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Abstract 

Flexoelectricity describes a material¶V�HOHFWULFDO�SRODUL]DWLRQ�LQ�UHVSRQVH�WR�a strain gradient. 

Recent studies have expanded the intrinsic flexoelectric effects to a new modulation 

strategy in a wide range of functional materials, making the enhanced flexoelectricity a 

great potential for application as flexible electronics.  The nature of flexoelectricity 

eliminates the restrictions, like the Curie temperature in many piezoelectric materials, and 

allows the existence and coupling with other physical properties in all materials from 

insulator to semiconductor as well as conductor. The coupling between flexoelectricity and 

photovoltaics (PV), as one of the most promising phenomena from the application point of 

view, has triggered many investigations and discussions in the flexoelectric community. 

However, there still lacks a clear physical picture to describe the flexo-photovoltaic effect, 

where the interactions between photon, charge, and polarization make the mechanism more 

complicated. 

           In this work, the photo-flexoelectric (photoflexoelectric) effect in perovskite 

structured SrTiO3 (STO) single crystal was demonstrated and the coupling mechanism 

between its photovoltaic and flexoelectric effect was revealed. Driven by the flexoelectric 

field, incident light-induced electrons can tunnel through the Schottky junction at the 

Au/STO interface, giving rise to enhanced flexoelectricity, i.e., photoflexoelectric effect. 

Thermal annealing in vacuum induces oxygen vacancies in STO and results in stronger 

light absorption and enlarged photoflexoelectric effect. These results help us to understand 

the mechanism of flexoelectricity and the photoflexoelectric effect and may provide hints 
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of more correlation effects between flexoelectricity and photon-charge interaction. The 

increased flexoelectric coefficient may also have application prospects like energy 

harvesters and sensors. 

The doping effect has also been studied in TiO2 crystals. It is found that by 

introducing hydrogen dopants in TiO2, the effective flexoelectric coefficient can be 

enhanced by more than two orders of magnitude compared to the pristine sample. A 

hydrogen charging technique has been achieved, and hydrogen doping in TiO2 has been 

obtained. The mechanism of influence on the flexoelectricity by hydrogen doping in TiO2 

single crystal is attributed to the potentially formed polarization by crystal symmetry 

breaking due to the existence of H ions in the crystal lattice. These results broaden the 

horizon of study on the flexoelectricity effect in dielectric materials. 

The results of this thesis demonstrate some new approaches and techniques to 

enhance both the intrinsic and extrinsic flexoelectricity of STO and TiO2 crystals. These 

methods could be extended to different materials and find potential applications in flexible 

electronic devices. The physics and mechanism behind also deserve further studies. 
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&KDSWHU�, 

,QWURGXFWLRQ�DQG�/LWHUDWXUH�5HYLHZ 

1.1 Introduction and motivation of the research 

)OH[RHOHFWULFLW\�GHVFULEHV�D�PDWHULDO¶V�HOHFWULFDO�SRODUL]DWLRQ�LQ�UHVSRQVH�WR�a strain gradient. 

This effect was thought to be negligible for a long time due to its much smaller magnitude 

compared to other electromechanical effects such as piezoelectricity. However, the 

emergence of flexible electronic devices, such as the bendable mobile phone, makes the 

study of flexible materials and related physics very attractive and timely urgent. For 

flexible electronic devices, the material can be subjected to a large strain gradient and 

induce a phenomenon called the flexoelectric effect.  

Many recent studies have largely expanded the flexoelectric effects from a simple 

polarization concept to a new modulation strategy in a wide range of functional materials,3,4 

therefore, opening a new area of flexible electronics. 5  The idea of utilizing flexo-

SRODUL]DWLRQ�WR�WDLORU�PDWHULDO¶V�SK\VLFDO�SURSHUWLHV�LV�DWWUDFWLQJ�PRUH�DWWHQWLRQ�EHFDXVH�RI�

a key fact: flexoelectricity is generated from a strain gradient and is naturally accompanied 

by the symmetry breaking of the lattice.6,7 This fact eliminates the restrictions, like the 

Curie temperature in many piezoelectric materials, and allows the existence and coupling 
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with other physical properties in all materials from insulator to semiconductor as well as 

conductor. 

The flexoelectric effect is a more common phenomenon than ferroelectric and 

piezoelectric effects which exist only in asymmetric crystal structures. Flexoelectricity 

describes the generation of electric polarization under mechanical strain gradient which 

can break crystal space inversion symmetry, while piezoelectricity refers to the generation 

of electric polarization from lattice deformations in non-centrosymmetric crystals. As 

shown in Fig. 1.1, the principle of flexoelectric is that uneven strain causes the material 

crystal lattice symmetry breaking, which in turn produces polarization6, 8,9,10,11. Since 

flexoelectricity is present in all-dielectric materials and is not affected by Curie temperature, 

its application prospects are greatly expanded.  

 

Figure 1.1 Origin of flexoelectric effect in solids. (a) Two-dimensional (2D) structure of elementary 

charges without dipole moment. (b) Under uniformly tensile strain for each unit cell, the tension 
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gradually varies from one cell to another. (c) Under inhomogeneous deformation, a dipole moment 

via the flexoelectric effect was induced within the unit cell.12 

 

However, the physics behind the flexoelectric effect is yet to be fully understood, 

especially when this effect is coupled with other effects such as piezoelectricity, 

electrostatic charges, or in a complex structure such as thin-film heterostructures. In 

addition, in recent years, this topic has begun to receive more attention due to the 

enhancement of flexoelectricity in some thin films and specially designed structures which 

give rise to potential applications in electronic devices. 

Due to the presence of flexoelectricity, when the material is deformed under 

inhomogeneous strain, the strain gradient can be equivalent to an applied electric field. 

With this equivalent electric field, the physical properties of the material can change greatly, 

giving us more room for the imagination of the coupled effect of flexoelectric with other 

effects such as ferroelectricity, ferromagnetism, and even flex-photovoltaics. For example, 

the flexoelectric field can be utilized as a modulation method to optimize the performance 

of conventional solar cells and photodetectors. 

Nevertheless, there are also many issues and arguments in this field. For example, 

recently, a report in Science showed that uneven deformation can stimulate the photovoltaic 

effect in centrosymmetric materials such as SrTiO3 (STO)13. However, the results produced 

by AFM tips pressure are arguable, since the tip and sample surface interaction may result 

in a very complicated situation that is far different from their expectations14.  Therefore, it 



 

    THE HONG KONG POLYTECHNIC UNIVERSITY 

19 

 

is desired to demonstrate these modulations such as flexo-photovoltaics in a bulk sample 

through a macroscopic approach. 

Centrosymmetric materials such as SrTiO3 and TiO2 are very good templates for 

the study of coupling between flexoelectricity and other factors such as light and doping 

since their flexoelectric coefficients are relatively quite large among metal oxides and their 

crystal structures are relatively easy to analyze. As shown in Fig. 1.2, to enhance the 

flexoelectricity in some dielectrics, possible mechanisms have been proposed to be coupled 

into the flexoelectric effect, e.g., polar nanoregions, residual ferroelectricity, and surface 

piezoelectricity. 15 , 16  Zhang et al. 17  provided a suggestion that 70% of the increased 

flexoelectricity in BaTiO3 perovskites is due to the surface piezoelectricity.  

        

 
Figure 1.2 Possible mechanisms of enhanced flexoelectricity in dielectrics. In this thesis 

work, I propose to study enhanced flexoelectricity by light and doping. 
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In this thesis, their flexoelectric coefficients and the response to incident UV light 

for pristine and high-temperature annealed STO single crystals are studied, and coupling 

between the flexoelectric polarization, photo-induced current, and oxygen vacancy induced 

defects are revealed. To introduce dopants in bulk materials, the techniques of vacuum 

annealing (oxygen vacancy doping) and hydrolysis of water (hydrogen ions doping) are 

chosen to increase the density of charge carriers and possible electric polarization in the 

crystals. The findings in this work can help us to understand the mechanism of 

flexoelectricity and photo-flexoelectric effect and may extend present solar cell 

technologies by enhancing the solar energy conversion efficiency from a wide pool of 

established semiconductors5. The increased flexoelectric coefficient may also have 

application prospects like energy harvesters,18 light sensors,19 and accelerometers.20,21  

 

1.2 Literature review 

According to different conduction modes under applied electric field, materials are 

generally divided into three classes: conductors, semiconductors, and insulators. Recently, 

a common physical phenomenon, flexoelectricity, has attracted a lot of research interest in 

insulators due to its potential applications in many fields such as memory, sensors, domain 

engineering, actuators, defect tailoring, energy harvesters, and nanoelectronics6,22,23,24.  The 

flexoelectricity refers to the contribution of the linear proportionality between the strain 

gradient and the electric polarization, which can be written as:  
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ܲ ൌ ߤ ή
డఌೖ
డ௫ೕ

                                                      (1.1) 

where ܲ � is the flexoelectric polarization component, ߝ is the strain component, and ߤ 

is the flexoelectric coefficient. The breaking of the lattice centrosymmetry contributes to 

the flexoelectricity, where the centers of net positive and negative charges move to opposite 

directions under a mechanical strain. Figure 1.3 shows a schematic demonstration of the 

flexoelectric effect under mechanical strain gradient. 

