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Abstract 
Piezotronic and piezo-phototronic devices exhibit high-performance and potential 

applications in next generation self-powered, flexible electronics and wearable systems. Strain-

induced piezoelectric field at junction, contact, or interface can significantly modulate the carrier 

generation, recombination, and transport properties. This mechanism has been studied based on 

theory of piezotronics and piezo-phototronics. Simulation-driven material design and device 

improvement have been greatly propelled by finite element method, density functional theory and 

molecular dynamics for achieving high-performance devices. Dynamical piezoelectric field also 

can control new quantum states in quantum materials, for example, topological insulators, which 

pave new path for enhancing performance and investigate fundamental physics of quantum 

piezotronics and piezo-phototronics. 
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Introduction  
Piezotronics and piezo-phototronics are emerging fields by coupling piezoelectricity, 

semiconductor, and photon excitation for achieving high-performance devices [1-3], such as 

nanogenerators [4-6], piezotronic field-effect transistors [7], strain sensor [8], LEDs [9], solar 

cells [10], strain-gated taxel-addressable matrices [11], piezo-phototronic strain sensor arrays 

[12], two-dimensional piezotronic transistor [13], and strain-gated logic devices [14]. The built-in 

piezoelectric potential effectively controls carrier transport characteristics in piezoelectric 

semiconductors [15-18], such as ZnO, GaN, InN, CdS and monolayer MoS2.  

The first piezotronic strain sensor fabricated by ZnO nanowire shows high strain sensitivity 

that the gauge factor reaches up to 1250 [8].  Strain-induced piezoelectric potential modulates the 

properties of carrier transport, generation, and recombination at junction or interface of 

semiconductor. There are two novel features of piezotronic and piezo-phototronic devices: one 

feature is that piezoelectric materials convert mechanical stimuli to electric signal; other feature is 

that strain-induced piezoelectric charges directly control carriers in depletion layer of p-n junction 

or metal-semiconductor contact, which amplifies the piezoelectric signal. Therefore, the high 

sensitivity mechanism is that piezotronic transistors simultaneously have energy/signal 

conversion and amplification functions. 

In particular, piezotronic and piezo-phototronic devices exhibit novel properties of 

sensitivity enhancement for strain sensing applications [8, 19] and energy conversion 

improvement for solar cells [10, 20].  According to semiconductor physics and piezoelectric 

theory, fundamental piezotronic theory had been established, and piezotronic p-n junction and 

metal-semiconductor contact models have been constructed [15, 18].  Piezotronic and piezo-

phototronic effects provide fundamental understanding on the results of previous theoretical and 

experimental works, for example, piezopotential modulates the Schottky barrier heights (SBHs) 

at the metal-semiconductor contacts [21], changes electric field distribution in CdS-based 

photovoltaic [22], and separates photon-induced electron-hole pairs in core-shell structure [23].   

Coupling properties can be used to convert the mechanical or optical signal to ON or OFF 

output signals. Piezotronic logic devices based on the strain-gated transistors had been fabricated 

for logic units of NAND, NOR, and XOR [4] and piezo-phototronic binary computation by 

piezoelectric semiconductor by wurtzite structure ZnO and CdS [8]. Piezotronic transistors can be 

strain sensors, signal comparators and amplifiers, which designed novel piezotronic analog-to-

digital converters (ADCs) for conversion from a continuous-time and -amplitude analog signal to 

a discrete-time and -amplitude digital signal in strain mapping and digital processing [24]. The 

piezo-phototronics mainly involves the generation and recombination properties of the carriers 

https://en.wikipedia.org/wiki/Analog_signal
https://en.wikipedia.org/wiki/Discrete-time
https://en.wikipedia.org/wiki/Digital_signal_(signal_processing)


which can be controlled by strain-induced piezoelectric charges [16, 18]. Various high 

performance piezo-phototronic devices such as solar cell [10, 20], LED [9] and piezo-phototronic 

photocell [25] have been developed.  Piezotronic nanodevices with high strain sensitivity, fast 

response, and low power consumption are good candidates for internet of things and self-powered 

applications.  Above works provide not only the deep understanding on piezotronic and piezo-

phototronic effects, but also guidance for developing high-performance devices.  

