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Interfaces in heterostructures have been a key focal of interest in condensed matter physics for 

decades owing to a plethora of distinctive phenomena and their critical roles in nowadays 

technical devices, such as rectification1, photovoltaic effect2, quantum Hall effect3 and high 

temperature superconductivity4, etc. However, the symmetry modulation at interfaces and the 

resultant effects have been largely overlooked. Here we show that a band bending (i.e. electric 

field) at interfaces induces polar symmetry therein and gives rise to emergent functionalities, 

including piezoelectricity and pyroelectricity, even though the component materials are 

centrosymmetric. We study here a classic interface, namely Schottky junction, formed by noble 

metal and centrosymmetric semiconductors including Nb-doped Nb:SrTiO3, Nb:TiO2 crystals, 

Nb:Ba0.6Sr0.4TiO3 ceramics and silicon. The built-in electric field in the depletion region induces 

polar structures in semiconductors and generates substantial piezoelectric and pyroelectric 

effects. In particular, the interface pyroelectric coefficient and figure of merit are over one 

order magnitude larger than conventional bulk polar materials. Our study enriches the 

functionalities of heterostructure interfaces, offering a distinctive approach to realize energy 

transduction beyond the conventional limitation imposed by intrinsic symmetry. 

 

The symmetry lies at the heart of the nature laws and forms the basis for the modern physics that 

determines material properties at the fundamental level.5 Breaking the inversion symmetry allows 

emergent functionalities and effects. For example, the piezoelectric effect, that converts mechanical 

energy into electricity and vice versa in a linear manner, is restricted to non-centrosymmetric 

materials.6 The pyroelectric effect, which transforms thermal energy into electric energy, only occurs 
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in materials with polar symmetry.7 Material symmetry is generally determined by its pristine 

crystallographic structure and loss of symmetry usually happens via phase transitions. For instance, 

the paraelectric-to-ferroelectric phase transition in BaTiO3 reduces the crystals symmetry from 

centrosymmetric cubic to polar tetragonal, making BaTiO3 piezoelectric and pyroelectric.6 

Nevertheless, the material symmetry can also be tuned by external stimuli that lower the symmetry, 

or even break the inversion symmetry, of any centrosymmetric material.8,9 One of the prominent 

examples is the strain gradient which parameterizes the inhomogeneity of the strain developed in 

materials. Strain gradients break the inversion symmetry and induce an electric polarization in 

materials of any symmetry by so-called flexoelectric effect.10 This symmetry breaking is associated 

with a variety of emergent functionalities such as piezoelectric, pyroelectric and bulk photovoltaic 

effects for any materials such as centrosymmetric SrTiO3 and TiO2.11-15 Despite its universal nature, 

the real application of this intriguing flexoelectric effect is hampered by its rather small effective 

coefficients and a complicated setup for inducing large strain gradients. Thus, an alternative would 

be highly desirable for developing or tuning applications based on induced symmetry breaking. 

 

In this regard, electric field can play the similar role as the strain gradient in terms of symmetry 

engineering.8,16 It has already been employed in two-dimensional systems to engineer their non-

centrosymmetry to introduce functionalities with applications in spintronics17, valleytronics18, 

photogalvanic effect19, etc. The electric field can induce in principle a more general symmetry 

breaking and not only those mentioned above. As claimed by Nye8, a crystal under an external 

stimulus will only exhibit those symmetry elements that are common to both the pristine crystal and 

the stimulus (Fig. 1a). For example, applying an electric field, which is a vector possessing the conical 

symmetry of ∞m, to a cubic SrTiO3 crystal with a point symmetry group of m3�m, leads to the 

common point group of 4mm that is polar. Accordingly, the SrTiO3 crystal subjected to the electric 

field along its (001) direction will not any more exhibit its original cubic symmetry but the polar 

symmetry (see Methods and Extended Data Fig. 1). Therefore, the electric field not only breaks the 

inversion symmetry but also induces polar structures in centrosymmetric materials. The electric field 

can be both externally applied and built-in fields, the latter usually originating from band bending or 

chemical potential gradient that are generally found at heterostructure interfaces. In this study, we 

show that an electric field manifesting at interfaces can induce polar symmetry and gives rise to 

emergent piezoelectric and pyroelectric effects in centrosymmetric materials, that are otherwise 

forbidden. We also show here that these interface effects can be not only artificially induced in any 

heterostructures, but also rationally tuned to a magnitude much larger than that of conventional bulk 

materials. 
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The model systems that usually show a rather strong built-in filed is a metal-semiconductor contact 

termed Schottky junction. Rearrangement of the energy levels in order to align the Fermi level in both 

metal and semiconductor generates band bending and a depletion region within the semiconductor 

associated with an electric field pointing from the semiconductor to the noble metal (Fig. 1b).1 

Accordingly, polar structures are induced in the depletion region of the centrosymmetric 

semiconductors. The coefficient of the induced piezoelectric effect associated with a Schottky 

junction can be predicted as (see Methods): 

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗3𝜒𝜒3�2𝑞𝑞𝑁𝑁𝑑𝑑𝜒𝜒3𝑉𝑉𝑏𝑏𝑏𝑏 1 

where Qjki3 is the electrostriction coefficient, 𝜒𝜒3 is the dielectric permittivity in the field direction, q 

is the elemental charge, Nd is the effective donor density, Vbi is the built-in potential in the Schottky 

junction. For the sake of simplicity, the most basic Schottky model is used here to describe the 

potential profile at the metal/semiconductor interface without considering, for example, interface 

insulating layer and interface states.20 Clearly, the piezoelectric coefficient is determined by the 

centrosymmetric semiconductor properties, such as the dielectric permittivity and the dopant density. 

A phenomenological theory has also been established to unravel the microscopic mechanism of the 

interface piezoelectric effect (see Methods and Extended Data Fig. 2). Both direct and converse 

interface piezoelectric effects arise from the combination of the built-in field and the electrostriction 

effect.  

 

To quantitatively evaluate the piezoelectric coefficient, high-quality Schottky junctions have been 

fabricated by sputtering noble metal (i.e. gold) on (001)-oriented Nb-doped SrTiO3 (Nb:STO) and 

Nb-doped TiO2 (Nb:TO) single crystals (Methods). For the Au/Nb:STO junction, generic electrical 

properties have been determined by performing current-voltage and capacitance-voltage 

measurements (Fig. 1c,d). Note that aluminium evaporated on the same surface of the Nb:STO crystal 

forms ohmic contacts, which are used as the counter electrodes with the Schottky junctions (Extended 

Data Fig. 3). The Au/Nb:STO junction exhibits an excellent rectification effect with a current density 

ratio reaching about 109 at ±1.5 V and a large capacitance at zero external bias (C=4.7 µF/cm2). The 

dependence of reciprocal value of squared capacitance on external bias is given by:1 

𝐶𝐶(𝑉𝑉)−2 =
2𝑉𝑉𝑏𝑏𝑏𝑏
𝑞𝑞𝜒𝜒3𝑁𝑁𝑑𝑑

−
2𝑉𝑉

𝑞𝑞𝜒𝜒3𝑁𝑁𝑑𝑑
 2 

By performing linear fitting of C(V)-2 vs V, we obtain the values for following parameters: 𝜒𝜒3 =

1.68 × 10−9  C Vm⁄  (εr= 190) and Vbi=1.43 V (inset of Fig. 1d). From the Hall effect we obtain the 
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doping density Nd=2.4×1025 m-3. Given the Nb:STO electrostriction coefficient Q11=0.046 m4/C2 and 

Q12=-0.013 m4/C2 (ref. 21), the corresponding piezoelectric coefficients are estimated from Eq. 1 to 

be d33=10 pm/V and d31=-3 pm/V. These coefficients are in the same order of magnitude of widely 

used piezoelectric materials such as LiNbO3 (d31=-2.59 pm/V).22 

 