 

 

Figure 1.3 Schematic demonstration of flexoelectric effect under mechanical strain 

gradient, where P represents flexoelectric induced polarization and E represents the 

internal field induced by surface charges generated from flexoelectric effect. 

  

In the most general case, a polarization can result from both flexoelectric and 

piezoelectric effects, i.e.: 

                   ܲ ൌ ߤ
డఌೕೖ
డ௫

ሺ݂݈݁ݔǤ ሻ  ݀ߪሺݖ݁݅Ǥ ሻ                                  (1.2) 
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In this equation, ܲ is the polarization vector; ߪ is the second-order strain tensor; ݀ is 

the third-order piezoelectric material property tensor; and ߤ is the component of the 

flexoelectric tensor. As illustrated in Fig. 1.4, when a uniform strain is applied, electric 

polarization is generated from a non-centrosymmetric piezoelectric material. However, 

under an applied non-uniform strain, even centrosymmetric crystals locally induce charges. 

Different from piezoelectricity, flexoelectricity may be an all-inclusive property allowed 

in any structure, and thus broadens the choice of materials that can be utilized for 

electromechanical sensors and actuators.  

 

Figure 1.4 (a) piezoelectricity due to strain, and (b) flexoelectricity due to strain gradient25 

  

If the polarization at the surface of the plate changes continuously from its bulk 

value P to zero outside the plate, the polarization gradients at the plate surfaces should 

create some stress via the converse flexoelectric effect, resulting in forces applied to the 
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opposite surfaces of the plate.11 The Bursian-Trunov¶V approach treats the total free energy 

of the plate, implicitly considering the surface effects, where the forces are applied to the 

surfaces.25 Eliseev et al. considered a similar bending effect that a bending-mode 

flexoelectric sensor working as an actuator will be characterized by the same effective 

piezoelectric constant. 26  For more general boundary conditions, the situation is more 

complex and requires the use of modified mechanical boundary conditions12,13. Indenbom 

et al. 27 and Eliseev et al. 13 derived modified boundary conditions for the polarization.  

 When an inhomogeneous strain or stress is induced in a perovskite material, a 

flexoelectric polarization field can be generated due to the flexoelectric effect28,29,30,31. This 

field not only presents on the material surface but also distributes inside the crystal over a 

range of lengths or volumes owing to the enormous non-uniform local strain. The inner-

crystal polarization field has a huge impact on the concentration and distribution of free 

carriers at the metal-semiconductor interface as well as inside the semiconductor, causing 

band-structure engineering of both the metal-semiconductor interface and the inner crystal. 

In general, the negative flexoelectric polarization potential induced at the semiconductor 

side can repel electrons while attracting holes near the interface, enabling the energy band 

to be bent upward. Thus, strain-gradient-induced flexoelectric polarization can effectively 

modulate the interface Schottky barrier height and width, thereby controlling the charge 

transport, in a manner analogous to the piezotronics effect32,33,34,35. The magnitude and 

polarity of the flexoelectric potential depend on that of the applied inhomogeneous stress 

or strain. This is the flexo-electronic effect (also been called flexotronics), which is 

universal and persistent as well as exists widely in most semiconductors. The use of the 
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LQQHU�FU\VWDO�IOH[RHOHFWULF�SRODUL]DWLRQ�SRWHQWLDO�DV�D�µJDWH¶�FRQWUROOLQJ�VLJQDO�WR�PRGXODWH�

the barrier profile and achieve a tunable electronic process is the basis of flexo-electronics. 

Flexoelectricity as a strain gradient-driven breaking of the local centrosymmetry 

can also be visualized at the microscopic level. For a simple perovskite structure, a vertical 

gradient of induced in-plane strain can result in the central cation being squeezed up, 

breaking the local centrosymmetry and inducing polarity. This analogy, based purely on 

steric considerations, is critical but close to the idea given by Bursian & Zaikovskii36 that 

the central ion in the perovskite STO must shift down on bending or, vice versa, that 

bending must appear due to the shift of the Ti ion. The strain gradient in a shock wave 

makes unequal distances between the atomic planes, causing a local breaking of 

centrosymmetry. The above examples are all simple perovskite structures, with rigid ions 

shifting and polarization.  

 In 2011, Catalan found a large strain gradient in the in-plane and out-of-plane 

directions due to lattice mismatch between the twin domains of the PbTiO3 epitaxial film. 

They demonstrated that the flexoelectric polarization strength caused by this strain gradient 

is equivalent to the ferroelectric polarization of the film, and the superposition of the two 

polarizations can cause the change of the domain polarization in the direction and 

magnitude.23  

 In 2018, Gao et al. of Peking University conducted atomic-scale measurement of 

the strain gradient and polarization of the misaligned center in the STO crystal by 

aberration-corrected scanning and transmission electron microscopy, from which atomic-

scale experimental evidence of the flexoelectric effect was established.37 As shown in Fig. 
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1.5, near the center of the misalignment of a 10º small-angle tilting grain boundary in the 

STO crystal at room temperature, they directly observed the stable electric dipole induced 

by the flexoelectric effect, which lead to the distortion of the oxygen octahedron near the 

center of the misalignment. 

 

Figure 1.5 Microscopic image of strain gradient and polarization of the center of the 

misalignment in the STO crystal 41. 

  

Nevertheless, an in-depth understanding of the physical mechanisms of 

enhancement of thin-film flexoelectricity is still not well addressed. One reason is that the 

traditional thin films we studied are mainly on a certain substrate, therefore, the interfacial 
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structure and substrate contribution to the flexoelectric effect are coupled together. The 

other reason is that those oxide thin films on a fragile substrate can only induce very little 

strain gradient. These make the study of oxide thin film flexoelectric effect quite difficult.  

Besides the above-mentioned oxide crystals, the flexoelectric effect is also proven 

to play a crucial role in biological functions like the auditory systems38 and bone repairing 

and remodeling process39. Very recently, theoretical work even shows that the charge 

separation in triboelectric effect could be driven by a flexoelectric potential difference at 

the nanoscale asperities40. All these highly inspiring results not only reveal the ubiquity of 

the flexoelectric phenomenon but also suggest that further investigation of flexoelectricity 

can help scientists understand more physical phenomena and stimulate more applications.  

 For thin-film electronic devices, the interfacial structure between the film and the 

substrate may also cause an abnormal increase in flexoelectricity. In 2011, T.W. Noh at 

Seoul National University and J.F. Scott of the Cambridge University jointly reported an 

epitaxial strain relaxation induced giant flexoelectric effects in HoMnO3 (HMO) films (Fig. 

1.6). Compared with conventional bulk materials, the flexoelectricity of this thin-film 

material has an enhancement of six orders of magnitude44. However, an in-depth 

understanding of the physical mechanisms of enhancement of thin-film flexoelectricity is 

still not well addressed. 
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Figure 1.6 Schematic diagram showing a PO2 controlled epitaxial strain relaxation and its 

influence on the domain configurations and hysteresis curves through a giant flexoelectric 

effect2. 

  

For sensor application of flexoelectric effect, sensitivity is a key parameter. The 

sensitivity (S) for acoustic sensors, for example, cochlea, can be calculated by the equation 
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S =V/P (voltage/sound pressure)41,42, 43. Recently, freestanding perovskite oxides have 

emerged as candidates for very large flexoelectricity due to their extremely large strain 

gradient. It is expected that the acoustic sensor based on the freestanding perovskite oxide 

films should have a much broader bandwidth and higher sensitivity than the commercial 

acoustic sensors based on PVDF ferroelectric polymer which has a sensitivity of about 50 

mV/Pa.  

 The important functions of the cochlea are not only the conversion of the acoustic 

wave to electrical signals but also the frequency selectivity44,45. Therefore, the acoustic 

sensor should realize both the frequency selectivity and the conversion of the acoustic wave 

to the electrical signal through either flexoelectric or piezoelectric or their combined effect 

with freestanding oxide perovskite.  

 Figure 1.7 shows a designed acoustic sensor and the setup of the testing system 

which has been used by other research groups46 47. The freestanding film will be coated 

with Au electrode on both sides and a few micrometer-thick parylene as supporting layer 

(before being removed from the substrate, the film should be coated with Au electrode and 

parylene; and after dissolving the scarified layer, the film can be transferred to a flexible 

substrate such as PMA and then the other side should be coated with the patterned 

electrode). Parylene is a conformal protective polymer coating material utilized to 

uniformly protect and support the freestanding layer, and such device is highly flexible. 

The wedge shape of the chamber and the difference in gap widths make this device 

workable in liquid or air (the chamber can be filled with water). The resonance frequencies 
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corresponding to different gap widths at the electrode area can be calculated based on finite 

element simulations.    

 

Figure 1.7 (a) Schematic diagram of the acoustic sensor device and testing setup. and (b) 

a cross-sectional structure of the device. The electrical signal detected between the bottom 

and top electrodes will be magnified by the amplifier and displayed on a digital 

oscilloscope. Through FFT analysis, the frequency of the read signal and input signal from 

the loudspeaker can be compared. 

  

Some possible applications where flexoelectricity could be involved are developed. 

