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ABSTRACT: With the fast development of nanoscience and nanotechnology in the last
30 years, semiconductor nanowires have been widely investigated in the areas of both
electronics and optoelectronics. Among them, representatives of third generation
semiconductors, such as ZnO and GaN, have relatively large spontaneous polarization
along their longitudinal direction of the nanowires due to the asymmetric structure in
their c-axis direction. Two-way or multiway couplings of piezoelectric, photoexcitation,
and semiconductor properties have generated new research areas, such as piezotronics
and piezo-phototronics. In this review, an in-depth discussion of the mechanisms and
applications of nanowire-based piezotronics and piezo-phototronics is presented.
Research on piezotronics and piezo-phototronics has drawn much attention since the
effective manipulation of carrier transport, photoelectric properties, etc. through the
application of simple mechanical stimuli and, conversely, since the design of new strain
sensors based on the strain-induced change in semiconductor properties.
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1. INTRODUCTION: THE ORIGIN OF PIEZOTRONICS
AND PIEZO-PHOTOTRONICS

1.1. Piezopotential

The piezoelectric effect is a coupling of mechanics and
electrical polarization. When a dielectric material is deformed
through an applied force along its asymmetry direction,
positive and negative charges are generated on both opposite
surfaces. In the case when the applied force has been removed,
the dielectric material will come back to the original uncharged
status. Besides, the polarity of the charge also changes upon the
change of the direction of the applied force. The most classic
piezoelectric material is lead zirconate titanate (PZT) ceramic
with a perovskite structure, which has been successfully applied
in actuators, strain sensors, and energy harvesting equip-
ment.1,2 However, the resistance of PZT is too large; thus, this
material is not suitable for use in electronic devices.
Traditionally, the study of piezoelectric materials and the
piezoelectric effect has been mainly limited to the field of
ceramic materials because perovskite materials, represented by
PZT, have good piezoelectric and mechanical properties.
The working principle of the fundamental devices

(transistors, diodes, etc.) of current electronics is based on
the movement and/or accumulation of charge carriers. Most of
the first- and second-generation semiconductor materials do
not have piezoelectric properties due to their symmetric crystal
structure. However, representatives of third generation semi-
conductors, GaN and ZnO, have piezoelectric properties along
their c-axis. These wurtzite materials are hexagonal crystal

systems; they have asymmetric structures along and
perpendicular to the c-axis. Take a ZnO single crystal nanowire
(NW) as an example.3−5 The Zn+ cation and the adjacent O2−

anion form a cation-centered tetrahedral structure.6,7 When no
external stress is applied to NW, the charge centers of the
cations and the anions overlap, as shown in Figure 1. When

applying an external stress along its c-axis of the ZnO NW, the
charge centers of anions and cations are relatively displaced;
thus, a dipole moment is formed. A potential distribution along
the stress direction is macroscopically generated after dipole
moment superposition occurs in all the cells inside the NW.
Such potential is the so-called piezoelectric potential, or
piezopotential. When external mechanical deformation is
applied, the piezoelectric potential generated in the material
can drive electrons to flow in the external circuit load, which is
the fundamental mechanism of a nanogenerator.8−13

Without considering the effect of doping in ZnO NWs, the
piezoelectric potential distribution of ZnO NWs subjected to
an external stress can be calculated by the Lippman theory.14,15

Here, the longitudinal directions of the ZnO NWs are along
their c-axis. When this NW is subjected to a tensile stress of 80
nN, the piezoelectric potential induced at the two ends of the
ZnO NW is approximately 0.4 V, and the piezoelectric
potential at the +c end of the NW is positive (Figure 1). When
the applied stress is maintained at the same magnitude but the
tensile stress is changed to a compressive stress, the positive
and negative polarities of the piezoelectric potential distribu-
tion in the NW are reversed, but the piezoelectric potential
difference between the two ends remains 0.4 V. At this time,

Figure 1. Piezoelectric potential in a wurtzite single crystal. (a)
Schematic of the atomic model of a ZnO unit cell. Reproduced with
permission from ref 6. Copyright 2012 John Wiley and Sons. (b)
Distribution of the piezopotential along the longitudinal direction of a
ZnO NW due to external compressive or tensile strain, obtained
through numerical calculations. The external force (80 nN) is applied
along the c-axis of ZnO and the x-axis. Here, the length of the NW is
600 nm, and the hexagonal side length is 25 nm. Reproduced with
permission from ref 17. Copyright 2009 American Institute of Physics.
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the potential at the −c-axis end of the NW is positive.16,17 The
piezoelectric potential in semiconductor materials is the basis
of piezotronics and piezo-phototronics.

1.2. Piezotronics

The simplest NW field effect transistor (FET) is a semi-
conductor NW sandwiched by electrodes at the two ends: one
electrical contact serves as the source and the other as the
drain of the device.18,19 A gate voltage can be applied to the
NW either through the upper gate electrode or through the
substrate at the bottom of the device. By applying a driving
voltage VDS from the source to the drain, the carrier transport
process of the NW FET can be adjusted and controlled
through the external gate voltage VG.

20

If the gate voltage is substituted by the piezoelectric
potential (internal potential) in the crystal, then the charge
carrier transportation processing of the NW FET can be
regulated and/or tuned by the application of stress to the
device. In this case, the device is named a piezotronic device,
which can be driven or triggered by deformation of the
NW.21−24 A piezoelectric potential is longitudinally created
throughout the NW. For NWs subjected to compressive strain,
the piezopotential continuously decreases from one end of the
NW to the other end. When the NWs reach equilibrium
without an applied electric field, the Fermi level in the entire
NW remains unchanged. This phenomenon causes the
equivalent barrier height and/or width between the ZnO and
the metal electrode to rise at one end of the NW and drop at
the other end. Therefore, the influence of the piezoelectric
potential on the barrier heights at the drain and source is
asymmetric. In summary, the piezotronic effect involves using
the piezoelectric potential to adjust/control the carrier
transportation properties at the junction or interface
region.25,26

1.3. Piezo-phototronics and Piezophotonics

The discipline of piezo-phototronics was first proposed in
2010.27−29 For materials that simultaneously exhibit semi-
conductor, photoexcitation, and piezoelectric properties, the
study of the coupling between semiconductor and piezoelectric
properties has formed the field of piezotronics. In addition, the
well-known field of optoelectronics studies the coupling of
semiconductor properties with photoexcitation properties.26,30

The study of the coupling between piezoelectric characteristics
and photoexcitation characteristics has formed the field of
piezophotonics.31−34 Further research on the coupling among
semiconductor, photoexcitation, and piezoelectric properties
has formed the field of piezoelectric optoelectronics, which has
become the basis for the construction of new piezo-
phototronics (Figure 2).35−43 The main idea of the piezo-
phototronic effect is using the piezoelectric potential to
modulate the generation, separation, transportation, and
recombination processes of the carriers at interfaces or
junctions.6,27 High-performance optoelectronic devices can
be realized via the piezo-phototronic effect, such as solar cells,
LEDs, and photodetectors.34,44−52

1.4. Piezoelectric Semiconductor NWs

The fundamental mechanisms of the piezotronic and piezo-
phototronic effects apply to both NWs and thin films.
However, NWs have great advantages over thin films due to
the below reasons: First, NWs could be fabricated by wet
chemical synthesis at relatively low temperatures (less than 100
°C) on any substrates with arbitrary shape at low cost and in

large quantities; in contrast, the growth of thin films with high
quality at low deposition temperatures is difficult. Second,
because the slenderness ratio is very large and the diameter is
very small, NWs are highly soft and flexible and can bear large
mechanical deformation53 (up to 6% deformation under
applied tensile strain based on numerical calculations54)
without fracture or cracking. In comparison, thin films will
easily crack or break down under a smaller applied strain.
Third, the small size of NWs can dramatically enhance the
robustness and toughness of the NW structure such that they
are almost free of fatigue. Fourth, even a very small external
force can induce mechanical agitation; thus, designing
ultrasensitive devices using NWs is very useful and important.
Finally, NWs may have a larger piezoelectric coefficient
compared to thin films.55,56

1D nanomaterials, such as NWs and nanobelts, are one of
the ideal structures for research on the piezotronic and piezo-
phototronic effects since they can bear a relatively large
external mechanical strain/stress. Wurtzite ZnO, GaN or even
doped ferroelectrics are good candidates for piezotronic
applications. Until now, the most studied piezotronic and
piezo-phototronic materials are ZnO NWs due to the following
reasons. ZnO NWs with good crystal structure can be simply
fabricated at a large quantity by using either a vapor−solid
processing or wet chemical synthesis at relatively low
temperature. More importantly, ZnO NWs are environ-
mentally friendly and biologically compatible.
Normally, NWs fabricated by high-temperature vapor phase

deposition techniques have fewer defects and are thus the most
adequate candidates for research on piezotronics and piezo-
phototronics.57,58 In contrast, NWs grown by the low-
temperature wet chemical approach have large concentrations
of various types of defects, which are typically useful for
applications in piezoelectric nanogenerators. An oxygen plasma

Figure 2. Schematic of multifield coupling: piezotronics is the
coupling of piezoelectricity and semiconductivity; optoelectronics is
the coupling of semiconductivity and photoexcitation; piezophotonics
is the coupling of piezoelectricity and photoexcitation; and piezo-
phototronics is the three-way coupling of piezoelectricity, semi-
conductivity, and photoexcitation. Reproduced with permission from
ref 27. Copyright 2010 Elsevier Ltd.
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treatment after low-temperature fabrication of NWs can
dramatically reduce the vacancy concentration, thus improving
the electronic and optoelectronic properties and meeting the
requirements of piezotronics and piezo-phototronics.30,51,59−63

2. SYNTHESIS OF PIEZOELECTRIC SEMICONDUCTOR
NWS

2.1. Wet Chemical Synthesis

Wet chemical methods refer to the synthetic methods in which
a liquid phase participates in a chemical reaction for the
preparation of a material, such as chemical liquid deposition,
electrochemical deposition, sol−gel processing, and hydro-
thermal synthesis. The principle of a wet chemical process is to
select one or several required soluble metal salts or oxides and
prepare the solution according to the composition of the target
materials.64−66 In the solution, the elements are in an ionic or
molecular state. After a suitable precipitant is applied or
crystallization is induced by evaporation, sublimation, or
hydrolysis, the metal ions uniformly precipitate or crystallize
to form nanomaterials. For the wet chemical synthesis of
nanomaterials, there are several key techniques that can be
used to control the size of the nanomaterials. The first one is
separating the nucleation process from the growth process to
control the solution concentration according to the formation
of grains, such as accelerating the nucleation, generating a
heterogeneous nucleus, adding a chelating agent, and/or using
a saturated quenching technique. The second one is
suppressing agglomeration. During the liquid phase reaction
stage, agglomeration can be suppressed by forming an electric
double layer or adding a protective agent. Moreover, the spray
drying, freeze-drying, or supercritical gas drying techniques can
effectively prevent grain growth in dry processing. The third
technique is selecting a proper chemical reaction system that
can control the diffusion of the ions and growth speed of the
nanomaterials.
2.1.1. Electrochemical Deposition. The use of electro-

chemical reactions is a powerful approach for the growth of
uniform NWs in large quantities at low cost because the
applied external electric field can serve as a powerful driving
force for the chemical reaction, as demonstrated in Figure
3a.67−69 However, this method requires the substrate to be
electrically conductive and the deposited material to not
dissolve in the acidic environment. Electrochemical deposition
of ZnO typically uses ZnCl2/KCl solution as the electrolyte, Pt
as the counter electrode, and Ag/AgCl as the reference
electrode. Moreover, to maintain oxygen saturation of the
electrolyte, continual introduction of O2 is required.70 The
current−voltage (I−V) characteristic curve during NW growth
is generally controlled using a standard three-electrode device.
Electrochemical deposition can be used to deposit ZnO

NWs onto various substrates, such as Si, Cu (Figure 3b), or
even conductive polymers, due to the low-temperature
synthesis process.71 In addition to Cl−, other counteranions
(SO4

2−, NO3−, and CH3COO
−) for the reduction of O2 have

also been studied. Different anions show distinct coordination
capabilities with the crystal planes of ZnO NWs, which means
that the growth rate, morphology, and aspect ratio of the ZnO
NWs can be controlled by choosing the appropriate counter-
cation during the electrochemical deposition. Moreover, the
bandgap of ZnO NWs can be simply changed by controlling
the Zn precursor concentration during the electrochemical
deposition.

2.1.2. Hydrothermal Synthesis. The hydrothermal
synthesis method involves a chemical reaction in a fluid such
as an aqueous solution or a vapor at a warm temperature and/
or a high pressure. The basic principle of hydrothermal
synthesis is that the solubility of hydroxides in water is higher
than that of the corresponding oxide in water. Thus,
hydroxides are dissolved in water, and simultaneously, oxides
are precipitated. The as-prepared hydroxides can also trans-
form into oxides under relatively high temperature and high
pressure via a chemical reaction, such as a hydrolysis reaction.
Hydrothermally synthesized nanomaterials have good disper-
sibility and little agglomeration and are well crystallized.72

ZnO NWs can be hydrothermally synthesized from zinc
nitrate hexahydrate and hexamethylenetetramine.73,74 Here
zinc nitrate hexahydrate provides Zn2+ cations, and H2O in the
solution provides O2− anions during the growth of ZnO
NWs.75−78 However, the working mechanism of hexamethy-
lenetetramine in the chemical reaction is not yet fully
understood. One possible explanation is that hexamethylene-
tetramine endows the solution with a weak alkalinity.
Hexamethylenetetramine can hydrolyze slowly in water and
continually release OH− during the chemical reaction, which is
very important for ZnO NW oriented growth. If the generation
of OH− in the solution is too fast, then Zn2+ cations will
quickly deposit due to the high pH of the solution. Thus, the
as-synthesized ZnO NWs will be poorly aligned and crystal-
lized. Additionally, with the fast consumption of the Zn2+

cations in the solution, the chemical reaction will soon
terminate, resulting in short ZnO NWs.
To fabricate well aligned patterned ZnO NW arrays, the

preparation method needs to meet the following fundamental
requirements: First, low-temperature synthesis must be
performed, which allows the NWs to grow on all types of

Figure 3. (a) Schematic illumination of the electrochemical
deposition method, and (b) ZnO growth by electrochemical
deposition on a Cu substrate. Reproduced with permission from ref
71. Copyright 2007 Elsevier.
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substrates. Second, the NWs must grow along a predesigned
pattern, which can be used to modulate the size, growth
direction, dimensions, uniformity, and possible shape of ZnO
NWs. Finally, the catalyst must be removable so that the ZnO
NW-based devices can be combined with silicon-based
techniques. By using electron beam exposure and hydro-
thermal methods at low temperature, highly oriented vertically
aligned patterned ZnO NW arrays can be prepared on various
inorganic substrates, including silicon and GaN (Figure 4),
below 100 °C without a catalyst.16,79

Additionally, large-scale ZnO NWs can be grown on organic
substrates in large quantities by hydrothermal methods. A ZnO
seed layer is deposited on the substrate by magnetron
sputtering at room temperature. Then, ZnO NWs can be
grown at high density on the substrate on a large scale via
hydrothermal methods. This approach is a ubiquitous method
for ZnO growth on a variety of organic substrates.
In addition to changing the original concentrations of

hexamethylenetetramine and zinc nitrate hexahydrate to
control the density of ZnO NW growth on the substrate,
patterned catalysts (Au, Ag, Pt) can also be used to effectively
control the aspect ratio and density of ZnO NWs. Thus, the
roughness of the substrate surface must be well controlled to
enhance nucleation. Moreover, the orientations of the NWs are
highly dependent on the surface topography of the substrate.
To obtain consistent vertically oriented NWs, a suitable
process must be followed to obtain a smooth substrate surface.
2.2. Chemical and Physical Vapor Depositions

Vapor deposition is the method of depositing high-quality
materials on a substrate using physical or chemical processes
occurring in the gas phase. According to the film formation
mechanism, the vapor deposition techniques can be classified
into chemical vapor deposition, physical vapor deposition, etc.
Unlike wet chemical synthesis, vapor deposition techniques
normally require a high temperature environment, expensive
instruments, and comprehensive processing, but these methods
can be used to fabricate various types of materials that cannot
be synthesized by wet chemical synthesis, such as GaN.
Furthermore, the composition of the NWs can be well

controlled by changing the deposition conditions. Although
many chemical vapor deposition and physical vapor deposition
techniques exist, here, we only introduce two deposition
methods, chemical vapor deposition and pulsed laser
deposition.

2.2.1. Chemical Vapor Deposition. Chemical vapor
deposition can be used to grow high-quality ultralong ZnO
NWs.58,80−82 The oxide powder is heated in a tubular furnace,
and then, steam generated by evaporation of the oxide is blown
to the upper surface of the substrate by flowing Ar gas to form
the desired material under the specific temperature, pressure,
atmosphere, etc. The phase structure and morphology of the
as-synthesized NWs are determined by various factors, such as
the source materials, substrates, gas flow rate, growth
temperature, temperature gradient, and pressure.83 Highly
oriented, vertically grown ZnO NWs can be fabricated on a
single crystal sapphire substrate through chemical vapor
deposition. Additionally, gold nanoparticles can be used as
catalysts that excite and guide the growth of the ZnO NWs.
The lattice parameters of ZnO and sapphire are very close,
which makes the NWs grow vertically and well aligned on top
of the sapphire substrate. During the reaction, the gold
nanoparticles need to melt, form an alloy, and gradually
deposit; thereby, an epitaxial ZnO NW is grown on a sapphire
substrate (Figure 5). The growth rate of the NWs should be

moderately regulated, and thus, a low fabrication temperature
can be utilized to decrease the vapor concentration. After the
chemical vapor deposition, the gold nanoparticles will be on
top of the ZnO NWs.84

Uniform and oriented ZnO NWs can be fabricated on GaN,
AlN, AlGaN, and sapphire substrates by chemical vapor
deposition.58,85 Here the crystal structure of the substrate has
an important impact on the growth orientation of the ZnO

Figure 4. SEM images of hydrothermal epitaxial growth of vertically
aligned ZnO NWs on a single crystal GaN substrate. (a and b) Top-
view images of the ZnO NW array at various magnifications. (c and d)
45°-tilted-view images of well-aligned ZnO NWs under small and
large magnification. Reproduced from ref 79. Copyright 2010
American Chemical Society.