 

Fundamental Theory and Device Physics of Piezotronics and Piezo-phototronics 
Piezotronic and piezo-phototronic devices had been described by semiconductor physics 

[26] and piezoelectric theory [27]. Basic equations are electrostatic, current-density, continuity, 

and piezoelectric equations, which are utilized for characterizing charge carriers transport 

behaviors and the interaction of photon-electron under piezoelectric field induced by dynamic 

straining.  

Poisson equation, one of Maxwell equations, describes the charge induced potential 

distribution in piezotronic and piezo-phototronic devices: 
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where iψ  , )(rρ  and sε  are the potential, the charge density, and the dielectric coefficient. 

The current-density equations describe drift and diffusion current density for steady state 

conditions: 
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where nJ  , pJ  and J are the electron, hole and total current densities, q  is unit electronic 

charge, electron and hole mobility are nµ  and pµ , free electrons and holes concentrations are n  

and p , E  is electric field, electrons and holes diffusion coefficients are nD  and pD , 

respectively.  

The time-dependent phenomena are described by the continuity equations for generation and 

recombination: 
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where nG  is electron generation rate, and pG  is hole generation rate, nU  and pU  are the 

recombination rates, respectively. 

Applied a small uniform strain S, the polarization P is given by:[27] 

( ) ( ) ( )i ijk jkP = e S  (4)    

where tensor
 ijk)(e  is the piezoelectric coefficient.

The constitutive equations can be written as:[27-29] 
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where tensor σ  and Ec are the stress and elasticity. D  is the electric displacement. k  is the

dielectric tensor.  

Piezopotential can change the energy band. The schematic of piezotronic transistor is shown 

in Figure 1(a). For one-dimensional p-n junction, the built-in potential biψ  is obtained as: 
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where AN  and 
D

N  are the acceptor and donor concentrations, piezoρ  is of piezoelectric charge 

number density,  Wpiezo is a width of uniform piezoelectric charge distribution, DpW  and DnW

are p-side and the n-side depletion layer lengths, respectively.  

Current-voltage characteristic of the piezotronic p-n junction or metal-semiconductor contact 

is given by:  
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where 0J  is the saturation current density, which is 0CJ  for p-n junction or 0DJ  for metal-

semiconductor contact: 
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where pL  is hole diffusion length, in  and iE  are the intrinsic carrier density and Fermi level, 



0FE  is Fermi level without piezoelectric charges. 
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where CN  is the effective density of states at the conduction band, 0Bnφ  is Schottky barrier height 

without piezoelectric charges. 

The current is an exponential function of strain-induced charges, which can be effectively 

controlled by tensile or compressive strain. The current-voltage curves of piezotronic metal-

semiconductor contact are shown in figure 1(b). Furthermore, the piezotronics PIN structure 

diode has been demonstrated for high-frequency applications in microwave devices [30]. 

Considering dynamics properties of high frequency strain, piezotronic and piezo-phototronic 

devices may broaden the conventional applications beyond the statics features [31]. Piezotronic 

effect on semi-classical ballistic transport prosperities can be studied by classical Boltzmann 

equation [32]. For monolayer MoS2, the band structure can be calculated by Schrodinger 

equation, which is given as:  
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where 
znψ  is the wavefunction, 

znE  is energy level,  nz is the quantum number, mz is effective 

mass of electron. The potential V include the effect of piezo-charges.  

Piezoelectric charges changing wavelength and enhancing luminescence performance in 

quantum devices have received extensive researches for wurtzite structure ZnO nanowire, 

monolayer MoS2 and CdTe quantum dot [24, 33-35]. The coupling between piezo-phototronics 

effect and surface plasmonic resonance has been explored both in theoretically and 

experimentally and can be used to remarkably enhance the photoluminescence in InGaN/GaN 

quantum well [36]. In addition, a self-consistent numerical model in the energy realignment 

realized by strain-induced piezoelectric charges has been investigated in InGaN/GaN quantum 

well aiming at clarifying the high performance of solar cell [37].  