To experimentally verify the existence and quantitatively evaluate the magnitude of the interface 

piezoelectric effect in Schottky junctions, we measured the direct piezoelectric effect by applying a 

dynamic stress to the parallel crystal edges and measuring the short-circuit current generated by the 

junction (Fig. 2a and Methods). Particular care has been taken in order to apply the stress 

homogeneously, minimising any contributions from the inhomogeneous strain and thus flexoelectric 

effect.10 As shown in Fig. 2b, under the stimulus of a sinusoidal stress with an amplitude of σ1=7.9 

MPa and a frequency of f=500 Hz, the Au/Nb:STO junction outputs an alternative current with the 

same frequency and an amplitude of J=10.1 µA/cm2. More importantly, the amplitude of output 

current density increases linearly with the amplitude of the applied stress, demonstrating the 

manifestation of the direct piezoelectric effect in the Au/Nb:STO junction (Fig. 2c). The 

corresponding piezoelectric coefficient calculated as 𝑑𝑑31 = 𝐽𝐽
2𝜋𝜋𝑓𝑓𝜎𝜎1

=  −4.07 pC/N  is close to the 

value predicted above. To demonstrate that the interface piezoelectricity is a universal effect rather 

than a phenomenon just limited to the Nb:STO crystals, we performed the same measurements on 

another centrosymmetric semiconductor, i.e. Nb:TiO2 and its Schottky junction with gold. Estimation 

assuming the same electrostriction coefficient as the SrTiO3 crystal predicts a piezoelectric constant 

with a magnitude of 1.52 pC/N for Au/Nb:TO junctions (Extended Data Fig. 3). The measured 

piezoelectric coefficient of the Au/Nb:TO junctions is about 0.97 pC/N, which is close with our 

prediction (Fig. 2c). Note that the Nb:STO and Nb:TO crystals with Ohmic contacts do not show any 

piezoelectric effect and generate no electricity under the mechanical stimuli, confirming the critical 

role of the Schottky junctions in generating the piezoelectric effect (Extended Data Fig. 4). 

 

For further confirmation, we explored the converse piezoelectric effect in the Schottky junction by 

applying an alternative bias to the junction and measuring the resulting surface displacement via 

atomic force microscope (see Methods). The surface displacement of the Au/Nb:STO junction 

increases linearly with the amplitude of the excitation voltage, leading to a piezoelectric coefficient 

of d33=16.3 pm/V, which is similar to the value estimated above (Fig. 2d). These results clearly 

demonstrate that the heterostructures of centrosymmetric materials with an interface built-in field 
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possess both direct and converse piezoelectric effect just like the conventional bulk non-

centrosymmetric materials.  

 

As mentioned previously, the built-in field within the Schottky junction not merely lifts-off the 

inversion symmetry, but also induces local polarisation via the polar nature of the field. Thus, in 

addition to the piezoelectric effect, the Schottky junction shall also show pyroelectric effect that is 

the finger-print feature of any polar structures.7 This interface pyroelectric effect originates from the 

temperature dependence of the dielectric permittivity, effective dopant density and built-in potential 

in Schottky junctions (see Eq.18 in Methods). To demonstrate this scenario, we measured the 

pyroelectric effect in Schottky junctions by dynamically modulating their temperature and measuring 

the generated short-circuit current (Methods). When its temperature is being sinusoidally modulated, 

the Au/Nb:STO junction outputs an alternating current with a phase shift of 90o, confirming the 

manifestation of the pyroelectric effect at Schottky junctions (Fig. 3a). The corresponding 

pyroelectric coefficient of the Au/Nb:STO junction reaches 298 µC/m2K  at room temperature. The 

Au/Nb:TO junction also exhibits the pyroelectric effect with a room temperature coefficient of 312 

µC/m2K (Fig. 3b). Both values are comparable to that of the classical pyroelectric materials.7 

 

Having demonstrated the interface polar symmetry induced piezoelectricity and pyroelectricity in the 

Schottky junctions, we further explore their potential by enhancing their coefficients. As indicated by 

Eq. 1 and discussed in the Methods, the magnitude of interface piezoelectric and pyroelectric effects 

both depends on the doping density, dielectric permittivity and their tuneability with respect to stress, 

electric field and temperature. Thus, Schottky junctions consisting of semiconductors with a large 

dielectric tuneability are expected to exhibit both enhanced piezoelectric and pyroelectric effects. To 

this end, we chose 0.1%wt Nb-doped Ba0.6Sr0.4TiO3 (Nb:BSTO) ceramics to form Schottky junctions 

with gold. It is known that undoped Ba0.6Sr0.4TiO3 ceramics show a paraelectric to ferroelectric 

transition around -2 oC, giving rise to a substantial dielectric tuneability with a dielectric constant of 

εr= 5300 at room temperature.23 Nevertheless, both Ba0.6Sr0.4TiO3 and Nb:BSTO are centrosymmetric 

at room temperature, being in their cubic phase. The general electrical characterization of the 

Au/Nb:BSTO junction is given in Extended Data Fig. 5 and the preparation details are given in the 

Methods. As demonstrated in Fig. 2c, this junction exhibits a substantial piezoelectric effect with a 

coefficient d31=-12 pC/N, which is about three orders of magnitude higher than that of the undoped 

Ba0.6Sr0.4TiO3 ceramics.24 In contrast, Nb:BSTO ceramic with quasi-ohimc contact exhibit negligible 

piezoelectric effect (Extended Data Fig. 6). More striking, the Au/Nb:BSTO junction shows a large 

pyroelectric effect with room temperature coefficient reaching 5.3 mC/m2K (Fig 3b). The obtained 
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pyroelectric coefficient here is over one order of magnitude larger than conventional ferroelectric 

materials, such as LiTaO3 crystal (230 µC/m2K) widely used in the fabrication of pyroelectric 

detectors.7 In addition to their large coefficients, the interface pyroelectric effect in Schottky junctions 

possess another two distinctive features in comparison to conventional bulk materials. Firstly, the 

pyroelectric effect in conventional ferroelectric materials possesses a strong temperature dependence, 

i.e., pyroelectric coefficients decay sharply away from the phase transition temperature, inevitably 

limiting their working temperature of practical devices. In contrast, the pyroelectric coefficient in the 

Au/Nb:BSTO junction exhibits a weak temperature dependence cross the phase transition region and 

remains large magnitudes over a wide temperature range, due to the persistence of the depletion 

region (Fig. 3b). Similarly, the pyroelectric coefficients in both Au/Nb:STO and Au/Nb:TO junctions 

increase monotonically with temperature, supporting their wide working temperature range. Secondly, 

the interface pyroelectric effect has a rapid response to the thermal perturbation. Fig.3c,d show the 

time dependence of the pyroelectric current generated by the Au/Nb:BSTO junction and a commercial 

Pb(Ti0.8Zr0.2)O3 ceramics under the same red light pulsed illumination. Clearly, the pyroelectric 

response of Au/Nb:BSTO ceramic is over one order of magnitude larger than that of the poled 

Pb(Ti0.8Zr0.2)O3 ceramic. Moreover, the thermal time constant is three orders of magnitude shorter 

(about 300 µs) than that of the bulk Pb(Ti0.8Zr0.2)O3 ceramic (300 ms) of similar dimensions. 