Figure 5. Chemical vapor deposition of ZnO NWs on a single crystal
sapphire substrate by using a Au nanodot catalyst. (a) Top-view SEM
image of as-synthesized aligned ZnO NWs. (b) Schematic of the Au-
catalyst-assisted chemical vapor deposition process. (c) 45°-tilted-
view SEM image of honeycomb-patterned ZnO NWs. Reproduced
from ref 58. Copyright 2004 American Chemical Society.
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NWs. The epitaxial relationship between the substrate and the
NWs determines the growth direction of the NWs. The
alignment quality of the NWs is controlled by many factors.
Through systematic research on the effects of various growth
conditions, three basic factors were found: oxygen partial
pressure, intracavity pressure, and catalyst thickness.
2.2.2. Pulsed Laser Deposition. Since the successful

fabrication of high-quality superconducting thin films, pulsed
laser deposition has become a common method for growing
epitaxial thin films.86 Pulsed laser deposition can be used to
deposit many types of films, such as complex oxides, nitrides,
metals, and multilayer superlattices. When pulsed laser
deposition is used for the growth of ZnO NWs, a KrF excimer
laser is selected as the excitation source to bombard the
ceramic target (ZnO ceramic target). The high energy of the
laser transforms the ZnO ceramic into a plasma that finally
deposits on the top surface of a single crystal substrate (as
shown in Figure 6a). Before the NWs are grown, a textured
ZnO buffer layer needs to be prepared on the single crystal
substrate, which is the key to the fabrication of vertically
oriented ZnO NWs.87−90

The morphology of the NW array can be tuned by the
following factors: temperature of the substrate, gas pressure
during growth, gas composition, gas flow rate, and pulse
frequency and intensity of the laser. Scanning electron
micrographs of ZnO NWs prepared at different substrate
temperatures under a laser pulse frequency of 5 Hz, a 6:1 argon
gas and hydrogen gas mixture, and a total gas pressure of 5
Torr are shown in Figure 6.91 When the substrate temperature
is 700 °C, a ZnO film with a rough surface is grown. When the
temperature is raised to 750 °C, ZnO NWs with a typical

length of approximately 800 nm are formed. Longer (2∼3 μm)
ZnO NWs are fabricated at 800 °C. When the temperature is
further increased to 850 °C, some NWs merge together. The
effect of the gas pressure on the aspect ratio of the NWs was
investigated for a fixed substrate temperature of 800 °C. When
the growth gas pressure is raised to 6 Torr, slimmer NWs are
obtained. In contrast, when the gas pressure is dropped to 4
Torr, larger diameter NWs can be formed. The length and
aspect ratio of the NWs can be adjusted by controlling the
substrate temperature and growth gas pressure.

2.3. Top-Down Fabrication

All previous fabrication methods can be categorized as bottom-
up methods, which means that the NWs are grown on a
substrate. However, the bottom-up growth of large-scale NWs
has some shortcomings, such as the nonuniform height,
diameter, and composition. For applications, fabricating NWs
with the same performance is very important. In contrast to
bottom-up methods, another means to fabricate NWs is the
top-down method, which is well used in the semiconductor
industry. By employing patterning and inductively coupled
plasma (ICP) techniques, highly uniform and well-oriented
NWs are fabricated from a high-quality epitaxial single crystal
film (Figure 7).92−95

An InGaN/GaN multiple quantum well (MQW) multilayer
was deposited on a c-plane single crystal sapphire substrate by
using metal organic chemical vapor deposition (MOCVD).
From bottom to top, it first consisted of a 2 μm GaN buffer
layer, a 3 μm n-type GaN layer, five sets of InGa2N/GaN (3
nm/12 nm) quantum well layers, and a 100 nm p-type GaN
capped layer. To fabricate patterned NWs, a large-area Ni dot

Figure 6. (a) Schematic illumination of the pulsed laser deposition method and SEM images of ZnO NWs grown by pulsed laser deposition with
the substrate temperature at (b) 750 °C, (c) 800 °C, and (d) 850 °C. The growth pressure was fixed at 5 Torr. (e), (f) ZnO NW array deposited at
6.0 and 4.0 Torr; here, the deposition temperature of the substrate was 800 °C. Reproduced from ref 91. Copyright 2009 American Chemical
Society.
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matrix with a diameter of 800 nm and a period of 4 μm was
first photolithographically patterned. Then, the MQW film was
etched using the ICP etching technique. The MQW film under
the Ni metal mask remained, while the exposed part was
etched. The height of the etched MQW pillar was 1.2 μm. The
remnant Ni dot matrix could be easily removed by sulfuric
acid. Finally, a 2.5 μm thick PMMA layer was spin-coated to fill
in the area around the MQW pillars. By using the top-down
technique, the height, diameter, and composition of each pillar
are nearly the same.96

In summary, three categories of synthesis methods have
been introduced here. Among them, wet chemical synthesis is
the least expensive method in terms of both equipment and
materials. The fabrication temperature is either at room
temperature or less than 100 °C, which is important for energy
savings and direct fabrication on flexible polymer substrates. In
addition, under different synthesis conditions, the morphology
of the as-synthesized NWs can be widely modified. However,
the quality of these low-temperature synthesized NWs may be
poor compared to high temperature-fabricated ones due to the
abundant defects. For the vapor deposition methods, a high
synthesis temperature is always required. Chemical vapor
deposition is suitable for either laboratorial or industrial
continuous fabrication. The growth rate of chemical vapor
deposition is fast, which is good for long NW growth. Pulsed
laser deposition is a typical laboratorial growth method due to
the limited size of the growth area. The crystal quality of the
NWs fabricated by this method is good and easily reproducible
under fixed growth conditions. However, the cost is relatively
high. Top-down fabrication is the most expensive method
because it requires many types of large-scale equipment and
complicated techniques. However, this method is compatible
with state-of-the-art semiconductor fabrication processes for
large-scale fabrication. The quality and uniformity of the NWs
are very good. NW arrays can be well designed and realized
with nearly the same height, diameter, and periodicity, which
makes this method one of the best for fabricating high-quality
NW-based electronic or optoelectronic device arrays.

3. MECHANISMS OF PIEZOTRONICS AND
PIEZO-PHOTOTRONICS

3.1. Piezotronic Transistors vs Traditional Field Effect
Transistors

To demonstrate the basic application concepts of piezotronics,
we begin with traditional metal oxide semiconductor FETs
(MOS-FETs). Figure 8a shows a schematic of a classic n-

channel MOS-FET, which includes two n-type doped areas
(source and drain), an ultrathin insulating oxide layer on top of
the p-type area that acts as a gate material and an upper metal
contact that serves as a gate.97 The external voltage VDS can
control the current between the drain and the source, thus
controlling the width of the channel that transports the charge
carriers. Similarly, for a single-channel semiconductor NW-
based FET (Figure 8b), the source and drain are two metal
electrodes on both sides of the NWs. In this case, two methods
can be used to apply the gate voltage to the NW FET: from the
bottom substrate and from the insulator layer on top of the
NW.
The NW-based piezotronic transistor has a simple metal-

NW-metal structure, for example, Ag-ZnO-Ag or Pt-ZnO-Pt, as
demonstrated in Figure 8c and 8d.97 The basic mechanism of
the NW-based piezotronic transistor is to tune carrier
transportation at the metal−semiconductor (M-S) interface
by changing the local contact barrier through the piezoelectric
charges which is induced by applying strain to the ZnO NW.
This structure has the following differences from the traditional
CMOS. First, the applied external gate voltage is substituted by
the internal piezoelectric potential through the piezoelectric
effect, and therefore, the gate electrode is no longer required.
In other words, the piezotronic transistor has only two ends:
source and drain. Second, the controls at the M-S interface
substitute the modulation through the channel width of the
semiconductor. Because the current transmitted to the M-S
interface can be considered an index of the local barrier height
under external reverse bias, the nonlinear effect causes the on/
off ratio to be quite high. Finally, the voltage control electronic

Figure 7. Top-down fabrication process. (a) Large-area Ni dot matrix,
(b) ICP etching of thin films, in which the Ni dot matrix serves as a
protective material, (c) multiple quantum well pillar array after
removing the Ni dot pattern, and (d) transparent PMMA filling in the
gaps of the pillar array. Reproduced from ref 96. Copyright 2015
American Chemical Society.

Figure 8. Structural comparison of (a) a MOS-FET, (b) an NW-
based FET, and a piezotronic transistor under external (c)
compressive strain or (d) tensile strain. Reproduced with permission
from ref 97. Copyright 2011 John Wiley and Sons.
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devices are replaced by external stress/strain control devices
that may complementarily broaden the application area of
MOS devices.
When a ZnO NW device is in a strained state, generally two

types of effects can tune the carrier transportation processing.
One type is the piezoresistive effect, which alters the bandgap,
the density of charge carriers, and the states density in the
conduction band when the semiconductor NW is subjected to
an applied external strain. The piezoresistive effect is a
symmetric effect at both ends of a NW without polarization
and cannot be used to realize a transistor. The piezoresistive
effect can be found in any semiconductor, such as GaAs, Si,
and wurtzite semiconductors.98−100 The other one is the
piezoelectric effect from the inner polarization of the crystal,
which is asymmetric.51 In contrast to the piezoresistive effect,
the piezoelectric effect is not a symmetrical effect through the
local contacts at the drain and source due to the polarity
arising from the piezoelectric potential. Normally, a negative
piezoelectric potential increases the local barrier height of the
contact between an n-type semiconductor, and a metal may
thus change the Schottky contact to the “insulator” contact and
Ohmic contact to the Schottky one.21 In contrast, a positive
piezoelectric potential can reduce the barrier height, thus
possibly changing the Schottky junction to an Ohmic contact.
However, the change of the local barrier height relies on the
doping density and type of the semiconductor NW.
Piezocharges are generated at both sides of the NW, which
can directly control the local contacts. The piezoelectric effect
in semiconductor materials not only occurs in wurtzite
structure materials, such as ZnO, GaN, AlN, and PbS but
also can arise in other piezoelectric semiconductor fami-
lies.101−103 More importantly, the polarization direction of the
piezoelectric potential can be reversed simply by changing the
compressive strain to a tensile strain. Therefore, a piezotronic
device can be switched from drain controlled to source
controlled by changing the direction of the external strain
which is applied to the NW device.

3.2. Theoretical Framework of Piezotronics

Piezotronics can be considered as the coupling between
semiconductor properties and piezoelectric properties. Thus,
the fundamental functions in both semiconductor physics and
piezoelectric theory should be taken into account, including
the electrostatic, current−density, and continuity functions,
which introduce not only static but also dynamic transport
properties of carriers in either semiconductor materials or
junctions,104 and the piezoelectric equations, which introduce
the mechanical−electric relationship of a piezoelectric material
under external strain.105

The Poisson function is the fundamental equation to
describe the electrostatic properties of charges:
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where ψi is the electric potential distribution, εs is the
permittivity of the material and ρ(r) is the charge density
distribution.
The current−density equations give the relationship of the
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where Jp and Jn are the current densities of holes and electrons,
respectively, E is the electric field, q is the quantity of electric
charge, μp and μn are the mobilities of holes and electrons,
respectively, p and n are the concentrations of free holes and
electrons, Dp and Dn are the diffusion coefficients for holes and
electrons, respectively, and Jcond is the total current density.
The transport of charge under the driving of a field can be
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where Gp and Gn are the generation rates of holes and
electrons, respectively, and Up and Un are the recombination
rates of holes and electrons, respectively.
The piezoelectric property of a material can be evaluated

through the polarization vector (P) under an applied uniform
external strain (Sik):

P e S( ) ( ) ( )i ijk jk= (4)

where the piezoelectric tensor (e)ijk is a third-order tensor.
The relationship between electricity and elasticity through

the piezoelectric effect can be given as
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where D is the electric polarization, σ is the stress tensor, cE is
the elastic tensor, and k is the dielectric tensor.
The above fundamental equations can be calculated with

specific boundary conditions for various heterostructure
contacts. For NW cases, we first simplify that the drain and
source of NW piezotronic devices are perfect ohmic contacts.
In this case, the Dirichlet boundary conditions can be used for
the electric potential and carrier concentration in the
calculation. Additionally, an external strain applied to the
interface of the NW junction does not generate shear strain.

3.2.1. NW p−n Junctions. The p−n junction is one of the
most fundamental units in current electronic devices. The
fundamental equation of the current−voltage (I−V) character-
istics of p−n junctions can be calculated by using Shockley
theory. In our case, the p-type semiconductor material is
nonpiezoelectric, while the n-type semiconductor material is
piezoelectric. Here, we choose ZnO as a representative of
piezoelectric semiconductors. ZnO grows along its c-axis
direction. When compressive stress is applied along the c-axis
of ZnO, positive charges are generated at the p−n junction. In
this case, the piezoelectric charges can be considered as
induced charges at the surface of bulk piezoelectric materials
since the area within which the piezoelectric polarization
charge distributes is far smaller than the area of the bulk
piezoelectric material; thus, we can consider that the
piezoelectric charges are only distributed at the surface without
thickness for simple calculation. In contrast, this assumption
cannot be applied to NWs or even microwires. Here, we
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consider that the induced piezoelectric charges are distributed
at the contact area of the ZnO NW p−n junction over a width
of Wpiezo, as shown in Figure 9a.

Figure 9a depicts the abrupt junction model that considers
the impurity concentration in the NW p−n junction area to
abruptly switch from the acceptor concentration NA to the
donor concentration ND. The electrons and holes at the
interface area generate a charge depletion area, which is
considered to have a box profile. Here, the piezoelectric
potential distribution and related electric field in the p−n
junction can be calculated for a one-dimensional NW device,
so the Poisson eq (eq 1) can be simplified as follows:
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where NA(x) is the acceptor concentration, ND(x) is the donor
concentration, and ρpiezo(x) is the polarization charge density.
WDn and WDp are the widths of the depletion layers on the n-
side and the p-side, respectively. Then, the electric fields at
different positions can be calculated by combining these
equations, as demonstrated in Figure 9b:
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Thus, the maximum electric field Em at the interface (x = 0) is
given by
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In addition, the potential distribution ψi(x) can be expressed as
(as shown in Figure 9c):
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Thus, the built-in potential ψbi can be calculated as
q
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From the above equations, the change in the built-in
potential derives from the piezoelectric charges generated
through the applied strain. Here, the sign of the local
piezoelectric charges is determined by tensile or compressive
strain. Obviously, the piezoelectric potential can effectively
tune the band of the junction corresponding to the Fermi
levels.
Shockley theory is now used to calculate the I−V

characteristics of the piezoelectric NW-based p−n junction,
which analyze the ideal p−n junction based on the following
hypotheses: (1) Piezoelectric semiconductor NWs are not
degenerate, so the Boltzmann approximation can be applied.
(2) An incoherent depletion layer exists at the piezoelectric
NW-based p−n junction. (3) A generation and recombination
current does not exist in the depletion layer, and the hole and
electron currents are constant over the entire NW p−n
junction. (4) The majority carrier concentration is much
greater than the injected minority one. When the width of the
piezoelectric charge region is less than that of the depletion
area (Wpiezo ≪ WDn), the tuning of the NW energy band
through piezoelectric charges at the p−n junction can only
serve as a perturbation. In this case, eq 2 can be used to
calculate the total current density by
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and the saturation current can be calculated as

J
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L
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n
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where Ln and Lp are the diffusion lengths of holes and
electrons, respectively; npo and pno are the electron concen-
tration inside the p-type semiconductor and the hole
concentration inside the n-type semiconductor at thermal

Figure 9. Piezoelectric semiconductor NW-based p−n junction with/
without piezoelectric charges at thermal equilibrium. (a) Distribution
of acceptor, donor, and piezoelectric charges; (b) electric field; and
(c) potential distributions affected by piezoelectric charges at the
interface of the p−n junction. The dashed and solid lines indicate the
cases without/with the presence of piezoelectric charges at the
interface of the p−n junction, respectively. Reproduced with
permission from ref 97. Copyright 2011 John Wiley and Sons.
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equilibrium, respectively. Thus, the intrinsic carrier density ni
can be calculated as
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where Ei represents the intrinsic Fermi level, NC is the effective
density of states in the conduction band, and EC represents the
bottom edge of the conduction band.
To simplify the case, we assume an abrupt junction with

donor concentration ND at the n-type side and locally pn0 ≫
np0; thus, we can calculate the total current density by
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Without a piezopotential at the interface of the epidemic p−n
junction, the relationship of the saturated current density (JC0)
and Fermi Level (EF0) can be expressed as
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From eqs 9−10, we can obtain the Fermi level (EF) with a
piezopotential at the interface of the p−n junction as follows:
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Combining eqs 14 and 15 with eq 13, the I−V characteristics
of the piezoelectric NW-based p−n junction can be derived
as97
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From eq 16, the current transport through the NW p−n
junction is a functional of the piezoelectric charges, whose sign
depends on the direction of the strain. Thus, both the
magnitude and sign of the external strain (tension or
compression) can be used to effectively adjust or control the
transport current. This phenomenon is the basic working
mechanism of a piezotronic transistor based on a p−n
junction.
3.2.2. Metal−Semiconductor Schottky Contact. The

metal−semiconductor contact is another typical heterostruc-
ture in the electronic devices. In the case when the work
function of a metal is different from the electron affinity of the
semiconductor, a Schottky barrier (SB) (eφSB) will be formed
at the junction interface (Figure 10a).27 When the Schottky
barrier is too low, the M−S junction is called an ohmic contact,
which conducts current in both directions without rectification.
In contrast, when the Schottky barrier is sufficiently high, a
current cannot pass the barrier unless the external voltage is
greater than the threshold value (φi). In this case, the M−S
junction is called a Schottky contact.
When a strain is applied to a semiconductor NW along its

longitudinal direction and the semiconductor simultaneously
exhibits the piezoelectric effect, a negative piezoelectric
potential is realized at the semiconductor side, which can
dramatically increase the local Schottky barrier height (SBH)

to eφ′ (Figure 10b);27 conversely, a positive piezopotential can
reduce the SBH. The induced piezoelectric potential can
efficiently modulate local Schottky contact by the magnitude of
the strain and the piezoelectric constant of the piezoelectric
semiconductor. Therefore, the charge carrier transportation
processing at the M−S junction can be modulated. When
switching the applied strain to a semiconductor NW from a
tensile one to a compressive one, the local Schottky contact
properties can also be changed because the sign of the external
strain is reversed.23 Thus, the charge transportation at the
interface of a Schottky contact can be controlled by the strain
induced piezoelectric potential, working as a gate effect. Such
modulation is the fundamental mechanism of the piezotronics
in a Schottky contact. Besides, at the interface of a Schottky
contact, photoexcitation can generate electrons in the
conduction band. These electrons prefer to move away from
the interface, and at the same time, holes prefer to move
toward the contact from the semiconductor. These accumu-
lated holes can thus modulate the local barrier and lower the
effective height of the Schottky barrier (Figure 10c); as a
result, the conductance increases.
As ohmic M−S contacts do not have rectification character-

istics, here, we only discuss M−S Schottky contacts. Similar to
the previous discussion on piezoelectric NW-based p−n
junctions, an M−S Schottky contact can be simplified as a
charge distribution without thickness, as shown in Figure 11,

Figure 10. Schematic diagram of the energy band of an M−S
Schottky contact with coupling modulation by laser excitation and
piezoelectric charges. (a) Band diagram of an M−S contact; (b) band
diagram of an M−S contact with coupling of the external strain-
induced piezopotential; and (c) band diagram of an M−S contact
under laser excitation. Reproduced with permission from ref 27.
Copyright 2010 Elsevier Ltd.
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with a Schottky barrier at the junction area. It is assumed that
the semiconductor side is n-type; for simplification, the surface
states as well as other anomalies are not considered. Upon an
applied external strain, the piezoelectric charges are generated
at the interface of Schottky contacts and change both the
height and the width of the Schottky barrier. Unlike the
traditional means of changing the SBH by applying a dopant
on the semiconductor side, the piezoelectric potential can be
used to continuously adjust the SBH through the strain applied
to a fabricated device.106−109

For a Schottky contact, the I−V characteristics under
forward bias according to the Schottky diffusion theory can be
expressed as104
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where ψbi0 and φBn0 are the built-in electric potential and SBH
when no piezoelectric charges exist at the interface of the p−n
junction, respectively. Here, the piezoelectric charges are
assumed to function as a perturbation to the conduction band
edge EC. In this case, the change in the SBH arising from the
tuning of the piezoelectric charges can be calculated using eqs
9a−9c and 10:
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Thus, the current density of the piezoelectric M−S Schottky
contact can be obtained:
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Therefore, the current flowing through the M−S contact can
be considered an exponential function of the piezoelectric
charge at the junction area. Here, the polarity is dependent on
the type of strain. Thus, both the magnitude and the sign
(tension and compression) of the strain can be used to
effectively adjust or control the transmitted current. This is the
basic working mechanism of a piezotronic transistor based on
the M−S Schottky contact.