 

Simulation-driven material design and device improvement for Piezotronics and 

Piezo-phototronics  
Piezotronics and piezo-phototronics strongly stimulated research on material design and 

device improvement, which offer atomistic calculations and semiconductor device simulation. 

For one success example, two back-to-back bulk ZnO with reversely growing directions increase 

piezoelectric charge density,  the material and device have been realized experimentally with a 



great gauge factor approaching to 800 [38]. Another example is size effect on mechanical and 

piezoelectric properties of piezoelectric nanowire, which has been studied systematically by 

coupling of experimental and computational studies [39].   

The complete set of all these semiconductor physics, material simulation, and device design 

techniques will establish the simulation-driven material design and device improvement for 

piezotronics and piezo-phototronics, as shown in Figure 2. Firstly, material properties can be 

obtained from material structural and elemental characterization. Secondly, atomistic calculations, 

such as k∙p theory (k is the wavevector and p is the quantum-mechanical momentum operator), 

Density Functional Theory and molecular dynamics obtain the interface, semiconductor, and 

piezoelectric properties and compare the results of data from experiments. There are tremendous 

progress for calculations and simulations of material properties, which can guide and facilitate the 

design and optimization for piezotronic and piezo-phototronic devices. The development of 

software package is also required for the design and simulation of piezotronic and 

piezophototronic circuit, integrated chip, and sensor network . Artificial intelligence may provide 

powerful tools to develop new methods for search, discovery and optimization of piezotronic and 

piezo-phototronic materials.  

Contact and Interface properties. Computational modeling of metal/ZnO contacts in 

piezotronic devices could be done by fully atomistic molecular dynamics (MD) simulations [40-

42]. This is a crucial step to understand, from the viewpoint of simulation-driven material and 

device design, the structure and dynamics at interfaces and the dependence of device performance 

on various factors. For example, the Schottky barrier height at metal/ZnO contacts will depend on 

the size of contacts and the mechanical stability at the interface during repeated mechanical 

loadings [42]. Essentially, the total Hamiltonian of a metal/ZnO contact in a piezotronic device 

should include contributions from both the atomic contact at the interface and mechanical driving 

systems [42]. For example, in a sliding-bending piezoelectric nanogenerator, the total 

Hamiltonian at classical level should be a function of the positions and momenta of all the 

particles in the ZnO NW and metal tip, and the equivalent macroscopic position and momentum 

of the AFM cantilever system, together with the elastic potential energy of driving springs, as 

shown in Figure 3(a).  Using MD simulation, acoustic transition radiation can be occurred due to 

the strain-induced polarization, which can sufficiently detect terahertz frequency strain wave with 

sub-picosecond level which approaches to atomic time and space resolution [43]. Classical core-

shell interatomic potentials have been proposed to the study of piezoelectric properties for ZnO 

nanostructure by molecular dynamics and molecular statics [44]. Humidity effect on the 

piezoelectric and semiconductor properties has also been demonstrated in ZnO nanowires by MD 



simulations [45]. Further, the piezoelectric constant in collagen is calculated with pC/N level 

which is in agreement with the experimental measurement [46]. 