 

We emphasis two main features of these effects arising from the interface polar symmetry. First, both 

piezoelectric and pyroelectric coefficients observed in the metal/semiconductor interfaces surpass 

that of the conventional polar materials. Although the interface piezoelectric constants are smaller 

than ferroelectric materials with switchable polarizations (e.g. BaTiO3 crystals), they still rival that 

of non-switchable polar materials, such as ZnO and CdS etc (Fig. 4a). For example, the piezoelectric 

constant of the Au/Nb:BSTO junction is over twice larger than that of the ZnO crystals along with a 

similar electromechanical coupling factor (Methods).25 Apart from oxide semiconductors, there is 

still large space to enhance the interface piezoelectric coefficient by exploring a wide range of 

semiconductors with a large electrostriction effect, such as the organic-inorganic halide perovskites 

wherein the electrostriction coefficient is over three order of magnitude larger than that of SrTiO3 

crystal.26 Remarkably, the interface pyroelectric effect is significantly larger than that of conventional 

polar materials, even the best ferroelectrics. The Schottky junctions exhibits both substantial 

pyroelectric coefficient and large figure of merit 𝐹𝐹𝑉𝑉 = 𝑝𝑝𝑖𝑖 𝑐𝑐𝑝𝑝𝜒𝜒3⁄  where cp is the heat capacity (see 

Fig.4b and Methods). Especially, the Au/Nb:BSTO interface shows a figure of merit of 2.11 m2/C 

that is one order of magnitude larger than classic ferroelectric materials, such as LiTaO3 crystal 
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(FV=0.17 m2/C).7 This enhanced figure of merit in the Schottky junction originates from the large 

pyroelectric coefficient and built-in field depressed dielectric permittivity in the depletion region. 

 

Interface piezoelectric and pyroelectric effects are universal effects applicable to materials of any 

symmetry. These effects arise at the heterostructures wherever an electric field builds at the interface. 

It is worth noting that the electric field is ubiquitous at interfaces of dissimilar materials due to the 

chemical potential inhomogeneity across interfaces. To validate this scenario, we studied the 

piezoelectric and pyroelectric effects of Schottky junctions on silicon wafer. The Au/Si (001) junction 

outputs a dynamic electrical current of which amplitude increases linearly with that of the applied 

stress (Fig. 4c). This corresponds to a low but finite piezoelectric constant of about -0.013 pC/N. 

Moreover, the silicon Schottky junction exhibits a sizable pyroelectric effect with a room temperature 

coefficient of 200 µC/m2K  and a figure of merit of FV=1.17 m2/C (Fig. 4b). 

 

In summary, we demonstrated the interface piezoelectric and pyroelectric effects which not only 

exhibits substantial coefficients but also is free from the symmetry limitation. They can be found and 

are applicable to a wide range of materials starting from conventional semiconductors, oxides, to 

halide perovskites and two-dimensional materials. These features open the door for their practical 

applications in the realm of electromechanical and thermal effects, such as energy conversion, 

infrared sensors, etc., with distinctive mechanisms and additional tuning feasibility different from 

that of intrinsic non-centrosymmetric materials. Meanwhile, the interface polar effects can with a 

careful design work concurrently with bulk effects arising from inherent7,8 or externally induced 

polarity by, e.g. strain gradients10-12, to achieve an enhanced piezo-/pyroelectric coefficients or even 

new effects. 
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Main Figure Legends 

Fig. 1| Crystal symmetry engineering and Schottky junction electrical characterization. a, 

Schematic illustration of the principle of crystal symmetry engineering by external stimulus. b, 

Schematic of a Schottky junction showing the potential variation in the depletion region, where EF is 

the Fermi level, ΦB is the barrier height, Vbi is the built-in potential, W is the depletion region and E 

denotes the field. c, Current-voltage curve and d, Capacitance-voltage curve of the Au/Nb:SrTiO3/Al 

junction. Inset of (d) shows the C-2 as a function of applied voltage and its linear fit. 

 

http://www.nature.com/reprints
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Fig. 2| Interface piezoelectric effect. a, Schematic illustrating the device used to characterize the 

direct piezoelectric effect of Schottky junctions. b, Waveform of the current density generated by the 

Au/Nb:SrTiO3/Al junction under the stimulus of a sinusoidally varied stress. c, Stress dependent 

current density generated in Au/Nb:SrTiO3/Al, Au/Nb:TiO2/Al and Au/Nb:Bb0.6Sr0.4TiO3/Al 

junctions, respectively. The solid lines are their linear fits. d, Surface displacement of the 

Au/Nb:SrTiO3 junction as a function of the amplitude of applied AC voltage. The line is the linear 

fit. 

 

Fig. 3| Interface pyroelectric effect. a, Waveform of the temperature variation in the Au/Nb: SrTiO3 

junction along with the waveform of the generated pyroelectric current density. b, Temperature 

dependence of pyroelectric coefficients of the Au/Nb:SrTiO3, Au/Nb:TiO2 and Au/Nb:BSTO 

Schottky junctions. Pulsed light induced transient pyroelectric current in c, Au/Nb:BSTO junction 

and d, Pb(Ti0.8Zr0.2)O3 ceramic, respectively. 

 

Fig. 4| Giant magnitude and universal nature of the interface polar effects. a, Interface 

piezoelectric constant d31 and its electromechanical coupling factors k31 in comparison with 

conventional polar materials. b, Comparation of the pyroelectric coefficients and figure of merit of 

the studied devices with that of ferroelectric materials. c, The amplitude of current density generated 

in Au/Si junctions as a function of the amplitude of applied stress. Piezoelectric and pyroelectric data 

on bulk materials are taken from ref. 7, 22, 25, 27. 

 

 

Methods 

Symmetry analysis of (001)-oriented Nb:SrTiO3 and Nb:TiO2 Schottky junctions: The 

Nb:SrTiO3 single crystal belongs to the point symmetry group of 𝑚𝑚3�𝑚𝑚 that includes the symmetry 

elements of (1, 2{100}, 2{110}, 3, 4, 1�, 3�, 4�, m{100}, m{110}). The electrical field in the Schottky junction 

of Nb:SrTiO3 crystal points along the (001) direction. Due to its vector nature, the field exhibits the 

symmetry of ∞m that includes two types of symmetry elements, i.e. infinite rotation symmetry along 

(001) direction and infinite mirror symmetry. The ∞m symmetry can be represented by a cone. Due 

to the manifestation of the electrical field in the Schottky junction, the depletion region will only 

exhibit the point symmetry which is the subgroup to both m3�m and ∞m. As illustrated in Extended 

Data Fig.1a, the symmetry elements common to both symmetry groups are (1, 2(001), 4(001), m(100), 

m(010), m(110), m(1-10)). The resultant group of symmetry elements corresponds to the point group of 

4mm which represents polar structures, such as that of BaTiO3 in the tetragonal phase. Similarly, the 
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rutile Nb:TiO2 possesses the point group of 4/mmm which includes symmetry elements of (1, 2{100}, 

2(1-10), 2(110), 4(001), 1�, 4�, m{100}, m(1-10), m(110) ). Its common sub-group with ∞𝑚𝑚 is also the point group 

4𝑚𝑚𝑚𝑚 (Extended Data Fig.1b). 

 

Interface piezoelectricity at Schottky junction. If the work function of the metal exceeds that of 

the semiconductor, a Schottky barrier forms at the interface between metal and semiconductor (Fig. 