3.2.3. Metal−Wurtzite Semiconductor Contact. We
now use the above results to investigate the experimentally
well-studied metal−wurtzite semiconductor contacts, for
example, a Au-ZnO NW. The piezoelectric coefficient matrix
of wurtzite structure ZnO can be written as
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As the easy axis of ZnO is the c-axis, normally, the longitudinal
direction of a ZnO NW is along the c-axis; in this case, the
piezoelectric polarization of the ZnO NW at the contact can be
obtained as
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The current density is as follows:
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Thus, the current transported across the M−S interface at
the ZnO NW-based semiconductor contact is an exponential
function of the external strain (magnitude and sign) along the
c-axis, which means that the current of the metal−wurtzite
semiconductor contact can be turned on or off by tuning the
magnitude and sign of the strain.
We performed numerical calculations using eq 21. We chose

the material constants as follows: the piezoelectric constant of
ZnO is e33 = 1.22 C/m2, the relative dielectric constant is εs =
8.91, the width of the piezoelectric charges is assumed to be
Wpiezo = 0.25 nm, and the temperature (T) is fixed at 300 K.
Figure 12a demonstrates the calculated results of the externally
applied voltage V-tuned J/JD0 at the M−S interface under
various external strains, clearly showing that the strain can
dramatically modulate the transport current. When the applied
strain changes from −1% to 1%, J/JD0 decreases over 500%
under a fixed external forward bias of V = 0.5 V, as shown in
Figure 12b. The calculation results qualitatively fit exper-
imental data. Moreover, when the bias is reversed, the effective
voltage dependence mostly derives from the variation in the
SBH based on the model.
3.3. Theoretical Discussion of the Piezo-Phototronic Effect

3.3.1. Fundamental Theory for Piezo-phototronics.
Piezo-phototronic devices, an emerging and developing
concept in physics, are devices that utilize the piezopotential
arising from piezoelectric semiconductors working as a “gate”
voltage to modulate carrier generation, transportation, and
recombination processing near the inner p−n junction.110−112

Especially for piezoelectric semiconductors, for example, ZnO,

Figure 11. Piezoelectric semiconductor-based M−S Schottky contact
with piezoelectric charges at thermal equilibrium. (a) Space charge
distributions; (b) energy band diagram; and (c) electric field affected
by the piezoelectric charges at the interface. The dashed and solid
lines indicate the cases without/with piezoelectric charges at the
interface of the M−S Schottky contact, respectively. Reproduced with
permission from ref 97. Copyright 2011 John Wiley and Sons.
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GaN, AlN, and PbS, a piezoelectric potential can be generated
through an external stress, resulting from the induced
piezoelectric charges from a microperspective. The presence
of such piezocharges at the interface is important in altering
the performance of photodetectors, light emitting diodes, or
solar cells fabricated by using these materials.113−118

Semiconductor physics119 and piezoelectric theory105 have
been employed to carefully explain the piezo-phototronic effect
based on such devices. As complementary research areas, not
only the static but also the dynamic transportation properties
of the charge carriers as well as the interaction between
electrons and photons in semiconductor materials can be
analyzed based on the former, while other phenomena, such as
the behavior of a piezoelectric material under dynamic strain,
can be explained by the latter. To characterize piezo-
phototronic devices, basic governing equations, including
electrostatic, current-density, continuity, and piezoelectric
equations, are indispensable and need to be balanced.
3.3.2. Piezo-phototronic Effect in LEDs. Precisely three

main optical processes occur in a semiconductor device
involving the interaction of an electron and a photon. First,
after absorbing a photon, an electron may be excited from the
valence band to the conduction band. This process lies at the
core of developing photodetectors and solar cells. Second, as a
reverse process, an electron dropping from the conduction
band to the valence band can induce photon emission, which is
named recombination and mainly occurs in LED devi-
ces.96,120−123 Last but not least, through the recombination
process, an injected photon has the potential to stimulate
another similar photon and finally produce two coherent
photons. The piezo-phototronic effect effectively compensates
for the thermal degradation in high-power LEDs, which has
significant applications in solid-state lighting.124

To visualize how the piezo-phototronic phenomenon affects
the device performance, a piezoelectric NW LED is the

simplest but best choice for demonstration. Typically, the basic
LED structure has an inner p−n junction (Figure
13a).62,110,125 Under forward bias, excess carriers over the

equilibrium value will be generated, leading to radiative
recombination of injected minority carriers and thus emission
of light. This mechanism is also suitable for a single
semiconductor NW-based LED.
A piezo-phototronic LED device is constructed with a

nonpiezoelectric p-type and piezoelectric n-type heterostruc-
ture junction, where ZnO is selected as the key component for
modulation (Figure 13b and 13c). With a tensile or
compressive strain along the longitudinal direction, an
emerging piezoelectric potential distribution is easily observed
for the n-type NW. Such piezoelectric charges induced at the
interface area can largely modulate the band structure of the
device, thus adjusting the carrier generation, transportation,
and recombination at the interface of the M−S contact or p−n
junction.
Many experimental and theoretical studies have been

performed on the effects of the current density and LED
light intensity to realize real applications such as displays and
optical communication. The optical power density Poptic is a
nonlinear function of the current density J. For simplicity, the
first order approximation can be utilized, and the correlation
can be written as a power law relationship:

P Joptic
bβ= (22)

where β is a constant that depends on the materials and
structure of the device, and b is a nonlinear power law
parameter.
For an ideal junction,4 by solving the basic eqs 1−5, the

piezo-LED optical power output for an n-type abrupt junction
(locally pn0 ≫ np0) can be derived as
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where Jc0 is the saturation current density.

Figure 12. I−V characteristics of an M−S Schottky contact tuned by
the piezotronic effect. (a) I−V curves under various strains and (b)
strain-induced relative current densities under a fixed 0.5 V forward
bias. Reproduced with permission from ref 97. Copyright 2011 John
Wiley and Sons.

Figure 13. Schematic illustration of a basic LED structure with a p−n
junction. Under (b) tensile or (c) compressive strain, a piezopotential
distribution emerges in the proposed n-type piezoelectric NW LED
device, which dramatically modulates the carrier generation,
separation, and transportation characteristics. Reproduced with
permission from ref 110. Copyright 2012 John Wiley and Sons.
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In essence, the efficiency of an LED device depends on four
distinct factors: the (1) external quantum efficiency ηex; (2)
internal quantum efficiency ηin, which is the ratio of the
number of photons emitted internally to the number of
injected carriers passing through the junction; (3) power
efficiency ηP; and (4) optical efficiency ηop.
For clarity, the external quantum efficiency for the simplest

cases is deduced:

N N/ex photons elecη = (24)

where Nphotons and Nelec are the number of photons emitted
from the junction and the number of carriers passing through
the junction, respectively. The above equation can be rewritten
as
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(25)

where hv is the emitted photon energy. Coupled with the
above equation, the relationship can be abbreviated as

ex ex0η αη= (26)

where ηex0 represents the external quantum efficiency when
there are no piezocharges at the interface of the p−n junction:
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and α is a factor describing the piezo-phototronic effect in the
carrier transport and photon recombination processes:
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According to eqs 7 and 11, for a piezoelectric p−n junction
LED, both the LED optical power output and the external
quantum efficiency have a nonlinear relationship with the local

piezocharges. Hence, such a photon emission process can be
effectively affected by both the magnitude and the orientation
(tensile vs compressive) of the strain, which is the general
principle of a piezo-phototronic p−n junction LED.62

As for c-axis growth ZnO or GaN NWs, assuming that an
external strain s33 is applied along the longitudinal direction
and a nonlinear approximation, b = 2, the optical power output
of a piezo-phototronic LED can be derived as

P J
qe s W

kT
qV
kT

exp
2

exp 1c
s

optic 0
33 33 piezo

2l
moo
n
oo

i
k
jjjjj

y
{
zzzzz
Ä

Ç

ÅÅÅÅÅÅÅÅÅ
i
k
jjj

y
{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑ

|
}oo
~
ooβ

ε
= − −

(29)

The external quantum efficiency can be expressed as
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where the effect factor is given by
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Figure 14 roughly demonstrates how an external strain
influences piezo-phototronics devices, and the entire calcu-
lation process was conducted using the same data as in Figure
12. The calculated J/JC0 strain tuned by the externally applied
voltage V is demonstrated in Figure 14a. Specifically, in Figure
14b, the detailed DC characteristics of a piezo-phototronic
Schottky LED with applied external strain ranging from −0.8%
to 0.8% are extracted. The relative current density clearly
increases with increasing strain. The relative external quantum
efficiency versus applied strain is depicted in Figure 14c, which
reveals the essence of piezoelectric control/tuning of the
photon emission process in a piezoelectric LED device. In
addition, as an external manifestation, the light intensity
improves by over 1000% with the strain change, as shown in
Figure 14d.

Figure 14. Demonstration of how an applied strain influences piezo-phototronics devices: (a) calculated relative current density variation with the
externally applied voltage and strain; (b) detailed DC characteristics; (c) external strain-tuned relative external quantum efficiency; and (d) relative
light intensity variation of a piezoelectric Schottky LED as a function of the applied voltage with strain ranging from −0.8% to 0.8%. Reproduced
with permission from ref 110. Copyright 2012 John Wiley and Sons.
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In short, the above derivation and analytical process
provides a shallow understanding of piezoelectric LED devices.
Simply put, the nonradiative recombination is overlooked,
which occurs throughout the entire device operation. Two
types of nonradiative processes have been observed:
Shockley−Read−Hall recombination and the Auger process-
ing. The former relates to the nonradiative recombination
phenomenon that occurs in the semiconductor forbidden
bandgap with the help of traps, while the latter involves the
energy transfer processing from the injected hole or electron to
another free hole or electron. Both processes should be taken
into account for an optimized operation in practice.47,113

3.3.3. Piezo-phototronic Effect in Photodetectors.
Another influential advancement involving the interaction
between electrons and photons is photodetectors. A photo-
detector is used to detect light or other electromagnetic
radiation, which usually involves a p−n junction converting
light photons into a current. As prime examples, photodiodes
and phototransistors are now common in electronics used
daily, such as mobile phones and smart watches. With the rise
of the piezo-phototronic concept, this effect is believed to have
great potential in tuning the electric performance.126,127

For a conventional photodetector, the photon intensity can
be obtained by analyzing the photoinduced current. Therefore,
starting the review of research in this area with a discussion of
the Schottky contact current is understandable.128 A one-
dimensional NW model is adopted here to perform a
qualitative analysis. According to semiconductor physics, for
a typical n-type Schottky contact device with an M−S junction,
the thermionic emission (TE) theory should be applied to
determine the carrier transportation characteristics under a
forward bias voltage, and the current density JF is derived as1
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where A* is the Richardson constant. Nevertheless, the
inadequacy of the current estimation for a reverse bias
condition based on such theory inhibits accurate behavior
learning. Thermionic field emission (TFE) theory is therefore
is proposed considering the tunneling effect, which aims to
account for the behavior of heavily doped semiconductor
materials.7,8 Through this method, the current density under a
reversed bias is featured as
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where Jsv is the slowly varying term corresponding to the
Schottky barrier and external voltage, VR is the reverse voltage,
q is the electron charge, k is the Boltzmann constant, and E0 is
the tunneling parameter. E0 is generally expected to remain
constant with barrier height or applied external voltage
variation. Thus, setting E0 = akT with a > 1 is acceptable;
thereby, the equation can be rewritten as
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Building a photoexcitation model from the ground up is
highly meaningful. In photodetector devices, photons with
energy higher than the bandgap (Eg) are capable of exciting
electron−hole pairs, and the excess free carrier concentration

remains constant under steady light illumination. All of these
phenomena are revealed by the continuity equation:128

n p G I( )n LτΔ = Δ = (35)

where Δn is the excess electron concentration and Δp is the
excess hole concentration with light illumination, τn is the
lifetime of the carrier, GL(I) is a function of the light intensity,
and τn is the rate of photon generation.
Within an equilibrium model, the Fermi level of the

semiconductor lines up with that in the metal without
photoexcitation. Once light irradiates the device, excess carriers
will emerge, and the original Fermi level will split into two
quasi-Fermi levels, one for holes and the other for electrons. In
view of the NW structure, these quasi-Fermi levels should be
uniform along the entire device if the light illumination is
uniform. Referring to band theory, the quasi-Fermi level for
holes and electrons can be expressed as119
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Additionally, to obtain deep insight into the piezo-phototronic
effect, the semiconductor must be assumed to be piezoelectric.
Undoubtedly, the Schottky barrier will be altered once
piezoelectric charges appear. According to previous studies,
the modification of the barrier height is derived as97
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2ϕ

ε
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(37)

Figure 15 demonstrates an ideal metal−semiconductor−
metal (M−S−M) structure under the modulation of both
piezoelectric charges and photoinduced charges.126 The NW is
assumed to exhibit a wurtzite structure along its c-axis.

Figure 15. Schematic illustration of the (a) space charge distribution
and (b) corresponding energy band diagram for an ideal M−S−M
structure with both piezoelectric and photoinduced charges. The
dashed lines represent the original Schottky barriers, while the solid
lines represent the modified band structure. Reproduced with
permission from ref 126. Copyright 2012 John Wiley and Sons.
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Essentially, the piezoelectricity stems from the inner-crystal
polarization of ions, which could mean that the fixed
piezoelectric charges at the two NW ends have opposite
signs. Figure 15a abstractly demonstrates the space charge
distribution in the device. For a specific NW with strain along
its c-axis, the piezo-polarization is

P e s W W33 33 piezo1 piezo1 piezo2 piezo2ρ ρ= = = − (38)

where ρpiezo1 and ρpiezo2 are the densities of the strain-generated
piezoelectric charges at contact 1 and contact 2, respectively.
The height of a Schottky barrier is determined by two factors:
photoexcitation effectively reduces it, while piezocharges alter
it. Thus, the change can be quantitatively represented as
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Therefore, the total modified barrier height is

n n n0ϕ ϕ ϕ= + Δ (40)

where φn0 is the original SBH.
Under a forward bias, the electron current density through a

Schottky contact is
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where Jn0 is the original current density without any external
stimulation, and
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As a consequence, the photoexcitation process can be either
enhanced or inhibited by changing the direction or type of
applied strain, which correlates with the sign of ρpiezo.
In regard to a double Schottky contact structure, the

phenomena become slightly more complicated. A reverse bias
junction always occurs along with a forward bias junction
under a certain bias voltage. According to Ohm’s law for the
entire device, the current should be expressed as

I S J V
R S JR R

NW
NW F F= = = (43)

where SR and SF are the cross-sectional areas for the reverse
and forward junctions, respectively, RNW is the NW resistance,
and VNW is the voltage drop over the NW.

Therefore, the total voltage can be interpreted as consisting
of three parts:

V V V VR NW F= + + (44)

where VR and VF are the voltage drops on the reverse and
forward junctions, respectively. In real and common cases, the
impact of the term RNW on the current behavior is usually
observed at applied voltages greater than 5 V. However, for a
photodetector under its operating voltage, the dominant factor
is the reverse bias contact.129 To understand the effects
induced by piezocharges as well as photoexcitation, VR = cV
can be taken to obtain a clear explanation, where c is a constant
less than 1. Thus, eq 42 can be revised as
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Thus, the device current for a reverse bias on contact 1 (V > 0)
takes the form
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For a reverse bias on contact 2 (V < 0), this current can be
described as
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where:
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are the currents flowing from reverse contacts 1 and 2,
respectively. In addition, k is the Boltzmann constant. Since
ρpiezo1 and ρpiezo2 have opposite signs, asymmetric changes for
the opposite biases are clearly observed under the same applied
strain.

Figure 16. Numerical simulation based on a metal−ZnO−metal photodetector with one ohmic contact and one Schottky contact. For two different
devices with opposite c-axis orientations corresponding to the Schottky contact position, the configurations and their current densities under
various applied voltage and strain conditions are demonstrated in (a) and (b). (c) Diagram of relative current density versus voltage under different
illumination powers without external strain. Reproduced with permission from ref 126. Copyright 2012 John Wiley and Sons.
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Analytical results were utilized for numerical simulation of a
Ag−ZnO−Ag structure. The detailed parameters for ZnO were
as follows: diameter d = 100 nm, carrier lifetime τn = 3 ns,
external quantum efficiency ηext = 1, and internal gain ΓG = 1.5
× 105.130 A typical UV light was employed with wavelength λ =
385 nm, and the electron concentration of ZnO NWs under
dark conditions was presumed to be 1 × 1015 cm−3. Most
piezo-phototronic devices are made from wurtzite family
materials, for example, ZnO, GaN, CdS, and AlN, so they have
the same piezoelectric coefficient matrix, and this simulation is
suitable for all wurtzite family material-based devices.
When the two M−S contacts of the Ag−ZnO−Ag device are

one ohmic contact and one Schottky contact, the photo-
currents under various applied external strains ranging from 0
to 1% and uniform light illumination can be obtained using eq
41. Figure 16 depicts some of the numerical results based on
the proposed structure. Depending on the direction of the c-
axis, the photocurrent can clearly be either enhanced or
restrained. Specifically, the electrical performances for two
single-Schottky-contact devices are demonstrated in Figure 16a
and 16b, where the insets show their corresponding
configurations. As a reference case, the photocurrents for
different illumination powers under a strain-free condition are
also given in Figure 16c. For comparison, a Ag−ZnO−Ag
structure with two Schottky contacts is also taken into
consideration. Equation 41 plays a pivotal role in the entire
simulation process, and in detail, the values a and c are set as
1.3 and 1.8, respectively, according to previous reports.129 The
numerical results for the proposed two-Schottky-contact
structure are shown in Figure 17. In brief, an asymmetric
feature is observed with respect to the piezo-phototronic effect.
Under the opposite bias voltage and the same external strain,
the current deviation shows the opposite tendency. Thus, the
piezo-phototronic effect is clearly greatly significant in tuning
the performance of the photodetector device, giving rise to an
enhanced sens i t iv i ty and a broader appl icat ion
range.50,114,115,126,131

3.3.4. Piezo-phototronic Effect in Solar Cells. Clean
energy is on the rise, from windmills to hydropower stations,
and people are now increasingly demanding cleaner energy.
Solar power is not new, and since the advent of silicon cells, it
has undergone fast growth. Though many renewable energy
sources exist, solar power is still one of the most promising
candidates to solve energy crises.

