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Preface

The fundamental principles of piezotronics and piezo-phototronics were introduced
by my group in 2007 and 2010, respectively. Due to the polarization of ions in a
crystal that has non-central symmetry in materials such as the wurtzite structured
ZnO, GaN, and InN, a piezoelectric potential (piezopotential) is created in the crys-
tal by applying a stress. Owing to the simultaneous possession of piezoelectricity
and semiconductor properties, the piezopotential created in the crystal has a strong
effect on the carrier transport at the interface/junction. Piezotronics concerns the de-
vices fabricated using the piezopotential as a “gate” voltage to tube/control charge
carrier transport at a contact or junction. The piezo-phototronic effect is to use the
piezopotential to control the carrier generation, separation, transport, and/or recom-
bination for improving the performance of optoelectronic devices, such as photon
detector, solar cell, and LED. The functionality offered by piezotronics and piezo-
phototronics are complementary to CMOS technology. By an effective integration
of piezotronic and piezo-phototronic devices with silicon-based CMOS technology,
some unique applications can be found in areas such as human–computer inter-
facing, sensing and actuating in nanorobotics, smart and personalized electronic
signatures, smart MEMS/NEMS, nanorobotics, and energy sciences. This book in-
troduces the fundamentals of piezotronics and piezo-phototronics.

I would like to thank my group members and collaborators who contributed to
the development of piezotronics and piezo-phototronics (not in particular order):
Jun Zhou, Wenzhuo Wu, Youfan Hu, Qing Yang, Yan Zhang, Ying Liu, Xudong
Wang, Caofeng Pan, Jr-Hau He, Yifan Gao, Xiaonan Wen, Weihua Han, Yusheng
Zhou and many others. We acknowledge generous financial support from DARPA,
NSF, DOE, NASA, Airforce, NIH, Samsung, MANA NIMS, Chinese Academy of
Sciences, and Chinese Scholars Council. I like to thank Georgia Tech and the Center
for Nanostructure Characterization (CNC) for support in facility and infrastructure.

Lastly and most importantly, I thank my wife and our daughters for their years
of support and understanding. It would not have been possible to carry out such a
research without their support.

Zhong Lin WangAtlanta
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Chapter 1
Introduction of Piezotronics
and Piezo-Phototronics

Abstract Starting from the road map for microelectronics, the focus of future
electronics will be on functionalities toward personal, portable, polymer, sensor,
and self-powering applications. The integration of these characteristics with the
fast speed and high density as defined by Moore’s law will lead to the develop-
ment of smart systems and self-powered systems. This chapter first introduces the
basic physics of piezotronics and piezo-phototronics from band structure theory.
Then blue-prints for future impacts and applications of piezotronics and piezo-
phototronics are presented. The role anticipated to be played by piezotronics in
the era of “Beyond Moore” is similar to the mechanosensation in physiology
that provides a direct human “interfacing” with CMOS technology. It presents a
paradigm shift for developing revolutionary technologies for force/pressure trig-
gered/controlled electronic devices, sensors, MEMS, human–computer interfacing,
nanorobotics, touch-pad, solar cell, photon detector and light-emitting diodes.

1.1 Beyond Moore’s Law with Diversity and Multifunctionality

Moore’s law has been the roadmap that directs and drives the information technol-
ogy in the last few decades. With the density of devices on a single silicon chip
doubles every 18 months, increasing CPU speed and building a system on a chip
are the major developing directions for IT technology. With the line width reaching
close to 10 nm, a general question is how small a device can we fabricate at indus-
trial scale? What are the pros and cons with respect to stability and liability when
devices get extraordinarily small? Is the speed the only driving parameter that we
should look for? We know that Moore’s law will reach its limit one day, and it is
just a matter of time. Then, the question is: what should we look for beyond Moore’s
law?

Sensor network and personal health care have been predicted as the major driving
force for the near term industry. As we have observed in today’s electronic prod-
ucts, electronics is moving toward personal electronics, portable electronics and
polymer-based flexible electronics. We are looking for multifunctionality and di-
versity associated with electronics. Take a cell phone as an example, having a super
fast computer in a cell phone may not be the major drive for future markets, but the
consumers are looking for more functionality, such as health care sensors for blood

Z.L. Wang, Piezotronics and Piezo-Phototronics, Microtechnology and MEMS,
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2 1 Introduction of Piezotronics and Piezo-Phototronics

Fig. 1.1 Future perspective of electronics beyond Moore’s law. The vertical axis represents a
miniaturization and increase of device density, CPU speed and memory. The horizontal axis repre-
sents the diversity and functionality for personal and portable electronics. The future of electronics
is an integration of CPU speed and functionality. It is anticipated that an integration of mechanical
action through piezotronics in electronic systems is an important aspect of interfacing human and
CMOS technologies

pressure, body temperature and blood sugar level, interfacing with environment with
sensors for detecting gases, UV, and hazardous chemicals. In such a case, the IT
technology is developing along another dimension, as presented in Fig. 1.1. A con-
junction of speed and functionality will be the future trend of electronics. The near
future development of electronics is moving toward personal, portable and (flexible
or organic) polymer-based electronics with the integration of multifunctional sen-
sors and self-powering technology. The goal is to directly interfacing with human
and the environment in which we live in. A combination of CPU speed, density of
memory and logic with the functionality tends to drive the electronics toward smart
systems and self-powered systems, which are believed to be the major roadmaps for
electronics.

1.2 Interfacing Human with Machine

Once we interface human with electronics, we are inevitably have to consider hu-
man activities and the “signals” generated by a human, which are mostly mechan-
ical actions and a small portion of electrical signals. Electric signals transmitted



1.3 Piezopotential—The Fundamental Physics for Piezotronics 3

by neuron system have been studied for decades and various approaches have been
developed to interface neuron signals with silicon-based technologies using field ef-
fect transistors. Mechanical actions, however, is not easy to directly interface with
silicon technologies without innovative design and approaches. The most conven-
tional approach is to use sensors that are sensitive to strain variation. The signals
from sensors can be detected and recorded by conventional electronics, which is so
called passive detection, but they are unable to be used to control Si electronics.
The current on-going research in flexible electronics is to minimize and eliminate
the effect of strain introduced by the substrate on the performance of the electronic
components built on a substrate, which can be termed the passive flexible electron-
ics. On the other hand, we can utilize the deformation introduced by the substrate to
induce electrical signals that can be used directly for controlling Si-based electron-
ics. A “mediator” or “translator” is needed for conjunction of biomechanical action
with the operation of silicon-based electronics. Piezotronics and piezo-phototronics
were invented for such purposes, and they are considered as the active flexible elec-
tronics or bio-driven electronics. This is an approach for directly generating digital
signals and control using mechanical actions.

The role anticipated to be played by piezotronics is similar to the mechanosen-
sation in physiology [1]. Mechanosensation is a response mechanism to mechanical
stimuli. The physiological foundation for the senses of touch, hearing and balance,
and pain is the conversion of mechanical stimuli into neuronal signals; the former
is mechanical actuation and the latter is electrical stimulation. Mechanoreceptors
of the skin are responsible for touch. Tiny cells in the inner ear are responsible for
hearing and balance.

1.3 Piezopotential—The Fundamental Physics for Piezotronics
and Piezo-Phototronics

Piezoelectricity, a phenomenon known for centuries, is an effect that is about the
production of electrical potential in a substance as the pressure on it changes. The
most well-known material that has piezoelectric effect is the provskite structured
Pb(Zr, Ti)O3 (PZT), which has found huge applications in electromechanical sen-
sors, actuators, and energy generators. But PZT is an electric insulator and it is less
useful for building electronic devices. Piezoelectricity has its own field and is being
largely studied in the ceramic community. Wurtzite structures, such as ZnO, GaN,
InN, and ZnS, also have piezoelectric properties but they are not extensively used as
much as PZT in piezoelectric sensors and actuators due to their small piezoelectric
coefficient. Therefore, the study of wurtzite structures is mainly in the electronic
and photonic community due their semiconductor and photon excitation properties.

Silicon-based CMOS technology is operated by electrical driven charge transport
process. To directly control the operation of CMOS by mechanical action, one must
find an electric signal that can be generated as a result of mechanical action. The
most nature choice is piezoelectricity. As for this purpose, we choose the Wurtzite
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Fig. 1.2 Piezopotential in
wurtzite crystal. (a) Atomic
model of the
wurtzite-structured ZnO.
(b) Aligned ZnO nanowire
arrays by solution based
approach. Numerical
calculated distribution of
piezoelectric potential along a
ZnO NW under axial strain.
The growth direction of the
NW is c-axis. The dimensions
of the NW are L = 600 nm
and a = 25 nm; the external
force is fy = 80 nN

materials, such as ZnO, GaN, InN, and ZnS, which simultaneously have piezoelec-
tric and semiconductor properties. ZnO, for example, has a non-central symmetric
crystal structure, which naturally produces piezoelectric effect once the material is
strained. Wurtzite crystal has a hexagonal structure with a large anisotropic prop-
erty in c-axis direction and perpendicular to the c-axis. Simply, the Zn2+ cations
and O2− anions are tetrahedrally coordinated and the centers of the positive ions
and negatives ions overlap with each other. If a stress is applied at an apex of the
tetrahedron, the center of the cations and the center of anions are relatively dis-
placed, resulting in a dipole moment (Fig. 1.2(a)). A constructive add-up occurs of
the dipole moments created by all of the units in the crystal results in a macroscopic
potential drop along the straining direction in the crystal. This is the piezoelectric
potential (piezopotential) (Fig. 1.2(b)) [2]. Piezopotential can serve as the driving
force for the flow of electrons in the external load once subject to mechanical defor-
mation, which is the fundamental of the nanogenerator [3–6].

The distribution of piezopotential in a c-axis ZnO nanowire (NW) has been cal-
culated using the Lippman theory [7–9] without considering the doping in ZnO. For
a NW with a length of 1200 nm and a hexagonal side length of 100 nm, a tensile
force of 85 nN creates a potential drop of approximately 0.4 V between the two
ends, with the +c side positive (Fig. 1.2(b)). When the applied force changes to a
compressive strain, the piezoelectric potential reverses with the potential difference



1.4 Coining the Field of Piezotronics 5

Fig. 1.3 Piezopotential created inside a nanostructure, as represented by the color code, is the
fundamental physics for nanogenerator and piezotronics. (a) Nanogenerator is based on a process
of piezopotential driven flow of electrons in the external load. (b) Piezotronics is about the de-
vices fabricated using a process of piezopotential tuned/controlled charge carrier transport at the
metal–semiconductor interface or p–n junction. Piezo-phototronics is about the devices fabricated
using piezopotential to control charge carrier generation, separation, transport and recombination
processes at the interface/junction

remaining 0.4 V but with the −c-axis side at a higher potential. The creation of this
inner crystal potential is the core of piezotronics.

The presence of the piezopotential in the crystal has created a few new research
fields. A nanogenerator has been developed for converting mechanical energy into
electricity [10–13]. Once a strained piezoelectric crystal is connected at its two polar
ends to an external electric load, the piezopotential creates a drop in the Fermi levels
at the two contact ends, thus, the free electrons in the external load are driven to
flow from one side to the other to “screen” the local piezopotential and reach a
new equilibrium. The generated current in the load is a result of the transient flow
of electrons. An alternating flow of electrons is possible if the piezopotential is
continuously changed by applying a dynamic stress across the crystal. This means
that the nanogenerator gives continuous output power if the applied stress is varying,
which means inputting mechanical work (Fig. 1.3(a)). The nanogenerator has been
extensively developed and it is now gives an output of ∼3 V, and the output power is
capable to drive a liquid crystal display (LCD), light-emitting diode and laser diode
[14–17]. The nanogenerator will play an important role in energy harvesting as the
sustainable and self-sufficient power source for micro/nanosystems.

