc extracted are plotted in the inset in Figure 4a for 

clarity. As shown, the photovoltaic effect appears in Pt/LFO/LNO/LAO devices with 

thickness above 11 nm. In addition, the Voc increases with increasing LFO thickness from 11 

to 50 nm, while the Jsc peaks at an optimized thickness of 35 nm. The decrease of Jsc in the 50 

nm-thick LFO may be a result of the scattering of carriers by twist/tilt boundaries that are 

formed to release the rapidly increasing elastic energy with increasing thickness. More details 

about the structural relaxation of LFO heterostructures with varying thickness are 

characterized and discussed in the supplementary information (Supporting text 9). 

Figure 4b shows power density dependent J-V curves of a 35 nm-thick Pt/LFO/LNO/LAO 

device. One can see that Jsc increases linearly with increasing power density up to 20 W/cm2, 

while the Voc stays almost unchanged. The time-dependent Jsc without an applied bias is 

shown in Figure 4c, in which the Pt/LFO/LNO/LAO photodetector exhibits stable response to 

repeated light on/off cycles. In addition, when excited by a nanosecond laser pulse (Figure 
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S2), the device shows an ultrafast response of about 15 ns full width half maximum (FWHM, 

the inset in Figure 4c). The nanosecond photoresponse of the flexoelectric photodetector may 

benefit from the ultrafast carrier dynamics in perovskite oxides 37. Moreover, the responsivity 

and detectivity, which demonstrate the sensitivity of a photodetector to light 38, are evaluated 

over a wide temperature range, as shown in Figure 4d and discussed in supporting text 10. It 

is seen that the flexoelectric Pt/LFO/LNO photodetectors are very stable from 25 to 150 ℃, 

with a responsivity of 0.1 mA/cm2 and detectivity of 108 Jones. 

 

Table 1. Performance of the flexoelectric photodetector compared with other photo-detecting 

devices. 

Materials 
Band gap 

 (eV) 

Responsivity 
(A/W) 

Detectivity 
(Jones) Response time Reference 

LaFeO3 film 2.7 1×10-4 108 15 ns This work 

BaTiO3 film 3.2 1.4×10-1 1011 15.16/16.35 s 39 

BaTiO3 ceramic 3.2 4×10-7 3×105 0.4/1.6 s 40 

BaTiO3 ceramic 3.2 6×10-8 105 0.5/23.0 s 41 

BaTiO3 ceramic 3.2 2×10-7 4×105 0.5 s 42 

BaTiO3 single crystal 3.2 1×10-5 1×108 1 ns 43 

Pb(Zr,Ti)O3 film 3.6 1.5×10-2 2×1010 50 ms 44 

(Pb,La)(Zr,Ti)O3 film 3.6 1.75×10-5 —— —— 45 

BiFeO3 film 2.67 1.5×10-4 —— 11.8/23.6 ns 46 

BiFeO3 ceramic 2.67 6.0×10-4 1012 0.6 s 47 

 

In summary, we have designed and fabricated flexoelectric photodetectors by utilizing 
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the structural relaxation of LFO thin films grown on lattice mismatched substrates. The 

atomic resolution HAADF-STEM images reveal a giant strain gradient on the order of 106 /m 

in the LFO thin film, and the resulted flexoelectric polarization gives rise to a spontaneous 

photoresponse in the Pt/LFO/LNO/LAO devices with a responsivity of 10-4 A/W, detectivity 

of 108 Jones, and a response time of 15 ns. Self-powered photoresponse properties have also 

been reported in ferroelectric oxides, such as BaTiO3 single crystals, BiFeO3 ceramics, 

micrometer-thick Pb(Zr,Ti)O3 films, and coplanar-electroded BiFeO3 heterostructures, for the 

detection of ultraviolet light, as listed in Table 1. Our Pt/LFO/LNO/LAO photodetectors 

exhibit comparable or superior performance in comparison with these ferroelectric devices. 