The development of new energy-efficient materials and the
construction of new structures are two prevailing methods to
optimize solar cell performance, and tremendous efforts have
been channeled into both.132 For instance, to decrease the
saturation current in Si-based solar cells, metal−insulator−
semiconductor (MIS) structures have been incorporated.133,134

With the aid of thermodynamic theory, investigations of the
thickness dependence of p−n junctions have enabled a high
open-circuit voltage to be achieved for photovoltaic (PV)
devices.135 Based on the low bandgap material PBDTTT4, the
open-circuit voltage for a polymer solar cell can be enhanced to
0.76 V with an overall power efficiency of 6.77%.136 In
addition, advanced materials, such as fullerene, have also been
employed to realize superb performance.15 All of these
approaches promote more developed and outstanding solar
devices.
Lately, the advancements in piezoelectric and ferroelectric

materials have blazed another trail toward better solar cells.
Enabled by the intrinsic electric potential coming from the
materials themselves, the charge separation process becomes
much easier. By incorporating these materials, piezoelectric
solar cells (PSCs)44 and ferroelectric solar cells137 were
fabricated, showing remarkable output performance. Given
this result, establishing the basic theory to obtain a deeper
insight into the mechanism is highly desired.
Figure 18 shows a typical NW-based p−n junction solar

cell.138 The device has either one p−n junction or one M−S
contact. By applying a high electric field to the device depletion
region, electron−hole pairs generated by incident photons are
spontaneously separated. If this cell is constructed with a
piezoelectric material, when under an external strain, the
piezoelectric charges generated at the interface of the junction
will greatly facilitate control of the cell performance. The
proposed solar cell device was built with a nonpiezoelectric p-
type and piezoelectric n-type heterostructure junction, where
ZnO was again selected as the key component for modulation,
as shown in Figure 18b and 18c.
Due to the photocoupling, the properties of a PSC can also

be characterized with the help of semiconductor physics and
piezoelectric theory. For a piezoelectric semiconductor ma-
terial under an external stress, two common effects arise: the
piezoresistance effect and the piezotronic effect. Piezoresist-
ance is generally accepted to be a volume effect, which
manifests as a variation in the resistance of the bulk

Figure 17. Numerical simulations for a Ag−ZnO−Ag device with two Schottky contacts. (a) Relative current density versus voltage under various
strains and the same illumination power. (b) Diagram of relative current density versus voltage under different illumination powers without external
strain. Reproduced with permission from ref 126. Copyright 2012 John Wiley and Sons.
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semiconductor but has little influence on the contact
property.99,100 The change in the bandgap resulting from this
effect does not correspond to the sign of the piezoelectric
charges in the contact area. In light of this feature, the piezo-
phototronic effect more strongly affects the output of solar
cells.44,117

Recent experiments have shown that the open-circuit voltage
and the maximum output power are sensitive to the external
strain applied to ZnO NWs; however, the short-circuit current
density is not affected.132 Hence, the photocurrent density
(short-circuit current density) is assumed to not correspond to
the external strain. Theoretically, the excitation of excess

carriers by solar radiation gives rise to the short-circuit current.
For simplicity, the electron and hole generation rates (Gn and
Gp) are considered to be constant as follows:

G G
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q L L( )n p
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+ (48)

where Jsolar is the short-circuit current density, and Lp and Ln
are the diffusion lengths of holes and electrons, respectively.
For simplification, photon emission is neglected in this model;
in other words, Un = Up = 0. Similar to the 1D NW-based
piezotronic p−n junction model, the photocurrent Jsolar results
in a modification of the total current density. By solving the
basic eqs 1−5and 32, the total current density can be derived
as
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where Jpn is the saturation current density. Typically, for a solar
cell constructed with a p-polymer and an n-type ZnO NW, the
ZnO part commonly possesses a high n-type conductiv-
ity.139,140 An abrupt junction at the p-type side can therefore

be reasonably assumed, in which np0 ≫ pn0 and Jpn
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L
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Combining the previous results, the total current density can
be revised as138
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Figure 18. (a) Schematic illustration of a basic NW solar cell with a
p−n junction. Under (b) tensile or (c) compressive strain, a
piezopotential distribution emerges in the proposed n-type PSC,
which dramatically modulates the carrier generation, separation, and
transport characteristics. Reproduced with permission from ref 138.
Copyright 2012 Royal Society of Chemistry.

Figure 19. (a) Schematic illustration of the proposed ZnO NW-based solar cell. (b) Diagram of the relative current density versus voltage under
different photocurrent densities. (c) Relative current density−voltage relationship under different external strains. (d) Open-circuit voltage under
various applied external strains. Reproduced with permission from ref 138. Copyright 2012 Royal Society of Chemistry.
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where the saturation current density without a piezopotential is

given by ( )J exppn
qD n

L
E E

kT0
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i F0 0≈ − −
. Note that a negative sign

appears in the exponential function of eq 52, in contrast to a
previous study on piezoelectric p−n junctions. Here, two
approximate cases can be studied: When np0 ≫ pn0, the
thermal equilibrium electron concentration np0 becomes the
dominant factor in the current characteristics, which
corresponds to the PSC model. If pn0 ≫ np0, the thermal
equilibrium hole concentration becomes dominant. For the
proposed NW model, if a compressive strain is employed, then
the positive piezoelectric charges repel holes while attracting
electrons. Conversely, if a tensile strain is applied, then the
negative piezoelectric charges will attract holes while repelling
electrons. Both cases contribute to the negative sign in the
exponential function of eq 52.
In addition, the open-circuit voltage for a solar cell can be

calculated by setting J = 0:17
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For a specific solar cell with Jsolar ≫ Jpn, the open-circuit
voltage can be given as
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Thus, from eq 54, the open-circuit voltage can clearly be
modulated by both the magnitude and sign (tension or
compression) of the strain. This result can be extensively
applied to bulk or thin film solar cells.
In light of the relationship between the polarization vector

and mechanical strain in eq 54, for a GaN or ZnO NW with a
strain s33 along its c-axis (growth orientation), qρpiezoWpiezo=
−e33s33. To visualize the piezo-phototronic effect in specific
solar cells, several parameters are set for numerical simulation:
the diameter of the NW is 20 nm, and the partial lengths for
the p-type and n-type segments are selected as 20 and 80 nm,
respectively.
Figure 19a schematically illustrates the proposed model.

Light uniformly irradiates the entire solar cell structure, in
which the n-side exhibits the piezoelectric effect and the c-axis
points away from the p−n junction. The I−V characteristics
calculated under different light intensities are shown in Figure
19b. Obviously, the short-circuit current density quickly
increases with enhanced light intensity. If the saturation
current density decreases, then the open-circuit voltage seems
to increase slightly. In addition, the J−V characteristics for the
solar cell are shown in Figure 19c. With the applied external
strain is changed from −0.9% to 0.9%, the relative current
density tends to accordingly improve. The piezo-phototronics
of the solar cell can be reflected by the relationship between
the open-circuit voltage and the applied strain, as elucidated in
Figure 19d. When the strain is switched from −0.9% to 0.9%,
the open-circuit voltage decreases from 0.48 to 0.51 V.
The maximum output power of the proposed solar cell can

be acquired through analytical results. As shown in Figure 20a,

when the photocurrent density is fixed, the output power
curves rise with increasing external strain, with different
maximum values. In Figure 20b, the relative maximum output
power versus applied strain is depicted. Undoubtedly, the
application of an external strain to the ZnO NW can
dramatically modify the maximum output power of the solar
cell.
For comparison, the cases of reversed c-axis polarity on the

piezoelectric side or an exchange of the p and n parts is
investigated, as shown in Figure 21. The detailed models are
displayed in the insets. Compared with Figure 21a, a reversed
c-axis leads to an opposite trend for the strain dependence on
the current density due to the opposite sign of the piezoelectric
charges (Figure 21a). Hence, the open-circuit voltage increases
with changing applied external strain from −0.9% to 0.9%, as
shown in Figure 21b. Similarly, the exchange of the p and n
segments in the device can achieve the same effect, as shown in
Figure 21c and 21d. These results indicate that an enhanced
performance for solar cells can be achieved through both of the
above structure optimization processes.
In an M−S solar cell device, the M−S contact is also an

essential element. Specifically, for the proposed piezoelectric n-
type semiconductor NW, the total current density through an
M−S contact can be derived as
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where JMS is the saturation current density of the M−S contact
and JMS0 is the corresponding value without piezoelectric
charges:

Figure 20. (a) Diagram of the output power versus voltage for a ZnO
NW-based p−n junction piezo-phototronic solar cell; (b) strain-tuned
relative maximum normalized output power. Reproduced with
permission from ref 138. Copyright 2012 Royal Society of Chemistry.
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Note that the piezocharges function as a perturbation to EC.
Therefore, the open-circuit voltage for a solar cell with an M−S
contact can be acquired as
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Consider eq 56 and eq 58. In the positive strain (tensile
strain) case, the local negative piezocharges clearly lift the
barrier at the M−S contact, thus realizing a decrease in the

saturation current density while enhancing the open-circuit
voltage. In contrast, when the applied strain is changed to
compressive strain, the situation is reversed.
Similar to the above calculation process for the p−n junction

case, when a strain is applied along the longitudinal direction
of the NW, the detailed parameters are also suitable for the
M−S contact model. Figure 22a and c shows abstract
schematics for the calculated model. In Figure 22a, under
fixed light illumination, the relative current density clearly
decreases when the external strain varies from −0.9% to 0.9%.
However, the open-circuit voltage increases with increasing
strain, as demonstrated in Figure 22b. As a comparison, a
numerical simulation for a shift of the c-axis in the polar
direction for the M−S contact was also performed, as shown in

Figure 21. (a) I−V curves and (b) open-circuit voltage under various strains for a specific p-n-type ZnO NW-based solar cell. In this case, the c-axis
of ZnO is pointing toward the junction. (c) I−V curves and (d) open-circuit voltage under various strains for the same solar cell. In this case, the c-
axis of ZnO is pointing out of the junction. Reproduced with permission from ref 138. Copyright 2012 Royal Society of Chemistry.

Figure 22. (a) I−V curves and (b) open-circuit voltage under various strains for an M-S (ZnO NW) contact, where its c-axis points away from the
junction. (c) I−V curves and (d) open-circuit voltage under various strains for the same device, where its c-axis points toward the junction.
Reproduced with permission from ref 138. Copyright 2012 Royal Society of Chemistry.
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Figure 23. (a) Schematic illustration of the measurement setup. A device is fixed on the edge of a cryostat. A micromanipulated probe is used to
deform the substrate. The upper right inset is a photograph of a real device. (b) Changes in the transport characteristics of devices with low
conductivity under applied strain at 300 K. (c) Changes in the transport characteristics of devices with low conductivity under applied strain at 77
K. (d) Changes in the transport characteristics of devices with moderate conductivity under applied strain at 77 K. (e) Changes in the transport
characteristics of devices with high conductivity under applied strain at 77 K. Reproduced from ref 143. Copyright 2013 American Chemical
Society.

Figure 24. (a) Change in the I−V characteristics of GaN devices due to the piezotronic effect at 300 K under dark conditions. (b) Change in the
I−V characteristics of GaN devices due to the piezotronic effect at 77 K under dark conditions. (c) Photocurrent of GaN devices versus tensile
strain at various temperatures under the fixed illumination. Reproduced with permission from ref 144. Copyright 2015 John Wiley and Sons. (d) I−
V characteristics of CdS NW devices under various temperatures for a power density of 1.58 mW cm−2. (e) I−V characteristics of CdS NW devices
under various strain conditions for a power density of 1.58 mW cm−2. (f) Temperature dependence of the piezo-phototronic factor at a −4 V bias
voltage. Reproduced with permission from ref 145. Copyright 2015 John Wiley and Sons.
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Figure 22c and d. According to the results, reverse trends in
both the relative current density and open-circuit voltage with
respect to the applied strain emerge, which is understandable
due to the reverse polarization. Therefore, for an M−S contact
solar cell, the electrical performance can be largely modified by
the piezo-phototronic effect.141

3.4. Temperature Dependence of Piezotronics and
Piezo-phototronics

The influence of temperature on the piezotronic and piezo-
phototronic effects is now discussed, which will be conducive
to understanding the underlying physical mechanisms of these
two effects. Temperature can dramatically impact the carrier
density of a semiconductor,142 which is closely related to the
piezotronic and piezo-phototronic effects. In 2013, Hu et al.
thoroughly investigated the temperature dependence of the
piezotronic effect by employing ZnO NWs for the first time.143

In their configuration, ZnO NWs with three different dopant
concentrations were integrated into a flexible substrate that
was clamped at the edge to a cryostat, and the corresponding
experimental setup is schematically shown in Figure 23a. The
ZnO NW devices were made into typical M−S−M structures
using silver paste as the electrodes, thus forming two back-to-
back Schottky barriers. Their piezotronic response was
measured under different strains by reducing the temperature
from 300 to 70 K. The piezotronic effect is markedly enhanced
with decreasing temperature. Specifically, a distinct difference
is observed in the I−V curves between 300 and 77 K for low-
doped ZnO NW devices when applying an external strain. The
current similarly increases or decreases by different magnitudes
under different strains regardless of the direction of the bias
voltage at 300 K, as shown in Figure 23b. The variation trend
of the current is increased under a negative bias and decreased
under a positive bias (or vice versa) when the temperature is
decreased to 77 K, presenting an obvious asymmetric behavior
(Figure 23c). This phenomenon was first observed in this
study. The results illustrate that the piezotronic effect is
dominant at the two Schottky contacts at low temperature,
attributed to the screening effect of piezocharges by free
carriers being weakened owing to the reduction in the carrier
concentration as the temperature decreases. For moderately
doped ZnO NWs, the current decreases asymmetrically under
both positive and negative bias voltages with applied tensile
strain at 77 K (Figure 23d). This result suggests that the
piezotronic effect is only dominant at the one side where
negative piezocharges are created, and the other side, where
positive piezocharges accumulate, is still screened by free
carriers. Once the ZnO NWs are heavily doped, the current
exhibits no response to an external tensile strain even when the
temperature is dropped to 77 K (Figure 23e), meaning that the
piezotronic effect barely works in this case.
In addition to ZnO NWs, Wang and co-workers further

studied the piezotronic effect in a-axis GaN nanobelts under
different temperatures.144 The fabrication process of the
devices and experimental system are similar to those previously
reported by Hu et al. Figure 24a and b displays the typical I−V
curves of the GaN devices under externally applied strain at
300 and 77 K, respectively. The changes in the current with
increasing strain are clearly more noticeable at 77 K than at
300 K. A qualitative analysis indicates that the piezotronic
effect in the a-axis GaN can be enhanced by over 440% when
the temperature decreases from 300 to 77 K under 0.28%
tensile strain. This enhancement occurs because the freeze-out

effect of free carriers increases the number of effective
piezocharges due to the reduced screening effect at low
temperature, analogous to the effect of temperature on the
piezotronics in ZnO NWs. Considering the superior optical
excitation of GaN, these authors also examined the temper-
ature dependence of the piezo-phototronic effect based on
GaN nanobelt devices. The three-dimensional (3D) diagram in
Figure 24c depicts the photocurrent (Iphoto) as a function of
strain at various temperatures ranging from 77 to 300 K. Iphoto
gradually increases with increasing tensile strain at 240 and 300
K, but at low temperature (180, 120, and 77 K), it first
decreases and then increases as the tensile strain increases.
This novel phenomenon results from a competing mechanism
between the attraction of noncompletely screened positive
piezocharges to electrons and detrapping/activation of bound
electrons at low temperature.
In another work, the impact of temperature on the piezo-

phototronic effect in CdS NWs was also systematically
explored by varying the temperature from 77 to 300 K;
therein, the piezo-phototronic effect could be enhanced by
over 550% at 77 K.145 Under a fixed illumination intensity of
1.58 mW cm−2 and strain-free conditions, the photocurrent of
CdS NWs varies with temperature as displayed in Figure 24d,
and the inset exhibits the experimental system. However, once
mechanical strain is introduced to the device at 77 K under the
same illumination conditions, the photocurrent markedly
increases in the positive bias regime, as shown in Figure 24e.
To further analyze the experimental data, a physical parameter
named the piezo-phototronic factor was defined as the
response sensitivity per unit strain: dε = dI/(I0 × dε) = (Iε2
− Iε1)/Iε1(ε2 − ε1), in which Iε2 and Iε1 correspond to the
currents derived under ε2 and ε1 strain conditions at the same
illumination intensity, respectively. Figure 24f shows the piezo-
phototronic factors derived under a −4 V bias voltage. The
maximum of the piezo-phototronic factor can reach 576.2% at
77 K under an illumination intensity of 2.5 × 10−2 mW cm−2,
so the piezo-phototronic effect can also be significantly
improved at low temperature. This improvement mainly
occurs because the number of mobile charge carriers in CdS
NWs decreases at lower temperatures, thus increasing the
number of surface/interface effective piezocharges as a result of
the reduced screening effect and further promoting the
separation efficiency of photoinduced electron−hole pairs.
These works minutely investigated the temperature depend-
ence of the piezotronic and piezo-phototronic effects, which
not only helps better understand the fundamental working
mechanisms of these two effects but also provides valuable
guidance for designing and developing high-performance
piezotronic/piezo-phototronic devices.146

4. PIEZOTRONICS AND ITS APPLICATIONS

4.1. Piezotronic Effect-Based Strain Sensors

Investigations about micro- and nanoelectromechanical sys-
tems (MEMS and NEMS) are growing fast, with potential
applications for ultrafast, low-power consumption and high-
sensitivity devices. To measure nano- and microscale strain/
stress and pressure, a lot of NW147 and carbon nanotube
(CNT)148−152 sensors have been fabricated. Normally, such
kind of strain sensors use the piezoresistance effect of the
nanomaterial; for example, upon a relatively small strain, the
change of resistance has a linear relationship with the change of
strain.106,114,153−159
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In this section, a new kind of strain sensor by using the
piezotronic effect is introduced.160,161 In 2008, Zhou, Wang,
and co-workers presented the fabrication and application of a
fully packaged strain sensor based on an individual ZnO NW.24

This strain sensor was fabricated by laterally bonding a single
piezoelectric ZnO NW onto a polystyrene (PS) substrate. A
schematic of the strain sensor is demonstrated in Figure 25a,
along with a photograph of the strain sensor in Figure 25b. The
corresponding measurement setup is illuminated in Figure 25c.
The I−V curves (Figure 25d) are very sensitive to strain

because of the change in the SBH because of the piezotronic

effect, with a linear relationship with the applied external strain.
The inset shows that ln I scales linearly with the external strain
as well. A gauge factor of as high as 1250 has been
demonstrated (Figure 25e). For comparison, the gauge factors
of commercial alloy strain gauges, semiconductor Si strain
sensors, and CNT based strain gauges are 2, 200 and 1000,
respectively.