Semiconductor properties. Pointing to the current demands of higher sensitivity and lower 

threshold of mechanical initiation for ZnO based piezotronic devices, the electronic properties of 

various ZnO systems had been studied, especially on the intrinsic defects determined dopable 

range for further flexible modulations of mechanically induced photoemission [47, 48]. The 

doping behaviors in material systems, e.g., ZnO, are important for designing piezotronic and 

piezo-phototronic devices[49]. Recent investigation shows that, with the dimension of the ZnO 

system decreasing instead of symmetry-decrease, ZnO becomes more and more flexible in 

suppressing local electron-phonon coupling via local lattice symmetrically relaxation. This is 

advantageous for adopting wider doping limit without spontaneously causing the intrinsic deep 

trapping defect, especially to complicated rare earth (RE) ions. That is the key that only the lower 

dimensional ZnO system can achieve bi-polar doping. Thus, 2D ZnO is a promising candidate to 

achieve a wider doping range in ZnO. The excited states of lanthanide (Ln) elements in both the 

divalent (Ln2+) and trivalent (Ln3+) state in such 2D-ZnO lattice were extensively studied. 

Trivalent Ln doping follows the removal of apical dominance concept, contributing more flexible 

energy transfer for photonic and electronic devices, as shown in Fig. 3(b). The Smith chart (Fig. 

3b) can be used for simultaneously describing the photon-electronic excitation levels and 

corresponding oscillator strengths, in which energetic area has broadened with host electronic 

transition migrating from lattice vibration externally induced by local piezo-electrical field. This 

can potentially guide a selection or combination of multi-lanthanide-doping for designing the 

energy path for extra-low excitation-threshold to self-power driving system. 

Piezoelectric properties. First principle calculations are widely used in previous works for 

calculating piezoelectric coefficients, or searching high piezoelectric response materials [50]. The 

width of piezoelectric charge distribution is important parameter which offers the band structure 

and interface engineering. According to the density functional theory, the width of piezoelectric 

charge distribution has been calculated in different metal and semiconductor transistors [51, 52], 

as shown in Figure 3(c)-(e).  Piezoelectric properties of two-dimensional materials has also been 

outlined based on computational predictions and experimental characterization [53]. Piezoelectric 

potential and deformation potential simultaneously exist in the presence of mechanical strain, 

affecting the luminescence in InGaN/GaN quantum well [54]. It was demonstrated by Zhu et al. 

[55] and Wu et al. [13] that monolayer MoS2 can exhibit high piezoelectric coefficients and 

power output. Piezoelectricity is allowed in MoS2 containing an odd number of layers since these 

structures lack centrosymmetry but disappears in 2D MoS2 with an even number of layers. It was 



also concluded in Refs. [13, 55] that the piezoelectric coefficients of MoS2 degrade rapidly with 

increasing number of layers for odd-layered structures. The piezoelectric constant e11 was 

experimentally found to be 2.9 × 10-10 C/m. Fei et al. [56] reported giant piezoelectric constants 

in monolayer SnSe, SnS, GSe, and GeS based on density-functional theory. For monolayer SnSe 

the computed piezoelectric constants were between 1 and 2 orders of magnitude larger than 

monolayer MoS2 and ZnO structures. The reason for the large piezoelectric coefficients was 

attributed to the unique ”puckered” C2v symmetry of the group-IV elements [56]. Other 

interesting novel piezoelectric materials for nanogenerator and sensing materials, that can be 

operated under harsh conditions and with a high Curie temperature Tc, are grain-oriented textured 

PbTiO3 ceramics where large piezoelectric voltage coefficients 𝑔𝑔33 are obtained via Sn and Mn 

doping due to a combination of a high d33 constant and a relatively small dielectric constant 𝜀𝜀33 

[57].  

The understanding or prediction of materials’ piezoelectric property can be facilitated by 

computation and modeling [58, 59]. Such bandstructures are provided by the k·p method which, 

in comparison with atomistic models, does not require increasing computational power with the 

number of atoms in the computational domain. Grundmann et al. [60] used the 8 × 8 k·p method 

to demonstrate a significant influence of piezoelectricity on the electronic eigenstates and optical 

properties of zincblende InAs/GaAs pyramidal quantum dot structures. Andreev and O’Reilly [61] 

used a multiband k·p theory to determine the influence of strain and piezoelectricity for the 

electronic bandstructure of GaN/AlN wurtzite quantum dots. Fonoberov and Balandin [62] used 

continuum elasticity theory and k·p theory to obtain excitonic properties of strained zincblende 

and wurtzite GaN/AlGaN quantum dots. A versatile code based on continuum elasticity and 14 

band k·p theory for zincblende type structures was presented by Marquardt et al. [63] Zhang et al. 