1.4 Coining the Field of Piezotronics

In 2006, two independent research experiments were carried out in Wang’s group.
The first group of experiment was to measure the electric transport of a long ZnO
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wire, the two ends of which were completely enclosed by electrodes, as its shape
being bent inside a scanning electron microscopy (SEM) [18]. A dramatic drop in
electric conductance was obtained as the degree of bending increased. The interpre-
tation was that a piezoelectric potential drop was created across the wire when it is
bent, which acted as a gate voltage for controlling the transport of charge carriers
through the wire. This is referred to piezoelectric field effect transistor (PE-FET).

The second experiment was about a two-probe manipulation of a single ZnO
NW and measurement of its transport property [19]. One probe held one end of
a nanowire (NW) that laid on an insulator substrate, the other probe pushed the
NW from the other end by in-contact with the tensile surface of the NW. The tung-
sten tips had Ohmic contact with the NW. The I–V curve changed from a linear
shape to a rectifying behavior with the increase of the degree of NW bending. This
phenomenon was interpreted as a result of creating a positive piezopotential at the
interface region, which served as potential barrier for blocking the flow of electrons
to one direction. This is the piezoelectric-diode (PE-diode).

Both the PE-FET and PE-diode were based on the presence of a strain induced
piezoelectric potential in the NW. The induced flow of electrons in the external cir-
cuit by the piezoelectric potential is the energy generation process. The presence of
the piezopotential can drastically change the transport characteristic of a NW-based
FET. To systematically represent the piezoelectric-semiconductor coupled proper-
ties of such a system, Wang introduced the concept of nano-piezotronics on Nov.
24, 2006 and publicly disclosed it in the MRS fall conference in Boston a few days
later [20]. Then, Wang first coined the word of piezotronics in a short paper pub-
lished in 2007 [21, 22]. The basis of piezotronics is to use piezopotential to tune
and control the transport of the carriers inside the nanowire (Fig. 1.3(b)). Ever since
then, dramatic progress has been made in piezotronics, which will be described in
the following chapters.

1.5 Piezotronic Effect

A most simple FET is a two ends bonded semiconductor wire, in which the two
electric contacts at the ends are the source and drain, and the gate voltage can be
applied either at the top of the wire through a gate electrode or at its bottom on
the substrate. By applying a source to drain driving voltage, Vds, the charge carrier
transport process in the semiconductor device is tuned/gated by the gate voltage Vg,
which is an externally applied potential.

Alternatively, the gate voltage can be replaced by the piezopotential generated
inside the crystal (inner potential), so that the charge carrier transport process in
FET can be tuned/gated by applying a stress to the device [20]. This type of devices
is called piezotronic devices as triggered or driven by a mechanical deformation
action. When a ZnO NW is strained axially along its length, two typical effects
are observed. One is the piezoresistance effect, which is introduced because of the
change in bandgap and possibly density of states in the conduction band. This effect
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has no polarity so that it has equivalent/identical effect on the source and drain of
the FET. On the other hand, piezopotential is created along its length. For an axial
strained NW, the piezoelectric potential continuously drops from one side of the
NW to the other, which means that the electron energy continuously increases from
the one side to the other. Meanwhile, the Fermi level will be flat all over the NW
when equilibrium is achieved, since there is no external electrical field. As a result,
the effective barrier height and/or width of the electron energy barrier between ZnO
and metal electrode will be raised at one side and lowered at the other side, thus, it
has a non-symmetric effect on the barrier heights at the source and drain. Therefore,
piezotronic effect is to use piezopotential to tune/control the charge transport across
an interface/junction [22, 23].

1.5.1 Piezotronic Effect on Metal–Semiconductor Contact

A better understanding about the piezotronic effect is to compare it with the most
fundamental structure in semiconductor devices: Schottky contact and p–n junction.
When a metal and a n-type semiconductor forms a contact, a Schottky barrier (SB)
(eφSB) is created at the interface if the work function of the metal is appreciably
larger than the electron affinity of the semiconductor (Fig. 1.4(a)). Current can only
pass through this barrier if the applied external voltage is larger than a threshold
value (φi ) and its polarity is with the metal side positive (for n-type semiconductor).
If a photon excitation is introduced, the newly generated electron–hole pairs not
only largely increase the local conductance, but also the effective height of the SB
is reduced as a result of charge redistribution at the interface (Fig. 1.4(b)).

Once a strain is created in the semiconductor that also has piezoelectric property,
a negative piezopotential at the semiconductor side effectively increases the local
SB height to eφ′ (Fig. 1.4(c)), while a positive piezopotential reduces the barrier
height. The polarity of the piezopotential is dictated by the direction of the c-axis
for ZnO. The role played by the piezopotential is to effectively change the local
contact characteristics through an internal field, thus, the charge carrier transport
process is tuned/gated at the metal–semiconductor (M–S) contact.

Strain in the structure would produce piezo-charges at the interfacial region. It is
important to note that the polarization charges are distributed within a small depth
from the surface and they are ionic charges, which are non-mobile charges located
adjacent to the interface. In such a case, free carriers can only partially screen the
piezo-charges due to the finite dielectric permittivity of the crystal and the limited
doping concentration, but they cannot completely cancel the piezo-charges. The
piezo-charges may produce mirror charges at the meal side. The positive piezo-
charges effectively may lower the barrier height at the local Schottky contact, while
the negative piezo-charges increase the barrier height (Fig. 1.5(b) and (c)). The role
played by the piezopotential is to effectively change the local contact characteris-
tics through an internal field depending on the crystallographic orientation of the
material and the sign of the strain, thus, the charge carrier transport process is
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Fig. 1.4 Energy band
diagram for illustrating the
effects of laser excitation and
piezoelectricity on a Schottky
contacted
metal–semiconductor
interface. (a) Band diagram at
a Schottky contacted
metal–semiconductor
interface. (b) Band diagram at
a Schottky contact after
exciting by a laser that has a
photon energy higher than the
bandgap, which is equivalent
to a reduction in the Schottky
barrier height. (c) Band
diagram at the Schottky
contact after applying a strain
in the semiconductor. The
piezopotential created in the
semiconductor has a polarity
with the end in contacting
with the metal being low

tuned/gated at the M–S contact. Therefore, the charge transport across the inter-
face can be largely dictated by the created piezopotential, which is the gating effect.
With considering the change in piezopotential polarity by switching the strain from
tensile to compressive, the local contact characteristics can be tuned and controlled
by the magnitude of the strain and the sign of strain. These are the cores of the
piezotronic effect.

1.5.2 Piezotronic Effect on p–n Junction

When a p-type and a n-type semiconductors form a junction, the holes in the p-
type side and the electrons in the n-type side tend to redistribute to balance the
local potential, the interdiffusion and recombination of the electrons and holes in the
junction region forms a charge depletion zone. The presence of such a carrier-free
zone can significantly enhance the piezoelectric effect, because the piezo-charges
will be mostly preserved without being screened by local residual free carriers. As
shown in Fig. 1.5(d), for a case that the p-type side is piezoelectric and a strain
is applied, local net negative piezo-charges are preserved at the junction provided
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Fig. 1.5 (a)–(c) Energy band diagram for illustrating the effects of piezoelectric polarization
charges on a Schottky contacted metal–semiconductor interface without and with the presence
of non-mobile, ionic charges at the metal–semiconductor interface. The piezoelectric charges are
indicated at the interface. (d)–(f) Energy band diagram for illustrating the effect of piezoelectricity
on a p–n junction that is made of two materials of similar bandgaps. The distorted band with the
presence of piezoelectric charges is indicated by red lines

the doping is relatively low so that the local free carriers are not enough to fully
screen the piezo-charges. The piezopotential tends to raise the local band slightly
and introduce a slow slope to the band structure. Alternatively, if the applied strain is
switched in sign (Fig. 1.5(e)), the positive piezo-charges at the interface creates a dip
in the local band. A modification in the local band may be effective for trapping the
holes so that the electron–hole recombination rate can be largely enhanced, which
is very beneficial for improving the efficiency of an LED. Furthermore, the inclined
band tends to change the mobility of the carriers moving toward the junction.

With the creation of a piezopotential in one side of the semiconductor material
under strain, the local band structure near the p–n junction is changed/modified. For
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Fig. 1.6 Energy band diagram for illustrating the effect of piezoelectricity on a p–n junction that
is made of two materials of similar bandgaps. The band diagrams for the p–n junction with and
without the presence of piezoelectric effect for the four possible cases are shown using dark and
red curves, respectively. The bandgap for the n-type and p-type are assumed to be about equal. The
effect of reversal in polarity is presented

easy understanding, we include the screening effect of the charge carriers to the
piezopotential in the discussion, which means that the positive piezopotential side
in n-type material is largely screened by the electrons, while the negative piezopo-
tential side is almost unaffected. By the same token, the negative piezopotential side
in p-type material is largely screened by the holes, but leaves the positive piezopo-
tential side almost unaffected. As shown in Fig. 1.6(b) for a case that the p-type side
is piezoelectric and a strain is applied, the local band structure is largely changed,
which significantly affects the characteristic of charge carriers flow through the in-
terface. This is the core of the piezotronic effect.

In addition, the holes on the p-type side can drift to the n-type side to combine
with the electrons in the conduction band, possibly resulting in an emission of pho-
ton. This is a process of piezopotential induced photon emission, e.g., piezophoton-
ics. The following conditions may need to be met in order to observe the piezopho-
tonic process. The magnitude of the piezopotential has to be significantly large in
comparison to φi , so that the local piezoelectric field is strong enough to drive the
diffusion of the holes across the p–n junction. The straining rate for creating the
piezopotential has to be rather large, so that the charge carriers are driven across the
interface within a time period shorter than the time required for charge recombina-
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Fig. 1.7 Schematic diagram
showing the three-way
coupling among
piezoelectricity,
photoexcitation and
semiconductor, which is the
basis of piezotronics (piezo-
electricity–semiconductor
coupling), piezophotonics
(piezoelectric–photon
excitation coupling),
optoelectronics, and
piezo-phototronics
(piezoelectricity–semicon-
ductor–photoexcitation). The
core of these coupling relies
on the piezopotential created
by the piezoelectric materials

tion. The width of the depletion layer has to be small so that there are enough charge
carriers available in the acting region of the piezopotential. Finally, a direct bandgap
material is beneficial for the observation of the phenomenon.

The fundamental working principles of the p–n junction and the Schottky contact
are that there is an effective barrier that separates the charge carriers at the two sides
to across. The height and width of the barrier are the characteristic of the device. In
piezotronics, the role played by the piezopotential is to effectively change the width
of p–n junction or height of SB by piezoelectricity.