1b). In the ideal case, the depletion width W is given by1: 

𝑊𝑊 = �
2𝜒𝜒3
𝑞𝑞𝑁𝑁𝑑𝑑

(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉 −
𝑘𝑘𝑘𝑘
𝑞𝑞

) 3 

where 𝜒𝜒3 is the dielectric permittivity, q is the electron charge, Nd is the density of dopant, Vbi is the 

built-in voltage, V is the external applied bias, k is the Boltzmann constant, T is the absolute 

temperature. Since the term kT/q is usually much smaller than Vbi in the case of interest, Eq. 3 can be 

simplified as: 

𝑊𝑊 = �
2𝜒𝜒3
𝑞𝑞𝑁𝑁𝑑𝑑

(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉) 4 

The potential variation in the depletion region is given as: 

𝑉𝑉(𝑥𝑥) =
𝑞𝑞𝑁𝑁𝑑𝑑
𝜒𝜒3

�𝑊𝑊𝑊𝑊 −
1
2
𝑥𝑥2� − Φ𝐵𝐵 5 

where ΦB is the barrier height at metal-semiconductor interface. Thus, the corresponding field is: 

𝐸𝐸(𝑥𝑥) =
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝑞𝑞𝑁𝑁𝑑𝑑
𝜒𝜒3

(𝑊𝑊 − 𝑥𝑥) 6 

Therefore, the local strain in the depletion region induced by the electrostriction effect can be 

predicted as: 

𝜀𝜀(𝑥𝑥) = 𝑀𝑀𝐸𝐸2 = 𝑀𝑀�
𝑞𝑞𝑁𝑁𝑑𝑑
𝜒𝜒3

�
2

(𝑊𝑊− 𝑥𝑥)2 7 

where M is the electrostriction coefficient (in its one-dimensional form) in the unit of 𝑚𝑚2 𝑉𝑉2⁄ . The 

total displacement over the depletion region then: 

∆𝐿𝐿 = � 𝜀𝜀(𝑥𝑥)𝑑𝑑𝑑𝑑
𝑊𝑊

0
=

1
3
𝑀𝑀�

𝑞𝑞𝑁𝑁𝑑𝑑
𝜒𝜒3

�
2

𝑊𝑊3 =
2
3
𝑀𝑀�

2𝑞𝑞𝑁𝑁𝑑𝑑
𝜒𝜒3

(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉)
3
2 8 

If an AC voltage with following form: 

𝑉𝑉 = 𝑉𝑉𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑉𝑉0 9 

is applied on the junction, the corresponding displacement would be given by: 
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∆𝐿𝐿 =
2
3
𝑀𝑀�

2𝑞𝑞𝑁𝑁𝑑𝑑
𝜒𝜒3

(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑉𝑉0)
3
2 10 

Due to the nonlinear exponent, the Schottky junction would generate a first-order harmonic 

displacement (i.e. strain), which can be obtained by calculating the Fourier series of above equation. 

In the first approximation the displacement is given by: 

∆𝐿𝐿𝑓𝑓0 = 𝑀𝑀𝑉𝑉𝑎𝑎 sin𝜔𝜔𝜔𝜔�
2𝑞𝑞𝑁𝑁𝑑𝑑
𝜒𝜒3

(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉0) 11 

Therefore, the Schottky junction behaves similar to a classical piezoelectric material whose strain 

varies linearly with applied bias. The effective piezoelectric constant deff is 

𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 =
∆𝐿𝐿𝑓𝑓0
𝑉𝑉𝑎𝑎

= 𝑀𝑀�
2𝑞𝑞𝑁𝑁𝑑𝑑
𝜒𝜒3

(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉0) 12 

By substituting the electrostriction coefficient from M (m2/V2) with a more fundamental parameter 𝑄𝑄 

(𝑀𝑀 = 𝑄𝑄𝜒𝜒𝑠𝑠2) with the unit of m4/C2: 

𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑄𝑄𝜒𝜒3�2𝑞𝑞𝑁𝑁𝑑𝑑𝜒𝜒3(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉0) 13 

According the developed phenomenological theory (see below), the Schottky junction would possess 

simultaneously the direct and converse piezoelectricity with the same coefficient. Thus, the 

piezoelectric coefficient of the Schottky junction can be given in the tensor form: 

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗3𝜒𝜒3�2𝑞𝑞𝑁𝑁𝑑𝑑𝜒𝜒3(𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉0) 14 

In the case without any external bias, the Schottky junction exhibits piezoelectric tensor as: 

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑗𝑗𝑗𝑗𝑗𝑗3𝜒𝜒3�2𝑞𝑞𝑁𝑁𝑑𝑑𝜒𝜒3𝑉𝑉𝑏𝑏𝑏𝑏 15 

 

The depletion region in the Schottky junction behaves like an insulating polar thin layer with electric 

polarization pointing from the semiconductor bulk to the noble metal interface, as indicated by the 

red arrow in the Extended Data Fig.2a. In the equilibrium state, this positive end of electric dipole is 

compensated by the electrons in the metal interface while the negative charge of the dipole is 

compensated by the positive charge in depletion region of the semiconductor. As demonstrated in the 

phenomenology theory, the interface piezoelectric effect originates from the combination of the built-

in field and the electrostriction effect. Note that, the electrostriction effect not only describes the 

electric field-induced strain with a quadratic dependence but also is a measure of the dependence of 

the dielectric permittivity on external stress.  
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Once the junction is subjected to an external stress, e.g. a tensile stress perpendicular to the junction 

interface, the dielectric permittivity of the semiconductor will increase due to the positive 

electrostriction coefficient Q11. This increased permittivity will give rise to an enhanced electric 

polarization in the depletion region, which breaks the screening equilibrium at the interface. Therefore, 

the increased polarization will redistribute the charge between metal and semiconductors to reach a 

new equilibrium state. Since the Schottky barrier prevents the electrons from directly flowing cross 

the interface, the electron will flow through the external circuit, giving rise to a displacive electric 

current (Extended Data Fig.2b). Similarly, when the junction is subjected to an external electric field, 

the built-in potential and field will be changed, which will modulate the strain state of the depletion 

region via the electrostriction effect. This electric field modulated strain leads to the converse 

piezoelectric effect. 

 

Overall, the microscopic processes of the interface effects rely on the tunability of semiconductor 

parameters, especially the dielectric permittivity, with respect to external stimuli. As a fundamental 

parameter, the dielectric permittivity influences almost all the properties of Schottky junctions, such 

as the capacitance, depletion width, built-in field and voltage, etc. Therefore, the modulation of 

electric polarization by external stimuli, which is intrinsically associated with the interface 

piezo/pyroelectric effect, is accompanied by the variation of all the other junction properties. They 

are entangled to the piezo/pyroelectric effects. 

 

It is worth noting that the interface piezoelectric effect demonstrated here is distinctive from the 

surface piezoelectricity, the mechanism and coefficients of which remain elusive.28 It is also different 

from the flexoelectric effect in semiconductive oxides, the physics of which was constructed based 

on the surface piezoelectricity, one of the contributions to the flexoelectricity.12,28 The flexoelectric 

effect only works with strain gradient, i.e. inhomogeneous strain. In contrast, the interface 

piezoelectric effect is due to the electric field induced polar symmetry and electrostriction effect, 

which works in any strain state, including non-strained or homogenous and inhomogeneous strained 

systems. 

 

Preliminary theory of interface pyroelectric effect: The space charge QSC per unit area in the 

Schottky junction is given as:1 

𝑄𝑄𝑆𝑆𝑆𝑆 = �2𝑞𝑞𝜒𝜒3𝑁𝑁𝑑𝑑 �𝑉𝑉𝑏𝑏𝑏𝑏 − 𝑉𝑉 −
𝑘𝑘𝑘𝑘
𝑞𝑞
� 16 
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In the case without applying external bias, Eq. 16 can be rewritten as 

𝑄𝑄𝑆𝑆𝑆𝑆 = �2𝑞𝑞𝜒𝜒3𝑁𝑁𝑑𝑑𝑉𝑉𝑏𝑏𝑏𝑏 17 

This unit area space charge QSC can be regarded as the effective polarization of the Schottky junction, 

which is a function of dielectric permittivity 𝜒𝜒3, dopant density Nd and built-in potential Vbi. Therefore, 

the pyroelectric coefficient of the Schottky junction is 

𝑝𝑝𝑖𝑖 =
𝑑𝑑𝑄𝑄𝑆𝑆𝑆𝑆(𝜒𝜒3,𝑁𝑁𝑑𝑑 ,𝑉𝑉𝑏𝑏𝑏𝑏)

