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Abstract
Wurtzite structured mateirals such as ZnO, GaN, InN and CdS simultaneously exhibit piezo-
electric, semiconducting and photoexcitation properties. The piezotronic effect is to use the
inner crystal potential generated by piezoelectric polarization charges for controlling/tuning
the charge carrier transport characteristics in these materials. The piezo-phototronic effect is
about the use of piezoelectric charges to tube the generation, transport, separation and/or
recombination of charge carriers at p-n junction. This article reviews the fundamental theories
of piezotronics and piezo-phototronics, forming their basis for electromechancial devices,
sensors and energy sciences. Starting from the basic equations for piezoelectricity, semicon-
ductor and photoexcitation, analytical equations for describing the strain-tuned device current
were derived. Through analytical calculations and numerical simulations, it was confirmed that
the piezoelectric polarization charges can act in the form of inner-crystal charges in the
depletion region, resulting in a change in Schottky barrier height, depletion region shift and/or
formation of a charge channel, which can be used effectively to enhance the efficiency of LED,
solar cell and photon detectors.
& 2014 Elsevier Ltd. All rights reserved.

Introduction

Piezoelectric materials have a wide range of applications in
sensors, actuators and energy harvesting. In recent years,

much attention has been focused on piezoelectric semicon-
ductor materials in the Wurtzite family, such as ZnO, GaN, InN
and CdS [1–7]. Due to the coupling of piezoelectric, semi-
conducting and photoexcitation properties, as shown in Fig. 1,
the new fields of piezotronics and piezo-phototronics have
been created. The piezotronic effect is to use the inner crystal
potential generated by piezoelectric polarization charges for
controlling/tuning the charge carrier transport characteristics
and fabricating mechanical-electronic devices. Such devices
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can be the basis for active flexible electronics, which uses the
mechanical actuation from the substrate for inducing new
electronic/optoelectronic effects, with potential applications
in micro-electromechanical systems, nanorobotics, human-
computer interfacing and sensors [8]. The piezo-phototronic
effect is about the use of piezoelectric polarization on the
generation, transport, separation and/or recombination of
charge carriers at p-n junction, in devices including photo-
cells, photodetectors and LEDs, their performances and inter-
action with light are significantly changed by externally
applied strain [9–11].

Since year 2008, abundant experimental studies have been
reported to demonstrate the existence of the piezotronic and
piezo-phototronic effects in ZnO, GaN and other Wurtzite
structured material based devices [10–17]. In all these reports,
several common phenomena are discovered: (i) strain can
monotonically tune the device current; (ii) the change of
device current switched polarity with the polarity of applied
strain or direction of c-axis; (iii) photoresponse and photo-
emission can be dramatically enhanced by strain, and the
enhancement of photoemission is much greater than the
change of current; (iv) in devices with one p-n junction or
Schottky junction on each end of the nanowires, asymmetric
changes between positive biased current and negative biased
current were recorded. To explain these observations, theo-
retical study will not only provide an in-depth understanding
about these results, but also explore the core factors in this
effect and build high performance devices.

Thus, from 2011, numerous theoretical analysis and numer-
ical simulations have been performed to investigate the
physics mechanisms behind the experimental results [18–20].
Starting from coupling the basic equations of piezoelectricity,
semiconductor physics and photoexcitation, analytical equa-
tions of piezotronics and piezo-phototronics were derived.

Specifically, the current-voltage characteristics of piezotro-
nics/piezo-phototronics devices were expressed as functions
of applied strain. The tuning effect of piezoelectric polariza-
tion was revealed in the relationship between device perfor-
mance and mechanical deformation. Numerical simulations
including Finite Element Method were then used to verify the
analytical theory. Numerically simulated band structures
confirmed the assumptions and conclusions from the analytical
study. Taking into consideration the unideal factors, device
current of both one-dimensional (1D) devices and two-
dimensional (2D) devices were simulated and compared over
strain range used in experiments, which intuitively demon-
strated how the mechanism revealed could influence device
performance, as well as extrapolate the basic theory into
optimization methodology for future device designs. This
review is intended to give a comprehensive coverage of the
theoretical work done in piezotronics and piezo-phototronics
in order to illustrate their fundamental understanding and
intrinsic physics.

Theory of piezotronics [20]

Analytical solution for one-dimensional simplified
p-n junction

The nature of piezotronics lies in the tuning effect of piezo-
electric polarization on semiconductor behaviors. In most of
the semiconductor devices, the formation of junctions at
material interface is usually the essential part for realizing
function of the device. Junction area is also where piezo-
electric charges (piezo-charges) accumulate. The piezotronics
effect could be evaluated by how strain tunes the current
characteristics in devices such as a piezotronic sensor.

In piezotronics, the fundamental governing equations for
both semiconductor and piezoelectric theories included
electrostatic equations, current-density equations, continu-
ity equations, [21] and the piezoelectric equations [22].

1) The Poisson equation is the basic equation for describing
the electrostatic behavior of charges

∇2ψ i ¼ � ρð r-Þ
εs

ð1Þ

where ψi is the electric potential distribution and ρð r-Þ is
the charge density distribution, and εs is the permittivity
of the material.

2) The current-density equations that correlate the local
fields, charge densities and local currents are
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where J
-

n and J
-

p are the electron and hole current
densities, q is the absolute value of unit electronic
charge, μn and μp are electron and hole mobilities, n
and p are concentrations of free electrons and free
holes, Dn and Dp are diffusion coefficients for electrons
and holes, respectively, E is electric field, and J

-

cond is
the total current density.

Fig. 1 Schematic diagram showing the three-way coupling
among piezoelectricity, photo excitation and semiconductor
properties.
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