1.6 Piezo-Phototronic Effect

Piezophototronics was first coined in 2010 [24–26]. For a material that simultane-
ously has semiconductor, photon excitation and piezoelectric properties, besides the
well-known coupling of semiconductor with photon excitation process to form the
field of optoelectronics, additional effects could be proposed by coupling a semi-
conductor with piezoelectric to form a field of piezotronics, and piezoelectric with
photon excitation to form a field of piezophotonics. Furthermore, a coupling among
semiconductor, photon excitation and piezoelectric is a field of piezo-phototronics,
which can be the basis for fabricating piezo-photonic–electronic nanodevices. The
piezo-phototronic effect is to use the piezopotential to tune/control the charge gener-
ation, separation, transport and/or recombination at an interface/junction for achiev-
ing superior optoelectronic processes (Fig. 1.7).
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1.7 One-Dimensional Wurtzite Nanostructures for Piezotronics

The principles illustrated for piezotronics and piezo-phototronics apply to both of
thin film and NWs. But the NWs are of great advantageous than thin films for the
following reasons. First, ZnO NWs can be grown using a chemical approach at low
temperature (<100 ◦C) on any substrate and any shape substrate, exhibiting a huge
advantage for scaling up at a low cost; while it is practically difficult to make high
quality single crystal thin film at low temperature. Secondly, owing to the largely
reduced size, NWs exhibit extremely high elasticity that allows large degrees of
mechanical deformation (up to 6 % in tensile strain according to theoretical calcula-
tion for very small wire [27]) without cracking or fracture, while thin film can easily
generate cracks after applying even smaller strain. Third, the small size of the NWs
largely increases the toughness and robustness of the structure so that it is almost
fatigue free. Fourth, a relatively small force is required to induce the mechanical ag-
itation, so that it can be very beneficial for building ultrasensitive devices. Finally,
NWs may exhibit higher piezoelectric coefficient than thin film [28].

One-dimensional nanomaterials, such as nanowires and nanobelts, are ideal for
piezotronics and piezo-phototronics, because they can tolerate a large mechanical
strain. ZnO, GaN, InN and possibly doped PZT materials are potential candidate for
piezotronics. Currently, the most popular structure is ZnO NWs for three main rea-
sons. First, ZnO NWs can be easily grown at a large quantity using vapor-solid pro-
cess or chemical approach at low temperature. Secondly, they are biological com-
patible and environmentally friendly. Finally, they can be grown on substrate and
any shape substrate. The vapor-solid growth usually takes place in a tube furnace by
vaporizing ZnO powders with the presence of carbon at a temperature of ∼900 ◦C.
Patterned growth is possible with the introduction of Au catalyst. Pulse laser depo-
sition (PLD) can be used for NW growth. A KrF excimer laser (248 nm) was used
as the ablation source to focus on a ceramic target, which is a stack of ZnO powder.
A control of pressure can give nice NW array (Fig. 1.8(a)).

The most commonly used chemical agents for the hydrothermal synthesis of ZnO
NWs are zinc nitrate hexahydrate and hexamethylenetetramine [29, 30]. Zinc nitrate
hexahydrate salt provides Zn2+ ions, required for building up ZnO NWs. Water
molecules in the solution provide O2− ions. Even though the exact function of hex-
amethylenetetramine during the ZnO NW growth is still unclear, it is believed to
act as a weak base, which would slowly hydrolyze in the water solution and grad-
ually produce OH−. This is critical in the synthesis process because, if the hexam-
ethylenetetramine hydrolyzes very fast and produces a lot of OH− in a short period
of time, the Zn2+ ions in solution would precipitate out very quickly due to the high
pH environment. Using a pattern generated by laser interference, well aligned NW
arrays have been grown at a temperature around 85 ◦C (Fig. 1.8(b)).

NWs grown by vapor phase technique at high temperature usually have low de-
fects and they are most adequate for studying piezotronic and piezo-phototronic
effects [31, 32]. A treatment in oxygen plasmon can effectively reduce the vacancy
concentration. The low-temperature chemically grown NWs have a relatively high
concentration of defects, and they are most useful for piezoelectric nanogenerators.
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Fig. 1.8 ZnO nanowire
arrays grown by (a) pulse
laser deposition technique
and (b) low-temperature
solution based approach

1.8 Perspective

Today’s electronics and optoelectronics are mostly based on Si, II–VI and III–V
compound semiconductor materials, with focuses on CMOS technology, LED, pho-
ton detector and solar cell. Piezoelectricity, on the other hand, relies on PZT type
of provskite materials, which are rarely used for electronics and optoelectronics.
Owing to the gigantic difference in materials systems, the overlap between piezo-
electricity and optoelectronics is rather limited. With the use of wurtzite materials,
such as ZnO, GaN and InN, which simultaneously have piezoelectric and semicon-
ductor properties, we have coupled piezoelectricity with optoelectronic excitation
processes and coined a few new fields (Fig. 1.9). The core relies on piezopotential
that is created in a piezoelectric material by applying a stress, and it is generated by
the polarization of ions in the crystal. Piezotronics is about the devices fabricated us-
ing the piezopotential as a “gate” voltage to tube/control charge carrier transport at
a contact or junction. Piezo-phototronic effect is to use the piezopotential to control
the carrier generation, separation, transport, and/or recombination for improving the
performance of optoelectronic devices, such as photon detector, solar cell and LED.

Z.L. Wang’s group has devoted over 12 years for studying ZnO nanostructures
and its wide range of applications. Our systematic studies and the field coined can
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Fig. 1.9 Potential and perspective applications of piezotronics, piezo-phototronics, and nanogen-
erators [6], which are important future directions and fields in near future. Middle: schematic di-
agram showing the three-way coupling among piezoelectricity, photoexcitation and semiconduc-
tor, which is the basis of piezotronics (piezoelectricity–semiconductor coupling), piezophotonics
(piezoelectric–photon excitation coupling), optoelectronics, and piezophototronics (piezoelectric-
ity–semiconductor–photoexcitation)

be summarized using a “tree” structure, as shown in Fig. 1.10. The fundamental
“root” of all these fields is: piezopotential and semiconductor as the basic physics,
and wurtzite structure as the fundamental materials system; the “branches” are the
fields we have coined; and the “fruits” are the important applications. Furthermore,
fundamental quantum phenomena possibly arising from nano-scale piezo-physics
can be explored in near future. Besides the wurtzite family, we have doped provskite
type structures, such as PZT, BaTiO3, for such studies.

Piezotronics is likely to have important application in sensors, human–silicon
technology interfacing, MEMS, nanorobotics and active flexible electronics. The
role played by piezotronics in interfacing human–CMOS technology is similar to
the mechanosensation in physiology. Mechanosensation is a response mechanism
to mechanical stimuli. The physiological foundation for the senses of touch, hear-
ing and balance, and pain is the conversion of mechanical stimuli into neuronal sig-
nals. We anticipate near future applications of piezotronics and piezo-phototronics
in sensor network, bioscience, human–machine interfacing and integration, and en-
ergy sciences.
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Fig. 1.10 A “tree” idea for summarizing the fields of nanogenerator, hybrid cell for harvesting
multi-type energies [33–36], self-powered system [6], piezotronics, piezo-phototronics and possi-
bly piezophotonics that have been developed by Wang’s group in the last decade. The fundamental
“root” of all these fields is: piezopotential and semiconductor as the basic physics, and ZnO as the
fundamental materials system. All of the fields are derived based on these basics
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Chapter 2
Piezopotential in Wurtzite Semiconductors

Abstract The most fundamental physics for piezotronics and piezo-phototronics is
in the presence of a piezoelectric potential (piezopotential) in semiconductor struc-
tured materials, such as the wurtzite structure. This chapter introduces the funda-
mental theory for calculating the piezopotential distribution in nanostructures with
and without considering the presence of doping. The finite conductivity possessed
by the material can partially screen the regional piezopotential having an opposite
polarity to the type of doping, but cannot completely cancel the polarization charge
due to the dielectric property of the material and the moderate doping level. The
effect of piezopotential on the local contact in electrical measurements is also dis-
cussed, and a through-end model is proposed for understanding the transport prop-
erties of nanowire-based devices. This model will be adopted in future chapters for
understanding the I–V characteristics of the devices.

The core of piezotronics and piezo-phototronics relies on the piezoelectric potential
(piezopotential) produced by piezoelectric effect in materials that simultaneously
have piezoelectric, semiconductor and optoelectronic properties. Wurtzite family is
an ideal system for this type of study, such as ZnO, GaN and InN. As a start, we
first introduce the theory of piezoelectricity and calculation of the piezopotential.
In the literature, numerous theories for 1D nanostructure piezoelectricity have been
proposed, including first-principle calculations [1, 2], MD simulations [3] and con-
tinuum models [4]. However, first-principle theory and MD simulation are difficult
to implement to nanopiezotronics system (the typical dimension of which is ∼50 nm
in diameter and ∼2 micron in length) due to the huge number of atoms. The con-
tinuum model proposed by Michalski et al. is relevant in that it gives a criterion
to distinguish between mechanically dominated regime and electrostatically dom-
inated regime. In this section we propose a continuum model for the electrostatic
potential in a laterally bent NW. A perturbation technique is introduced to solve the
coupled differential equations, and the derived analytical equation gives a result that
is within 6 % of that received from full numerical calculation. The theory directly
establishes the physical basis of nanopiezotronics and nanogenerator as proposed
previously.

Z.L. Wang, Piezotronics and Piezo-Phototronics, Microtechnology and MEMS,
DOI 10.1007/978-3-642-34237-0_2, © Springer-Verlag Berlin Heidelberg 2012
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2.1 Governing Equations

Our theoretical objective is to derive the relationship between the potential distri-
bution in a NW and the dimensionality of the NW and magnitude of the applied
force at the tip. For this purpose, we start from the governing equations for a static
piezoelectric material, which are three sets: mechanical equilibrium equation (see
(2.1a) and (2.1b)), constitutive equation (see (2.2a), (2.2b) and (2.2c)), geometrical
compatibility equation (see (2.3)) and Gauss equation of electric field (see (2.4)) [8].
The mechanical equilibrium condition when there is no body force �f (b)

e = 0 acting
on the nanowire is

∇ · σ = �f (b)
e = 0 (2.1a)

where σ is the stress tensor, which is related to strain ε, electric field �E and electric
displacement �D by constitutive equations:

{
σp = cpqεq − ekpEk,

Di = eiqεq + κikEk.
(2.1b)

Here cpq is the linear elastic constant, ekp is the linear piezoelectric coefficient, and
κik is the dielectric constant. It must be pointed out that (2.1b) does not contain
the contribution from the spontaneous polarization introduced by the polar charge
on the ±(0001) polar surfaces [5], which are the top and bottom ends of the NW,
respectively. The validity of this approximation will be elaborated later. To keep the
notation compact, the so-called Nye two-index notation [6] is used. By considering
the C6v symmetry of a ZnO crystal (with wurtzite structure), cpq, ekp and κik can
be written as

cpq =

⎛
⎜⎜⎜⎜⎜⎜⎝

c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 (c11−c12)

2

⎞
⎟⎟⎟⎟⎟⎟⎠

, (2.2a)

ekp =
⎛
⎝ 0 0 0 0 e15 0

0 0 0 e15 0 0
e31 e31 e33 0 0 0

⎞
⎠ , (2.2b)

κik =
⎛
⎝κ11 0 0

0 κ11 0
0 0 κ33

⎞
⎠ . (2.2c)



2.2 Theory for the First Three Orders of Perturbations 21

The compatibility equation is a geometrical constraint that must be satisfied by
strain εij :

eilmejpq

∂2εmp

∂xl∂xq

= 0. (2.3)

In (2.3) the indices are in the normal definition and Nye notation is not used. eilm

and ejpq are Levi-Civita anti-symmetric tensors. For simplicity of the derivation,
we assume that the NW bending is small.

Finally, by assuming no free charge ρ
(b)
e in the nanowire, the Gauss equation

must be satisfied:

∇ · �D = ρ(b)
e = 0. (2.4)

This assumption is a restriction in the sense that the governing equation, (2.4), ap-
plies to insulator piezoelectric materials. But this is a good start to develop more
sophisticated models.