𝑑𝑑𝑑𝑑
=
𝜕𝜕𝑄𝑄𝑆𝑆𝑆𝑆
𝜕𝜕𝜒𝜒3

𝜕𝜕𝜒𝜒3
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑄𝑄𝑆𝑆𝑆𝑆
𝜕𝜕𝑁𝑁𝑑𝑑

𝜕𝜕𝑁𝑁𝑑𝑑
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑄𝑄𝑆𝑆𝑆𝑆
𝜕𝜕𝑉𝑉𝑏𝑏𝑏𝑏

𝜕𝜕𝑉𝑉𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕

= �
𝑞𝑞𝑁𝑁𝐷𝐷𝑉𝑉𝑏𝑏𝑏𝑏

2𝜒𝜒3
𝜕𝜕𝜒𝜒3
𝜕𝜕𝜕𝜕

+ �
𝑞𝑞𝜒𝜒3𝑉𝑉𝑏𝑏𝑏𝑏

2𝑁𝑁𝑑𝑑
𝜕𝜕𝑁𝑁𝑑𝑑
𝜕𝜕𝜕𝜕

+ �
𝑞𝑞𝜒𝜒3𝑁𝑁𝐷𝐷

2𝑉𝑉𝑏𝑏𝑏𝑏
𝜕𝜕𝑉𝑉𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕

=
𝑄𝑄𝑆𝑆𝑆𝑆
√2

�
1
𝜒𝜒3
𝜕𝜕𝜒𝜒3
𝜕𝜕𝜕𝜕

+
1
𝑁𝑁𝑑𝑑

𝜕𝜕𝑁𝑁𝑑𝑑
𝜕𝜕𝜕𝜕

+
1
𝑉𝑉𝑏𝑏𝑏𝑏

𝜕𝜕𝑉𝑉𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕

� 

18 

 

According to Eq. 18, the pyroelectric coefficient pi in a Schottky junction can be enhanced by using 

materials with a large dielectric tunability and temperature sensitive dopant density, etc. The detailed 

temperature dependence of the dielectric permittivity, effective dopant density and built-in potential 

are material specified, and remains to be resolved case by case. 

 

When the Schottky junction absorbs heat and increases its temperature, the electric polarization 

generally reduces. This requires a charge redistribution from the metal interface to the semiconductor 

bulk through external circuit (Extended Data Fig.2c). Cooling the Schottky junction will reverse this 

process and current direction. Thus, the junction outputs a displacive electric current when subjecting 

to a thermal perturbation. 

 

Note that the effective dielectric permittivity 𝜒𝜒3  of the junction is much smaller that of pristine 

crystal/ceramic. The large built-in field in the depletion region depresses the dielectric permittivity 

due to its dielectric tunability.29 This electric field modulated permittivity in the depletion region leads 

to two results. First, the temperature dependence of the effective permittivity in the junction is 

different from that of insulating undoped BSTO ceramic shown in Extended Data Fig. 5a. Second, 

the dielectric permittivity of the Au/Nb:BSTO junction is highly correlated with the other 

temperature-dependent parameters, such as dopant density. For example, due to the semiconductive 

nature, the effective dopant density of the Nb:BSTO ceramic is temperature dependent. Changing the 

semiconductor temperature will modulate the carrier density, which tailors the build-in field and in 

turn, dielectric permittivity. This contribution might actually be more important in building the 
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effective pyroelectric coefficient than other parameters. Thus, the pyroelectric effect and its 

coefficient of the Au/Nb:BSTO junction has a different temperature dependence than that of bare 

insulating BSTO ceramic. 

 

Schottky junction preparation: (001)-oriented Nb:SrTiO3 and Nb:TiO2 single crystals (SurfaceNet 

GmbH) were firstly cleaned by acetone, isopropanol and water in an ultrasonic bath. Afterwards, the 

crystal surface was cleaned by oxygen plasma for 60 s before sputtering gold electrodes (Cressington 

sputter coater 208HR). Due to this optimized preparation technique, the Schottky junctions exhibit 

negligible hysteresis in the current-voltage characteristics with a very low reverse bias current, i.e. 

highly insulating in the reverse biased conditions. This high interface quality enables high 

repeatability of the observed effects. The Ohmic contacts are formed by evaporating Pt (40nm)/Al 

(10 nm) bilayer on the crystal surface. The silicon crystals with a 0.005 Ω𝑐𝑐𝑐𝑐 resistivity and a dopant 

density of 1.2×1025 m-3. (Okmetic) were cleaned and etched by buffered oxide etcher (BOE) for 1 

min to remove SiO2 passive layer. Note that the Schottky contact and the ohmic contact were set at 

the same sample surface to achieve the same chemical and mechanical condition for both types of 

contacts during the measurements. 

 

Nb-doped Ba0.6Sr0.4TiO3 ceramic preparation: Undoped and 0.1% wt Nb-doped Ba0.6Sr0.4TiO3 

ceramics were prepared by the classic solid-state reaction method. Raw chemical powders TiO2 

(99.99%, Alfa Aesar), BaCO3 (99.95%, Alfa Aesar), SrCO3 (99.99%, Alfa Aesar), Nb2O3 (99.9985%, 

Alfa Aesar) were mixed in 2-propanol and ball milled for 4 hours. The mixed powders were calcined 

at 1000 oC for 10 hours in air. The reacted powder was grounded and compressed to pellets, which 

were sintered in a tube furnace at 1400 °C for 10 hours in air. The obtained ceramic pellets (relative 

density of about 96%) were cut by a diamond blade saw into cuboid shape with parallel edges. To 

fully activate the Nb-dopant electrically, the cut pellets were annealed in the forming gas (95% N2 + 

5% H2) at 900 oC for 6 hours. Then, the two large area ceramic surfaces were polished by diamond 

papers (average diamond particle diameter down to 0.5 µm). A carrier density of about 7×1024 m-3 

was measured by Hall effect. 

 

Electric properties characterization: Current-voltage and capacitance-voltage of the Schottky 

junctions were characterized by Keithley 2636B source meter and Keysight E4980A LCR meter, 

respectively. The capacitance was measured with an AC driven voltage of 100 mV at 1 kHz.  
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Interface direct piezoelectric effect characterization: The direct piezoelectric effect, i.e. converting 

mechanical energy into electrical energy, was measured by a home-built device (see Extended Data 

Fig. 7). The samples with two parallel sides edge were clamped between a piezoelectric actuator (P-

888.51, PI Ceramic GmbH) and a micrometre head (No. 153-201, Mitutoyo Ltd). The dynamic stress 

that varies sinusoidally with time was generated by the piezoelectric actuator. The current generated 

in the Schottky junction was detected by a transimpedance amplifier (DLPCA-200, Femto) and then 

displayed by an oscilloscope (DSO-X 3034A, Agilent Technologies) or analysed by a Lock-in 

amplifier (SR865A, Stanford Research Systems). 

 

The stress σ exerted by the piezoelectric actuator was calibrated by measuring the dynamic strain ε 

developed in the sample and calculated via its stiffness 𝑐𝑐, i.e. stress 𝜎𝜎11 = 𝑐𝑐11𝜀𝜀11. The dynamic strain 

was measured by gluing a strain gauge (R=120 Ω, 632-146, RS Ltd) to the sample surface by epoxy. 

The resistance R of the strain gauge changes once subjected to a strain, i.e. 
∆𝑅𝑅
𝑅𝑅

= 2𝜀𝜀 19 

The resistance variation of the strain gauge was measured with a Wheatstone bridge and a lock-in 

amplifier, as illustrated in Extended Data Fig. 7. The input voltage to the Wheatstone bridge was set 

as 1 V. The strain developed in the studied samples is in the order of magnitude of 10-5, resulting in 

∆𝑅𝑅 ≪ 𝑅𝑅. In this case, the correlation between the strain amplitude 𝜀𝜀0 and the lock-in output RMS 

value VRMS equals 

𝜀𝜀0 = 2.828 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 20 

The stiffness c11 of Nb:SrTiO3, Nb:TiO2, and Si crystal is 318.1, 267.4 and 165.7 GPa, respectively.30-

32 The stiffness of Nb:Ba0.6Sr0.4TiO3 ceramics is about 165 Gpa.33  

 

The electromechanical coupling factor k31 of the Schottky junctions are calculated as: 

𝑘𝑘31 =
𝑑𝑑31

�𝑠𝑠11𝜒𝜒𝑠𝑠
 21 

where s11 is the elastic compliance. The s11 of Nb:SrTiO3, Nb:TiO2 and Nb:Ba0.6Sr0.4TiO3 ceramics 

are 3.3 × 10-12 Pa-1, 6.78 × 10-12 Pa-1, 6.06 × 10-12 Pa-1, respectively.34,35 The effective dielectric 

permittivity of the Schottky junctions is calculated by linear fit according to Eq. 2. As shown by Eq. 