Wang and Wang48 suggested an analytical model for a vibration-based circular energy 

harvester consisting of a flexoelectric layer and a substrate layer. Zhang et al. 49 have 

described a curved flexoelectric actuator by using non-polarized PVDF. A BST-based 
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flexoelectric curvature sensor is suggested by Yan et al.50 Sarlo51 has proposed an airflow 

sensor with artificial hair cell, as shown in Fig. 1.7. 

 

Figure 1.7 Airflow sensor with artificial hair cell.  

 

1.3 Scope of the thesis 

This thesis is divided into 5 chapters. The basic information about the flexoelectricity and 

photovoltaic effect is introduced in this chapter. 

In Chapter II, the involved experimental techniques and setup will be illustrated. 

From the electrode deposition to the physical property measurement of the sample, 

technical parameters and the basics characterization results will be reported. The methods 

used to add strain to samples will be introduced. 

In Chapter III, oxygen vacancy and photoelectron enhanced flexoelectricity in 

perovskite SrTiO3 crystal will be introduced. The coupling of the photovoltaic effect and 

flexoelectric effect will be described to understand the enhanced flexoelectricity. 
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In Chapter IV, hydrogen doping enhanced flexoelectricity in rutile TiO2 crystal will 

be introduced. The principle under the coupling of flexoelectricity and hydrogen 

incorporation will be explained. 

In Chapter V, conclusions of the thesis, suggestions for future research works are 

given. 
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In this chapter, the general methods to characterize the flexoelectricity and photocurrent 

under UV light as well as their coupling effect are introduced. Sample preparing methods 

including high-temperature thermal annealing and hydrogen doping into single crystal 

oxides materials as well as electrode deposition are also introduced.  

 

2.1 Setup for flexoelectricity measurement  

For flexoelectricity measurement, a piezoelectric actuator is utilized to deliver an 

oscillatory force to the free end of clamped cantilever-shaped crystals beam with a 

capacitor structure. The oscillatory bending induces an alternating current that is measured 

with a lock-in amplifier connected to the electrodes with coaxial cable metal wires. The 

flexoelectricity measurement setup including the clamping system is shown in Fig. 2.1, 

where one can see that the STO single crystal is clamped rigidly on one side and bent by a 

piezoelectric actuator controlled by an electronic control system with feedback 

displacement measurement. For a photo-flexoelectric setup, a UV light source is directly 

laid on the top of the cantilever.  
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 To measure the alternating current under illumination, we used transparent 

electrodes based on ITO or semitransparent Au electrodes. A scheme of the experimental 

concept is shown in Fig. 2.1. The effective flexoelectric coefficients for STO are of the 

order of ~1 nC/m for both Au and transparent electrodes.  

 A transverse strain gradient is induced by bending the bulk crystal dynamically with 

a cantilever beam geometry, as shown in Fig. 2.1. A lock-in amplifier is used to collect the 

displacement current flowing between the upper and lower metallic electrodes to calculate 

the flexoelectric polarization. Polymers and perovskite oxides can be studied in this beam 

bending method extensively. Unlike piezoelectricity, the polarization due to 

flexoelectricity in dielectrics is very small but sensitive. It still has the potential to be 

applied in the sensor area. Flexoelectric-like response enhancement in oxide 

semiconductors renders the flexoelectricity new attention. 
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Figure 2.1 The schematic view of the bending fixtures used to introduce dynamic strain 

gradient to the samples illuminated by 365nm UV light. P represents flexoelectricity 

induced polarization from negative to positive values due to bending type.  

  

Flexoelectricity as a strain gradient-driven breaking of the local centrosymmetry 

can also be visualized at the microscopic level. For a simple perovskite structure, a vertical 

gradient of induced in-plane strain can result in the central cation being squeezed up, 

breaking the local centrosymmetry, and inducing polarity. This analogy, based purely on 

steric considerations, is critical but close to the idea given by Bursian & Zaikovskii52  that 

the central ion in the perovskite STO must shift down on bending or, vice versa, that 

bending must appear due to the shift of Ti ion. The strain gradient in a shock wave makes 

unequal distances between the atomic planes, causing a local breaking of centrosymmetry.  

To measure flexoelectricity, a piezoelectric actuator is used to deliver an oscillatory 

force to the free end of clamped cantilever-shaped crystals, and the alternating current 

induced by the oscillatory bending is measured with a lock-in amplifier connected to the 

electrodes with coaxial cables. Using standard elastic deformation equations, for a point-

loaded single-clamped beam, the strain gradient is calculated from the deflection amplitude 

and the distance from the clamped side and actuator contact point, and the polarization is 

extracted from the amplitude of the oscillating current and the frequency of the actuator. 

The linear proportionality constant between polarization and strain gradient is the 

flexoelectric coefficient.  
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Figure 2.2 The setup of flexoelectric coefficient measurement. The cantilever bending 

method was used to measure the effective transverse flexoelectric coefficient. The current 

induced by the flexoelectric effect is collected by a lock-in amplifier. 

  

To realize both N-type and U-type bending, we design a ਓ shaped sample camping 

tool as shown in Fig. 2.3. By clamping a sample by two sides, three-point bending 
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(corresponding to N bending) can be realized; while by clamping the sample at one side 

only, a two-point U shape bending can be realized. 

 

Figure 2.3 The setup of flexoelectric coefficient measurement for U and N bending. The 

cantilever bending method is used to measure the effective transverse flexoelectric 

coefficient. 
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2.2 Flexoelectric coefficient  

To calculate the flexoelectric coefficient of crystals, a lock-in amplifier (Stanford Research 

SR830 DSP) is used to measure flexoelectricity generated current, which is converted into 

charging densities P by dividing the measured current by the driving frequency and the 

electrode area:  

ܲ ൌ
ܫ
 �����������������������������������ሺʹǤͳሻܣ߱

where A is the area of the electrodes and ߱ ൌ ߥߨʹ  is the angular frequency of the 

mechanical oscillation. An oscilloscope is used for real-time monitoring of the generated 

signals. A signal generator provides an a.c. voltage for the actuator with a fixed frequency 

of 127 Hz. 

 The strain gradient is calculated from the elastic equation for the vertical 

deformation Z0 of a point-loaded, single-clamp cantilever. The deformation can be 

considered quasi-static because the bending frequency (127Hz) is several orders of 

magnitude below the resonance frequency range of the cantilevers (tens of kHz). The 

clamped beam deformation is as follows:  

ሻݔሺݕ ൌ
ଶݔ߲

ଷܮ߲
ሺ͵ܮ െ  ሻ����������������ሺʹǤʹሻݔ

where Z0 is the vertical deflection delivered by the piezoelectric actuator at the end of the 

cantilever, L0 is the length of the cantilever, and x is the horizontal position along the 

cantilever with the origin at the clamping point. The strain gradient is the curvature of the 
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deflection function, which is the second derivative concerning x. the average curvature 

under the electrode is, therefore:  

డఌ
డ௫

ൌ ͵ ௭బ
బ
ሺܮ െ ሻݔ ൌ ଷ

ଶ
௭బ
బమ

�������������������;Ϯ͘ϯͿ 

The polarization is calculated from the current using equation (2.1), and the effective 

flexoelectric coefficient is defined as the induced polarization divided by the average strain 

gradient:  

ݑ ൌ ଶξଶூబ
ଷగబఠ

�����������������������������������;Ϯ͘ϰͿ� 

 

2.3 Photovoltaic effect measurement 

Flexoelectricity is a property that converts mechanical energy from inhomogeneous 

bending into electrical energy. Nowadays, because intrinsic flexoelectric coefficients of 

dielectric materials of any symmetry seem to be small, it is required to achieve larger 

deformations so that substantial flexoelectricity can be achieved. However, the discovery 

of the photo-flexoelectric effect in bulk dielectric crystals has altered this landscape, i.e. 

increasing flexoelectricity at the macroscale by combing flexoelectricity with the 

photovoltaic effect. 

 Based on the controversial reports about the photo-flexoelectric effect and our 

preliminary study on bulk materials, fundamentally this photo-flexoelectric remains to be 

an issue. The current results may only reveal the interfacial effect at the STO/electrode. 
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The photocurrent should enhance the intrinsic flexoelectric effect. To measure the 

photocurrent, the same setup as flexoelectricity measurement was used, and the DC 

induced by UV light was measured with a KEITHLEY 2400 source meter. 

 To measure photoelectricity, a piezoelectric actuator is applied to deliver an 

oscillatory force to the free end of clamped cantilever-shaped crystals with a capacitor 

structure. The oscillatory bending induces a current which is measured with a 2400 source 

meter connected to the electrodes with wires (Fig. 2.4). The upward side is defined as 

compression while the downside is defined as tension according to the strain state on each 

side.  

Figure 2.4 Schematic illustration of the oscillatory bending to measure direct current 

under zero voltage. A piezoelectric actuator is used to bend the cantilever-shaped STO 

capacitor in an oscillatory manner with transparent electrodes in the dark or under 

ultralight. 
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Figure 2.5 The setup of photocurrent measurement to test the photovoltaic effect. The data 

due to the photovoltaic effect is collected by KEITHLEY 2400 source meter. 