More importantly, the flexoelectric photocurrents in the present work are achieved in 

ultrathin LFO layers of only 11 nm in thickness and our proposed concept of a flexoelectric 

photodetector can be applied to a wide spectrum of materials, regardless of their crystalline 

symmetries. These merits will facilitate the development of microminiaturized devices with 

diverse optoelectronic applications, such as integrated optical communication and biomedical 

imaging. 
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Figure Captions 

Figure 1. Flexoelectric effect caused by strain gradients of different scales. Flexoelectric 

polarization induced by (a) asymmetric application of stress in a trapezoid structure, (b) 

bending a microribbon and (c) the relaxation of mismatch strain in a thin-film heterostructure. 

The yellow arrows indicate the flexoelectric polarization. In the strained-engineered 

heterostructure, photoexcited carriers can be separated by the flexoelectric polarization and 

thus generate a photocurrent. (d) Schematic of the energy bands in the partially relaxed 

heterostructure with flexoelectric polarization. (e) The solar spectrum and corresponding 

band gaps of the materials with reported flexoelectric effects. 

 

Figure 2. Misfit strain relaxation of LFO thin films on LAO and STO substrates. Schematics 

of strain relaxation and lattice distortion of (a) LFO/LNO/LAO and (b) LFO/LNO/STO, 

respectively. HAADF images of (c) LFO/LNO/LAO and (e) LFO/LNO/STO, respectively. In 

(c), the red dashed cycle indicates a dislocation. The in-plane strain exx of (d) LFO/LNO/LAO 

and (f) LFO/LNO/STO calculated from the HAADF images (c and e) by the GPA method. 

In-plane strain exx and the corresponding strain gradient 𝜕𝑒))/𝜕𝑧* of the (g) LFO/LNO/LAO 

and (h) LFO/LNO/STO heterostructures along the blue thick arrows in (d) and (f), 

respectively. (i) EELS spectra of the Fe L edge in different regions of the LFO/LNO/LAO 

(profile lines 1, 2) and LFO/LNO/STO (profile lines 3, 4), respectively.  
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Figure 3. The mechanisms of photovoltaic effects in Pt/LFO/LNO/LAO devices. (a) Band 

diagram of the Pt/LFO/LNO heterostructure when only considering Schottky contact. The 

Schottky barrier ∅+,-.  and ∅+,/.  at Pt/LFO and LFO/LNO interfaces are 1.6 eV and 0.8 eV, 

respectively. (b) Band diagram of the Pt/LFO/LNO heterostructure when considering 

Schottky contact and the existence of flexoelectric polarization. The Schottky barrier ∅!"# 

and	∅B02 at Pt/LFO and LFO/LNO interfaces are 1.22 eV and 1.25 eV, respectively. The blue 

and yellow balls represent photogenerated electrons and holes and the arrows denote their 

flow direction. The (c) The photovoltaic effects dominated by the flexoelectric polarization 

(green solid line) and the interfacial Schottky barrier (red dashed line) in the Pt/LFO/LNO 

devices. 

 

Figure 4. The flexoelectric photovoltaic effects in Pt/LFO/LNO devices. (a) J-V curves of the 

~11 nm-thick Pt/LFO/LNO on LAO and STO substrates with and without illumination. The 

inset shows the Jsc and Voc of Pt/LFO/LNO/LAO as a function of LFO thickness. (b) 

Illumination J-V curves of a 35 nm Pt/LFO/LNO/LAO device with increasing power density 

of blue light. The inset shows the power-density-dependent Jsc. (c) Time-dependent Jsc of the 

35 nm Pt/LFO/LNO/LAO as the light is switched on and off. The inset shows the nanosecond 

response of the device under illumination of a nanosecond pulse laser. (d) Responsivity and 

detectivity of the 35 nm Pt/LFO/LNO/LAO over a wide temperature range from 25 to 

150 ℃. 

 