2, the slope of the C-2 vs V linear fit is:  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = −
2

𝑞𝑞𝜒𝜒3𝑁𝑁𝑑𝑑
 22 
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The doping density in these semiconductors can be estimated using their carrier density, which can 

be characterized by the Hall effect. The doping density of Nb:STO, Nb:TO and Nb:BSTO are 

measured as 2.4×1025 m-3, 3.4×1025 m-3, and 7×1024 m-3, respectively. With the values of these 

parameters, the calculated permittivity of Au/Nb:STO, Au/Nb:TO and Au/Nb:BSTO are 1.68×10-9 

C/Vm (𝜀𝜀𝑟𝑟=190), 1.02×10-9 C/Vm (𝜀𝜀𝑟𝑟= 115), 9.32×10-10 C/Vm (𝜀𝜀𝑟𝑟=105), respectively. 

 

Interface converse piezoelectric effect characterization: As illustrated in Extended Data Fig. 8, the 

interface converse piezoelectric effect of Schottky junction was characterized by measuring the 

surface displacement using an atomic force microscopy system (Park XE-100). A sinusoidal-type AC 

voltage with a variable amplitude of Va and frequency of 22.5 kHz was applied on the noble metal 

electrode of the Schottky junction via a tungsten probe. The resultant surface displacement due to the 

converse piezoelectric effect was probed by the AFM tip (PPP-EFM-50, Nanosensors) in contact 

mode under a loading force of 25 nN. The experiments were carefully designed, i.e. by applying AC 

bias to the gold electrode via a probe and using a conductive AFM tip that forms good electrical 

contact with the gold electrode, to eliminate any electrostatic contribution in the characterization. The 

dynamic vibration of the AFM tip is sensed by the position sensitive photodiode (PSPD) in the AFM 

system. The PSPD outputs a dynamic  |𝐴𝐴 − 𝐵𝐵| signal, magnitude of which is proportional to the 

surface displacement amplitude Δ𝑙𝑙. The |𝐴𝐴 − 𝐵𝐵| signal is analysed by the lock-in amplifier which 

outputs an RMS value VRMS proportional to the amplitude of |𝐴𝐴 − 𝐵𝐵| signal with a ratio of 1.414. The 

dependence of the |𝐴𝐴 − 𝐵𝐵|signal on the tip displacement was calibrated by the force-distance curve, 

which shows a tip sensitivity of about η=21.4 mV/nm (Extended Data Fig. 8b). Therefore, the 

Schottky surface vibration amplitude Δ𝑙𝑙 can be estimated as: 

Δ𝑙𝑙 =
1.414𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅

𝜂𝜂
 23 

Thus, the converse piezoelectric constant d33 of the Schottky junction is 

𝑑𝑑33 =  
1.414 ⋅ 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅

𝜂𝜂𝑉𝑉𝑎𝑎
 24 

 

Interface pyroelectric effect characterization: The interface pyroelectric effect of the Schottky 

junctions was measured by a home-built device, as schematically shown in Extended Data Fig. 9. The 

sample was attached to two stages Peltier cooler, one used for controlling the global temperature and 

the other for inducing the alternative temperature variation using a signal generator (TTI TGA1241). 

The current output by the sample was amplified by a transimpedance amplifier (Femto DPLC 200) 

and then displayed by the oscilloscope or analysed by the lock-in amplifier. The Peltier plate and the 
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sample were mounted in an aluminium box which can be vacuumed by a membrane pump. The 

temperature of the sample is varied sinusoidally with respect to time as: 

𝑇𝑇 = 𝑇𝑇0 + ∆𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠(2𝜋𝜋𝜋𝜋𝜋𝜋) 25 

where T0 is the base temperature, ΔT is the temperature variation amplitude and f is the frequency. 

The pyroelectric coefficient can be calculated as: 

𝑝𝑝𝑖𝑖 =
𝐽𝐽

2𝜋𝜋𝜋𝜋Δ𝑇𝑇
 26 

Where J is the amplitude of the measured pyroelectric current density. 

 

To characterize the light-induced pyroelectric current, the samples were mounted in vacuum and 

illuminated by a red laser on the top electrode with a wavelength of 660 nm and light intensity of 200 

mW/cm2. The Pb(Zr0.2Ti0.8)3 and Nb:BSTO ceramics are of equal size in dimension and volume. 

Based on Fig.3c and 3d, we conclude that the overall behaviour of the Schottky junctions is a rather 

thin film-like than bulk-like, supporting the hypothesis that the signal is generated within a skin layer 

(depletion width) underneath the surface. 

 

The figure of merit (FV) of the Schottky junctions are calculated as:7 

𝐹𝐹𝑉𝑉 =
𝑝𝑝𝑖𝑖
𝑐𝑐𝑝𝑝𝜒𝜒3

 27 

where 𝑝𝑝𝑖𝑖 is the pyroelectric coefficient, 𝑐𝑐𝑝𝑝 is the specific heat capacity. The specific heat capacity of 

Nb:STO, Nb:TO and Nb:BSTO is about 2.7 J/m3K.36 The specific heat capacity of silicon is 1.65 

J/m3K.  

 

Phenomenological theory of interface piezoelectricity: The volume density of internal energy U of 

a body subjected to external stresses σ and electric field E can be expressed in the form:8 

𝑑𝑑𝑑𝑑 = 𝜎𝜎𝑖𝑖𝑖𝑖𝑑𝑑𝜀𝜀𝑖𝑖𝑖𝑖 + 𝐸𝐸𝑚𝑚𝑑𝑑𝑃𝑃𝑚𝑚 + 𝑇𝑇𝑇𝑇𝑇𝑇 28 

where ε is the strain, P is the electric polarization, T is the temperature and S is the volume density of 

entropy. Einstein summation convention is used here. Here, we choose (σ, E, S) as the independent 

variables, with the (ε, P, T) as the dependent variables. Accordingly, we introduce the enthalpy H per 

unit volume, defined by: 

𝐻𝐻 = 𝑈𝑈 − 𝜎𝜎𝑖𝑖𝑖𝑖𝜀𝜀𝑖𝑖𝑖𝑖 − 𝐸𝐸𝑚𝑚𝑃𝑃𝑚𝑚 29 

Hence, 

𝑑𝑑𝑑𝑑 = −𝜀𝜀𝑖𝑖𝑖𝑖𝑑𝑑𝜎𝜎𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑚𝑚𝑑𝑑𝐸𝐸𝑚𝑚 + 𝑇𝑇𝑇𝑇𝑇𝑇 30 

As can be seen from above equation, the dependent variables can be expressed as 
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𝜀𝜀𝑖𝑖𝑖𝑖 = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖

 

31 𝑃𝑃𝑚𝑚 = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝐸𝐸𝑚𝑚

 

𝑇𝑇 =
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 

Since the entropy is as a constant in the adiabatic conditions, the dependent variables of interest (ε, 

E) are function of stress σ and polarization P: 