Piezoelectric Actuator 

KEITHLEY 2400 source meter 

UV light Source 

Waveform Generator 
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2.4 Samples Preparation 

2.4.1 SrTiO3 samples 

Among the family of perovskite, strontium titanate (STO) presents particularly a wide 

range of physical properties and draws more attention. In addition, STO is as well classified 

as a band insulator with a bandgap energy of 3.2 eV. At room temperature, stoichiometric 

cubic STO is a centrosymmetric paraelectric material with a lattice constant of a = 3.905 

Å, as illustrated in Fig. 2.4. If material is centrosymmetric to start with, it will proceed to 

be centrosymmetric under homogeneous deformation. STO crystal which has the common 

ABO3 structure is a cubic perovskite where every Sr is surrounded by twelve oxygen atoms 

and every Ti is surrounded by six oxygen atoms. Sr sites are located at the corners, and the 

Ti sites are the cell center with oxygen octahedral surrounded. The Sr atom is surrounded 

by 8 corner-sharing TiO6 octahedrons, and in some situations, it can be described as the 

alternatively stacking layers of SrO and TiO2 along the [001] direction. That is the reason 

why STO is selected as a material to verify that their origin excludes ferroelectric or 

piezoelectric effect. 
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Figure 2.6 Perovskite oxide ABO3 structure illustration. Single cubic cell with black Sr ions 

at the corners, a dark gray Ti ion at the center of the cube, and light grey O ions at the 

centers of every faces. 

  

The STO perovskite single crystals were commercially produced by the Hefei 

Crystal Technical Material Co., Ltd. The orientation for STO crystals is (100) and all 

miscuts are required to be smaller than 0.5º. Additionally, the size of samples is 10x5x0.5 

mm3 and both surfaces are polished.  
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2.4.2 Rutile titanium dioxide 

Titanium dioxide has three crystalline types, i.e. rutile, brookite, and anatase. Usually, the 

crystal structure of rutile is described in terms of the ion model based on Ti4+ cations and 

O2- anions. As shown in Fig. 2.7, the red oxygen sites are arranged in the form of distorted 

octahedra. The structure of a rutile unit cell is tetragonal. Baur53 has reported a=4.594 Å, 

c=2.959Å, and c/a=0.6441. 

 

Figure 2.7 The centrosymmetry oxide TiO2 structure illustration, the blue spheres are 

labeled Ti, and the smaller red spheres are O. 
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2.5 Hydrogen charging  

To study hydrogen doping induced effect to the enhancement of flexoelectricity, rutile 

structured TiO2 single crystal was selected, and the doping of hydrogen is through 

electrolysis water splitting. The TiO2 sample was placed in a 0.01M NaOH water solution 

at 25ºC and a dc voltage was applied between the silver-coated TiO2 sample and a Pt 

counter electrode in the solution, as shown in Fig.2.8. The silver electrode on the TiO2 

crystal (coated by silver past) acts as the cathode and the counter electrode acted as the 

anode. The crystal was then connected to the negative electrode of a 4.5 V dc voltage while 

the counter electrode was connected to the positive side. Electrolysis of water thus occurred 

due to the applied dc voltages and hydrogen gas was generated on the surface of the crystals 

while oxygen was evolved on the counter electrode. During this process, H+ ions can 

diffusion into the TiO2 crystal through a diffusion process driven by the electric field. This 

treatment is referred to as ³K\GURJHQ�FKDUJLQJ´�KHUHDIWHU��,Q�WKLV� thesis, the TiO2 single 

crystals were treated for 168 hours. The dc voltage was removed after the treatment and 

the crystals were taken out, cleaned, and dried. To study the effects of hydrogen charging 

in flexoelectricity, the TiO2 single-crystal before hydrogen charging (hereafter called the 

³FRQWURO�VDPSOH´�� DQG�DIWHU�K\GURJHQ�FKDUJLQJ��KHUHDIWHU�FDOOHG� WKH�³+-GRSHG�VDPSOH´��

were subjected to flexoelectric coefficient measurements. 
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Figure 2.8 Experimental setup for hydrogen charging in 0.01M NaOH solution, where Pt 

as anode and the TiO2 sample as cathode form an electric loop under 4.5 voltage. 

 The generation of hydrogen gas on the sample can be written as54  

ଶܱܪ  ݁ି ֜ ିܪܱ  ܪ  

ܪ  ܪ ֜  ଶܪ

where ܪ  represents a hydrogen-charged atom. In previous research, it was 

demonstrated that hydrogen atoms diffused into the ceramics and caused reduction 

reactions 55 . During hydrolysis, hydrogen ions reduced Ti ions from Ti4+ to Ti3+, 

accompanying a darkening in the appearance of TiO2 crystal. A possible mechanism can 

be expressed as56  

ܪ  ்ܶ݅ ֜ ܪ�
ή  ்ܶ݅ᇱ  
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where ܪ
ή represents a hydrogen ion in the interstitial site. The electron in ்ܶ݅ᇱ  is a weakly 

bonded electron acting as a charge carrier while an electric field is applied. 

 

2.6 Electrodes  

To observe the effect of light on the flexoelectricity, the conductive electrode coated on the 

sample surface should be transparent. In my project, I selected semi-transparent gold 

electrodes deposited by dc sputtering. The Au electrode was deposited by sputtering at base 

vacuum condition of 1x10-3 Torr filled with Ar gas with a partial pressure of 5x10-3 Torr, 

and the dc voltage of sputtering is 6.0 kV. The deposition time is controlled at 30 sec. 

resulting in the semi-transparent Au film with a thickness estimated as 5-10 nm. The 

absorbed light intensity of the crystal was measured by a photodetector. These experiments 

were performed with the rest of the laboratory in dark. 

 We chose Au instead of ITO because the film formed by Au sputtering on the upper 

and lower surfaces is more uniform and symmetrical than the film formed by sputter-

deposited ITO films. Coating of Au electrode avoids heating and annealing process used 

for ITO electrode coating which is not suitable for samples such as hydrogen doped TiO2 

since hydrogen will escape from the sample.  
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3.1 Introduction 

The coupling between flexoelectricity and photovoltaics (PV), as one of the most 

promising phenomena from the application point of view, has triggered many 

investigations and discussions in the flexoelectric community. Yang et al. firstly raised the 

idea of the flexo-photovoltaic effect, where the strain gradient induced polarization in 

centrosymmetry materials could induce PV effect analogous to ferroelectric PV effect.14 

Later on, Shu et al. discovered that ultraviolet light (UV) can enhance the flexoelectricity 

by two orders of magnitude for hybrid perovskites, and they further proved that such photo-

flexoelectricity can be a general property of semiconductors. 57  Recently, controllable 

photoconductance in a freestanding BiFeO3 membrane was demonstrated by Guo et al,58 

extending the research of photoflexoelectric effect to thin films. Though more studies are 

showing the effective coupling between flexoelectric and photoelectric properties, there 

still lacks a clear physical picture describing the flexo-photovoltaic effect, where the 

interactions between photon, charge, and polarity make the mechanism more complicated. 

Photo-enhanced flexoelectricity or flexoelectricity-enhanced photovoltaic effect, 

named photo-flexoelectric is an interesting topic and has application potential in photo-
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electro-mechanical devices. However, this effect is far from being well understood. In this 

work, we demonstrate the photo-flexoelectric effect in perovskite structured STO single 

crystal and reveal the coupling mechanism between its photovoltaic and flexoelectric effect. 

Driven by the flexoelectric field, light-induced electrons can tunnel through the Schottky 

junction at the Au/STO interface, giving rise to enhanced flexoelectricity, i.e., photo-

flexoelectric effect. Thermal annealing in vacuum induces oxygen vacancies in STO and 

results in stronger light absorption and enlarged photo-flexoelectric effect. 

 As the photoflexoelectric effect has been observed in STO,61 this cubic structured 

perovskite could be a good platform to investigate the coupling between flexoelectricity 

and photovoltaics. We are also motivated by the fact that oxygen vacancy density in 

materials can influence their flexoelectric property; as reported, three orders of magnitude 

larger flexoelectric coefficient has been reported in reduced BaTiO3 single crystal.7 It is 

known that after high-temperature vacuum annealing, STO single crystal shows distinct 

electrical transport property change through the accumulation of oxygen vacancies. 59 

Therefore, it is expected that stimulated by both light illumination and oxygen vacancies, 

a large flexoelectric response could be achieved in STO crystal.  
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3.2 Experimental details 

Two-side polished STO single crystal plates with a thickness of 0.5 mm used in this work 

are from MTI Corporation, and the bare crystals were cut into a beam shape with a size of 

5x10 mm2. Semitransparent gold electrodes of ~5 nm thick were sputter deposited on the 

two surfaces of STO plates forming a capacitor structure (electrode/STO/electrode). To 

measure flexoelectricity, a piezoelectric actuator was used to deliver an oscillatory force to 

the free end of clamped cantilever-shaped crystals, and the alternating current induced by 

the oscillatory bending was measured with a lock-in amplifier connected to the electrodes 

with coaxial cables. Using standard elastic deformation equations, for a point-loaded 

single-clamped beam, the strain gradient was calculated from the deflection amplitude and 

the distance from the clamped side and actuator contact point, and the polarization was 

extracted from the amplitude of the oscillating current and the frequency of the actuator. 