2.2 Theory for the First Three Orders of Perturbations

The typical setup of a vertical piezoelectric nanowire that is transversely deflected
by a force at the tip. Equations (2.1a), (2.1b), (2.2a)–(2.2c), (2.3) and (2.4) along
with appropriate boundary conditions give a complete description of a static piezo-
electric system. However, the solution of these equations is rather complex, and an
analytical solution does not exist in many cases. Even for a two-dimensional (2-D)
system, the solution would entail a partial differential equation of order six [7]. In
order to derive an approximate solution of the equations, we apply a perturbation
expansion of the linear equations to simplify the analytical solution [8]. Then, we
will examine the accuracy of the perturbation theory in reference to the exact results
calculated by the finite element method.

In order to derive the piezoelectric potential distributed in the NW for the dif-
ferent orders of electro-mechanical coupled effect, we now introduce a perturbation
parameter λ in the constitutive equations by defining ẽkp = λekp , which is intro-
duced to trace the magnitudes of contributions made by different orders of effects
in building the total potential. Consider a virtue material with linear elastic con-
stant cpq , dielectric constant κik and piezoelectric coefficient ẽkp . When λ = 1, this
virtue material becomes the realistic ZnO. When λ = 0, it corresponds to a situa-
tion of no coupling between mechanical field and electric field. For virtue materials
with λ between 0 and 1, the mechanical field and electric field are both functions of
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parameter λ, which can be written as an expansion:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σp(λ) =
∞∑

n=0

λnσ (n)
p ,

εq(λ) =
∞∑

n=0

λnε(n)
q ,

Ek(λ) =
∞∑

n=0

λnE
(n)
k ,

Di(λ) =
∞∑

n=0

λnD
(n)
i ,

(2.5)

where the superscript (n) represents the orders of perturbation results. By substitut-
ing (2.5) into (2.2a)–(2.2c) for a virtue material with piezoelectric coefficient ẽkp ,
and comparing the terms in the equations that have the same order of λ, the first
three orders of perturbation equations are given as follows:

zeroth order:

{
σ

(0)
p = cpqε

(0)
q ,

D
(0)
i = κikE

(0)
k ;

(2.6)

first order:

{
σ

(1)
p = cpqε

(1)
q − ekpE

(0)
k ,

D
(1)
i = ekqε

(0)
q + κikE

(1)
k ;

(2.7)

second order:

{
σ

(2)
p = cpqε

(2)
q − ekpE

(1)
k ,

D
(2)
i = ekqε

(1)
q + κikE

(2)
k .

(2.8)

For (2.1a), (2.1b), (2.3), and (2.4), since there is no explicit coupling, no decoupling
process is needed while seeking perturbation solution.

We now consider the solutions of the first three orders. For the zeroth order (see
(2.6)), the solution is for a bent nanowire without piezoelectric effect, which means
there is no electric field even in the presence of elastic strain. Here we ignore the
contribution from the spontaneous polarization. For the case of ZnO NW, it normally
grows with its c-axis parallel to the growth direction. The ±(0001) surfaces at the
top and bottom end of the NW are terminated by Zn2+ and O2− ions, respectively.
The electric field due to spontaneous polarization arising from polar charges on the
±(0001) surface can be ignored for the following two reasons. First, since the NW
has a large aspect ratio, the polar charges on the ±(0001) polar surfaces, which are
the top and bottom ends of the NW in most of the cases, can be viewed as two
point charges. Thus they do not introduce an appreciable intrinsic field inside of
the NW. Second, the polar charges at the bottom end of the NW are neutralized by
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the conductive electrode; while the ones at the top of the NW may be neutralized
by surface adsorbed foreign molecules while exposed to air. Furthermore, even the
polar charges at the top end introduce a static potential, it will not contribute to the
power generated but shift the potential base line by a constant value, which goes to
the background signal, because the polar charges are present and remain constant
regardless the degree of NW bending. Therefore, we can take E

(0)
k = 0,D

(0)
i = 0.

Consequently, from (2.7) and (2.8), we have σ
(1)
p = 0, ε

(1)
p = 0,D

(2)
p = 0,E

(2)
p = 0.

Equations (2.5)–(2.7) thus become

zeroth order: σ (0)
p = cpqε(0)

q , (2.9)

first order: D
(1)
i = ekqε(0)

q + κikE
(1)
k , (2.10)

second order: σ (2)
p = cpqε(2)

q − ekpE
(1)
k . (2.11)

The physical meaning of these equations can be explained as follows. Under the
different order of approximation, these equations correspond to the decoupling and
coupling between the electric field and mechanical deformation: the zeroth order
solution is purely mechanical deformation without piezoelectricity; the first order is
the result of direct piezoelectric effect that strain–stress generates an electric field
in the NW; and the second order shows up the first feed back (or coupling) of the
piezoelectric field to the strain in the material.

In our case as for nanowires bent by AFM tip, the mechanical deformation be-
havior of the material is almost unaffected by piezoelectric field in the NW. There-
fore, as for the calculation of piezoelectric potential in the nanowire, the first order
approximation may be sufficient. The accuracy of this approximation will be exam-
ined in reference to full numerical solutions of the coupled equations (2.1a), (2.1b),
(2.2a)–(2.2c), (2.3) and (2.4).

2.3 Analytical Solution for a Vertical Nanowire

To simplify the analytical solution, we assume that the nanowire has a cylindrical
shape with a uniform cross section of diameter 2a and length l. To further simplify
the derivation, we approximate the material elastic constants by an isotropic elastic
modulus with Young modulus E and Poisson ratio ν. This has been found to be an
excellent approximation for ZnO. For the convenience of our calculation, we define
a

isotropic
pq to be the inverse of matrix c

isotropic
pq . The strain and stress relation is given
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by ⎛
⎜⎜⎜⎜⎜⎜⎝

εxx

εyy

εzz

2εyz

2εzx

2εxy

⎞
⎟⎟⎟⎟⎟⎟⎠

=
∑
q

a
isotropic
pq σq

= 1

E

⎛
⎜⎜⎜⎜⎜⎜⎝

1 −ν −ν 0 0 0
−ν 1 −ν 0 0 0
−ν −ν 1 0 0 0
0 0 0 2(1 + ν) 0 0
0 0 0 0 2(1 + ν) 0
0 0 0 0 0 2(1 + ν)

⎞
⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎝

σxx

σyy

σzz

σyz

σzx

σxy

⎞
⎟⎟⎟⎟⎟⎟⎠

.

(2.12)
In the configuration of the nanogenerator, the root end of the nanowire is affixed to
a conductive substrate, while the top end is pushed by a lateral force fy . We assume
that the force fy is applied uniformly on the top surface so that there is no effective
torque that twists the nanowire. By Saint–Venant theory of bending [9], the stress
induced in the nanowire is given by

σ (0)
xz = − fy

4Ixx

1 + 2ν

1 + ν
xy, (2.13a)

σ (0)
yz = fy

Ixx

3 + 2ν

8(1 + ν)

[
a2 − y2 − 1 − 2ν

3 + 2ν
x2

]
, (2.13b)

σ (0)
zz = − fy

Ixx

y(l − z), (2.13c)

σ (0)
xx = σ (0)

xy = σ (0)
yy = 0 (2.13d)

where Ixx = ∫
CrossSection x2 dA = π

4 a4.
Equations (2.13a)–(2.13d) is the zeroth order mechanical solution to (2.1a),

(2.1b), (2.3), and (2.12). Because the Saint–Venant principle is used to simplify the
boundary condition, solution equations (2.13a)–(2.13d) is valid only for regions far
away from the affixed end of the nanowire. Here by “far away” we mean a distance
large enough in comparison to the NW diameter. Later, full numerical calculation
shows that it would be safe to use (2.13a)–(2.13d) when the distance from the sub-
strate is larger than twice the NW diameter.

Equations (2.4) and (2.10) give the direct piezoelectric behavior. By defining a
remnant displacement �DR as

�DR = ekqε(0)
q îk (2.14)

we have

∇ · (DR
i + κikE

(1)
k

) = 0. (2.15)
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From (2.14), (2.13a–(2.13d), (2.12), and (2.2b), the remnant displacement is

�DR =

⎛
⎜⎜⎝

− fy

IxxE
( 1

2 + ν)e15xy

fy

IxxE
( 3

4 + ν
2 )e15(a

2 − y2 − 1−2ν
3+2ν

x2)

fy

IxxE
(2νe31 − e33)y(l − z)

⎞
⎟⎟⎠ . (2.16)

It should be noted that it is the divergence of �DR rather than �DR itself that induces
E

(1)
k . If we simply assume E

(1)
k = (κik)

−1DR
i , we would arrive at an absurd electric

field with non-zero curl. Instead, by defining a remnant body charge:

ρR = −∇ · �DR (2.17)

and remnant surface charge:

ΣR = −�n · (0 − �DR
) = �n · �DR. (2.18)

Equation (2.15) will be transformed into an elementary electrostatic problem with
Poisson equation:

∇ · (κikE
(1)
k

�ii
) = ρR (2.19)

with charge given by (2.18) on the cylindrical surface of the nanowire. From (2.17)
and (2.16), we have

ρR = fy

IxxE

[
2(1 + ν)e15 + 2νe31 − e33

]
y, (2.20)

ΣR = 0. (2.21)

It is very important to note that, in (2.20) and (2.21), the remnant charge is inde-
pendent of vertical height z. Therefore, electric potential ϕ = ϕ(x, y) = ϕ(r, θ) (in
cylindrical coordinates) is also independent of z. (We will drop the superscript (1)

for the first order approximation for simplicity from now on.) Physically, it suggests
that the potential is uniform along z direction except for regions very close to the
ends of the nanowire.

Noting that κ11 = κ22 = κ⊥, the solution of (2.19), (2.20), and (2.21) is

ϕ =
⎧⎨
⎩

1
8κ⊥

fy

IxxE
[2(1 + ν)e15 + 2νe31 − e33][ κ0+3κ⊥

κ0+κ⊥
r
a

− r3

a3 ]a3 sin θ, r < a,

1
8κ⊥

fy

IxxE
[2(1 + ν)e15 + 2νe31 − e33][ 2κ⊥

κ0+κ⊥
a
r
]a3 sin θ, r ≥ a

(2.22)
where κ0 is the permittivity in vacuum. Equation (2.22) is the potential inside and
outside the NW.
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From (2.22), we have the maximum potential at the surface (r = a) of the NW
at the tensile (T ) side (θ = −90◦) and the compressive (C) side (θ = 90◦), respec-
tively, being

ϕ(T ,C)
max = ± 1

π

1

κ0 + κ⊥
fy

E

[
e33 − 2(1 + ν)e15 − 2νe31

]1

a
. (2.23)

By elementary elastic theory, under small deflection, the lateral force deflection fy

is related to the maximum deflection of the NW tip vmax = v(z = l) by

vmax = fyl
3

3EIxx

. (2.24)

Thus the maximum potential at the surface of the NW is

ϕ(T ,C)
max = ± 3

4(κ0 + κ⊥)

[
e33 − 2(1 + ν)e15 − 2νe31

]a3

l3
vmax. (2.25)

This means that the electrostatic potential is directly related to the aspect ratio of the
NW instead of its dimensionality. For a NW with a fixed aspect ratio, the piezoelec-
tric potential is proportional to the maximum deflection at the tip.