4.2. Piezotronic Strain-Gated Piezoelectric
Electromechanical Switches

In section 3.1, we introduced the fundamentals of a
piezoelectric transistor, whose basic principle is to tune the

Figure 25. (a−b) Illustration and optical image of a single ZnO NW based strain sensor. (c) The measurement setup of the ZnO NW strain sensor.
(d) I−V curves of a ZnO NW strain sensor under various strains. The inset is the relationship between ln I (A) and the applied strain. (e) Gauge
factors calculated from (d) vs applied strain. Reproduced from ref 24. Copyright 2008 American Chemical Society.

Figure 26. (a) Illustration of a single ZnO NW device. (b) I−V performance of the ZnO NW device under a compressive strain (green), after
strain release (black), and under tensile strain (red). (c−e) Energy band diagrams demonstrating the changes in the SBH at the two contacts of (c)
unstrained, (d) compressive strained, and (e) tensile strained NWs. Reproduced from ref 23. Copyright 2008 American Chemical Society.
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carrier transport at the interface of M−S by changing the local
barrier through a piezopotential which is applied by external
strain. In this section, we demonstrate how to use the strain to
modulate the transportation of an NW device, from
rectification to the realization of a diode.162,163

In 2008, Zhou, Wang, and co-workers reported a
piezopotential-tuned ZnO NW switch based on two back-to-
back Schottky diodes.23 The fabrication of such a piezoelectric
electromechanical switch is similar to that of the previous
piezotronic strain sensor in section 4.1, as shown in Figure 26a.
Different from the devices we focused on in the previous
section, here, we only consider the devices which shows
symmetric or relative symmetric I−V behavior, which can have
either ohmic contact or symmetric Schottky contacts at both of
the two ends (as in Figure 26b). If a tensile strain is applied to
this switch, upward diode-like I−V properties are obtained
(red line); on the contrary, downward diode-like I−V behavior
(green line) is obtained when the switch is subjected to a
compressive strain. The I−V curve (black line) fully recovers
when the external strain is released. Thus, a new kind of switch
based on piezotronics with an “on”/ “off” ratio as high as 120
has been designed and fabricated.
The operation mechanism of this device comes from the

piezopotential generated asymmetric modulation of the SBH at
both the drain and source electrodes, which can be illustrated
with schematic energy band diagrams; see Figure 26d−e.
Supposing that the c-axis of the ZnO NW is pointing toward
the source, the drain side has a larger piezopotential if the
switch is under a compressive strain (Figure 26e); thus, a
higher SBH is generated at the source side. On the other hand,
in the case of switching the compressive strain to a tensile
strain through tuning the bending direction of the flexible
substrate, the piezopotential decreases (Figure 26d), resulting
in a higher SBH at the drain side.

4.3. Piezotronic Transistors Based on Vertical NWs

In addition to the lateral ZnO NW-based piezotronic
transistor, vertically aligned ZnO NWs based piezotronic
strain-gated transistor arrays have been demonstrated, which
may have great application in 3D integrations.8,25,164−170 In

2012, Han, Wang, and co-workers reported a piezotronic
transistor based on vertical ZnO NWs with Au nanoparticle
catalysts on top. The I−V characteristics of the transistor were
recorded in contact mode in a conductive AFM system under
different strains (Figure 27a).171 Taking Figure 27b as an
example, the output signal of the current has a very good and
reversible response with an on/off ratio of approximately 7
when the external applied strain varies between 3 and 6 μN.
Figure 27c shows the I−V characteristics of the transistor
under different strains. By increasing the applied stress from
100 nN to 500 nN, the current sharply increases. Such strain-
dependence of I−V characteristics is attributed to the
piezotronic effect, including the reverse and forward modes.
We simulated the potential distribution using the finite
element method and plot it in Figure 27d. To simply
demonstrate the piezotronic effect in this case, the energy
band diagrams are illustrated in Figure 27e−f. If the c-axis of
the ZnO NW is along the direction from Au toward ZnO NW,
then a piezoelectric potential will be generated whenever an
external strain is applied to the NW, thus changing the carriers
and tuning the local contact properties. The strain-dependence
of piezopotential dramatically modulates the local contact
characteristics and gates the carrier transportation processing
at the interface of M−S.
Zhou and Wang et al. also reported similar vertical

piezotronic transistors based on CdSe NWs, with the c-axis
along the ⟨0001⟩ direction.172 Since CsSe has the same crystal
structure as ZnO, when an external stress is applied to the
CdSe NW, the piezotronic effect can elevate the Schottky
barrier between CdSe and Pt. Even under a small change
(0.12%) of strain, the current decreases from 84 to 17 pA upon
a 2 V bias voltage.

4.4. Piezotronic Transistor Arrays and Tactile Imaging

Design, fabrication, and integration of functional systems by
using nanodevice arrays are key to transforming nanoscience
into applied nanotechnology.173 The traditional FETs, which
have three-terminals (source, drain, and gate), based on
voltage-gated operation limit the spatial resolution when they
are used as tactile sensor arrays. Therefore, a new device

Figure 27. (a) Schematic diagram of the AFM system used to measure vertical piezotronic transistors. (b) Current changes with a periodic applied
force of 3 μN and 6 μN. (c) I−V properties of a vertical piezotronic transistor with a single Schottky junction under different compressive forces.
(d) Finite element simulation of the piezoelectric potential distribution in a ZnO NW (width: 50 nm and length: 100 nm) under three uniaxial
forces of 0 nN (left), 100 nN (middle), and 200 nN (right). (e−f) Energy band diagrams showing the SBH change before and after a strain was
applied to the top of the NW. Reproduced from ref 171. Copyright 2008 American Chemical Society.
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structure needs to be designed and fabricated to obtain a high-
resolution tactile e-skin sensor which is comparable with the
spatial resolution of our human skin. To realize an e-skin with
very high spatial resolution, a good way is to remove the gate-
electrode and change the traditional 3-terminal FET structured
devices to 2-terminal crossbar electrodes devices
In sections 4.1−4.3, we have introduced a series of single

NW piezotronic effect-based strain sensors based on wurtzite
structure semiconductors, which can detect the pressure/strain
very sensitively. In 2013, Wu, Wang, and co-workers reported a
2-dimensional, large-scale piezotronic transistor array based
integrated circuit by using vertically aligned ZnO NWs as the
active pressure sensor unit for real time tactile imaging. When a
pressure is apply to the ZnO NW array, a piezopotential is
created along the NW due to the noncentrosymmetry wurtzite
structure, which can be used to serve as the driving force
(similar to the gate voltage) and to control the charge
transport properties at the interface, or the junction between
the NWs and the electrodes (Figure 28a). Thus, it offers the
possibility to decrease the number of electrodes and also can
reduce the fabrication processes of fabricating a high-resolution
tactile e-skin device with piezotronic effect. In this work, they
reported 92 × 92 tactile e-skin devices with a spatial resolution
of 100 μm and a lowest pressure sensitivity about 3.6 kPa. Each
pixel is consisted with an individual Au-ZnO NW-Au
transistor, as show in Figure 28.174 Such a 8464 piezotronic
transistors tactile e-skin device can map the strain or pressure
directly by addressing each pixel with a scanning multichannel
measurement system. Thus, a pressure distribution mapping
can be acquired by measuring the current change for each
pixel. Furthermore, the devices can be fabricated on flexible
substrate and can also be used to map the strain on a flexible

device. The authors also firmly proved the devices are working
with the principle of the piezotronic effect, not the piezo-
resistive effect. The reason is that the I−V curves of the
piezotronic transistors tactile pixel change asymmetrically
before and after applying the strain, while the I−V curves of
a typical piezo-resistive device change lineally and symmetri-
cally.

4.5. Piezotronic Effect-Enhanced Schottky-Contact
Nanosensors

1D semiconductor nanomaterials have been extensively
studied as basic building blocks for various sensor applications
since they have large specific surface area, ultraflexibility, and
easy surface functionalization. Surface adsorption of analytes
induces carrier depletion or accumulation and changes the
device electrical properties.129,175−182 Earlier studies focused
on the use of ohmic contacts for low dimensional
nanostructures, and Schottky contacts were usually avoided
to enhance the contribution made by NWs or nanotubes to the
detected signal.183−191 The surface energy states of a
semiconductor are influenced by the electrostatic gating effect
of the adsorption, resulting in electrical conductivity
changes.97,192−201 The sensitivity of ohmic-contact sensors
depends on the interaction of analyte molecules and
semiconductor properties. Carrying out precise structure
control and assembly of sensors to achieve both high sensitivity
and low contact resistance is difficult.79,202−208 In this section,
we will introduce various new types of sensors (UV sensors,
biosensors, and gas sensors) based on the use of Schottky
contacts to achieve a supersensitive and fast response; then, we
will discuss how to further improve the performance of such

Figure 28. (a) Comparison between the traditional three-terminal FET devices and a two-terminal piezotronic transistor. Illustration of the design
of a large-scale cross-bar array device. The performance of an individual vertical piezotronic transistor unit under different strains. (c−e) High-
resolution tactile e skin sensor array with the ZnO NW piezotronic transistors. Reproduced with permission from ref 174. Copyright 2013
American Association for the Advancement of Science.
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Schottky contact NW based sensors via the piezotronic effect
and piezophotonic effect.
4.5.1. Highly Sensitive, Fast-Response NW Sensors

with Schottky Contacts. 4.5.1.1. Schottky-Contact ZnO
NW UV Sensors. Jun Zhou et al. demonstrated a Schottky
contact UV detector based on ZnO NW with extremely high
sensitivity, very fast response speed, and short reset recovery
time.209 By choosing different metal electrodes, we can make a
Schottky contact or ohmic contact between the metal and a
semiconductor. Thus, to give a direct comparison, Zhou et al.
developed an ohmic-contact ZnO NW based UV detector with

Ti/Au electrodes at the two ends using shadow mask
technology and a Schottky-contact ZnO NW UV detector
with a Schottky barrier at the ZnO NW/Pt interface and the
other contact at the ZnO/Pt:Ga interface remaining ohmic.
Typical optical images of the two UV detectors are
demonstrated in Figure 29a and c, in which Ti/Au electrodes
and the Pt:Ga electrode make good ohmic contacts.
The photoresponses of the devices both in the dark (dark

curves) and under ∼30 W/cm2 UV light illumination (red
curves) are displayed in the insets of Figure 29b and d. The
Schottky-contact UV detector has a much higher responsivity

Figure 29. Schematic of ohmic-contact (a) and Schottky-contact (c) UV sensors. (b) Photoresponse properties of the ohmic-contact UV sensor.
(d) Photoresponse properties of the Schottky-contact UV sensor. Reproduced with permission from ref 209. Copyright 2009 AIP Publishing.

Figure 30. I−V characteristics and corresponding sensitivity of Schottky-contact (a and c) and ohmic-contact (b and d) gas sensors. Reproduced
from ref 210. Copyright 2009 American Chemical Society.
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and faster response and recovery times. As seen in Figure 29b,
the current of the ohmic-contact sensor only changes by
approximately 9%, with a recovery time of 417 s. In contrast,
for the Schottky-contact ZnO NW UV detector, the current
increases approximately 1500-fold from 0.04 nA to 60 nA
within 0.6 s. If the UV light is turned off, the current decreases
to its initial state within 6 s, with a recovery time of 0.8 s.
Therefore, the difference in device performance between the
two types of nanosensors can be attributed to the Schottky
barrier at the interface of ZnO/Pt heterostructure.
4.5.1.2. Schottky-Contact ZnO NW Gas Sensors. In 2009,

Wei et al. also demonstrated ohmic contact gas sensors and
Schottky-contact gas sensors using ZnO NWs. Similar to the
UV detector in the last section, the two ends of the NW were
fixed as ohmic contacts or Schottky contacts through focused
ion beam (FIB) technology on a pair of Pt patterned
electrodes.210 The performance of gas sensing based on two
types of gas sensors can be verified by the relevant I−V curves
at different temperatures and under different concentrations of
gas, as shown in Figure 30. Taking CO as an example, the
Schottky-contact gas sensors clearly have a very high sensitivity
even when the starting concentration of CO is 50 ppm, with
the current greatly changing and the sensitivity increasing with
increasing CO concentration. Such reverse bias Schottky-

contact sensors clearly show high sensitivity and good
temperature-dependent behavior, reaching the highest sensi-
tivity of 32000% under a CO concentration of 400 ppm at 275
°C, as shown in Figure 30c. There is a drop-in sensitivity with a
further increase of the environment temperature due to the
difference of activation energies corresponding to the gas
adsorption and desorption processes. For the ohmic-contact
gas sensors, the current of the devices also increases with
increasing concentration of CO. However, the current only
changes by approximately 2−4%, which is much lower than the
sensitivity of the Schottky-contact sensors.

4.5.1.3. Schottky-Contact Molecular Sensors. Yeh and
Wang introduced an asymmetric Schottky contact at the end of
an individual VLS-fabricated ZnO NWs nanodevice and
investigated its response to biomolecules. Similar to the
previously introduced devices, a long single crystal ZnO NW
was transferred onto a Pt patterned electrode with one or two
ends fixed using the FIB technique.211

For the ohmic-contact molecular sensors, the conductance
of the NW device changes when the target molecule is
absorbed onto the NW. A digital photo and a typical I−V
curve of the ohmic-contact device are given in Figure 31a.
Hemoglobin was used as the target molecule, and the response
of the ohmic contact molecular sensors was measured. When

Figure 31. (a) Ohmic-contact device showing a very small response to biomolecules (the inset is a photograph of the device). (b) Electrical signal
of the ohmic-contact device to either negatively or positively charged molecules. (c) I−V characteristics of a Schottky-contact device and its
corresponding SEM image (upper-left inset). (d) Responses of the Schottky-contact device to various concentrations of negatively charged
molecules (pI 7.4 < pH 8.4). (e−f) Responses of the conductance of the device to positively charged and negatively charged molecules.
Reproduced with permission from ref 211. Copyright 2009 John Wiley and Sons.
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negatively (green colored) or positively (brown colored)
charged molecules were added at a concentration of 800 mg
mL−1, the conductance of the device showed little change, as
shown in Figure 31b.
In contrast, for the Schottky-contact device, the two

electrodes contacted by the ZnO NW were a Pt electrode
(Schottky contact) and a Pt−Ga electrode (ohmic contact). A
typical I−V curve of the Schottky-contact molecular sensor and
its effective circuit diagram are given in Figure 31c. The
molecules were dispersed in deionized water at different
concentrations, under a fast reaction, and with significant
current changes, as shown in Figure 31d. Only a few molecules
are needed to change the SBH. The device was also immersed
in DI water for calibration and reference.
The electrical response of a Schottky-contact device was

characterized for a series of concentrations of charged
molecules. For hemoglobin with an isoelectric point (pI) of
7.4, the conductance increased if the molecules were positively
charged (pH 5.6), as shown in Figure 31e. The lower detection
limit of the device is 10−20 mg mL−1, and the upper detection
limit is ca. 500 mg mL−1. On the contrary, the conductance
decreased when the molecules were negatively charged at pH
8.4 (Figure 31f). The detected concentrations range from 2 fg
mL−1 to 20 ng mL−1, with the conductance displaying a
distinct decrease due to the presence of negatively charged
molecules. Both measurements were taken under a fixed bias
voltage of 2 V.
The electrical response of the Schottky-contact molecular

sensors is evidently much larger compared to that of the
ohmic-contact molecular sensors for the same type of ZnO
NWs. Owing to the nature of the charge and potential profile
at the junction region, the Schottky-contact device is likely to
exhibit some selectivity in detecting positively charged
molecules versus negatively charged molecules because only
a few molecules can change the barrier width and height that
can effectively tune the conductance.
4.5.2. Piezotronic Effect-Enhanced Schottky-Contact

Sensors. In section 4.5.1, we demonstrated that three types of
Schottky-contact sensors (UV, gas, and biochemical sensors)
exhibit an enhanced sensitivity and a rapid response time
simply because the performance of the Schottky-contact
devices is determined by the local contact, instead of the size
or length of NW (Figure 32a−b).212 In such a case, a Schottky-
contact device with a relatively large and long NW is much
easier to fabricate without sacrificing the sensitivity. Since the
barrier width and height are easily tuned by the adsorbed
species, a superhigh sensitivity Schottky-contact sensor can be
realized by controlling the carrier transport process.
Now the key question is what is the optimized height of the

SBH in such Schottky-contact devices? A very high SBH will
block the current from flowing, while an ultralow SBH device
is close to an ohmic-contact one. A small change of the SBH
will greatly change the transport current, following an
exponential relationship. As shown in Figure 32d−e, for
materials with wurtzite structure, the SBH can be modulated
through the piezotronic effect. In the following section, we will
introduce how to further improve the device performance of
Schottky-contact sensors with the piezotronic effect by
applying a strain/stress to the sensor.
4.5.2.1. Piezotronic Effect-Enhanced Schottky-Contact pH

Sensors. In 2013, Pan and Wang and co-workers reported an
M−S−M Schottky-contact ZnO NW pH sensor to demon-
strate how the piezotronic effect modulates the performance

and sensitivity. The fabrication of the ZnO NW pH sensor
followed the method reported in section 4.5.1. A long ZnO
NW was transferred onto a PET substrate. Two ends of the
NW were connected with silver paste and then covered by an
epoxy layer. An optical microscopy image and a photograph of
the as-fabricated device is presented in Figure 33a1 and a2,
respectively. The performance of the NW pH sensor was
examined through testing the transportation properties in
various solutions with pH 3−12. When no strain was applied,
the response of the pH sensor decreases stepwise in the nA
range with discrete changes in pH from 3 to 12.
As shown in Figure 33b, both the signal and the sensitivity of

the pH sensor are increased upon external strain due to the
piezotronic effect. If a pH sensor was tested in a pH 5 buffer
solution with a bias of 0.5 V, the current was 1.2 nA in strain-
free condition and then increased to 1.75 μA upon the applied
compressive strain (ε = −0.92%), showing a very large
enhancement. The signals of the pH sensor under various
solutions with different pH ranges with an applied strain of ε =
−0.92% (blue curve) and without strain (red curve) are shown
in Figure 33c. The results can be attributed to the SBH at both
the source and drain ends being tuned by the piezotronic
effect.