The linear proportionality constant between polarization and strain gradient is the 

flexoelectric coefficient. To measure the photocurrent, the same setup was used, and the 

DC induced by UV light was measured with a KEITHLEY 2400 source meter. 

 The light absorption spectrum of the STO sample with Au electrodes at the two 

surfaces was measured to determine the optimal wavelength range. It shows that 365 nm 

wavelength UV light can be well absorbed by STO. This result also indicates that the light 

intensity at the top surface is a few times of magnitude stronger than the bottom surface. 

Therefore, the photocurrent generated from the top surface dominates the process. 
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Figure 3.1 Optical transmission spectra of pristine (a) and annealed (b) STO crystal with 

Au electrode at top and bottom surfaces.  

 

 

  

(a) (b) 
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3.3 Enhanced Flexoelectricity by Annealing 

The u-bending and n-bending describe the bending geometry with the reference of the 

direction of light illumination, as illustrated in Fig. 3.2, wherein in both bending cases, 

light illuminates the top electrode. To introduce oxygen vacancies in STO, the bare crystals 

were thermally annealed in a 10-5 Pa vacuum at 700ºC for 2 hours. As shown in Fig. 3.2, a 

slightly darker appearance can be seen from the annealed sample. A UV laser with a 365 

nm wavelength was used to induce the photoelectric effect, while the light intensity was 

calibrated with 3A-P-FS-12 (thermal power/energy laser measurement sensor) and StarLite 

P/N 7Z01565 (Low-Cost Portable Laser Power & Energy Meter). 

 The effective flexoelectric coefficient of (001) STO single crystal with 

semitransparent Au electrodes on both sides was measured in dark and under UV 

illumination. The polarization under different strain gradients is shown in Fig. 3.2, where 

the labeled flexoelectric coefficients are calculated from the slope of the fitting lines. As 

shown in Figs. 3.2 (a) and (b) which are for the n- and u-shape bending of the pristine STO 

crystal, respectively, the effective flexoelectric coefficient of the STO in dark is about 1 

nC/m. Under a vertical illumination by UV light from the top surface, as shown by the red 

lines in Figs. 3.2(a) and 3.2(b), the flexoelectric coefficients increase by a few times.  

 We then measured the effective flexoelectric coefficients of the annealed STO (or 

called reduced STO since XPS result reveals reduction of Ti4+ to Ti3+ as shown in Fig. 3.3), 

and the results are shown in Figs. 3.2(c) and (d). It is interesting to see that, compared to 

the pristine sample, the flexoelectric coefficient of the reduced STO shows one order of 
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magnitude increment and a more significant enhancement under UV illumination. 

Integrating both effects from UV illumination and annealing, the flexoelectric coefficient 

of STO is greatly enhanced by more than two orders of magnitude, i.e. a strong 

photoflexoelectric effect which is independent of bending directions. 
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Figure 3.2 Enhanced effective flexoelectric effect under UV light incident from the top 

surface of sample: (a) pristine STO under n bending, inset: the photo of the as-received 

pristine STO crystal, (b) pristine under u bending, (c) annealed STO sample under n 

bending, inset: the photo of the annealed STO crystal, and (d) annealed STO sample under 

u bending.   
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To confirm the formation of oxygen vacancies in STO, we conducted XPS 

characterization to the annealed STO sample. The results in Fig. 3.3 show the degradation 

of Ti valence states from 4+ to 3+, which proves the formation of oxygen vacancies.  

 
Figure 3.3 XPS spectrum of annealed STO at 700 ºC for 2hrs in vacuum showing the 

degradation of Ti valence states from 4+ to 3+. 
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3.4 Barrier layer model 

According to the barrier layer model, 60  the photoflexoelectric enhancement could be 

attributed to the narrowing of the depletion width of the Schottky barrier at the Au/STO 

interface. In our experiment, both light illumination and induced oxygen vacancies can 

increase the charge carrier concentration in STO and further shrink the width of the 

depletion region. A quantitative dependence of the effective flexoelectric coefficient of 

semiconducting materials is given by 57 

ୣߤ ؠ ට
ఌబఌೝ
ଶథబ

߮ ௧
ଶ
                                                     (3.1) 

where n is the free carrier concentration, ߝr the relative dielectric constant, 0ࢥ the Schottky 

barrier height, ĳ�the surface deformation potential, and t the sample thickness. If we assume 

the change of the free charge carrier concentration dominates the change of ୣߤ in our 

experiment, the flexoelectric enhancement for the reduced STO in dark corresponds to two 

orders of magnitude increase of the free carrier concentration. As shown in Fig. 3.2, a much 

larger increment of ୣߤ was observed on the annealed STO sample. This can be attributed 

to the presence of charged oxygen vacancies in the STO crystal, where the defect levels 

lower the Fermi level of STO and decrease the Schottky barrier at the interface and then 

result in a much higher ୣߤ in Eq. 3.1.  

 We have conducted Hall measurement on the STO samples, but both pristine and 

700°C vacua (2x10-5 Pa) annealed samples show too high resistance for carrier 

concentration measurement. Alternatively, we measured the sheet carrier concentration of 
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550°C annealed STO sample with AlN capping layer which is  ͳǤʹ ൈ ͳͲଵହȀܿ݉ଶ at room 

temperature. This carrier concentration is generally within the range of the carrier 

concentration of the reduced STO substrate in a two-dimensional electron gas-like 

system.61 It has been reported that 1200°C vacuum annealing results in an average electron 

carrier concentration of 5x1015/cm3, and it has also been demonstrated that when exposed 

to UV light, the electron carrier concentration in the annealed sample increases by two 

orders of magnitude. 62  Therefore, the increased electron carrier concentration in the 

annealed sample and its further boosting by UV light should be responsible for the 

increased flexoelectricity. 

 Based on the Hall measurement, the annealed STO shows an n-type characteristic, 

and it exhibits a room temperature sheet carrier concentration of ͳǤʹʹ ൈ ͳͲଵହȀܿ݉ଶ, with 

electron mobility of ͲǤͷͺ�ܿ݉ଶȀܸݏ.  The resistance of the pristine sample is too high to 

allow any carrier density measurement by the Hall method. The significantly increased 

carrier density for the annealed sample should be responsible for increased flexoelectricity. 

Figure 3.4 shows our measurement results (carrier density and mobility) at different 

temperatures. 
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Figure 3.4 Sheet carrier density and mobility at different temperatures for the annealed 

STO sample. 
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3.5 Photo-flexoelectric effect 

To understand the giant photo-flexoelectric increment more comprehensively in STO, we 

studied the dependence of flexoelectric current on light intensity. As shown in Fig.3.5, for 

both the pristine and annealed STO samples, the flexoelectric current increases gradually 

with the increase of the UV light intensity.  The increase of flexoelectric current in 

correlation with UV intensity increase suggests that the extra flexoelectric signal comes 

from the photo-excited carriers in the STO crystal. Furthermore, the nonlinear response of 

flexoelectric current fits well with the theory of photoresponse which gives a power law: 

ܫ ൌ  ఉ�                                                  (3.2)ܮߙ

where Į is a constant, L WKH�OLJKW�LQWHQVLW\��DQG�ȕ�HPSLULFDO�SRZHU�YDOXH�LV�UHODWHG�WR�WKH�

photosensitivity of the sample and indicates the efficiency of generating charge carries by 

light. 63,64  From the fitting curve shown in Fig. �����WKH�ȕ�YDOXH�LV�DERXW�����-0.25 (Figs. 

3.5 (a) and (b)) for the pristine sample and 0.30-0.35 (Figs. 3.5 (c) and (d)) for the annealed 

sample. The higher empirical power value of the annealed sample suggests that it has a 

more sensitive photo-responsivity than the pristine sample. Referring to Eq. 3.1, where the 

flexoelectricity is proportional to n1/2 RI�WKH�FKDUJH�FDUULHU�GHQVLW\�LI��ZLWK�ȕ �����DQG�������

the photogenerated charge carrier densities should have a relationship with incident light 

intensity as n~ L 0.5 and L 0.7, respectively, for the pristine and annealed samples. We note 

that such a nonlinear light-intensity dependent property, i.e., the non-unity exponent, has 

also been observed in many nanostructure-based photodetectors, such as ZrS2 

nanoribbons,65 CdTe nanoribbons,66 CuO nanowires,67 In3S3 nanowires,68etc., which is a 
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result of the complex processes of electron-hole generation, trapping, and recombination 

in the semiconductor.69, 70  

 
)LJXUH�����/LJKW�LQWHQVLW\�GHSHQGHQFH�RI�IOH[RHOHFWULF�FXUUHQW�XQGHU�D�FRQVWDQW�VWUDLQ�DQG�

LQFUHDVHG�89� OLJKW� incident from top of the sample surface: (a) pristine STO under n 

bending, (b) pristine under u bending, (c) annealed STO sample under n bending, (d) 

annealed STO sample under u bending.  The fitting curves are with the power law.� 

  

)RU�WKH�VDPH�EHQGLQJ�PRGHO��strain gradient dependence of flexoelectric currents 

under a constant light intensity and increased strain gradient is shown in )LJ�������7KLV�
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H[SHULPHQW�LOOXVWUDWHV�WKDW�VLPLODUߚ��SRZHU�YDOXHV�DUH�WHVWHG�IRU�GLIIHUHQW�VWUDLQ�JUDGLHQWV��

ZKLFK�PHDQV�WKDW�SRZHU�YDOXH�PLJKW�EH�WKH�SURSHUW\�IRU�GLHOHFWULFV� 

 

Figure 3.6 Strain gradient dependence of flexoelectric current under a constant light 

intensity and increased strain gradient. The notation 2,4,6,8,10V represents the amplitude 

of driving voltage of the vibrator which corresponds to strains of 0.5, 1.0, 1.5, 2.0, and 2.5 

/m, respectively. 
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3.6 Photocurrent 

To further demonstrate the generation of charge carriers in STO, we measured the 

photocurrent at the Au/STO interface, and the results are shown in Fig.3.7.  The generation 

of photocurrent when UV light incidents to the top surface area are due to the Schottky 

junction formation at the interface of Au/STO; while the absorption of light (see Fig. 3.1) 

by the crystal makes the bottom surface of the crystal illuminated with much weaker light, 

therefore the junction at top surface dominates the photocurrent (otherwise the symmetric 

electrodes on top and bottom will result in zero photocurrents).  