2.4 Piezopotential for a Transversely Deflected Nanowire

In the first case, the wire diameter is d = 50 nm, length is l = 600 nm, and the
lateral force applied by the AFM tip is 80 nN. To further confirm the validity of
omitting the higher order terms in our analytical derivation, we performed a fi-
nite element method (FEM) calculation for a fully coupled electro-mechanical sys-
tem using (2.1a), (2.1b), (2.2a)–(2.2c), (2.3) and (2.4) for a simplified medium
of isotropic elastic modulus tensor and with cylindrical geometry. The bound-
ary condition assumed is that the bottom end of the NW is affixed. The elec-
trical boundary condition at the root is that the substrate is perfectly conduc-
tive. ZnO was considered as a dielectric medium. Figures 2.1(a) and (b) are, re-
spectively, the potential distributions calculated by full FEM in the bent NW as
viewed from side and in cross section, clearly presenting the “parallel plate capac-
itor” model of the piezoelectric potential except at the bottom. As for the nano-
generator and nanopiezotronics, only the potential distribution in the upper body
of the NW matters. Using the analytical equation (2.22), the calculated potential
distribution across the NW cross section for a lateral defection of 145 nm when
pushed by a force if 80 nN is presented in Fig. 2.1(c), with the two side sur-
faces having ±0.28 V piezoelectric potential, respectively. Again we emphasize
that, in (2.22), the potential is independent of z0 except near the top and the bot-
tom.

A similar calculation has been done for a large size NW with d = 300 nm, length
l = 2 µm, and a lateral force of 1000 nN. The value of the pushing force is esti-
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Fig. 2.1 Potential distribution for a ZnO nanowire with d = 50 nm, l = 600 nm at a lateral bend-
ing force of 80 nN. (a) and (b) are side and top cross-sectional (at z0 = 300 nm) output of the
piezoelectric potential in the NW given by finite element calculation using fully coupled equations
(2.1a), (2.1b), (2.2a)–(2.2c), (2.3) and (2.4), respectively, while (c) is the cross-sectional output
of the piezoelectric potential given by analytical equation (2.22). The maximum potential in (b)
is smaller than that in (a), because here the potential in the bottom reverse region is larger than
that in upper “parallel-plate capacitor” regions. (d) A comparison of the line scan profiles from
both (b) and (c) (blue is for full FEM, red is for (2.22)) to show the accuracy of (2.22) and the
approximations used for deriving it. From [8]

mated based on the lateral deflection observed experimentally. In analogy to the case
shown for the smaller NW in Fig. 2.1, this large NW gives a potential distribution
of ±0.59 V across its cross section. Again, the analytical solution is within 6 % of
the FEM full numerical calculation; this clearly proves the validity of our analytical
solution. Therefore, the perturbation theory we have presented here is an excellent
representation for calculating the piezoelectric potential across a NW, and the ana-
lytical results given by (2.22)–(2.25) can be applied to quantitative understanding of
the experimentally measured results. From the calculation presented above, a 0.3 V
is created between the NW and the AFM tip during mechanical bending.
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Fig. 2.2 Potential distribution for a nanowire with d = 300 nm, l = 2 µm at a lateral bending force
of 1000 nN. (a) and (b) are side and top cross-sectional (at z0 = 1 µm) output of the piezoelectric
potential in the NW given by finite element calculation using fully coupled equations (2.1a), (2.1b),
(2.2a)–(2.2c), (2.3) and (2.4), respectively, while (c) is the cross-sectional output of the piezoelec-
tric potential given by analytical equation (2.22). The maximum potential in (b) is almost the same
as in (a). (d) A comparison of the line scan profiles from both (b) and (c) (blue is for full FEM, red
is for (2.22)) to show the accuracy of (2.22) and the approximations used for deriving it. From [8]

2.5 Probing the Piezopotential of a Transversely Deflected
Nanowire

The piezopotentials at the stretched and compressed sides of the PFW have been
measured by using a metal tip that is placed either at the tensile side or the compres-
sive side of the NW, while the NW is deflected by air blowing [10]. When a periodic
gas flow pulse was applied to a ZnO wire, the wire was bent and a corresponding
periodic negative voltage output (Fig. 2.3(a)) was detected by connecting the sur-
face of compressed side of the NW with external measurement circuit. The voltage
output detected here was −25 mV. Correspondingly, a periodic positive voltage out-
put (Fig. 2.3(b)) was detected at the stretched side of the wire using a Au coated
needle when the ZnO wire was periodically pushed by the Au coated needle. Such
measurements were done with the use of a voltage amplifier.
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Fig. 2.3 Direct
measurements of the
asymmetric voltage
distribution on the tensile and
compressive side surfaces of
a ZnO wire. (a) By placing a
metal tip at the right-hand
side and blowing Ar pulses at
the left-hand side, negative
voltage peaks of ∼25 mV
were observed once the pulse
was on. (b) By quickly
pushing and releasing the
wire at the right-hand side by
a metal tip, a positive voltage
peak of ∼25 mV was
observed for each cycle of the
deflection. The frequency of
the deflection was once every
15 s

2.6 Piezopotential for an Axial Strained Nanowire

The main part of a typical two-terminal nanoelectronic device is a hexagonal ZnO
nanowire grown along c-axis with its two ends and short segments adjacent to the
ends fully embraced by electrodes, where several kinds of force, including tensile,
compression, twisting and combinations of them, act on the nanowire. Our first task
is to calculate the piezoelectric potential distribution throughout the nanowire under
these forces [11]. In order to simply the system and concentrate on observing how
the piezoelectric potential would vary with different applied strain, we assume there
is no body force and no free charge in the nanowire by neglecting its conductiv-
ity. The fully coupled equations (2.1a), (2.1b), (2.2a)–(2.2c), (2.3) and (2.4) can be
solved with the finite element method (FEM). For simplicity of illustrating the pro-
posed physical model, the charge carriers in ZnO have been ignored, which greatly
simplifies the numerical approach. Figure 2.4(a) shows a ZnO nanowire without any
applied force. The total length of the nanowire is 1200 nm with a 100 nm length of
contact domain at each end, and the side length of the hexagonal is 100 nm.

When a stretching force of 85 nN is uniformly acting on the nanowire sur-
faces surrounded by electrodes in the direction parallel to c-axis, the length of the
nanowire would increase for 0.02 nm, which produces a tensile strain of 2 × 10−5.
As shown in Fig. 2.4(b), it creates a potential drop of approximately 0.4 V between
the two end sides of the nanowire with the +c-axis side of higher potential. When
the applied force changes to a compressive, the piezoelectric potential reverses with
the potential difference remaining 0.4 V but with the −c-axis side at a higher poten-
tial. As presented in Fig. 2.4(c), the nanowire length decreases for 0.02 nm, reveal-
ing a compressive strain of −2 × 10−5. Note that to produce the same amount of
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Fig. 2.4 Numerical calculation of the piezoelectric potential distribution in a ZnO nanowire with-
out doping. (a) An unstrained ZnO nanowire grown along c-axis with a length of 1200 nm and
a hexagonal side length of 100 nm. Two ends of the nanowire are assumed to be surrounded by
electrodes for a length of 100 nm. Three-dimensional views of the piezoelectric potential distri-
bution together with deformation shape for the nanowire (b) at a stretching force of 85 nN, (c) at
a compressing force of 85 nN, (d) at a twist force pair of 60 nN, (e) at a combination of 85 nN
stretching force and 60 nN twist force, (f) at a combination of 85 nN compressing force and 60 nN
twist force. The stretching and compressing forces are supposed to uniformly act on both the end
surfaces and side surfaces of the nanowire segments surrounded by electrodes, and the twist force
is uniformly applied on the side surfaces of the nanowire segments surrounded by electrodes. The
red side is the positive potential side and the blue side is the negative potential side. The potential
difference is around 0.4 V. Note that the color scale is the same for (b), (c), (e) and (f), but (d) has
a much smaller scale [11]

piezoelectric potential, the deformation needed here is much smaller than that in the
case of bending a nanowire by a transverse force as we previously demonstrated.
Thus the force along the polarization direction (c-axis) is easy to produce a high
piezoelectric potential.

No matter stretching or compressing, the piezoelectric potential continuously
drops from one side of the nanowire to the other, which means that the electron
energy continuously increases from the one side to the other. Meanwhile, the Fermi
level will be flat all over the nanowire when equilibrium is achieved, since there is
no external electrical field. As a result, the electron energy barrier between ZnO and
metal electrode will be raised at one side and lowered at the other side, which can be
observed experimentally as an asymmetric I–V characteristic. This is the govern-
ing principle for understanding the experimental results presented in the following
section. As the strain is unavoidable during nanowire device fabrication, we would
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observe rectifying transport behavior for so many as-fabricated nanowire devices
even with two identical electrodes [12].

One type of force that cannot be ignored during nanowire manipulation is the
twist force. Figure 2.4(d) shows the simulation results when the nanowire has been
twisted at its two ends in the opposite direction. There is no electric potential drop
along the wire growth direction. Note that the magnitude of the created local poten-
tial is in the order of mV, much smaller than the case for stretching or compressing.
When contacting with electrodes and across the cross section at the end, the energy
barrier between metal and ZnO at one side of the nanowire would be equivalent,
thus, a symmetric contact is expected.

For most of the cases in practice, the force is a combination of twist plus tensile,
or twist plus compress. As shown in Fig. 2.4(e) and (f), there will be a piezoelectric
potential drop produced along the wire, while the potential distribution in the cross
section of the nanowire is not uniform but with one half higher and the other half
lower, similar to the case of pure axial straining.

There are several things to be pointed out here: first, the effect of piezoelectricity
on the transport characteristics of metal–ZnO nanowire contains two parts: one is the
spontaneous polarization charge effect introduced by the Zn2+ and O2− terminating
layers at the +c and −c end surfaces; the other is the piezoelectric potential effect.
The polarized charges exist at the end surface of the nanowire and cannot freely
move. They would modulate the local Fermi energy to change the Schottky barrier
height and shape. However, in practice metal–ZnO contacts are not just at the very
end surface of nanowire, but also largely at the side surface due to the large contact
area of the metal and the nanowire. For most of the time, the contact area in the side
surface is much larger than at the end surface. If we only consider the polarization
charge effect, electrons can pass by the side surface contact where there is no energy
barrier.

Second, the above calculation is based on Lippman theory, since we assume
there is no free charge carriers for simplicity and the whole system is isolated. The
as-synthesized ZnO nanostructures are typically n-type with a typical donor con-
centration of 1 × 1017 cm−3. Theoretical calculations based on statistical electron
distribution in conduction band show that the free electrons tend to accumulate at
the positive potential side of the nanowire at thermal equilibrium. Therefore, the ef-
fect of the free carriers is to partially, if not wholly, screen the positive piezoelectric
potential, while no change to the negative piezoelectric potential. In such a case, the
calculation results presented in Fig. 2.4 can still be adopted for explaining practical
experimental results except the magnitude of the positive potential has to be reduced
to balance the effect of the free carriers.

Third, strain will not only induce piezoelectric effect in ZnO, but also cause
band-structure variation. The generated deformation potential can also change the
Schottky barrier height: under tensile strain the barrier will be lowered, and under
compressive strain the barrier will be raised. However, the variations at two ends of
nanowire are identical and in the same tendency, and it cannot change a symmetric
I–V curve into a rectifying I–V behavior. This is the piezoresistance effect.
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2.7 Equilibrium Piezopotential in a Doped Semiconductive
Nanowire

Lippman theory can be used to describe bent piezoelectric nanowires when the
donor concentration is extremely low, so that the conductivity can be neglected.
However, the as-grown ZnO nanowires are typically n-type due to unavoidable point
defects. For semiconductor materials with a significant amount of free electrons, the
Lippman theory cannot be directly applied, because the free charge carriers are able
to distribute all over the material. The statistics of electrons/holes must be consid-
ered besides the phenomenological thermal dynamics. The main objective of this
section is to present a macroscopic-statistical model of piezoelectricity in a laterally
bent semiconductive nanowire by considering its moderate conductivity in a normal
doping range.