4.5.2.2. Piezotronic Effect-Enhanced Schottky-Contact
Protein Sensors. Yu, Wang, and co-workers reported how
the piezotronic effect controlled the response of a ZnO NW-
based protein sensor using an M−S−M Schottky contact.213

Figure 34a shows the SEM images of the as-fabricated ZnO
NWs. To form a flexible Schottky-contact device, a single ZnO
NW was transferred to a PET substrate with two ends
connected with gold nanoparticle-anti-immunoglobulin G
conjugates (Au NP-anti-IgG) (Figure 34b). It can be seen
from Figure 34c, the response of the device significantly
increased from nA to several μA under higher concentrations,
and more target protein IgGs were connected to the surface of
the ZnO NW, thus demonstrating the anti-IgG-decorated ZnO
NW protein sensor is sensitive to IgG concentration.

Figure 32. (a−b) Comparison of the principles of an ohmic-contact
NW sensor and a Schottky-contact NW sensor. Reproduced from ref
212. Copyright 2013 American Chemical Society. (c) Energy band
diagram showing the dependence of the transport property on the
variation in the SBH at the interface of an M−S contact. (d−e)
Energy band diagram showing the piezoelectric effect at the interface
of an M−S contact. Reproduced with permission from ref 6.
Copyright 2012 John Wiley and Sons.
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The modulation of these ZnO NW protein sensors by the
piezotronic effect was examined when the ZnO NW device was
compressively strained. The results of a systematic inves-
tigation on the sensor response to different external strains and
target protein concentrations are shown in Figure 34d, which
depicts the current responses of the ZnO NW protein sensor
under specific strains and IgG concentrations. The current
clearly increases as the IgG concentration or external strain
increases. Detailed data are shown in four 2D graphs (Figure
34e−h). Higher sensitivities of the ZnO NW device are
observed at increased compressive strain and IgG concen-

tration, indicating that the use of the piezotronic effect is a
potential approach to enhance the performance of a biosensor.
In addition to the two above-mentioned demonstrations,

several other Schottky-contact sensors have been reported. In
2014, Hu, Pan, Wang, and co-workers produced a piezotronic
effect-enhanced humidity sensor.108 The sensitivity and signal
level of the ZnO NW humidity sensor were dramatically
increased when an external strain was applied by the
piezotronic effect. An optimum compressive strain of 0.22%
can improve the performance of the humidity sensing around
1,240%. In 2015, Zhou, Pan, Wang, and co-workers reported a
piezotronic effect-enhanced gas sensor for H2 and NO2
sensing.107 By applied external strain, both the resolution
and sensitivity were largely enhanced, besides there being
dramatic improvement of the output current by 238.8% for
NO2 and 5,359% for H2 detection. In 2013, Yu, Pan, Wang,
and co-workers reported a piezotronic effect-enhanced glucose
sensor, whose sensitivity and sensing resolution were enhanced
over 300% and 200%, respectively, when applying a −0.79%
compressive strain to the device.214 In 2015, Han, Cao, Wang,
and co-workers reported a piezotronic effect-enhanced
chemical sensor for sensing the H2O2 released by cells.215

Their results showed that the piezotronic effect can
dramatically increase both the sensitivity and the sensing
resolution of the H2O2 sensor. The determination limit was as
low as 2 nM, which could be used for the detection of the trace
amount of H2O2 released by cells. In 2016, Cao, Wang, and co-
workers demonstrated a piezotronic effect-enhanced label-free
DNA sensor, in which the signal level could be greatly
enhanced by 454% when a small −0.59% compressive strain
was applied to the ZnO NW-based DNA sensor.216 These
demonstrations indicate that piezotronic effect enhanced
Schottky-contact ZnO NW sensors may have a bright future,
are promising for many applications to improve the sensing
resolution, the sensitivity, and the signal of NW sensors, and
could possibly provide a way to build self-powered device
systems.

5. PIEZO-PHOTOTRONICS AND ITS APPLICATIONS

5.1. Piezo-phototronic Effect in Solar Cells

Solar cells are one of the best optoelectronic applications. With
application potential in the fields of energy and mobile devices,
solar cells have been widely studied by researchers in recent
years.138 Using semiconductor NWs to fabricate PV cells is an
important way to increase the energy conversion efficiency
because of the advantages of NWs, such as good charge
collection ability, large specific surface, and increased
absorption ability by light trapping.136,217−222 Additionally,
new means to decrease the nonradiative recombination of the
photoinduced carriers and thus enhance the device efficiency
of such NW devices are emerging. Similar to the optical carrier
separation and transport processes, the solar cell efficiency can
also be regulated through the energy band at the junction area
of the device, which is reduced by the piezoelectric potential
through the piezo-phototronic effect. Therefore, we will show
the principles of the piezo-phototronic effect and its influence
on the NW solar cells performance.223−228

5.1.1. Fundamentals of Piezo-phototronics in Solar
Cells. III−V zinc blende (ZB) or III−V wurtzite (WZ) core−
shell NWs, consisting of different piezoelectric materials, have
been investigated as a new means to obtain radial p−n
junctions. In the epitaxial growth process,229 the lattice

Figure 33. (a1, a2) Optical microscopy of a ZnO NW and
photograph of a ZnO NW based pH sensor. (b) Performance of a
pH sensor in a solution of pH = 5 (blue: strain-free condition, red:
applied strain with ε = −0.92%). (c) Signals of the pH sensor to the
full pH range. The sensor has a much better performance when it is
strained (blue) compared to the strain-free state (red). Reproduced
from ref 212. Copyright 2013 American Chemical Society.
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mismatch between the shell and core materials will introduce
an elastic strain at the interface of the core−shell NW, resulting
in piezoelectric polarization and thus generating an internal
piezoelectric field through the radial direction of the NW p−n
junctions. According to the electroelastically coupled con-
tinuum elasticity equations, Xu’s group studied the analytical
model and performed numerical simulations of the piezo-
electric polarization in a InAs/InP core−shell NW, where the
core−shell NW was grown along the [111] crystallographic
orientation.230 The length (Lz) of the NW was approximately
350 nm, the core radius (rc) was 30 nm, while the outer shell
radius (rs) was 50 nm. Subsequently, a similar analytical model
and numerical simulations of the GaAs/GaP core/shell NW
were also investigated.
Figure 35a−b shows the numerically computed distributions

of the strain components εxx and εzz at the x−z cross section of
the ZB InAs/InP core−shell NW. The strain component εyy is
omitted because it is similar to εxx, with a rotation of π/2
around the z axis. The strain components εxx and εyy are
constant and are only nonzero in the core area, whereas εzz
gradually becomes constant along the z axis. Figure 35c
illustrates the numerically computed effective piezoelectric
charge density, which is discontinuous at the interface of core/
shell materials due to the discontinuous relative permittivities
of the different materials. Figure 35d clearly shows that the
axial piezoelectric field induced by the inner strain of
compound semiconductor core−shell NWs can be used to

modulate the photocurrent through the NW. In addition, the
magnitude of the piezoelectric field depends on not only the
shell and core materials but also the ratio of the core and shell
radii. Figure 35e shows large-area core−shell NW array based
solar cells, in which the back contact is a heavily doped
semiconductor substrate and the top contact is a transparent
conducting film. If the solar cell is exposed to sunlight,
photogenerated carriers (electrons and holes) will be separated
by the piezoelectric potential generated in the core−shell NWs,
and therefore, a photocurrent will be created in the circuit.
These proposed core−shell NWs possess an inherent piezo-
electric property, which can be efficiently employed for solar
energy conversion. In addition, the new design of a core−shell
NW-based solar cell has obvious advantages in terms of device
fabrication compared with previous PV devices based on NWs,
for which a p−n junction is essential.
InGaN, with a high carrier mobility, a high absorption

coefficient (105 cm−1), a large saturation velocity, and strong
radiation resistance, is a potentially good candidate for high-
performance solar cells since it has a wide direct bandgap
(0.7−3.4 eV), which covers most of the solar spectrum. Since
the synthesis of ideal p-InGaN for application in solar cells is
limited by several key factors, a p-GaN/n-InxGa1−xN junction
was proposed to replace the homojunction. However, the large
amount of piezoelectric charges (Ppz) in the GaN/InxGa1−xN
heterojunction will generate a piezoelectric field, which
opposes the built-in electric field arising from the p−n

Figure 34. (a) SEM image of VLS-fabricated ZnO NWs. (b) Cartoon illustration showing a Au-NP-anti-IgG-surface-decorated ZnO NW protein
sensor. (c) Current signal responses to the target protein IgG concentration (varying from 0 to 10−3 g mL−1) of a strain-free single ZnO NW
sensor. (d−h) Influence of the piezotronic effect on the response of ZnO NW protein sensors under different strains and IgG concentrations.
Reproduced with permission from ref 213. Copyright 2013 Royal Society of Chemistry.
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junction and thus decreases the carrier collection efficiency. A.
T. M. Golam Sarwar and co-workers demonstrated that for a p-
GaN/unintentionally doped (UID)-In0.3Ga0.7N NW-based
solar cell, the maximum numerically simulated strain
components exx and ezz are 1.69% and 1.11%, respectively.231

Figure 36a illustrates that the valence band at the p-GaN/n-
InGaN interface is discontinuous and that the increased energy
barrier impedes hole transport, resulting in a degraded
performance of the solar cell. To avoid this deterioration, a
buffer layer was inserted between the n-InGaN and p-GaN
absorption layers, as shown in Figure 36b. The strain in the
graded NW junction is smaller compared to that in the abrupt
NW junction due to the spontaneous polarization charge (Psp)
of the NW uniformly distributed in this graded junction. Here,
the maximum strain components exx and ezz are 0.18% and
0.48%, respectively, which are approximately 6 times smaller
than those in the abrupt heterostructure. Meanwhile, the
conduction band and valence band from p-GaN to UID n-
InGaN become smooth, as shown in Figure 36c. In this
structure, the UID-InGaN buffer layer becomes p-type under
the effect of Psp. In addition, the strain-induced piezoelectric
charge Ppz can increase the hole concentration and the built-in
potential, accordingly enhancing the efficiency and power
density of the graded NW solar cell, as can be seen from the
black line in Figure 36d. This work investigated the effect of
piezoelectric charges on two different solar cells and proposed
a new mean to increase the overall performance of NW solar
cells through exploiting piezoelectric charges in the p-type
InGaN graded region.
5.1.2. Piezo-phototronics in Thin Film Solar Cells.

Organic/inorganic solar cells have become one of the
promising and most interesting research fields due to their
special properties arising from the combination of organics

with semiconductors. Wen, Wang, and co-workers reported a
solar cell system with the structure of ZnO/P3HT and
demonstrated that the performance of the solar cells was
influenced by the piezo-phototronics.141 As the band structure
under strain in Figure 37a shows, when an external strain/
stress is applied to the ZnO thin film, the negative piezoelectric
charges at the ZnO/P3HT interface increase not only the
conduction band but also the valence band at the junction area
and decrease the value of the built-in field, which will tune the
performance of such film solar cells.141 Furthermore, five series
of samples fabricated under various conditions were tested and
compared. The enhancement of the solar cell performance was
determined to be due to the efficient piezo-phototronic effect
under the optimized parameters. Another organic/inorganic
structure using a ZnO micro/NW and poly(3,4-ethylenediox-
ythiophene)/polystyrenesulfonate (PEDOT:PSS) on a flexible
PS substrate was studied by Yue Zhang and co-workers as a
solar cell device controlled by the piezo-phototronics. Steve
Dunn and co-workers investigated the influence of acoustic
vibration on the characteristics of PV devices using a polymer/
ZnO nanorod system.232 They prepared five types of ZnO
nanorods with different aspect ratios and fabricated P3HT/
ZnO nanorod heterojunction solar cells. An obviously
enhanced performance and a longer decay lifetime (from
0.34 to 0.88 ms) were observed in the device under external
vibration (∼10 kHz), and analogous properties were also
found in other polymer/ZnO systems, which means that the
enhancement observed under acoustic stress is due to charge
separation at the polymer/ZnO heterojunction interface.
Furthermore, the piezo-phototronics adjusts the energy band

structure of the junction such that the performances of ZnO/
PbS quantum dot (QD) film PV solar cells are modulated, as
reported by Xudong Wang’s group (Figure 37b).226 They

Figure 35. Components of strain (a) εxx and (b) εzz at the x−z cross section of a cylindrical InAs/InP core−shell NW along the [111] direction.
(c) Effective surface charge density in the InAs/InP core−shell NW. (d) Schematic illustration of the band diagram and the PV characteristics of a
PSC based on the InAs/InP core−shell NW. (e) Schematic diagram of a solar cell device based on a piezoelectrically polarized core−shell NW
array grown on a conductive substrate. Reproduced from ref 230. Copyright 2010 American Chemical Society.
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discovered enhanced characteristics of n-ZnO/p-PbS-based
QD PV devices by introducing Ppz at the heterojunction
interface. The results clearly show that the efficiency of the QD
solar cell under both illumination cases can be increased by an
external compressive strain. The interfacial band structure of
the ZnO/QD device is modulated by the potential, which thus
induces charge redistribution at the ZnO/PbS QD interface,
leading to the enhancement of Jsc and efficiency. This research
provides a new means to enhance the PV efficiency of QD
based solar cells and improve the electrical transport
performance of heterojunction solar cells. Similar to the
studies discussed above, Tang and co-workers reported an
InGaN QD-based PV device and performance modulation
through the piezo-phototronic effect (Figure 37c).233 The best
energy conversion efficiency was 55.4% with the In0.4Ga0.6N:
barrier/In0.8Ga0.2N: QD-based IBSC structure. The presented
results demonstrate a new method for designing InGaN-based
solar cells with ultrahigh energy conversion efficiency.
5.1.3. Piezo-phototronic Effect in NW Solar Cells.

Solar cells based on piezo-phototronic NWs (ZnO) have been
recently reported by researchers. Such reports offer a new
method to improve the solar energy conversion efficiency by
using piezo-phototronic NW devices. First, we will introduce a
new n-CdS/p-Cu2S coaxial NW PV device with the properties
of the devices controlled by the piezo-phototronics, as
demonstrated by Pan, Wang, and co-workers. The device

fabrication process is shown in Figure 38. A CdS (blue) NW
with a metal contact at one end is partially immersed into
CuCl solution to form a layer of Cu2S (pink) shell, and then, a
metal contact at the other end is fabricated on the Cu2S
shell.234 The polymer masking step is not shown. The piezo-
phototronics can modulate the generation, transport, separa-
tion, and recombination processes of electron−hole pairs,
thereby enhancing the output properties of the PV devices by
at least 70% when a −0.4% external compressive strain is
applied to the NW.
Tremendous efforts have been recently made to enhance the

power conversion efficiencies (PCEs) of hybrid organic−
inorganic PSCs. Currently, the best reported value is now over
20%. However, further improvement of the PCEs of PSCs is
hindered by the material properties, device stability, and
packaging technologies. In 2016, Hu, Pan, Wang, and co-
workers reported a flexible ZnO/perovskite solar cell. The
direction of the c-axis of ZnO plays a very important role in
such piezo-solar cells, and the c-axis pointing from the
perovskite to the ZnO side is taken as an example (see the
inset of Figure 39a−b).235
Benefiting from the piezo-phototronic effect due to the

application of an external static mechanical strain, we can see
that the performance (mainly the short-circuit current) is
increased with increasing external compressive strain (Figure
39a and c) and decreased with increasing external tensile strain

Figure 36. (a) Schematic illustration of the equilibrium energy band diagram of a p-GaN/UID-InGaN NW solar cell. (b) Schematic diagram and
distribution (In%) of the strain components (exx and ezz) of a GaN/graded-InGaN/InGaN NW solar cell. (c) Equilibrium energy band diagram of
a p-GaN/UID-graded InGaN/UID-InGaN NW solar cell. (d) Power density as a function of voltage of a GaN/UID-graded InGaN/UID-InGaN
NW solar cell. Reproduced with permission from ref 231. Copyright 2012 AIP Publishing.
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(Figure 39b and d). The related open-circuit voltage, short-
circuit current, and efficiency were increased by 25.42%,
629.47% and 1280% under an external compressive strain of
−0.8%, respectively, without changing the components of the
materials or device structure. Alternatively, if the c-axis points
from the ZnO to the perovskite side, then a tensile strain will
improve the performance of such a solar cell. This work offers
an effective method to further improve the performance of
such solar cells, even after the solar cell fabrication process has
been finished.
5.1.4. Piezo-phototronic Effect in NW Array Solar

Cells. The piezoelectric potential of a ZnO NW array can
promote the separation and transport of photoinduced carriers
via the adjustment of the band structure at the heterojunction
in a core−shell NW. Zhu, Wang, and co-workers first reported
a large-scale flexible n-ZnO/p-SnS core−shell NW array PV
device with improved properties due to the piezo-phototronic
effect.236 This kind of NW array based solar cells has an
enhanced efficiency over 37% by applying a moderate vertical

pressure through the piezo-phototronics effect. More impor-
tantly, the results of this research show a new way to
dramatically improve the performance of large-scale flexible
NW based solar cells via the piezo-phototronics (Figure 40).
Furthermore, a new nanoheterostructure PV device based

on silicon, the most widely used material in industry, was
fabricated by Zhu, Wang, and co-workers.237 The performance
of the (p+-Si/p-Si/n+-Si and n-Si)/n-ZnO NW array device
was improved by the piezo-phototronic effect via dramatic
enhancement of the light absorption of the NW array and
charge carrier separation. The strain-induced piezopotential at
the n-doped Si-ZnO interface can dramatically tune the related
band structure and the electron trapping in the n+-Si/n-ZnO
NW heterostructure. Therefore, this process enhances the
transport process of local charge carriers. The efficiency of the
Si solar cell is increased from 8.97% to 9.51% when applying an
external compressive strain. This work shows that piezo-
phototronics has not only a very large economic impact but
also practical importance in the Si-based device industry.

Figure 37. Piezo-phototronics in a film-based solar cell. (a) Schematic graph of the ZnO/P3HT film solar cell structure and J as a function of
voltage under different applied external strains at a fixed illumination. Reproduced with permission from ref 141. Copyright 2013 Elsevier Ltd. (b) J
as a function of voltage for a ZnO/PbS QD solar cell under light illumination subjected to various external tensile and compressive strains, and plot
of the strain-tuned QD solar cell efficiency (open circles) and Jsc (open squares). Reproduced with permission from ref 226. Copyright 2012 John
Wiley and Sons. (c) Schematic diagram of the electric fields in the p−n junction of an InGaN QD-based solar cell and the built-in potential. The
solid line corresponds to consideration of the piezoelectric fields, while the dashed line corresponds to neglect of the piezoelectric fields. Adapted
with permission from ref 233. Copyright 2015 IOP Publishing Ltd.
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Figure 38. (a) Schematic of the fabrication process for a CdS/Cu2S coaxial NW solar cell. (b) Schematic and COMSOL simulation of the
piezopotential distribution of a core−shell NW solar cell under external compressive strain. (c) I−V characteristics of the CdS/Cu2S coaxial NW
solar cell under various external compressive strains, and the inset shows an image of the Cu2S/CdS coaxial NW solar cell obtained by optical
microscopy. Voc, Isc (d), and relative energy efficiency (e) changes as a function of the applied external strain. (f) Energy band diagram of a CdS/
Cu2S coaxial NW solar cell under compressive strain. Reproduced from ref 234. Copyright 2012 American Chemical Society.