 

Figure 3.7 Photocurrent of pristine and annealed STO samples. The annealed sample 

shows an enhanced and reversed photovoltaic effect.  
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It is well-known that STO is a good insulator, but the positive photocurrent for the 

pristine STO suggests its weak p-type semiconducting nature due to the possible existence 

of Sr or Ti vacancies from non-perfect chemical stoichiometry during crystal growth at 

very high temperatures. It has been reported that 1000 °C annealing can induce Sr 

vacancies leading to p-type semiconducting of STO,71,72,73 and the corresponding energy 

band diagram between Au and p-type STO is shown in Fig. 3.8 (a).  

 It is interesting to see from Fig. 3.7 that the photocurrent of the reduced STO is two 

orders of magnitude larger than the pristine sample and the photocurrent is negative in 

contrast to the positive photocurrent for the pristine sample. The significant increase of 

photocurrent for the annealed sample is due to the oxygen vacancy-induced defect levels 

as light absorption centers which convert photon energy to electron-hole pairs. The change 

of sign of the photocurrent can be understood by the fact that the annealed STO is an n-

type semiconductor, which is well-known, resulting in Schottky junction as shown in Fig. 

3.8(b). In our experiment, the 700 ºC annealing in a vacuum is a condition to reduce the 

STO crystal by introducing many oxygen vacancies. Oxygen vacancy induces the extra 

level 0.2 eV below the conduction-band maximum (CBM) in the bandgap,27 thus the STO 

crystal changes from p-type to n-type conducting. 

 It should be noticed that the photocurrent is a persistently decayed current under 

constant light and will not contribute to the alternative flexoelectric current measured by 

lock-in. However, as illustrated in Figs. 3.8 (c) and (d), driven by the alternative 

flexoelectric field, light-induced electrons can tunnel through the Schottky junction at the 

Au/STO interface, giving rise to enhanced flexoelectricity, i.e., photo-flexoelectric effect. 
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Flexoelectric polarization attracts photo-induced carriers and bending-induced electrons 

near the interface, resulting in a reduced interfacial energy barrier. This photo-enhanced 

flexoelectricity is independent of bending directions (n and u-shape bending) which can be 

seen in Figs. 3.2 and 3.5. On the other hand, we did not see a clear enhancement of the 

photovoltaic effect when we bent the sample; this is because the contribution of the 

flexoelectric field to the charge transfer across the Schottky junction is much smaller 

compared to the photocurrent which is two orders of magnitude larger than flexoelectricity 

induced current.  
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Figure 3.8 Energy band diagrams and electron tunneling at the Au/SrTiO3 interface for 

pristine (a) and annealed (b) STO samples. (c) and (d) are the corresponding energy band 

diagrams and electron tunneling with the presence of flexoelectric polarization indicated 

by arrows. CB��HQHUJ\�SI�FRQGXFWLRQ�EDQG�PLQLPXP��9%��HQHUJ\�SI�YDOHQFH�EDQG�PD[LPXP��

థǡܧ  ��Ǥ�3�UHSUHVHQWV�WKH�IOH[RHOHFWULF�ILHOGݕ݃ݎ݁݊݁�݉ݑݑܿܽݒ
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3.7 Switchable diode effect in oxygen vacancy 

modulated SrTiO3 single crystal 

In non-ferroelectric STO, the switchable diode effect has been studied, showing that the 

switching of diode could be explained by a new mechanism related to the migration of 

oxygen vacancies after a sweeping voltage. Additionally, a self-compliance property of 

resistive switchable diode effect has been observed. 

 To further understand the oxygen vacancy behavior, the vacuum annealed STO was 

tested with I-V curve measurement by applying sweeping voltages from -10 V to 10 V.  As 

shown in Fig 3.9, the sequence of the voltage sweeping is from 0 V to a maximum of 

positive voltage 10 V and then to a maximum of negative voltage -10V, and finally back 

to 0 V. One can see that a diode behavior for annealed STO is presented.   
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Figure 3.9 The I-V curves of the annealed and pristine STO within the range from -10 to 

10 V. 

 Based on the appearance of switchable diode behavior, Pan 74  has proposed a 

mechanism that the generation of oxygen vacancies in samples converts STO insulators to 

n-type semiconductors. The results of XPS measurements (Fig. 3.3) and hall measurements 

(Fig. 3.4) show that oxygen vacancies generated during annealing are distributed near the 

surface of the STO single crystal. The generation of the oxygen vacancies accompanied by 

electrons is donated into the conduction band, resulting in the oxygen vacancies being 

regarded as donors.75  

 After switching the anode and cathode, Fig. 3.10 shows the negative diode-like 

curve ranging from -10V to 0V, opposing the baseline. This phenomenon shows that the 

oxygen vacancies are not uniformly distributed in the sample but have a certain 

directionality.  
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Figure 3.10 The I-V curves of the one side and another side STO within the range from -

10 to 10V. 

Pan et al proposed that if the voltage in the opposite direction is applied, the 

concentration of oxygen vacancies in different positions can be changed. Therefore, after 

a +20 and -20 DC voltage is applied, Fig. 3.11 shows that the I-V characteristic in (a) is 

opposite to that in (b). To explain the resistive switching behavior, a model of the n-n+ 

junction and n+-n junction correspond to the distribution of the oxygen vacancies after 20 

and -20 DC voltage sweeping, respectively, were proposed. 
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Figure 3.11 The I-V curves of the annealed STO capacitors within the range from -3 to 3V 

after 20 (a) and -20V (b) sweeping, respectively.80 
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3.8 Doping enhanced flexoelectricity 

Nb-doped SrTiO3 single crystal has attracted more attention since it is a good 

semiconductor. A study of its flexoelectricity can provide more information to understand 

the doping effect to the enhancement of the flexoelectric effect. Figure 3.12 shows the 

flexoelectric measurement of polarization under different strain gradients of Nb: STO with 

u-bending and n-bending (description of the bending geometry). The labeled flexoelectric 

coefficients are calculated from the slope of the fitting lines, where for the n- and u-shaped 

bending of the Nb: SrTiO3 crystal, they are 756 nC/m and -496 nC/m, respectively. While 

as a reference, the effective flexoelectric coefficient of the STO is about 1 nC/m. 

 Our results show that, due to the doping effect, the flexoelectric coefficient of Nb: 

SrTiO3 is greatly enhanced by more than two orders of magnitude compared to pristine 

STO, i.e. a strong doping-flexoelectric effect which is independent of bending directions. 

Doping increases the concentration of charge carriers in crystals, and if we assume the 

change of the free charge carrier concentration dominates the change of ୣߤ  in our 

experiment, the flexoelectric enhancement for the doping STO in dark corresponds to two 

orders of magnitude increase of the free carrier concentration. However, it should be 

pointed out that there is no correlation between light (including UV light) and the 

flexoelectricity of Nb: SrTiO3. This could be due to the fact, that the Nb doing enhanced 

the flexoelectric effect much larger than the light effect (5-7 times larger).  
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Figure 3.12 Enhanced flexoelectric coefficient due to Nb doping when Nb: SrTiO3 single 

crystal is bending under U bending (red line) and N bending (black line). 
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3.9 Hydrogen-doping enhanced flexoelectricity  

Two-side polished STO single crystals used in this work are from Hefei Crystal Technical 

Material Corporation, Limited, and the bare crystals were cut into a beam shape with a size 

of 10x3x0.26 mm3. Polished single crystals were immersed in a 0.01M NaOH solution and 

4.5V voltages were applied without any metal electrode as cathode and a Pt electrode as 

anode for 48 hours. Semitransparent gold electrodes of 5 nm thick were sputter deposited 

on the two surfaces of STO plates forming a capacitor structure (electrode /STO/electrode). 