2.7.1 Theoretical Frame

Previous results indicated that, for a ZnO NW with zero free charge carrier density,
the tensile surface would show a positive piezoelectric potential, and the compres-
sive side would show a negative potential. (In this context, by “piezoelectric poten-
tial” we mean that the potential is created by the polarizations of anions and cations
in the NW; these charges cannot freely move as long as the strain is preserved.) In
order to focus on the core physics by preventing digression to the less relevant prob-
lems about the interface heterojunctions, we assume that the substrate is also made
of ZnO. Such a situation occurs for the ZnO nanowires grown on GaN substrates via
the VLS method, because a thin ZnO film or ZnO walls usually form beneath the
nanowires. Our task is to calculate the piezoelectric potential when thermodynamic
equilibrium is achieved in the laterally bent nanowires [13].

It is well known that when free electrons/holes are present in a piezoelectric ma-
terial, the carriers will redistribute due to the electric field established by the polar-
ization. One famous application of such a redistribution effect is in the GaN/AlGaN
HEMTs, where electrons are accumulated at the heterojunction to create a 2D Elec-
tron Gas (2DEG) [14]. For piezoelectric nanowire applications, the mechanical be-
havior is more complicated, but the physical pictures are essentially the same. In-
stead of using a fully coupled constitutive equation, we only write the mechanical
equilibrium and the direct piezoelectric effect:

{
σp = cpqεq,

Di = eiqεq + κikEk

(2.26)

where σ is the stress tensor, ε is the strain, �E is the electric field, and �D is the electric
displacement. κik is the dielectric constant, ekp is the piezoelectric constant, and cpq
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is the mechanical stiffness tensor. The Voigt–Nye notation is used. Substituting the
second equation into the Gauss law, we get the equation for the electric field:

∇ · �D = ∂

∂xi

(eiqεq + κikEk) = ρ(b)
e = ep − en + eN+

D − eN−
A (2.27)

where p is the hole concentration in the valance band, n is the electron concentra-
tion in the conduction band, N+

D is the ionized donor concentration, and N−
A is the

ionized acceptor concentration. Because the as-grown ZnO NWs are usually n-type,
we adopt p = N−

A = 0. By introducing

�DR = ekqεq îk (2.28a)

as the polarization due to piezoelectricity and

ρR = −∇ · �DR (2.28b)

as the corresponding piezoelectric charge, (2.27) can be rewritten for the electric
potential ϕ [13]:

κik

∂2

∂xi∂xk

ϕ = −(
ρR − en + eN+

D

)
. (2.29)

The surface charge due to piezoelectricity is calculated by ΣR = −�n · � �DR ,

where � �DR is the change of �DR astride the material surface and �n is the normal to
the surface. For simplicity, we have ignored the surface charges introduced by polar
surfaces of ZnO.

The redistribution of electrons under thermodynamic equilibrium is given by
Fermi–Dirac statistics:

n = NcF1/2

(
−Ec(�x) − EF

kT

)
, (2.30a)

Nc = 2

(
2πmekT

h2

) 3
2

(2.30b)

where the conduction band edge Ec(�x) is a function of space coordinates. Nc, the
effective state density of conduction band, is determined by the effective mass of
conduction band electrons me and the temperature T . Due to the large strain, the
deformation potential might be important. To be specific, the band edge shift �Ec

is the sum of the electrostatic energy part and the deformation potential part:

Ec − Ec0 = �Ec = −eϕ + �Edeform
c = −eϕ + ac

�V

V
(2.31)

where Ec0 is the conduction band edge of a free-standing undeformed semiconduc-
tor material; �Edeform

c = ac�V/V is the band edge shift due to the deformation
potential [15], which is proportional to the relative volume change �V/V , and ac
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is the deformation potential constant. Finally, the activation process of the donors is
given by

N+
D = ND

1

1 + 2 exp(EF −ED

kT
)

(2.32)

where ED(�x) = EC(�x) − �ED is the position-dependent donor energy level. The
constant �ED is the activation energy of the donors. ND is the concentration of the
donors.

2.7.2 Calculated Piezopotential with Considering Doping

The piezoelectric potential in a bent ZnO nanowire with moderate charger carrier
density can be calculated. It should be pointed out that (2.29)–(2.32) are valid only
when the system dimension is not too small. For small systems, strong confinement
requires quantum mechanical considerations due to discrete bound states. Such an
elaboration in theory is necessary for 2DEG in GaN/AlGaN HEMTs, in which the
quantum effect is important. In the following section we will conduct the calculation
for nanowires with diameter ∼50 nm or larger, where non-quantum mechanical
calculation is still acceptable.

The Fermi level EF is flat all over the bent semiconductor nanowire when ther-
modynamic equilibrium is assumed. Because the nanowires are assumed to be
grown on a substrate whose dimension is much larger than the nanowire, the sub-
strate can be taken as a vast reservoir that pins the Fermi level. In this paper we
assume that the substrate is made of the same material as the nanowire itself. For
nanowires making direct heterogeneous junctions with the substrate, depletion re-
gions or charge-accumulation regions may form at the bottom junctions, which will
not be elaborated on in this paper.

Symmetry is used so we only need to solve for the half-space of x > 0. Solution
in the other half of space can be immediately derived by using the mirror symmetry
of the x = 0 plane. In order to help the convergence, we first linearize (2.30a) and
(2.32) by introducing an extreme case of ultra-high temperature Thigh. For the con-
venience of calculations as presented in (2.30a) and (2.32), we define the following
variables:

η = −Ec(�x) − EF

kT
and ηD = EF − ED

kT
= η + �ED

kT
. (2.33)

When T = Thigh is large, η and ηD are no longer position-dependent; the prob-
lem is thus linearized for easy solution. As a convergence tool, Thigh by itself is
not required to have a realistic physical meaning. Nevertheless, the solutions under
high temperature T = Thigh do evince some meaningful insight in physics. In fact,
η ≈ ηD ≈ ln(ND

NC
) when T = Thigh, therefore N+

D = n and (2.29) would give an un-
screened solution as though there were neither donors nor free charge carriers in
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Fig. 2.5 Plot of calculated piezoelectric potential ϕ for ND = 1 × 1017 cm−3. For easy plot, the
bending shape of the nanowire is not presented. Besides the color plot, equipotential contours for
ϕ = −0.4,−0.2,−0.1,−0.03,0.03,0.1,0.2 and 0.4 V are also superimposed. The dimensions of
the nanowire are: a = 25 nm, l = 600 nm and the external force is fy = 80 nN. (a) Plot of ϕ

for T = 300 K at a cross section of x = 0. The blank region at the bottom is the region where
ϕ < −0.4 V. The detail in this region is over saturated for display purposes, to optimize the color
scale in order to show ϕ in the nanowire. In this paper, we mainly focus on the behavior in the
nanowire and will leave aside the details regarding the bottom reverse region for future research.
(b) Cross section plot of the electric potential for T = 300 K at the height z = 400 nm. Here
only half of the space x > 0 is calculated using the mirror symmetry of x = 0 plane. The plot in the
x < 0 region is derived by a simple reflection of the solution in x > 0 region. (c) and (d) Calculation
for an extremely high temperature case of T = Thigh = 300000 K to test the convergence of the
result in reference to the result received from nanowires without doping. Again the extreme peaks
are over saturated. (c) shows the cross section x = 0, (d) is the cross section plot of the electric
potential for the height z = 400 nm. From [14]

ZnO. As the system “cools down” from Thigh to the realistic temperature, the equa-
tions become more and more non-linear. The value of η dictates how degenerate the
system is, with η > −3 being regarded as the highly degenerate case. As we will see
later in the results, the problem will involve some degree of degeneracy even when
the donor concentration is relatively low. This is analogous to the 2DEG regions in
GaN/AlGaN HEMTs, where electrons accumulate even when the local doping level
is small.

Figure 2.5(a) shows the equal-potential lines for ND = 1 × 1017 cm−3 and
T = 300 K on the cross section plane x = 0, which is right through the axis of
the nanowire. Figure 2.5(b) gives the equal-potential lines on a cross section per-
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pendicular to the nanowire axis and at a height of z = 400 nm. The electrostatic
calculation is done under a small strain assumption, in which the difference be-
tween the Lagrangian reference frame and Eulerian reference frames is neglected.
For comparison purposes, the results received under the un-realistic temperature of
T = Thigh = 300,000 K is also plotted in Figs. 2.5(c) and (d), which correspond to
the situation when ZnO were an insulator without any free charge carriers.

The electric potential maximum at the positive side of the nanowire is signifi-
cantly reduced from ∼0.3 V in Fig. 2.5(d), which corresponds to an insulator case,
to less than 0.05 V in Fig. 2.5(b), which agrees with moderate doping in ZnO. On
the other hand, the potential at the compressed side (negative potential side) is very
well preserved. This is consistent with the experimental observation that only neg-
ative pulses are observed in an AFM-based nanogenerator experiment using n-type
ZnO nanowires. It is also consistent with the observation that the output negative
potential peak appears only when the AFM tip touches the compressed side of the
nanowire. The decrease of positive potential in this model is due to the in-flow of
electrons from the substrate where free charges are abundant. When positive polar-
ization charges ρR > 0 try to create a positive local potential ϕ > 0, it would result
in a downward bending of the local conduction band. When η gets close to or gets
even bigger than zero, a large amount of free electrons would be injected from the
substrate reservoir into the nanowire to screen the positive potential.

In the negative potential side (compressed side of the nanowire), however, free
charge carriers are depleted due to large negative value of η, leaving only ρR +eN+

D

as the net charge in (2.4). Let us use the analytical equation derived in Sect. 2.3 to
evaluate the concentration of ionic polarization charge. Substituting a = 25 nm,
l = 600 nm and fy = 80 nN into ρR = fy

IxxE
[2(1 + ν)e15 + 2νe31 − e33]y, where

Ixx = π
4 a4, one gets the typical piezoelectric polarization charge density ρ

y=a
R /e ∼

−8.8 × 1017 cm−3 near the wire surface y = a, where e is the charge of a single
electron. When ND = 1 × 1017 cm−3, ρR cannot be totally screened in the nega-
tive side even if all of the electrons are depleted because ND is much smaller than
ρ

y=a
R /e. For a nanowire with a very high donor concentration ND > 1018 cm−3,

total neutralization with ϕ ≈ 0 could occur everywhere. Namely, a NW with a high
concentration of free charge carriers is expected to exhibit very small piezoelectric
potential. This result agrees with the experimental measurement of a nanogener-
ator under the illumination of UV light. In reality, the doping level in as-grown
un-intentionally doped ZnO nanowires is much smaller than 1018 cm−3.

The band edge shift �Ec comprises two parts: the electric potential part and the
deformation potential part. The Saint–Venant solution for stress in the nanowire is
σzz = − fy

Ixx
y(l − z), σxx = σxx = 0, therefore,

∣∣�Edeform
c

∣∣ = ac|�V/V | = ac

∣∣Tr(ε)
∣∣ = ac

∣∣∣∣1 − 2ν

E
Tr(σ )

∣∣∣∣
=

∣∣∣∣−ac

1 − 2ν

E

fy

Ixx

y(l − z)

∣∣∣∣ < ac

1 − 2ν

E

fy

Ixx

· a · l = 46 meV.
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Fig. 2.6 (a) and (b) Cross section color plot of parameters η (a) and local electron density n (b)
for ND = 1 × 1017 cm−3 and T = 300 K at the height z = 400 nm. Here only half of the space
x > 0 is calculated using the mirror symmetry of x = 0 plane. The plot in x < 0 region is derived
by a simple reflection of the solution in x > 0 region. (c)–(e) Line plot of η,n and ϕ under different
temperatures along the diameter in (a) and (b). The horizontal axis is the y-coordinate

As a posterior observation, this value is much smaller than the negative side value
of |eϕ|, therefore the deformation potential could have been neglected before the
calculation if the potential magnitude in the negative side is the main concern. It also
indicates that the negative potential observed in experiments should not be due to
the deformation potential band-structure shift, but mainly be due to the piezoelectric
effect.