Figure 39. Piezo-phototronics-tuned flexible ZnO/perovskite solar cell. (a, b) I−V characteristics of the solar cell under applied external
compressive strain (a) and applied external tensile strain (b). (c, d) Relationship between the short-circuit current and the open-circuit voltage
upon application of an external compressive strain (c) and an external tensile strain (d). (e, f) Strain-induced fill factor (e) and relative efficiency
change (f). Reproduced with permission from ref 235. Copyright 2016 Elsevier Ltd.
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5.2. Piezo-phototronic Effect in Photodetectors

The core of piezo-phototronic optoelectronics is tuning the
charge generation, transportation, separation, and recombina-
tion processes at the interface to enhance the optoelectronic
performance by piezoelectric potential.126,127,238−242 In this
section, we discuss how the piezo-phototronic effect affects the

performance of a NW-based photodetector This research field
began with the first work of Yang, Wang, and co-workers in
2010.48 The ZnO NW photodetector has an M−S−M
structure, and the measurement setup is illustrated in Figure
41a.125 The responsivity of the ZnO NW-based photodetector
is enhanced up to 530% under 4.1 pW UV light illumination of

Figure 40. Piezo-phototronics in two kinds of NW array solar cells: (a) The structure design, an SEM image, and the performance (efficiency, Voc,
and Isc) of a flexible n-ZnO/p-SnS core−shell NW array solar cell under different strains. Adapted with permission from ref 237. Copyright 2017
John Wiley and Sons. (b) The structure design and performance (FF, efficiency, Voc, and Isc) of an n+-Si/n-ZnO NW heterostructure solar cell
under different strains. Reproduced from ref 236. Copyright 2017 American Chemical Society.

Figure 41. (a) Schematic graph of the testing setup for measuring the influence of the piezo-phototronic effect on photodetectors. The inset is a
photograph of an individual ZnO NW-based photodetector. (b) For an excitation light intensity of 2.2 × 10−5 W/cm2, the I−V characteristic of the
ZnO NW sensor under different strains. (c) Absolute photoresponse corresponding to illumination under various strains. Reproduced from ref 243.
Copyright 2010 American Chemical Society.
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the wire due to the introduction of a −0.36% compressive
strain in the NW. Following this work, several works on
photodetectors with high-performance owing to the piezo-
phototronic effect were performed.
5.2.1. Single NW Photodetector Based on the Piezo-

phototronic Effect. The CdSe NW photodetector respon-
sivity can be improved through the piezo-phototronic effect as
a result of modulating SBH by the piezoelectric potential at the
interface of the photodetector. Dong, Pan, Wang, and co-
workers reported a single NW photodetector based on a CdSe
NW along with the theoretical model to show how the piezo-
phototronic effect affects the device characteristics.244 The
performance of the CdSe NW photodetector is shown in

Figure 42a. This detector clearly has a very good sensitivity and
a very good stability/repeatability. Figure 42b−d demonstrates
that the piezo-phototronic effect can optimize the response of
the detector. When the photodetector is under a compressive
strain, the piezo-phototronic effect would increase the internal
electric field of the SBH and accelerate the separation of the
photoinduced electron−hole pairs, leading to the enhancement
of photocurrent. Therefore, the flexible CdSe NW device
sensitivity can be optimized through both the external strain
and illumination intensity.
A self-powered UV M−S−M photo switch device based on

GaN flexible film with high sensitivity and an ultrahigh on/off
ratio was developed by Zhai, Wang, and co-workers (Figure

Figure 42. (a) Repeatability and stability test of a CdSe NW photodetector under a series of strains. (b−e) Relative current change of the
photodetector when the CdSe NW photodetector is subjected to different light illuminations and different strains to determine the optimized
working conditions. Reproduced with permission from ref 244. Copyright 2012 John Wiley and Sons.

Figure 43. (a) Schematic of the structure of a GaN-based flexible M−S−M photo switch. (b) On/off switching, (c) photocurrent and responsivity
with changing UV illumination. (d) I−V characteristics as a function of external strain. (e) The current ratio with/without strain. Reproduced from
ref 245. Copyright 2016 American Chemical Society.
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43).245 With external pressure and deformation, the device can
be driven by the force of UV photogenerated carriers via not

only the piezoelectric polarization field but also the built-in
electric field arising from the two Schottky contacts with

Figure 44. Two types of piezo-phototronic effect-enhanced core−shell hybrid photodetectors. (a−c) Illustration of the structure, the SBH changes,
and the responsivity enhancement of a ZnO/CdS core/shell NW photodetector. Reproduced from ref 246. Copyright 2012 American Chemical
Society. (d−f) The fabrication process, the device design, and the characteristic of a ZnO/ZnS core/shell NW array photodetector. Reproduced
from ref 248. Copyright 2015 American Chemical Society.

Figure 45. Two types of piezo-phototronic effect-improved NW-based heterojunction photodetectors. (a−c) Illustration of the structure and
design, current density in the response and recovery processes, and piezo-phototronic effect under different compressive strains of an MIS structure
photodetector. Reproduced with permission from ref 249. Copyright 2014 Elsevier Ltd. (d−f) Illustration of the device design, simulation of the
strain distribution, and photodetection enhancement of a p−n junction structure photodetector under various illumination and strain conditions.
Reproduced from ref 252. Copyright 2010 American Chemical Society.
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different metals. Since the GaN film is very thin, the device
demonstrates excellent flexibility, thus generating a large
piezoelectric field with the bending of the GaN membrane.
The induced piezopotential can easily modulate the PV
characteristics due to the piezo-phototronics effect. With an
applied external strain (1%), the depletion region becomes
stronger and broader, thus dramatically enhancing the UV on/
off ratio. This work provides a new means to realize self-
powered optoelectronic detection through local built-in
electric fields.
5.2.2. Core−Shell NW Photodetector Based on the

Piezo-phototronic Effect. A flexible visible/UV sensor
fabricated on a ZnO-CdS core−shell NW with performance
tuning by the piezo-phototronic effect was reported by Zhang,
Wang, and co-workers.246,247 Using a facile hydrothermal
method, CdS NW arrays were fabricated on the surface of a
ZnO NW, forming a ZnO-CdS core/shell nanostructure.
Then, both ends of the core−shell NW were bonded onto a
polymer substrate to fabricate the flexible photodetector. With
the visible light sensitivity of the CdS NW and the UV
sensitivity of the ZnO NW, this device is simultaneously
sensitive to both UV light (372 nm) and green light (548 nm).
When the device is under pressure, the strain-induced
piezopotential will increase the ratio of the photocurrent to
dark current by tuning the SBHs at the drain and source
contacts.
Similar to this device structure, a flexible UV/visible

photodetector based on a ZnO/ZnS core/shell NW was also
successfully reported by Zhou and co-workers (Figure 44).248

The characteristic of this photodetector can be improved
through the piezo-phototronic effect since the piezoelectric
potential will lower the barrier height, allowing easier charge
carrier transport across the ZnO/ZnS interface, thus leading to
a 3 orders of magnitude enhanced relative responsivity at
excitation wavelengths of 385, 465, and 520 nm.
5.2.3. Piezo-phototronic Effect in NW-Based Hetero-

junction Photodetectors. In this section, we will discuss
how to build an MIS junction- or a p−n junction-based
photodetector and then how to realize the modulation of the
detectivity by the piezo-phototronic effect. This type of device

is important for the applications of optoelectronics. In 2014,
Yue Zhang and co-workers demonstrated a ZnO NW MIS
junction-based self-powered photodetector, as can be seen in
Figure 45a.249 A ZnO NWs film was fabricated on a
commercial glass/ITO substrate with a thickness of 3.5 μm.
Then, a thin layer of Al2O3 was deposited onto the ZnO NW
film, and a Pt electrode was formed on the top side. The
performance of such an MIS self-powered photodetector is
shown in Figure 45b. This self-powered device could work at
power free condition and has very fast response and recovery
times. The authors also demonstrated an enhancement
achieved by the piezo-phototronic effect. Figure 45c shows
when an external strain of −0.6% was applied, the response of
the photodetector device was greatly increased.250,251

We will now introduce a very important device, that is, Si p−
n junction-based photodetector with state-of-the-art integrated
circuit technique. An enhancement of the performance occurs
due to the external strain generated piezoelectric charges at the
interface from n-ZnO. The optoelectronic performance is
modulated by optimizing the charge carriers which pass
through the interface of the Si/ZnO heterojunction. The best
photoresponsivity R was 7.1A/W when a 0.1% compressive
external strain is applied to the ZnO NW layer, that is about
177% improvement in R. At the same time, the response time
decreases to 87%.

5.2.4. Piezo-phototronic Effect in NW Photodetector
Arrays. As a requirement for many practical applications,
device arrays are essential. Based on the study of single NW
piezo-phototronic effect-enhanced photodetector sensors, Pan,
Wang, and co-workers designed a UV photodetector array
based on 32 × 40 pixels which are made up of ZnO NWs, as
shown in Figure 46a.253 Each NW bunch is a pixel of the UV
photodetector array, constituted of Au nanopatterns and ZnO
NWs (for the Schottky contact requirement). The as-
fabricated photodetector is shown in Figure 46b−d. Similar
to those of the single NW devices, the I−V curves of each ZnO
NW photodetector pixel are presented in Figure 46e, showing
a very clear enhancement of the photocurrent under a
compressive strain. When a planar light source with a shape
of “C” and an excited light illumination of 1.38 mW/cm2

Figure 46. Piezo-phototronic effect in a NW photodetector array. (a−d) Schematic of the device design and SEM images of a ZnO NW-based UV
photodetector array. The scale bar in (b) is 100 μm, and the scale bars in (c and d) are 5 μm. (e) I−V curve of an individual ZnO NW
photodetector pixel under different compressive strains. (f) Image of the distribution of UV illumination at a strain of 40.38 MPa. (g) Enhancement
of the photodetection performance vs applied strain. Reproduced with permission from ref 253. Copyright 2015 John Wiley and Sons.
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illuminated the device array, the distribution of the UV
illumination was successfully imaged by the photodetector
array (Figure 46f). By using the piezo-phototronic effect, the
external strain generated piezoelectric charges dramatically
improve the performance of the UV photodetector array by

600% for the sensitivity, 700% for the characteristic, and 280%
for the detection range.
To develop deformable image sensors, novel flexible

photodetector arrays must be exploited. To fabricate high-
performance flexible photodetector arrays with large-scale

Figure 47. Flexible photodetector arrays. (a) SEM images of patterned CH3NH3PbI3−xClxperovskite arrays. (b−d) Device structure and photograph
of the designed device, and corresponding SEM image of the active region. (e) I−t curves of an individual photodetector pixel after different
bending cycles. (f) Demonstration of a real-time trajectory, including the light spot moving process and the change in the terminal voltage when the
light spot illuminated the corresponding pixel. (g) Schematic illustration of the imaging capability of the photodetector arrays. Reproduced with
permission from ref 254. Copyright 2018 John Wiley and Sons.

Figure 48. Simulation of heterogeneous p−n junctions. (a−b) Conduction band deformation and formation of the charge channel of the n-ZnO/p-
ZnO heterostructure upon various external strains. (c−e) Conduction band simulation in the n-ZnO/p-ZnO heterostructure under different strains
on the n-type side. Reproduced with permission from ref 262. Copyright 2014 John Wiley and Sons.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.8b00599
Chem. Rev. XXXX, XXX, XXX−XXX

AL

http://dx.doi.org/10.1021/acs.chemrev.8b00599


integration, Pan and co-workers first synthesized
CH3NH3PbI3−xClx perovskite arrays with controllable mor-
phology on a PET substrate using a two-step sequential
deposition method along with a hydrophilic−hydrophobic
surface treatment process, as shown in Figure 47a.254 Based on
the patterned perovskite material, 10 × 10 pixelated flexible
photodetector arrays were fabricated, as presented in the
device design and the corresponding SEM image of the active
region in Figure 47b−d. The I−t curves of individual pixels in
the flexible photodetector arrays after different bending cycles
are displayed in Figure 47e, showing excellent bending
endurance and flexibility. In addition, the photodetector arrays
could capture the light trajectory in real time when the light
spot was moved from pixel #1 to pixel #5 through tuning the
mask in a straight line (Figure 47f). As shown in Figure 47g, by
applying parallel white light through a designed mask to the
active region of photodetector arrays, the light distribution can
be identified from the obtained clear letter “H” observed in the
mapping results, demonstrating good imaging performance.

5.3. Piezo-phototronic Effect in Light-Emitting Diodes

In our modern life, LEDs are required in many applications
and have attracted a lot of research interest. Recently, many
researchers have been working to enhance the luminescence
efficiency of LEDs. In this section, we will introduce a series of
works on improving the luminous efficiency and intensity of
nano-LED devices through the piezo-phototronic effect of
semiconductor NWs. These reports will provide new
technology and potential approaches for the preparation of
highly luminescent semiconductor nano-LED devices.255−261

5.3.1. Theoretical Study of p−n Junction Piezo-
phototronic Nano-LEDs. The most typical device structure
is the p−n junction NW LED. As shown in Figure 48a, the
authors built a low-doped ZnO p−n homogeneous junction
model using finite element analysis (FEA) and by solving the

Poisson equation.262 The p−n junction LED light emission
performance can be tuned through adjustment of the
recombination, carrier injection, and light extraction efficien-
cies by the piezoelectric charges at the material interfaces of
the LED device. When under a tensile strain, positive
piezoelectric charges lead to the depletion zone shrinking on
the n-type side and expanding on the p-type side. Conversely,
under a compressive strain, the depletion zone on the p-type
side shrinks and that on the n-type side expands. This process
affects the carrier injection in the p−n junction and further
results in changes in the electroluminescence intensity. Beyond
nano-LEDs, the methodology reported by this article can also
be expanded to other types of p−n junction photoelectronic
devices. Such numerical modeling and theoretical calculations
provide guidance for piezo-phototronic LED device design and
optimization.

5.3.2. Single NW LED Based on the Piezo-phototronic
Effect. By using the piezo-phototronic effect to tune the
transport, separation, and recombination processes of carriers
in the depletion area of a p−n junction, a NW p−n junction
LED with performance enhancement under external mechan-
ical stress/strain can be designed. Figure 49 shows that, a p−n
junction single NW LED on a trench substrate was fabricated
with a Mg-doped p-type GaN film and an n-type ZnO NW.45

The ZnO NW was put over the gap and contact with the GaN
substrate, and packaged by PS tape. If an external train is
applied to the LED, bending will occur at the gap of the GaN
substrate, and the ZnO NW will undergo tensile deformation.
Local bias voltage band modification is coming from the
piezoelectric potential. These phenomena lead to enhance-
ments of the light emission intensity and injection current
under a fixed applied voltage. Under a compressive strain of
0.093%, the light intensity and device efficiency factors are
increased to 4 and 17, respectively. This study demonstrated
that the efficiency of a piezoelectric semiconductor-based LED

Figure 49. Piezo-phototronic effect in a single NW p−n junction LED. (a) Illustration of the single NW p−n junction LED. (b) Improvement of
the light emission intensity of the single NW p−n junction LED under different strains. (c) Illustration of the energy band diagram of the p−n
junction with (lower, red line) and without (upper) compressive strain. Reproduced from ref 45. Copyright 2011 American Chemical Society.
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can be effectively improved through the piezo-phototronic
effect.

Similarly, when ZnO NWs were grown vertically on GaN
substrates to form a p−n junction LED, the characteristic of

Figure 50. Schematic graph of vertical n-ZnO NW/p-GaN LED. (a) Schematic diagram of the vertically grown p−n junction single NW LED. (b)
Testing process of the piezoelectric effect applied to the p−n junction LED. (c) Energy band structure of the p−n junction under compressive
strain. (d) Images and light emission intensity of the single-wire LED under different applied strains. Reproduced with permission from ref 263.
Copyright 2015 John Wiley and Sons.

Figure 51. Piezo-phototronic effect enhancement of the light emission in a hybrid organic/inorganic single NW LED. (a) Illustration of the device,
and (d) SEM image of the hybrid LED structure. (b) External efficiency and light intensity as a function of strains. (c) Relative injection current
change under different strains. (e) CCD images of a packaged single NW LED under different applied strains, scale bar 10 μm. Reproduced from
ref 47. Copyright 2013 American Chemical Society.
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the LED can also be controlled by the piezo-phototronics
effect. Pan, Wang, and co-workers reported an LED device
fabricated by growing a ZnO NW on a p-GaN thin film
through a hydrothermal process. The space around the ZnO
NW was filled by the insulator material of PMMA, with the
NW tip exposed. The luminescence properties of devices
under pressure were observed through the transparent top
electrode (ITO) of the device on a piezo-nanopositioning
stage (shown in Figure 50).263 The light emission intensity was
enhanced by 9 times when applying a compressive strain of
−0.149% along its c-axis. This process was contributed to
trapping of holes from the p-type side and an increase in the
recombination efficiency of carriers; more photons are
produced in this process, and the light emission is therefore
enhanced.
Furthermore, the piezo-phototronic effect can not only

enhance an inorganic p−n junction LED but also dramatically
improve that of a hybrid inorganic/organic LED by using ZnO
NW/p-polymer heterostructure (Figure 51).47 When the
hybrid LED is under external pressure, the electron current
can be tuned by the piezoelectric potential on the ZnO side to
match the hole current near the interface of the p−n junction
through the piezo-phototronic effect. The efficiency of this
hybrid LED can be increased more than 2 times with an
optimal strain was applied. The results of this article provide a
new way to enhance the characteristic of organic devices and
show its wide application in the fabrication of flexible
optoelectronic devices.
5.3.3. Piezo-phototronic Effect in LED Arrays. Based

on the study of piezo-phototronic effect-enhanced NW LEDs,
flexible n-ZnO NW/p-polymer heterostructures were chosen
to fabricate ordered NW array LEDs. Pan’s group reported a
piezo-phototronic effect-modulated n-ZnO NW/PEDOT:PSS
LED array with ultrahigh light emission based on a flexible
transparent ITO/PET substrate. The device structure and the
fabrication progress were similar to those of the hard piezo-
phototronic n-ZnO/p-GaN film device introduced in the last
section. The electroluminescence of the device has a broad
defect induced emission from 450 to 780 nm and a near band
edge emission centered at 400 nm. To show how the piezo-

phototronic effect controls the light emission intensity of the
hybrid LED array at a fixed forward bias, different pressures
were applied to the upper-surface of the ZnO NW. The
piezocharges produced by the compressive stress on the NW
LED array reduce the barrier height for hole transportation and
lead to an enhanced balance between the hole current and
electron current. It can be seen from Figure 52 that the
luminescence intensity of the LED linearly increases with the
increasing of compressive stress.264

To eliminate deficiencies (poor emission efficiency and
uncontrollable emission) in ZnO NWs based LEDs, a flexible
ZnO/organic LED array was designed and fabricated which
has both the piezoelectric effect of ZnO NWs and the
advantages of organic LEDs (Figure 53).265,266 The spatial

Figure 52. Flexible piezo-phototronic effect-enhanced hybrid NW array. (a) Schematic diagram and (b) photograph of this flexible hybrid device
array. (c) SEM images and (d) cross-sectional SEM image of the hybrid device array (false color for better identification). (e) Optical image of the
ZnO NW/p-polymer LED array when the device is electrically lit up. (f) Enhancement of the LED light emission under different pressures. (g)
Schematic band diagram of this hybrid device before (dashed line) and after (solid line) applying a pressure. Reproduced with permission from ref
264. Copyright 2015 Elsevier Ltd.