 The effective flexoelectric coefficient of hydrogen-charged STO single crystal with 

semitransparent Au electrodes on both sides was measured. The polarization under 

different strain gradients is shown in Fig. 3.13, where the labeled flexoelectric coefficients 

are calculated from the slope of the fitting lines. As shown in Fig. 3.13 which are for the 

u-shape bending of the pristine and hydrogen-charged STO crystal, the effective 

flexoelectric coefficient of the 10x3x0.26 mm3 pristine STO in dark is about 3.7 nC/m. The 

enhancement of flexoelectric coefficient for the hydrogen-charged STO (two times larger) 

is not as large as Nb doping or oxygen vacancy doping which show at least two orders of 

magnitude enhancement. This could be due to the difficulty of inducing a high 

concentration of hydrogen ions into the STO crystal.  
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Figure 3.13 Enhanced flexoelectric coefficient due to hydrogen charging when SrTiO3 

single crystal is bending under U bending. 
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3.10 Summary 

In summary, the photoflexoelectric effect has been studied in STO crystals. In this work, 

we compared the pristine, doped, and high-WHPSHUDWXUH� DQQHDOHG� 672� VLQJOH� FU\VWDOV¶�

flexoelectricity and their response to incident UV light, and we revealed coupling between 

the flexoelectric field, photo-induced current, and oxygen vacancy induced defects. It is 

found that by introducing UV light stimulations and oxygen vacancies and hydrogen and 

Nb in STO, the effective flexoelectric coefficient can be enhanced by more than double to 

two orders of magnitude, compared with the stoichiometry ones. These results help us to 

understand the mechanism of flexoelectricity and the photoflexoelectric effect and may 

provide hints of more correlation effects between flexoelectricity and photon-charge 

interaction. The increased flexoelectric coefficient may also have application prospects like 

energy harvesters, light sensors, and accelerometers. The increased flexoelectric 

coefficient may also have application prospects like energy harvesters,76 light sensors,77 

and accelerometers.78,79  
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&KDSWHU�,9 

Enhanced flexoelectricity in Hydrogen-charged 

TiO2 single crystal 

4.1 Introduction 

Recently, the reactions between hydrogen and metal oxide materials have drawn much 

attention. 80 , 81 , 82  Hydrogen incorporation is a common technique to increase charge 

concentration in oxide materials, resulting in decreased resistance but also with increased 

dielectric loss83. In instance, hydrogen-charged anatase TiO2 crystals in nanoscale have 

significantly enhanced photocatalytic performances, as reported by Chen et al. 84 

Furthermore, hydrogen-charged TiO2 nanocrystal arrays exhibited excellent 

photoelectrochemical performance through water electrolysis.85 However, the proposed 

mechanisms for the above behaviors diverge in different research. For the reduction of 

bandgap of TiO2, the interstitial hydrogen8687 regarded as the main reason rather than 

surface disorders8889 to improve its absorption ratio in visible light range. This hydrogen-

induced degradation in oxide-based materials and devices is usually permanent and stable 

at room temperature. However, compared to vacuum annealing degradation, which is a 

recovery process,90,91 hydrogen-induced defects are only metastable in TiO2-based ceramic 
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capacitors at room temperature. Defects induced by hydrogen incorporation in many other 

oxides are gradually recovered during an aging process without any thermal treatment.92 

 The coupling between flexoelectricity and doping, as one of the most promising 

phenomena from the application point of view, has triggered many investigations and 

discussions in the community of flexoelectricity-related research. The doping of oxygen 

vacancies induced by high-temperature annealing can enhance the flexoelectricity of 

SrTiO3,93 and we expect hydrogen ions are analogous to oxygen vacancies and can also 

increase the flexoelectricity of metal oxides. Beyond, the hydrogen ions movement driven 

by flexoelectric field may also enhance the effective flexoelectricity. 

 As the resistive switching diode effect has been observed in high-temperature 

annealed TiO294 , the hydrogen-charged TiO2 could also be a good platform to investigate 

the coupling between flexoelectric and diode effects. We are also motivated by the fact 

oxygen vacancy density in materials can influence the electroforming behavior of metal 

oxide such as TiO2.76 Therefore, it is expected that stimulated by hydrogen ions, a large 

flexoelectric response could be achieved in TiO2 crystal, and hydrogen ion density in the 

crystal should influence their flexoelectric property. 

 In this work, the flexoelectricity of pristine and hydrogen-charged TiO2 single 

crystals and their response to a bias voltage are compared, and coupling between the 

flexoelectric filed and photocurrent as well as hydrogen ions induced defects are revealed. 

These findings can help us to understand the flexoelectricity and resistive switching diode 

effect and may extend present memory technologies. 
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4.2 Flexoelectricities of hydrogen-charged TiO2 crystals 

Two-side polished TiO2 single crystals plat with a thickness of 0.5 mm used in this work 

are from MTI Corporation, and the bare crystals were cut into beam shape with a size of 

7x10 mm2. Polished rutile (001) single crystals were coated with a fired silver electrode at 

a corner of the sample as cathode, and then immersed in a 0.01M NaOH water solution for 

168 hours with 4.5V voltage applied between the sample cathode and Pt anode electrode. 

Semi-transparent gold electrodes of 5 nm thick were sputter deposited on the two surfaces 

of the TiO2 plates forming a capacitor structure (electrode/TiO2/electrode). To measure the 

VDPSOH¶V flexoelectricity, a piezoelectric actuator was used to deliver an oscillatory 

bending force to the free end of a clamped cantilever-shaped crystal, and the alternating 

current induced by the oscillatory bending was measured with a lock-in amplifier 

connected to the electrodes with coaxial cables. Using standard elastic deformation 

equations, for a point-loaded single-clamped beam, the strain gradient was calculated from 

the deflection amplitude and the distance from the clamped side and actuator contact point, 

and the polarization was extracted from the amplitude of the oscillating current and the 

frequency of the actuator. The linear proportionality constant between polarization and 

strain gradient is the flexoelectric coefficient.  

 A PERKIN ELMER_UV-vis-NIR spectrometer was used to characterize the 

absorption spectra of the pristine and hydrogen-charged TiO2 crystal samples. As shown 

in Fig. 4.1, the light absorption spectra of the pristine and hydrogen-charged TiO2 samples 

with Au electrodes at the two surfaces were measured to determine the optimal wavelength 

range for photo-enhanced flexoelectricity. It is apparent that the hydrogen-charged TiO2 
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crystal absorbs more light in all wavelengths than the pristine TiO2, and both samples show 

strong absorption to UV light below 365 nm wavelength.  This result also indicates that the 

light intensity at the top surface is a few times of magnitude stronger than the bottom 

surface. Therefore, the photocurrent generated from the top surface dominates the process. 

A UV laser with a 365 nm wavelength was suitable to induce the photovoltaic effect.  

 

Figure 4.1 Optical transmission spectra of pristine (a) and hydrogen-charged (b) TiO2 

crystal.  

 

To confirm the existence of hydrogen ions in TiO2, we conducted Fourier 

Transform Infrared (FTIR) characterization of the hydrogen-charged TiO2 sample. As 

shown in Figure 4.2, the absorption peak located at around 3280 cm-1 wavenumbers 

indicates the formation of O-H bonding, which proves the hydrogen identification95. The 

hydrogen-charged TiO2 crystal becomes blue color but still transparent, also indicating the 

successful formation of O-H bonding in the TiO2 crystal.  

 

(a) (b) 
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Figure 4.2 FTIR spectrum of hydrogen-charged TiO2 showing the absorption by oxygen-

hydrogen bonding. 

 

The effective flexoelectric coefficients of (001) TiO2 single crystals with semi-

transparent Au electrodes on both sides were measured. The polarization under different 

strain gradients is shown in Fig. 4.3, where the labeled flexoelectric coefficients are 

calculated from the slope of the fitting lines. As shown in Fig. 4.3 (a) which is for the u-

shape bending of the pristine TiO2 crystal, the effective flexoelectric coefficient of the 

pristine TiO2 in dark is about 1 nC/m; while for the hydrogen-charged TiO2 sample, the 

flexoelectric coefficient is enhanced by more than two orders of magnitude.  

The effective flexoelectric coefficients of the hydrogen-charged TiO2 (or called 

hydrogen-doped TiO2) crystal corresponding to the n- and u-shaped bending were also 

measured, and results are illustrated in Fig. 4.3 (b). It is apparent that the sample is 

macroscopically symmetric for the top and bottom surfaces, and there is no obvious 
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difference between the two bending modes in terms of the flexoelectric effect. To further 

demonstrate the generation of charge carriers in the hydrogen-charged TiO2 crystal, the 

photocurrent at the Au/ TiO2 interface was measured, and the results are shown in Figs. 4.3 

(c) and (d).  When UV light incidents to the top surface, the generation of photocurrent is 

due to the photovoltaic effect; while the absorption of light (see Fig. 4.1) by the crystal 

makes the bottom surface of the crystal illuminated with much weaker light, therefore the 

junction at the top surface dominates the photocurrent (otherwise the symmetric electrodes 

on top and bottom will result in zero photocurrents).  

 It is interesting to see from Fig. 4.3 that the photocurrent of the hydrogen-charged 

TiO2 crystal is three orders of magnitude larger than that of the pristine crystal sample and 

the photocurrent is negative in contrast to the positive photocurrent for the pristine sample. 