𝜀𝜀𝑖𝑖𝑖𝑖 = 𝜀𝜀(𝜎𝜎𝑘𝑘𝑘𝑘,𝐸𝐸𝑛𝑛); 𝑃𝑃𝑚𝑚 = 𝑃𝑃(𝜎𝜎𝑘𝑘𝑘𝑘,𝐸𝐸𝑛𝑛); 32 

Expanding above functions to the second order about the position of zero strain and zero electric 

polarization, we can get 

𝜀𝜀𝑖𝑖𝑖𝑖 =
𝜕𝜕𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘

𝜎𝜎𝑘𝑘𝑘𝑘 +
𝜕𝜕𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝐸𝐸𝑛𝑛

𝐸𝐸𝑛𝑛 +
1
2!
�
𝜕𝜕2𝜀𝜀𝑖𝑖𝑖𝑖

𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘𝜕𝜕𝜎𝜎𝑞𝑞𝑞𝑞
𝜎𝜎𝑘𝑘𝑘𝑘𝜎𝜎𝑞𝑞𝑞𝑞 + 2

𝜕𝜕2𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘𝜕𝜕𝐸𝐸𝑛𝑛

𝜎𝜎𝑘𝑘𝑘𝑘𝐸𝐸𝑛𝑛 +
𝜕𝜕2𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝐸𝐸𝑛𝑛𝜕𝜕𝐸𝐸𝑜𝑜

𝐸𝐸𝑛𝑛𝐸𝐸𝑜𝑜� 33 

𝑃𝑃𝑚𝑚 =
𝜕𝜕𝑃𝑃𝑚𝑚
𝜕𝜕𝐸𝐸𝑛𝑛

𝐸𝐸𝑛𝑛 +
𝜕𝜕𝑃𝑃𝑚𝑚
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘

𝜎𝜎𝑘𝑘𝑘𝑘 +
1
2!
�
𝜕𝜕2𝑃𝑃𝑚𝑚

𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘𝜕𝜕𝜎𝜎𝑞𝑞𝑞𝑞
𝜎𝜎𝑘𝑘𝑘𝑘𝜎𝜎𝑞𝑞𝑞𝑞 + 2

𝜕𝜕2𝑃𝑃𝑚𝑚
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘𝜕𝜕𝐸𝐸𝑛𝑛

𝜎𝜎𝑘𝑘𝑘𝑘𝐸𝐸𝑛𝑛 +
𝜕𝜕2𝑃𝑃𝑚𝑚
𝜕𝜕𝐸𝐸𝑛𝑛𝜕𝜕𝐸𝐸𝑜𝑜

𝐸𝐸𝑛𝑛𝐸𝐸𝑜𝑜� 34 

The first two differentiation terms in Eq. 33 & 34 represent the elastic compliance and the reciprocal 

of dielectric susceptibility, respectively. 

𝜕𝜕𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘

= 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃  35 

𝜕𝜕𝑃𝑃𝑚𝑚
𝜕𝜕𝐸𝐸𝑛𝑛

= 𝜒𝜒𝑚𝑚𝑚𝑚𝜎𝜎  36 

The fourth-order tensor 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃  is the elastic compliance measured at constant electric polarization and 

the second-order tensor 𝜒𝜒𝑚𝑚𝑚𝑚𝜎𝜎  denotes the dielectric permittivity measured at constant stress. The 

second first-order differentiation in Eq. 33 & 34 represents the converse and direct piezoelectric effect 

in non-centrosymmetric materials. 
𝜕𝜕𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝐸𝐸𝑛𝑛

=
𝜕𝜕𝑃𝑃𝑛𝑛
𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖

= 𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛 37 

For simplicity, we assume the piezoelectric constants remains constant under external stress. Thus, 

𝜕𝜕2𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘𝜕𝜕𝐸𝐸𝑛𝑛

=
𝜕𝜕𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘

= 0 38 

𝜕𝜕2𝑃𝑃𝑚𝑚
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘𝜕𝜕𝜎𝜎𝑞𝑞𝑞𝑞

=
𝜕𝜕𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝜕𝜕𝜎𝜎𝑞𝑞𝑞𝑞

= 0 39 
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It is also reasonable to assume that the elastic constant of the crystals remains unchanged under 

external stress, namely, 𝜕𝜕2𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝜎𝜎𝑘𝑘𝑘𝑘𝜕𝜕𝜎𝜎𝑞𝑞𝑞𝑞

= 0. And the dielectric susceptibility remains constant under small 

external electric field, i.e. 𝜕𝜕
2𝑃𝑃𝑚𝑚

𝜕𝜕𝐸𝐸𝑛𝑛𝜕𝜕𝐸𝐸𝑜𝑜
= 0.6 Also, the other second-order partial derivatives are correlated: 

𝜕𝜕2𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝐸𝐸𝑛𝑛𝜕𝜕𝐸𝐸𝑜𝑜

= −
𝜕𝜕3𝐻𝐻

𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖𝜕𝜕𝐸𝐸𝑛𝑛𝜕𝜕𝐸𝐸𝑜𝑜
=

𝜕𝜕2𝑃𝑃𝑜𝑜
𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖𝜕𝜕𝐸𝐸𝑛𝑛

= 2𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 40 

The derived fourth-rank tensor Mijno is the electrostriction coefficient in the unit of m2/V2. Therefore, 

the strain εij and electric polarization Pm induced by external stress σkl and electric filed En can be 

written as 

𝜀𝜀𝑖𝑖𝑖𝑖 = 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃 𝜎𝜎𝑘𝑘𝑘𝑘 + 𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛𝐸𝐸𝑛𝑛 + 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛𝐸𝐸𝑜𝑜 41 

𝑃𝑃𝑚𝑚 = 𝜒𝜒𝑚𝑚𝑚𝑚𝜎𝜎 𝐸𝐸𝑛𝑛 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝜎𝜎𝑘𝑘𝑘𝑘 + 2𝑀𝑀𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐸𝐸𝑛𝑛𝜎𝜎𝑘𝑘𝑘𝑘 42 

 

In the case of materials without inversion symmetry, the external applied electric field induces 

mechanical strain via both converse piezoelectric effect and electrostriction effect. The strain induced 

by the electrostriction effect in piezoelectric materials is normally much smaller than that induced by 

the piezoelectric effect and thus, is generally ignored. When just applying external stress to the 

piezoelectric materials without applying electric field, it would generate an electric polarization only 

by the direct piezoelectric effect.  

 

In the case of centrosymmetric materials, piezoelectric constants dnij are all zero. Eq. 41 and 42 can 

be rewritten as 

𝜀𝜀𝑖𝑖𝑖𝑖 = 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃 𝜎𝜎𝑘𝑘𝑘𝑘 + 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛𝐸𝐸𝑜𝑜 43 

𝑃𝑃𝑚𝑚 = 𝜒𝜒𝑚𝑚𝑚𝑚𝜎𝜎 𝐸𝐸𝑛𝑛 + 2𝑀𝑀𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐸𝐸𝑛𝑛𝜎𝜎𝑘𝑘𝑘𝑘 44 

According to Eq. 43, the external electric field can induce mechanical strain only through the 

electrostriction effect. On the other hand, homogenous mechanical stress cannot induce electric 

polarization along in these materials due to the inversion symmetry. However, the second term in the 

right of Eq. 44 indicates that external stress can modulate electric polarization via electrostriction 

effect if there is an electric field 𝐸𝐸𝑛𝑛, which could be either an externally applied field or a built-in 

space charge field.  The effective piezoelectric effect is given as 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝑀𝑀𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐸𝐸𝑛𝑛 = 2𝑀𝑀𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐸𝐸𝑛𝑛 45 

This can be understood that the electric field, that is unidirectional vector, breaks the inversion 

symmetry in native centrosymmetric materials, inducing electric polarization and giving rise to a 
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piezoelectric effect via the electrostriction. We can unveil the underlying mechanism by rewriting Eq. 