Figure 53. ZnO NW/organic LED piezo-phototronic effect-enhanced
array. (a) Illustration of the device. (b) Light emission image of 8
adjacent pixels in the LED array. (c) The enhancement factor E as a
function of external pressures. Reproduced from ref 265. Copyright
2017 American Chemical Society.
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resolution of this NW based hybrid LED is determined by
distance between two adjacent ZnO NWs while the light
emission property is mainly coming from the organic LED
part. The intensity of light emission can be tuned via the
piezoelectric transistors of the ZnO NWs, which were
connected in series with the organic LEDs to modify the
energy band of the device.
ZnO/Si LED nanodevices tuned through the piezo-photo-

tronic effect have been widely studied because Si is a
traditional and the most important semiconductor material
in the integrated circuit industry. A p-Si1−xGex alloy/n-ZnO
p−n junction infrared light LED was built, and the light
emission intensity affected by the piezo-phototronic effect has
been studied (Figure 54).267,268 The light emission wavelength
of this device can be tuned via controlling the Ge composition
in the Si1−xGex alloy. With the Ge composition increasing from
0.18 to 0.23 and 0.29, the average EL peak wavelength of the
LED red shifts from 1144 to 1162 and 1185 nm. Then, a
pressure-sensitive ZnO/Si NWs heterostructure LED array was
fabricated. When the device is under compressive strain, the
light emission of this Si-based LED first increases and then
decreases with increasing strain. The maximum intensity was

achieved by applying an external strain of 0.2%. Such
phenomenon, explained by the strain-induced piezoelectric
charges, can modulate the energy band diagrams at the
interface of the heterojunction thus tuning the photoelectric
processing.

5.3.4. Piezo-phototronic Effect in Visible Mechano-
sensory Electronics. The design of the next generation of
tactile sensor matrix or electronic skins is important to human-
machine interfaces and multifunctional robotics. The key
requirements of these devices are high sensitivity, a fast
response, and high spatial resolution. A classic design of
electronic skins is using strain-sensitive capacitors or
resistances arrays, which basically involve electrical signals.
To read signals from this matrix, the electrical signal needs to
be measured on each pixel one by one. It will cost a lot of time
to record the pressure distribution when the matrix has too
many sensor pixels. Thus, this design of tactile sensor matrix is
not suitable for real time dynamic pressure/strain imaging. As
reviewed in the previous sections, the light emission of
piezoelectric semiconductor-based LEDs can be modulated by
the piezo-phototronic effect. In other words, the light emission
intensity is sensitive to externally applied strain. By this means,

Figure 54. ZnO/Si LED nanodevice array: (a) Photograph of two-device. (b) The ZnO/Si LED on a soft Si wafer. (c) CCD images taken with a
microscope of the device when lit up. (d) Changes in the light intensity of the ZnO/Si LED under increasing applied strain. (e) I−V curve of the
LED under various external strains, which show a similar regulated performance as the light emission shown in (d). (a) Reproduced with
permission from ref 268. Copyright 2015 Springer Nature. (a−e) Reproduced from ref 267. Copyright 2016 American Chemical Society.
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a light-based pressure sensor was developed via a NW LED
array. Additionally, the electroluminescence is suited for real
time measurement and high-resolution pressure mapping
simultaneously.
A visualized pressure mapping system with the structure of

ordered ZnO NWs was reported, obtained by using low-
temperature wet chemical methods and photolithographic
patterning. The c-axis points away from the GaN thin film
grown on a sapphire substrate. This pressure sensor array
composed of n-ZnO NW/p-GaN was demonstrated to be able
to map 2D pressure distributions with a pixel density of 6,350
dpi, or in other words, a spatial resolution of 2.7 mm. The gaps
between the ZnO NWs were filled with PMMA as a buffer and
an insulating material, with their tips exposed through oxygen
plasma etching (Figure 55).269 The bottom electrodes and top
electrodes were fabricated separately by a Ni/Au layer and an
ITO layer. The blue-white emission of the LED device was
ascribed to the transition between shallow donor and deep
acceptor levels in p-GaN, the recombination of electrons from
holes from the p-type side and the n-type side at the interfaces
and the near band edge (NBE) emission of ZnO NWs. If a
compressive strain is applied to ZnO NWs, a negative
piezopotential will be induced at the local heterostructure
area of the ZnO/GaN p−n junction that increases the
recombination speed of holes and electrons at the interface,
resulting in an improvement of electroluminescent intensity.
The pressure distribution can be read out by imaging the
electroluminescent signals from all pixels in parallel. The time
resolution is as low as 90 ms.
For use as a flexible electronic skin, a LED array composed

of a flexible p-polymer layer and a n-ZnO NWs matrix was
fabricated on a prepatterned PET substrate (Figure 56).147

The spatial resolution for this device is 7 μm. The ZnO NWs
are used to transport electrons, and the PEDOT:PSS layer is
used to transport holes. The hole injection barrier of the p−n
junction of the device from the HOMO of the p-polymer to
the valence band of ZnO is approximately 2.4 eV. The
piezopotential induced by a compressive strain will decrease
the barrier and increase the carrier recombination and emission
intensity of the LED device. Moreover, the modulation of the

growth conditions and the morphologies of the ZnO NW at
each pixel on the range of pressures measured by the device
were researched in this paper. A wide pressure measurement
range (40−100 MPa) can be realized via tuning the growth
conditions of the ZnO NWs.
Similar LED array pressure sensors have also been studied

with other piezo-materials and device structures. Due to its
nonlinear nature, piezoelectric effect, and potential for nano-
LED applications, CdS has attracted a lot of attention in the
last two decades. A p-polymer/n-CdS junction LED array and
a Au-SiO2−CdS MIS LED were demonstrated by Pan’s group

Figure 55. (a) Schematic graph of the working principle. (b) Photo of the sensor matrix, and the electroluminescence images of the sensor matrix
without/with applied external pressure. (c) Enhancement factor as a function of the external compressive strain. Reproduced with permission from
ref 269. Copyright 2013 Springer Nature.

Figure 56. (a) Illustration of the device design and optical image of a
flexible hybrid NW-LED-based pressure sensor. (b) Optical images of
a flexible hybrid NW LED array device. (c) Optical image and
electroluminescence images of the convex character pattern “BINN”.
Reproduced with permission from ref 147. Copyright 2015 John
Wiley and Sons.
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(Figure 57).266 The intensity of light-emission is modulated by
the recombination rate of electron−hole at the interface of Au/
CdS. Such recombination processing could be controlled by
the piezo-phototronic effect through the piezoelectric
potential. This device array can map the pressure distribution
a spatial resolution less than 2 μm.
Notably, the rigidity of the GaN/sapphire structures comes

from the 500-μm-thick sapphire substrate, while the 5 μm GaN
layer is flexible. Compared with GaN-based sensors, the
flexible inorganic/organic hybridized pressure sensors exhibit
some drawbacks, such as poorer stability. Therefore, we hope
to separate the GaN film from the sapphire substrate and
fabricate it into a flexible strain sensor with a ZnO NW array,
thus realizing high-resolution pressure mapping through a soft
GaN/ZnO LED array and potentially promoting the develop-
ment of a prospective human-machine interface system.
Aiming to combine the advantages of GaN-based and
organic−inorganic pressure sensors, a flexible, high-resolution,
fast-response, and stable pressure sensor with orderly and
uniformly patterned c-axis direction ZnO NW arrays directly
grown on a GaN film (after a laser lift-off process) through
low-temperature hydrothermal methods was reported, which
may potentially promote the development of a prospective
human-machine interface system (Figure 58).270 The pressure
sensor array is composed of GaN/ZnO NW heterostructure
LEDs, whose light-emission intensity can be improved by a
local compressive strain based on the piezo-phototronic effect.
A two-dimensional (2D) pressure distribution mapping is
acquired by reading the illumination intensities from all LED

pixels in parallel, with a high spatial resolution of 2.6 μm. A
compressive strain applied on the flexible LED array sensor
tunes the energy band near the interface at the ZnO side,
which enhances the recombination rate of holes and electrons
in the p−n junction, resulting in an improvement of the
emission intensity. Moreover, the flexible LED-based pressure
sensors also possess a fast response time of 180 ms, good
repeatability, and good stability and can still function well after
4000 bending circles or after being stored at normal
temperature and atmosphere for over half a year.
Silicon, as the basic material of semiconductor devices, is

widely used in the field of optoelectronic devices. The indirect
bandgap structure of Si makes it difficult for photon generation
and carrier recombination. Silicon-based LED arrays act as
strain sensors that represent pressure distributions through the
light emission intensities for electronic skin. Pan’s group
reported an LED array obtained by ICP etching of a ZnO thin
film and a Si wafer to produce ZSH for light emission at room
temperature (Figure 59).271 The EL spectrum of this device
was measured and characterized in both the visible and near-
infrared regions. The n-ZnO nanofilm/p-Si junction LED array
exhibited white light emission, and the intensity was increased
over 120% upon a compressive strain of 0.05%. This Si-based
light-emitting device with high performance has potential
applications in electronic skin and may be totally compatible
with the dominate silicon microelectronic industry.
5.4. Piezo-phototronic Effect in Electrochemical Processes

The photoelectron-chemical (PEC) water splitting process can
be effectively enhanced through modulating the barrier height

Figure 57. (a) Schematic and optical image of the Au-SiO2-CdS MIS LED device structure. (b) Schematic and optical image of the p-polymer/n-
CdS junction LED array, and a photograph of when the device is lit up. (c) Enhancement factor E of several nanorod LEDs with applying
compressive strains. The light-emitting image of the device at a strain of 100 MPa showing the stamp with the pattern “NANO” made by SU 8.
Reproduced with permission from ref 266. Copyright 2016 Royal Society of Chemistry.
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of the semiconductor junction interface via a strain-induced
piezo-polarization, so-called the piezo-phototronic effect
(Figure 60).272,273 A consistent reduction or enhancement in
the photoinduced current can be realized through external
compressive or tensile strain, respectively. Here, the variation
in the photocurrent arises from the change in the barrier height
at the ZnO/ITO junction area due to the remnant

piezopotential through the interface of the junction.274−282

In this system, a 0.1% applied external strain can induce an
approximately 1.5 mV barrier height change, and a 0.21%
external tensile strain generates a 10% enhancement of the
PEC efficiency. Such a strain-modulated PEC process is similar
to the piezo-phototronic-enhanced PV conversion.

Figure 58. (a) Schematic illustration of pressure mapping performance of a flexible LED array. (b) Five typical lit NW LEDs and their related line
profile of the light emission intensity. (c) Enhancement factor E as a function of applied pressure. (d) Photo of the convex character seal “BINN”
and electroluminescence image at high pressure. Reproduced with permission from ref 270. Copyright 2019 Elsevier Ltd.

Figure 59. (a) Schematic of a Si-based LED array with the performance enhanced by the piezo-phototronic effect under strain. (b) Cross-sectional
SEM images of ZnO-covered Si micropillars. Optical images of the as-fabricated device when lit up. (c) I−V curve and enhancement of the light
emission of the device (the insets are the corresponding images) under various applied strains. Reproduced with permission from ref 271.
Copyright 2015 John Wiley and Sons.
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For wurtzite structure piezoelectric semiconductors, such as
ZnO, the photoinduced holes and electrons can be separated
by the driving force arising from the strain-generated
piezoelectric field. Thus, the photocatalytic property of ZnO
NWs for degrading organic pollution can be improved through
the coupling of piezoelectric-generated separation and photo-
induced carriers. With the combination of the photocatalytic
and piezoelectric properties of ZnO NWs, a basic principle for
piezoelectric effect-enhanced photocatalysis has been demon-
strated.283

Compared to the pure piezoelectric semiconductor ZnO,
hybrid semiconductors have better photocatalytic perform-
ance.284,285 For example, when assembling TiO2 nanodots on
ZnO monocrystalline nanoplatelets, a piezoelectric potential
can be induced in ZnO by applying a thermal stress to the
piezoelectric ZnO nanoplatelets via cooling of the hybrid
semiconductor from high temperature to room temperature at
various cooling rates (Figure 62).143,286 Because of the thermal

expansion mismatch between these two materials, the lattice
parameter of ZnO will change, thus tuning the band structure
of the heterojunction and effectively enhancing the photo-
catalytic rate by enhancing the charge separation. For the first
time, this work utilized the piezoelectric polarization charges
induced by a thermal stress to achieve effective photocatalysis
regulation. This approach is a large step toward the application
of the piezotronic effect and has great potential to enhance the
photocatalytic performance on a large scale. This work offers a
new method to apply an internal strain instead of an external
strain to enhance the photocatalytic performance, which is very
useful and can lead to energy savings.

6. CONCLUSION AND PERSPECTIVE
By utilizing wurtzite structure materials with both semi-
conductor and piezoelectric properties, such as ZnO, GaN, and
CdS, the couplings between the piezoelectric, semiconductor,
and photoexcitation properties have created a series of new

Figure 60. (a) Schematic of the piezotronic effect-enhanced photoelectrochemical measurement setup. Strain modulated (b) photocurrent density
change and (c) applied bias change under light illumination. Reproduced from ref 272. Copyright 2011 American Chemical Society.

Figure 61. (a) Schematic graph of the experimental setup. (b) Fabrication processing and (c) SEM image of ZnO NWs on carbon fibers. (d, e)
Photodegradation properties of ZnO NWs on carbon fibers. (f, g) Mechanism of piezoelectric effect-enhanced photocatalysis. Reproduced with
permission from ref 283. Copyright 2015 Elsevier Ltd.
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research areas (Figure 63). The core of these studies and
applications lies in the piezoelectric potential induced by the
polarization of ions in the crystal when the piezoelectric
material is stressed. Piezotronics is the discipline that uses the

piezoelectric potential as a gate voltage to regulate the
transport of carriers in junction regions to study new electronic
devices.135,287−291 The piezo-phototronic effect involves the
application of the piezoelectric potential to control the

Figure 62. (a) Schematic and mechanism (b, c) of a ZnO/TiO2 hybrid photocatalyst under an applied external strain. (d, e) Photocatalytic
degradation as a function of the irradiation time for various photocatalysts. Reproduced from ref 286. Copyright 2016 American Chemical Society.

Figure 63. Potential applications of piezotronics, piezophotonics, and piezo-phototronics.Middle: Schematic graph showing the multiway couplings
between piezoelectricity, semiconductivity, and photoexcitation. These couplings are the fundamental principles of piezotronics (coupling of
piezoelectricity and semiconductivity), piezophotonics (coupling of piezoelectricity and photoexcitation), optoelectronics, and piezo-phototronics
(coupling of piezoelectricity, semiconductivity, and photoexcitation). Reproduced with permission from ref 28. Copyright 2018 Materials Research
Society.
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generation, separation, transport, and recombination of carriers
to improve the characteristics for optoelectronic applications
such as solar cells, photodetectors, and LEDs. Piezotronics and
piezo-phototronics are new and promising means to design
new types of electronic and optoelectronic devices.292−297

Piezotronics will likely generate important applications in
the areas of sensors, human-to-silicon-based interfaces, MEMS,
logic devices, nanorobots, and active flexible electronics.
Piezotronic devices can play an important role in the human-
machine interface connected to silicon-based technology,
similar to mechanical stimulation sensors in physiology.
Mechanical excitation is the physiological basis for the
conversion of electrical stimuli into the tactile, auditory,
body balance perception, and pain sensations of neural
signals.44,109,117,118,298−312 Piezo-phototronics can be used to
improve the efficiency of solar cells, the light intensity of LEDs,
and the sensitivity of photodetectors; each area is important
with a very large market. Moreover, the introduced piezo-
electric potential provides a new method to improve the
efficiency of photocatalysts. Although piezotronics and piezo-
phototronics as effective methods to further improve electronic
and photoelectric devices have drawn much attention, we
expect the application of these effects to be further expanded
through coupling with other research areas, such as sensor
networks, life sciences, human-machine interface integration,
and energy science (Figure 61).
During the last 12 years, much research has proven that

piezoelectric charges induced by external strain/stress can
effectively modify the barrier of a semiconductor-based
interface and thus tune either the electronic or phototronic
properties of semiconductor heterostructure devices. However,
some fundamental questions regarding this type of modulation
remain, such as the following:

1 What is the size limit of the interface and/or
piezoelectric semiconductor at which piezoelectric
charges can be generated and modify the properties of
the interface? Will a quantum effect occur when the size
of the semiconductor is less than 1 nm?

2. What is the response time of this external strain/stress-
induced modulation?

3. In addition to the piezoelectric constant, do other factors
affect the piezotronics and piezo-phototronics, such as
the thickness of the depletion zone, defects at the
interface and the contact potential of the hetero-
structure?

4. Is there an easy and effective means to apply external
strain/stress to fabricated devices?

5. Can the piezotronic or piezo-phototronic processes
(carrier generation, separation, and recombination tuned
by piezoelectric charges) be directly observed in real
time through in situ measurements?

6. Importantly, how can the performance of the devices
improved by the piezotronic or piezo-phototronic effect
be standardized, and how can a figure of merit be
defined to evaluate the modulation of the piezotronics
and piezo-phototronics in different applications?

Although most research on piezotronics and piezo-photo-
tronics has been performed using 1D wurtzite materials, these
effects can also be realized in 2D and bulk materi-
als.46,115,131,313−317 Inspired by the successful investigations
of graphene, 2D semiconductor materials with unique
electronic and optoelectronic properties have been widely

investigated. Among 2D semiconductor materials, transition
metal dichalcogenides (TMDCs) demonstrate a large in-plane
piezoelectricity due to the lack of charge concentration along
their armchair direction, which offers a good material system
for piezotronics and piezo-phototronics research on ultrathin
materials for flexible applications. In addition, the semi-
conductor properties of 2D materials can easily be tuned by
the surface states of the substrate due to the atomic-scale
thickness. By using a piezoelectric substrate, the piezotronics
and piezo-phototronics in 2D materials/piezoelectric sub-
strates can be largely improved by optimizing the piezoelectric
properties of the substrate and semiconductor properties of the
2D materials.298,318
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