[54] used a 6 × 6 k·p theory, including piezoelectric and deformation potential effects, to describe, 

in agreement with experiments, strain-dependent luminescence in wurtzite semiconductor 

quantum well structures.  

 

Perspective  
Besides the rapid progress made in piezotronic research of traditional piezoelectric 

semiconductors, new quantum materials show good opportunity to obtain ultra-high performance 

piezotronic and piezo-phototronic devices. Piezoelectric field in two-dimensional non-

centrosymmetric materials MoS2 is demonstrated to modulate the valley and spin 

magnetoelectricity. Strain-manipulated valleytronic devices show promise for magnetization 

switching and detection application at room temperature [64]. Recently in quantum acoustics, 



piezoelectric semiconductor has shown strong correlation to superconducting qubit due to the 

large coupling strength of mechanical stimuli and electrical excitations [65]. Piezoelectric field 

can also be used to manipulate the quantum states of the confined electrons of a gate-controlled 

quantum dot in GaAs/AlGaAs quantum well,  which leads to a high coefficient of electron-to-

mechanics coupling [66].  

Topological insulators in HgTe/CdTe quantum well structure have been proposed 

theoretically and verified experimentally [67-69], which holds promise enabling quantum 

computer with low energy consumption. Recent theoretical results have suggested that the strong 

piezoelectric field coupling to strain can induce topological insulator states in GaN/InN/GaN 

quantum well [70]. Strain-induced piezoelectric field can modulate the quantum point contact in 

HgTe/CdTe and GaN/InN/GaN quantum wells [71, 72]. Based on these understandings, a 

piezotronic transistor based on topological insulator has been proposed, as shown in figure 4. The 

ON/OFF conductance ratio is over 1010, offering an excellent switching behaviors [71]. In 

addition, piezoelectric potential in ZnO/P3HT nanowire array structure can enhance the Rashba 

spin-orbit interaction at room temperature [73]. The modulation of spin transport offers strain-

gated high performance spin devices with low energy consumption, and providing a platform for 

discovering new physics. 
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Figure captions: 
 

Figure 1.  (a) Schematic of metal-semiconductor contact based piezotronic transistor. (b) The 

current-voltage characteristics of the ideal metal-semiconductor contact under different applied 

strain. (c) Gauge factor as a function of strain for high-sensitivity piezotronic bipolar transistor. 

(d) The capacitance and frequency response versus the strain in piezotronic PIN diode for 

microwave applications. 

 

Figure 2.  Material properties calculations and device simulations of piezotronics and piezo-

phototronics. Elastic and piezoelectric properties including crystal structure, dopant type and 

grown direction is inputted to atomistic simulation based on mechanical and electronmechanical 

modeling. Molecular dynamics and density functional theory, as two basic simulation tools are 

used to calculate the changes induced by the piezoelectric effect and further determine material 

properties. 

 

Figure 3.  (a) Schematic of the piezoelectric effect on ZnO nanowire based on molecular dynamic 

simulation. (b) The smith-charts are shown by a range of 15 lanthanide dopant ions in ZnO 

for modulating the output emission luminescence properties. (c) First-principle simulation 

modeling Ag-ZnO-Ag piezotronic transistor to calculate piezoelectric potential, piezoelectric 

charges distribution and Schottky barrier heights.   

 

Figure 4.  (a) Schematic of piezotronic effect on HgTe/CdTe/HgTe topological insulator and 

corresponding band structures. (b) Piezotronic effect on transport property of topological 

insulator based on different piezoelectric materials. Left plane: transport conductance plateaus 

varying with shear strain. Right plane: electronic density distribution in OFF and ON states is 

plotted for narrow and wide QPC width, respectively. 
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