40 as 

2𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝜕𝜕2𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝐸𝐸𝑛𝑛𝜕𝜕𝐸𝐸𝑜𝑜

=
𝜕𝜕2𝑃𝑃𝑛𝑛

𝜕𝜕𝐸𝐸𝑜𝑜𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖
=
𝜕𝜕𝜒𝜒𝑛𝑛𝑛𝑛𝜎𝜎

𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖
 46 

Keeping in mind that: 

𝜕𝜕𝜀𝜀𝑖𝑖𝑖𝑖
𝜕𝜕𝐸𝐸𝑛𝑛

=
𝜕𝜕
𝜕𝜕𝐸𝐸𝑛𝑛

�−
𝜕𝜕𝜕𝜕
𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖

� =
𝜕𝜕
𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖

�−
𝜕𝜕𝜕𝜕
𝜕𝜕𝐸𝐸𝑛𝑛

� =
𝜕𝜕𝑃𝑃𝑛𝑛
𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖

 47 

According to Eq. 46, the electrostriction is a measure of the dependence of dielectric permittivity on 

external stress.37 This is termed the converse electrostriction effect. Therefore, the external stress 

would modulate the dielectric permittivity via electrostriction effect, giving rise to a change in the 

electric polarization induced by electric field En. 

 

Similarly, the second term in the left of the Eq. 43 also indicates the electric field En can also induce 

a converse piezoelectric effect in a centrosymmetric material. To derive the corresponding converse 

piezoelectric coefficient, one shall extend the Einstein notation in Eq. 43: 

𝜀𝜀𝑖𝑖𝑖𝑖 = 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃 𝜎𝜎𝑘𝑘𝑘𝑘 + 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛2 + 2𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛𝐸𝐸𝑞𝑞 48 

Note that the subscript n≠q in above equation. For the case of interest here, the electric field exerted 

on a centrosymmetric material consists of a constant part En, which represents the built-in field, and 

an alternative component ΔEn due to an externally applied AC voltage. Accordingly, the Eq. 48 can 

be rewritten as 

𝜀𝜀𝑖𝑖𝑖𝑖 = 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃 𝜎𝜎𝑘𝑘𝑘𝑘 + 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛2 + 2𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛∆𝐸𝐸𝑛𝑛 + 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∆𝐸𝐸𝑛𝑛2 49 

The first and the second term in the right of Eq. 49 represents the static strain induced by external 

stress and the built-in electric field in the space charged region, respectively; the third term represent 

the first order harmonic strain induced by the dynamic electric field, i.e. the converse piezoelectric 

effect; the last term is the second-harmonic strain refers to the conventional electrostriction strain. 

Therefore, the effect converse piezoelectric coefficient is the third term of Eq. 49: 

𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛 = 2𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛 50 

 

In the case that the external field Eq is in the different direction with respect to the built-in field En, 

the external field induced strain is represented by the third term in the right of Eq. 48, i.e. 𝜀𝜀𝑖𝑖𝑖𝑖 =

2𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛𝐸𝐸𝑞𝑞. Clearly, the corresponding piezoelectric coefficient is 

𝑑𝑑𝑞𝑞𝑞𝑞𝑞𝑞 = 2𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛 = 2𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑛𝑛 51 
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The piezoelectric coefficient expressed in Eq. 45, 50, 51 can be transformed into a unified form given 

as: 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝑀𝑀𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐸𝐸𝑛𝑛 52 

 

In summary, both direct and converse piezoelectric effect with the same coefficients can occur in 

centrosymmetric materials once they are subjected to an electric field En.  
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Extended Data Figure Legends 

Extended Data Fig. 1| Electrical field engineered symmetry in (001)-oriented Nb:SrTiO3 and 

Nb:TiO2 crystals a, Schematic shows the common group of m3�m point group and ∞𝑚𝑚 group. b, 

Schematic shows the common group of 4/mmm point group and ∞m group. Only the rotation 

symmetry elements are shown here while the mirror symmetry elements are omitted. The symbol ∩ 

represents the intersect operation. 

 

Extended Data Fig. 2| Microscopic processes of interface piezo-/pyroelectric effects. a, The 

electric polarization and compensating charges of the Schottky junction in the equilibrium state. b, 

Charge redistribution when the junction is subjected to a tensile stress. c, The charge redistribution 

when subjecting to heating. The piezo-/pyroelectric effects persist whenever there is a depletion 

region with a built-in field. However, another factor, i.e. the effective barrier, that assures good 

insulating properties in reverse bias conditions, is critical for the ability of the junction to deliver 

displacive current and consequently to output electricity. If the barrier becomes leaky, e.g. by a further 

increased temperature, the re-distribution of charge carriers will happen by electron transmission 

directly cross the interface via either tunnelling or thermionic emission. In this case, the pyroelectric 

effect might still be there, but it is screened by alternative conducting channels. This is to certain 

extend similar to the situation of a solar cell affected by a low shunt resistance.  

 
Extended Data Fig. 3| Electric characterization of Al/Nb:SrTiO3/Al and Au/Nb:TiO2 junction. 

a, C-2-V curve of the Au/Nb:SrTiO3 junction in a large voltage range. Current-voltage curves of b, 

Al/Nb:SrTiO3/Al, c, Au/Nb:TiO2/Al and d, Al/Nb:TiO2/Al heterostructures. e, C-2-V curve of 

Au/Nb:TiO2/Al junction. f, The C-2-V curve of Au/Nb:TiO2/Al junction and its linear fit near zero 

voltage. Given the dopant density of 3.4 ×1025 m-3 in Nb:TiO2, this fit indicates the effective 

permittivity of the Au/ Nb:TiO2 junction is 1.02×10-9 C/Vm and a built-in potential of 1.45 V. Since 

we mainly concern here the piezoelectric effect of the Schottky junctions without applying bias (i.e. 

near zero voltage), the electrical parameters derived by fitting around the zero-voltage bias give a 

well description of the junction properties and lead to a quantitative prediction of the piezoelectric 

effect consistent with experimental results.  

 
Extended Data Fig. 4| Current output by the Nb:SrTiO3 and Nb:TiO2 crystals with Ohmic 

contacts and charges generated in Schottky junctions. Current density generated by a) the 

Al/Nb:SrTiO3/Al heterostructure and b) Al/Nb:TiO2/Al heterostructure under the stimuli of external 
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stress. Clearly, the current density waveforms generated in the crystals with Ohmic contacts not only 

show a low magnitude compared to that shown in Fig. 2 of the main test but also an irregular time 

dependence. This demonstrates both crystals with Ohmic contacts possess no piezoelectric effect. 

Charge waveforms generated in Au/Nb:SrTiO3/Al junction driven by dynamic c) stress and d) 

temperature by integrating the generated current with respect to time in Fig. 2b and Fig.3a of the main 

text. 

 
Extended Data Fig. 5| Electric characterization of Au/Nb:Ba0.6Sr0.4TiO3 junction. a, 

Temperature dependent dielectric constant of the insulating Ba0.6Sr0.4TiO3 ceramic. b, Current 

density-voltage curve and c, Capacitance-voltage curve of the Au/Nb:Ba0.6Sr0.4TiO3 junction. 

 
Extended Data Fig. 6| Negligible piezoelectricity in Ohmic contacted ceramics. a, The current 

density output by the Au/Nb:Ba0.6Sr0.4TiO3/Ga-In (black line) and Ga-In/Nb:Ba0.6Sr0.4TiO3/Ga-In 

(red line) driven by sinusoidally varied stress (top). b, The current density generated by the Ga-

In/Ba0.6Sr0.4TiO3/Ga-In heterojunctions under a sinusoidally varied stress. Note that the current 

density amplitude observed in both ceramics with only Ohmic contacts are three to four order of 

magnitude smaller than that generated in the Au/Nb:Ba0.6Sr0.4TiO3 junction, demonstrating the 

essential role of the Schottky contact in the induced piezoelectric effect.  

 
Extended Data Fig. 7| Direct piezoelectric effect characterization setup. 

 

Extended Data Fig. 8| Converse piezoelectric effect characterization. a, Schematic showing the 

measurement setup. b, Force-distance curve of PPP-EFM-50 (Nanosensors) on the Au/Nb:SrTiO3. 

 

Extended Data Fig. 9| Pyroelectric effect characterization setup. 