Degeneracy is significant at the screened positive side as seen in the η plot in
Fig. 2.6(a). The degeneracy in the charge-accumulation region is due to the piezo-
electric effect but not due to large donor concentration or low temperature. Before
deformation, η = η0 = −3.77 for ND = 1 × 1017 cm−3 at T = 300 K; this is be-
low the degeneracy criterion. In order to investigate how temperature affects the
free charge carrier distribution and the final electric potential, we plotted n,η and
ϕ for different temperatures (Figs. 2.6(c), (d) and (e)). The variance of n,η and ϕ

is small for temperatures in a range of 100 < T < 400 K. The free carrier concen-
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Fig. 2.7 (a) Piezoelectric potential ϕ, (b) parameter η, (c) free electron concentration
n and (d) activated donor center concentration N+

D for different donor concentrations
0.6 × 1017 < ND < 2.0 × 1017 cm−3. The dimensions of the nanowire are: a = 25 nm, l = 600 nm
and the external force is fy = 80 nN, T = 300 K

tration is n ∼ 1015 cm−3 in the depletion region and n ∼ ρR/e + ND ∼ 1018 cm−3

in the charge-accumulation region, as seen in Fig. 2.6(b). The boundary between
the charge-accumulation region and the depletion region is quite sharp. We notice
that the width of the charge-accumulation region is much smaller than the wire di-
ameter a, which implies strong confinement of the conduction band electrons. This
strong confinement might result in a stronger quantum effect than that seen in the
NW’s undeformed state.

In order to investigate how the variance of ND affects the piezoelectric potential,
we plot the (a) electric potential ϕ, (b) parameter η, (c) free electron concentra-
tion n and (d) activated donor center concentration N+

D for different donor con-
centrations 0.6 × 1017 < ND < 2.0 × 1017 cm−3 under T = 300 K in Fig. 2.7. It
is seen that the electric potential ϕ is rather insensitive to the donor concentration
in this regime. However, it is expected that ϕ will be completely neutralized when
ND > 1018 cm−3, as we have already discussed. In the y < 0 region (stretched side
of the nanowire), degeneracy is always significant due to large η value (Fig. 2.7b).
Therefore, electrons will be accumulated at the y < 0 side as seen in Fig. 2.4(c)
and depleted in the compressed side of the nanowire (y > 0). On the other hand,
the donor centers are not well activated at the y < 0 side as seen in Fig. 2.7(d),
which makes the local electric charge density ρR − en+ eN+

D at the y < 0 side even
smaller.
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Fig. 2.8 Color plot of the calculated piezoelectric potential at a cross section of x = 0, for donor
concentrations ND = 0.5 × 1017 cm−3 (a), ND = 1 × 1017 cm−3 (b) and ND = 5 × 1017 cm−3

(c). The dimensions of the nanowire are L = 600 nm and a = 25 nm; the external force is
fy = 80 nN. (d) Piezoelectric potential and (e) local electron density for different donor concen-
trations 0.05 × 1017 < ND < 5 × 1017 cm−3, for T = 300 K. The line plot is along the diameter of
the nanowire, at z = 400 nm [16]

2.7.3 Effect of Doping Concentration

The main objective of this section is to investigate the influence of different pa-
rameters on the equilibrium piezoelectric potential distribution in a deformed ZnO
semiconductive NW. In particular, we will calculate the electric potential distribu-
tion when the thermodynamic equilibrium among free charge carriers is achieved,
for NWs under different doping concentrations, different applied forces and differ-
ent geometric configurations [16].

A ZnO nanowire epitaxially grown along the c-axis is laterally bent by a force
fy exerted at the top. An axial symmetric model is chosen in order to simplify the
calculations. This means that the equation are solved for the half-space x > 0 and
the solutions are eventually derived using the mirror symmetry of the x = 0 plane.

Figure 2.8 shows the influence of the donor concentration on both the equi-
librium piezoelectric potential and the local electron density. The color plot of
the piezoelectric potential in Figs. 2.8(a), (b), and (c) represents the result of low
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Fig. 2.9 (a) Piezoelectric potential and (b) local electron density for different external forces
40 < F < 140 nN. (a) Also shows the color plot of the calculated potential at a cross section
of x = 0 for F = 40 nN and F = 140 nN. (b) Also shows the color plot of the calculated free
electron distribution at a cross section of the nanowire at the height of 400 nm, for F = 40 nN
and F = 140 nN. Here only half of the space x > 0 is calculated using the mirror symmetry of the
x < 0 plane. The plot in the x < 0 region is derived by a simple reflection of the solution in the
x > 0 region. From [17]

(0.5 × 1017 cm−3), medium (1 × 1017 cm−3) and high (5 × 1017 cm−3) donor con-
centrations ND , respectively. In Figs. 2.8(d) and (e) we plot the electric potential
ϕ and the free electron concentration n for different donor concentrations between
0.05 × 1017 and 5 × 1017 cm−3, under T = 300 K. The electric potential ϕ in the
stretched side, showing a positive potential, is less sensitive than the compressed
negative side to the increase of donor concentration ND . The electric potential ϕ is
almost completely screened for ND = 5 × 1017 cm−3. The reason for the screening
of the potential in the compressed side of the nanowire is that free electrons will be
depleted in this region, while they will accumulate at the stretched side. Moreover,
the decrease of the positive potential is due to the in-flow of free electrons from the
substrate reservoir, where free charges are abundant. This increase in free electron
concentration is clearly evident in Fig. 2.8(e).

Figure 2.9 shows the influence of the applied force to the equilibrium poten-
tial distribution and local electron density. All of the other parameters are kept
constant: nanowire length 600 nm, radius 25 nm and donor concentration ND =
1 × 1017 cm−3. The force has been chosen to vary in the range 40 < F < 140 nN.
In the calculations, the force has been applied to the top surface of the nanowire in
order to avoid punctual deformations. When increasing the applied force, the elec-
tric potential (in Fig. 2.9(a)) of the compressed side increases, reaching the value
of about 0.7 V for the maximum applied force. The free electron concentration
(Fig. 2.9(b)) also increases in the stretched side when increasing the force, because
of the increase in the polarization charges due to highest strains. Figure 2.9(a) also
shows the color plots of the electric potential and the scaled deformations for lower
and higher applied forces. Figure 2.9(b) shows the color-plot for the free electron
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Fig. 2.10 (a) Piezoelectric potential and (b) local electron density for different lengths of the
nanowire 200 < L < 1000 nm. (c) Piezoelectric potential and (d) local electron density for differ-
ent radius of the nanowire in 25 < a < 100 nm. The donor concentration is ND = 1017 cm−3, at
T = 300 K; the external force is fy = 80 nN. The line plot is along the diameter of the nanowire,
at z = 400 nm

concentration, at the cross section at z = 400 nm. This last figure is obtained by
means of the mirror symmetry of the x = 0 plane.

The influence of the geometric dimensions of the nanowire on the electric po-
tential and local electron density has also been investigated, as shown in Figs. 2.10
and 2.11. While keeping the radius of the nanowire at 25 nm, the donor concentra-
tion at ND = 1017 cm−3 and the applied force at 80 nN, the length of the nanowire
has been varied in the range 200 < L < 1000 nm. Figures 2.9(a) and (b) show that
the length of the nanowire does not influence either the electric potential distribution
or the free electron density.

When keeping the length of the nanowire constant at 600 nm, the effect of the
variation of the radius has been investigated in the range 25 < a < 100 nm. The
results are shown in Figs. 2.9(c) and (d) for electric potential and free electron con-
centration, respectively. The increase in the radius decreases both parameters; the
electric potential is almost neutralized for a radius of 100 nm. It is to be noted that
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Fig. 2.11 (a) Piezoelectric potential and (b) local electron density for different aspect ratio of
the nanowire in 6 < L/a < 40. The donor concentration is ND = 1017 cm−3, at T = 300 K; the
external force is fy = 80 nN. The line plot is along the diameter of the nanowire, at z = 400 nm

Fig. 2.12 Calculated
piezoelectric potential
distribution in a p-type ZnO
nanowire when it is deflected
from the left hand side by a
transverse force

the increase of the radius also decreases the magnitude of the strain experienced by
the nanowire, as we are keeping the applied force constant.

Figure 2.10 shows the influence of the aspect ratio L/a, on the electric poten-
tial and free electron distribution. It summarizes the results previously described in
Fig. 2.9: the length variation does not affect the variables, while the increase in the
radius dimension decreases both of them.

2.7.4 Effect of Carrier Type

Instead of assuming the n-type doping as for as-synthesized ZnO nanowires, it is
possible to obtain stable p-type ZnO nanowires. The stability of the p-type doping
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in nanowires is possibly due to the dislocation free volume and the presence of high
concentration of vacancies near the surface of the nanowires. We have calculated
the piezoelectric potential in a bent p-type NW taking a finite carrier density into
consideration. For a laterally bent ZnO NW without any doping, the stretched side
exhibiting positive piezoelectric potential and the compressed side negative piezo-
electric potential. With a finite p-type doping, the holes tend to accumulate at the
negative piezoelectric potential side. The negative side is thus partially screened
by holes while the positive side of the piezoelectric potential preserves. Using the
Poisson equation and the statistical Fermi-Dirac distribution of charge carriers, for
a typical ZnO NW with diameter 50 nm, length 600 nm, acceptor concentration
NA = 1 × 1017 cm−3 under a bending force of 80 nN, the piezoelectric potential
in the negative side is > −0.05 V and is ∼0.3 V at the positive side (Fig. 2.12).
This means that the piezopotential in p-type nanowire is dominated by the positive
piezopotential at the tensile side of surface [17].

2.8 Effect of Piezopotential on Local Contact Characteristics

Owing to the deformation shape of a nanowire, the piezopotential has a spatial distri-
bution in the micro/nanowires depending on the applied tensile, compressive and/or
deflecting force. The distribution of the piezopotential in the nanowire can be differ-
ent at the top and bottom side surfaces of the nanowire. Such a non-uniform spatial
distribution of piezopotential is likely to affect the performance of the piezotronic
devices, which will be elaborated on in the following chapters.

In this section, we present the theoretical and experimental analysis on the effect
of the piezopotential spatial distribution on the local charge transport characteristic
at the contact [18]. Such a study is likely to reveal new features of the piezopotential
and its effect on fabricating piezotronic devices. The piezotronic effect arising from
the local tuning of the Schottky barrier height (SBH) is inevitable in practical device
fabrication of nanowires because tensile and twist strain are usually introduced. Our
study sets the model for the related research and applications.