The significant increase of photocurrent for the hydrogen-charged sample is due to the 

hydrogen ions induced defect levels within the bandgap as light absorption centers which 

convert photon energy to electron-hole pairs. The change of sign of the photocurrent can 

be understood by the fact that the hydrogen-charged TiO2 is an n-type semiconductor.  
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Figure 4.3 (a) Effective flexoelectric effect of pristine and hydrogen-charged TiO2 crystals. 

(b) Comparison of the flexoelectric coefficients corresponding to n- and u-shaped bending 

for the hydrogen-charged TiO2 crystal. (c) Photocurrent at the Au/TiO2 interface for 

pristine and (d) hydrogen-charged TiO2 crystals.  

  

It should be noticed that the photocurrent is a persistently decayed current under 

constant light and will not contribute to the alternative flexoelectric current measured by 

the lock-in amplifier. However, as illustrated in Figs. 4.4 (a) and (b), light-induced 

electrons and holes can migrate to electrodes, giving rise to enhanced photocurrent, i.e., 
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photovoltaic effect. Thus, the photocurrent of hydrogen-charged TiO2 crystal is three 

orders of magnitude larger than that of the pristine sample. On the other hand, we did not 

see a clear enhancement of the photovoltaic effect when we bent the sample; this is because 

the contribution of the flexoelectric field to the charge transfer across the Schottky junction 

at the surface is much smaller compared to the photocurrent which is two orders of 

magnitude larger than flexoelectricity induced current.  

 

Figure 4.4 Energy band diagrams and electron tunneling at the Au/TiO2 interface for 

pristine (a), and hydrogen-charged (b) TiO2 crystals under UV light illumination. Ec��

HQHUJ\� FRQGXFWLRQ� EDQG� PLQLPXP�� (Y�� HQHUJ\� YDOHQFH� EDQG� PD[LPXP�� DQGܧ�థ���� ZRUN�

IXQFWLRQ� 

  

To further understand the oxygen vacancy behavior, the hydrogen-charged TiO2 

crystal was tested with I-V curve measurement by applying sweeping voltages from -10 V 

to 10 V.  As shown in Fig. 4.5(a), the sequence of the voltage sweeping is from 0 V to a 
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maximum of positive voltage 10 V and then to a maximum of negative voltage -10V, and 

finally back to 0 V. One can see that a loop behavior for hydrogen-charged TiO2 is 

presented compared to the pristine TiO2 crystal, indicating that the hydrogen ions can 

migrate driven by the external electric field and result in resistance change like a memory.  

To prove the n-type conduction nature of the hydrogen-charged TiO2 crystal, we 

also conducted the Seebeck coefficient measurement, and the results are shown in Fig.4.5b. 

One can see that the hydrogen-charged TiO2 crystal is an n-type semiconductor.  The 

increase of the Seebeck coefficient in the 2nd cycle of measurement is believed to be due 

to the out-diffusion of hydrogen ions from the crystal resulting in a decreased charge carrier. 

Usually, the Seebeck coefficient is reversely proportional to charge carrier density. A more 

detailed study is needed to understand its thermoelectric properties. 

 

Figure 4.5 (a) The I-V curves of pristine (black line) and hydrogen-charged (red line) TiO2 

crystals. (b) The temperature-dependent Seebeck coefficient within the temperature range 

from 300 K to 550 K. 

(a) (b) 
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According to the barrier layer model,96 the photo-flexoelectric enhancement could 

be attributed to the narrowing of the depletion layer of the Schottky barrier at the Au/TiO2 

interface. In our experiment, induced hydrogen ions can increase the charge carrier 

concentration in TiO2 and further shrink the width of the depletion region. A quantitative 

dependence of the effective flexoelectric coefficient ୣߤ�of semiconducting materials is 

given by: 57 

ୣߤ ؠ ට
ఌబఌೝ
ଶథబ

߮ ௧
ଶ
                                                    (4.1) 

where n is the free carrier concentration, 0ߝ the vacuum dielectric permittivity, ߝr the 

relative dielectric constant, 0ࢥ the Schottky barrier height, ĳ� the surface deformation 

potential, and t the sample thickness. If we assume the change of the free charge carrier 

concentration dominates the change of ୣߤ  in our experiment, the flexoelectric 

enhancement for the reduced TiO2 in dark corresponds to two orders of magnitude increase 

of the free carrier concentration. As shown in Fig. 4.3(a), a much larger increment of ୣߤ 

was observed on the hydrogen-charged TiO2 sample. This can be attributed to the presence 

of hydrogen ions in the TiO2 crystal, where the defect levels lower the Fermi level of TiO2 

and decrease the Schottky barrier height at the interface and then result in a much higherୣߤ 

in Eq.4.1. 

 Vacuum annealing is another approach to induce dopants to TiO2 for investigating 

the difference to hydrogen-charged TiO2. To introduce oxygen vacancies in TiO2, the bare 

crystals were thermally annealed at a 10-5 Pa and 700ºC for 2 hours. The flexoelectric 

measurement results suggest that there is no significant difference in the flexoelectric 
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coefficient between the annealed and pristine samples (Fig. 4.5). Compared to the 

significant increase of flexoelectricity for the hydrogen-charged TiO2 crystal, it is 

suggested that hydrogen doping not only partially reduced the Ti4+ to Ti3+ but may also 

induce polarization in TiO2 crystal structure due to the H+ induced centrosymmetry 

breaking. 

 

Figure 4.5 Effective flexoelectric effect of pristine and annealed TiO2. There is no 

significant difference in flexoelectric coefficients between pristine TiO2 and annealed TiO2, 

but the sign is reversed. 
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We worked with Prof. Hong on the DFT calculation part. Based on the Modified 

model, a LV������Ⴒ��SULVWLQH������Ⴒ�� b LV������Ⴒ��SULVWLQH������Ⴒ���DQG�c LV�����Ⴒ��SULVWLQH�

�����Ⴒ��IRU�K\GURJHQ-charged TiO2. After hydrogen charging, the lattice is distorted, and 

its unit cell expands in a direction and shrinks in the b and c direction. Weak O-H bonding 

is suggested to be formed, resulting in an expanded lattice. The structure of crystal lattice 

changes from cubic (Fig. 4.6a) to tetragonal (Fig. 4.6b). This result suggests that hydrogen 

doping in TiO2 crystal and formation of O-H bonding may induce an electric polarization 

in its unit cells, and therefore, a very large flexoelectric effect can be achieved. The bonding 

angle of O-H may also be easily changed under strain gradient, giving rise to large 

flexoelectricity. A more detailed study in modeling needs to be carried out to understand 

the physics behind this interesting result.    

 

Figure 4.6 Schematic diagram of Modified model by hydrogen charging. 
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4.3 Summary 

In conclusion, the doping effect has been studied in TiO2 crystals. It is found that by 

introducing hydrogen in TiO2, the effective flexoelectric coefficient can be enhanced by 

more than two orders of magnitude, compared with the stoichiometry ones. These results 

help us to understand the mechanism of flexoelectricity and may provide hints of more 

correlation effects on enhanced flexoelectricity. The increased flexoelectric coefficient 

may also have application prospects like energy harvesters, and accelerometers. 
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Conclusions and Suggestions for Future Work 

5.1 Conclusions 

By taking STO and TiO2 single crystals as a standard sample, in this thesis work, the 

intrinsic and non-intrinsic flexoelectric effects are studied. The results demonstrate 

enhanced flexoelectricity through photo-flexoelectric effect and doping-induced carrier 

increase as well as electric polarization. The results of this thesis describe a new 

phenomenon at the STO and TiO2 bulk crystal and provide new techniques to improve the 

flexoelectricity to influence both intrinsic and extrinsic properties of materials. The 

following conclusions are reached: 

 

(1) The photo-flexoelectric effect has been demonstrated in STO crystals including 

pristine, vacuum annealed, hydrogen, and Nb-doped samples. It is found that by 

introducing UV light stimulations and oxygen vacancies, as well hydrogen and Nb 

doping in STO, the effective flexoelectric coefficient can be enhanced by more than 

two orders of magnitude, compared with the pristine sample.  

(2) Formation of interfacial Schottky junction and the modulation of the junction height 

and thickness by oxygen vacancies and photo-generated current is attributed to be 
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responsible for the enhanced flexoelectricity. Doping-induced energy levels within 

the bandgap are also light absorption centers and the generated charge carriers will 

be driven by the flexoelectric field, giving rise to the enhanced flexoelectricity. 

(3) Hydrogen doping into TiO2 has been achieved by electrochemical reaction. 

Hydrogen doping in TiO2 has been demonstrated to result in more significantly 

enhanced flexoelectricity. Hydrogen-induced electric polarization in the unit cell as 

well as the degradation of Ti4+ is attributed to be responsible for the enhanced 

flexoelectricity. 
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5.2 Suggestions for future works 

There is still a lot of work that needs to be done to further study the mechanism of enhanced 

flexoelectricity in different systems such as semiconductors and thin films etc. During the 

experiment, I also found that the pressure applied to the sample surface will affect the 

flexoelectric coefficient. Next, we hope to be able to apply incremental pressure on the 

sample by using bending models of different depths. In this way, it is a new method to 

increase flexoelectricity and broaden the applications. Many potential applications with 

enhanced flexoelectricity need to be demonstrated in the future, for example, photo-

flexoelectric enhanced catalysis, photo-sensing, solar cells, vibration sensing devices. 
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