2.8.1 Theoretical Analysis

To be simple and most plausible, the ZnO micro/nanowire is assumed to grow along
the c-axis with length of l = 5 µm and radius of a = 0.5 µm (Fig. 2.13(a)). Although
a circular cross-sectional beam is proposed in Fig. 2.13(a), the presented method-
ology applies to nanowires of arbitrary cross sections. In general, the externally
applied force can be decomposed into vertical and parallel components in refer-
ence to the wire’s direction. Using the finite element method (FEM), we calculate
the distribution of the piezopotential in the ZnO micro/nanowires with a vertical
force �Fx and parallel external force �Fz, as shown in Fig. 2.13(a). For simplicity,
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Fig. 2.13 (a) Schematic of a ZnO cantilever beam and its cross section, as well as the calculated
piezopotential distribution in a one-end fixed ZnO cantilever beam under strain using the finite
element method (FEM). The color represents the local piezopotential in unit of volt; the arrowhead
indicates the strain increase direction. Predicted change in SBHs for the devices with electrical
contact at positions at A1 and A2 (b), B1 and B2 (c), and (d) C1 and C2, respectively [18]

we ignored the finite doping in the nanowire, thus its electrical conductance is ne-
glected. The two components of the applied forces are chosen as �Fx = −1000 nN
and �Fz = −500 nN. Figure 2.13(a) shows the distribution of piezopotential in the
nanowire at its side cross section parallel to its axis. The piezopotential at points
A1 and A2 decreases with increase of vertical force component, while it increases
at points B1 and B2 under the same condition; for the positions at C1 and C2, the
piezopotential, which is largely determined by the parallel force component, in-
creases at one end, and decreases at the other end with the increase of the tensile
force. For a metal–semiconductor–metal back-to-back Schottky contacted ZnO mi-
cro/nanowire device, the changing of the piezopotential tunes the effective heights
of the Schottky barriers at the electrical contact. As a result, the characteristic of
I–V transport measured depends sensitively on where the positions of the electrical
contacts had been made.

Now we begin to describe the change of SBHs related to the piezopotential vari-
ation if we fabricate the electrical contact at different positions at the nanowire.
Assuming a small uniform mechanical strain Sjk [19], we can write the polarization
P vector in terms of strain S as

(P)i = (e)ijk(S)jk (2.34)
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where the third order tensor (e)ijk is the piezoelectric tensor. According to the con-
ventional theory of piezoelectric and elasticity, the constituting equations can be
written as {

σ = cES − eTE,

D = eS + kE
(2.35)

where σ is the stress tensor, E is the electric field, D is the electric displacement, cE
is the elasticity tensor, and k is the dielectric tensor. The material elastic constants
are approximated to be the isotropic elastic modulus E and Poisson ratio ν and we
obtain the solutions of stress by Saint–Venant theory of bending [8, 20]. Along the
x-axis, the stress can be expressed as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(τ31)x=0 = (3 + 2ν)

8(1 + ν)

Fxa
2

Iy

(
1 − 1 − 2ν

3 + 2ν

y2

a2

)
,

(τ23)x=0 = 0,

(τ33)x=0 = Fz

πa2
.

(2.36)

Thus, we can obtain the piezoelectric polarization on the electrical contact as⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Px = 2Fx

πa2E
e15(1 + 2ν),

Py = 0,

Pz = Fz

πa2E
(2νe31 − e33).

(2.37)

The effect of piezoelectric polarization on the electrical contact will shift the Fermi
level at the interface and modify the charge distribution profile, which subsequently
affects the SBH. The change in SBH by piezoelectric polarization is given approxi-
mately by [21]

�φB = σpol

D

(
1 + 1

2qswd

)−1

(2.38)

where σpol is the volume density of the polarization charges (in units of the electron
charge q), which is given by σpol = −�n · �P/q, �n is the unit vector along normal
direction of the device surface, D is a two-dimensional density of interface states
at the Fermi level in the semiconductor band gap at the Schottky barrier, and wd

is the width of the depletion layer. Associated with the states in the band gap at
the interface is a two-dimensional screening parameter qs = (2πq2/κ0)D. In the
last relationship, q is the electronic charge and κ0 is the dielectric constant of the
semiconductor. Substituting (2.37) into (2.38), we obtain

�φB = −4πqwd{2(�nx · �Fx)e15(1 + 2ν) + (�nz · �Fz)(2νe31 − e33)}
κ0(1 + 2(2πq2/κ0)Dwd)πa2E

. (2.39)
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It is very important that if we neglect the parallel component �Fz, from (2.37) and
(2.39), the result agrees with the results of single ZnO/GaN nanowire nanogenerator
that is transversely pushed by a conductive AFM tip. With �Fx = 0, this model is the
working principle of a two-end bonded nanowire-based nanogenerator, piezoelec-
tric diodes and piezo-phototronic device. From (2.39), the different position of the
electrical contact is likely to affect the characteristics of the piezotronic devices. For
the two-dimensional density of interface states D, in a large range from 1 × 1013 to
1 × 1018 (eV cm2)−1, the condition of 2(2πq2/κ0)Dwd � 1 always holds. Thus,
(2.39) can be rewritten as

�φB = −4πqwd{2(�nx · �Fx)e15(1 + 2ν) + (�nz · �Fz)(2νe31 − e33)}
κ0πa2E

. (2.40)

Then, if wd = 20 nm, which is the typical value obtained from the experiments,
E = 129.0 GPa, and v = 0.349, the trend of SBHs at different positions on the wire
in responding to the applied strain can be obtained, as shown in Figs. 2.13(b)–(d).
First of all, the change of SBHs has a linear relationship with strain. If the electrical
contact is at positions A1 and A2, both SBHs will decrease with increasing strain
but possessing different changing rate, as shown in Fig. 2.13(b). For contacting posi-
tions at B1 and B2, as shown in Fig. 2.13(c), we notice that the linear relations of the
SBHs with strain have positive slope but with different magnitudes; the result has a
reversed trend compared to that for contacting positions at A1 and A2. The change
of SBHs on the electrical contact at C1 and C2 as plotted in Fig. 2.13(d) shows that
the SBH at contact position C1 decreases and at C2 increases with increasing strain.
These entirely different SBHs changes at different contacting positions will have
remarkable effect on the devices transport properties.

2.8.2 Experimental Verification

We now present experimental observations on the piezopotential spatial distribution
effect on electrical contact of ZnO microwire. The ultralong ZnO microwires used
in our study were grown by a high-temperature thermal evaporation process. Three
kinds of device were designed to present the idea, as shown in Fig. 2.14(a). The first
one is the top electrode configuration. A ZnO microwire was first laid down on a
polystyrene (PS) substrate, and then each end of the wire was fixed to the substrate
using silver paste. This configuration corresponds to the case of making contacts
at position A1 and A2. The second kind is the bottom electrode configuration. For
this kind of device, a ZnO microwire was laid down on predefined electrodes on a
Kapton film, and then the film will be attached to a PS substrate for manipulation.
The microwire will be fixed to the Kapton film by the van der Waals force. This
corresponds to the case of making electrical contact at positions B1 and B2. We
called the third kind a fully enclosed electrodes configuration, which is the most
conventional case. Compared to the second kind of contact, the third one adds a
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Fig. 2.14 (a) Schematic of three kinds of contact configuration to be examined experimentally,
and the corresponding I–V characteristics as a function of the applied strain are to be presented in
(b)–(d), respectively. (b) For the top electrode configuration, current increases in the entire voltage
range with increasing of strain, but with different increasing rate in the negative and positive voltage
ranges. (c) For the bottom electrode configuration, the current decreases in the entire voltage range
with the increase of strain, but with different changing rate in the negative and positive voltage
ranges. (d) For the fully enclosed electrode configuration, the current increases in the negative and
decrease in the positive voltage range as the strain increases. The arrowheads indicate the trend of
current change with the increase of the applied strain. The insets in (b)–(d) are the corresponding
contacting configurations with the distribution of the strain presented [18]

silver paste covering the end of the microwire on the predefined electrode, making
the end of the microwire fully surrounded by metal electrode. The electrical po-
tential distribution on the side wall of the microwire cancels on average, and only
the potential at the end surface has effect. This corresponds to the case of making
contact at positions C1 and C2. For all of the devices, an additional very thin layer
of polydimethylsiloxane (PDMS) was used to package the entire device, and it kept
the device mechanically robust under repeated manipulation. The strain was intro-
duced via bending the substrate by a precisely controlled linear stage with a motion
resolution of 0.0175 µm. The piezo-response of these three kinds of device is shown
in Figs. 2.14(b)–(d), respectively. For the top electrode configuration, according to
the classic thermionic emission-diffusion theory [22], the change trend of SBHs at
position A1 and A2, as shown in Fig. 2.13(b), will result in a current increase with
increasing strain in the whole voltage range, but with different increasing rate in the
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Fig. 2.15 The model and the carrier density distribution across a ZnO wire that is enclosed by an
Au electrode as shown (at z = 0.9 µm, as indicated)

negative and positive voltage ranges. Besides this, a nonsymmetrical change of I–V

curves in the positive and negative voltage ranges was observed, as predicted theo-
retically. For the device with bottom electrodes configuration, corresponding to the
SBHs variation shown in Fig. 2.13(c), the current is decreased in the whole voltage
range when the applied strain is increased, and nonsymmetrical variation character-
istics were also observed due to the different positive slopes at contact position B1
and B2. When the fully enclosed electrodes are used, a pure nonsymmetrical change
of I–V curves is observed, as shown in Fig. 2.14(d).

In summary, the effect of piezopotential spatial distribution on the electrical con-
tact of the piezotronic devices has been studied. Using an external force that has a
vertical and parallel component in reference to the nanowire length, the I–V trans-
port behavior depends on the position at which the electrical contact is formed.
A strategy is proposed for changing the device performance by tuning the piezopo-
tential spatial distribution. This study has practical implication for understanding
the I–V characteristic of piezotronic and piezo-phototronic devices by controlling
local contact position and contact size.

2.9 Through-End Model for Current Transport

When a ZnO nanowire is in contact with a metal contact, the metal contact can
wrap up the end of the nanowire. Here we analyze the current to be transported
through the end surface in comparison to the side surface of the nanowire. Electrons
are the major carriers in n-type ZnO nanowire and the electrode. We have used
a computer simulation to find the distribution of carriers inside the wire once it
is enclosed by an electrode [23]. According to semiconductor physics theory, the
carrier distribution across the ZnO wire toward the end of the wire is shown in
Fig. 2.15. The calculations were made by assuming: (1) the surface states in ZnO
are ignored; and (2) the nanowire is n-type without p-type doping.

From the carrier profile, the carriers are mostly concentrated at the center of the
wire. In such a case, the end surface is likely to pass through the most carriers if the
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side contact area is not too much larger than the end surface in areas. Although the
Schottky barrier is formed at both the end and side interfaces of ZnO nanowire with
gold electrode, the barrier height can only be changed at the end surface due to the
presence of polar charges.

There are two components of contributors to the conducting channels at the in-
terface: the end surface of the wire and its side surface. If the area of contact for
the side surface with the electrode is not too large in comparison to that of the end
surface, with considering the equal potential of the electrode at the contact and the
much higher conductivity of Au than ZnO as well as the distribution of the carriers,
the current that is transported through the end surface of the wire is substantial for
the entire structure. Thus, this component may be responsible to the effect/change
we have observed here, while the current transported through the side surface may
show little contribution. Therefore, our discussion in the future chapters only fo-
cuses on the contact of the metal with the end polar surfaces of ZnO.
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Chapter 3
Basic Theory of Piezotronics

Abstract Using the basic transport equations, this chapter gives the theory of
charge transport in piezotronic devices. Besides presenting the formal theoret-
ical frame work, analytical solutions are presented for cases like the metal–
semiconductor contact and p–n junction under simplified conditions. Numerical
calculations are given for predicting the current–voltage characteristics of a general
piezotronic transistor: metal–ZnO nanowire–metal device. This study is important
for understanding the working principle and characteristics of piezotronic devices,
but also for providing guidance for device design.

Due to the coupling of piezoelectric and semiconducting properties, nano/micro-
wires of piezoelectric semiconductor have been used as basic building blocks for
fabricating various innovative devices, such as nanogenerators [1–3], piezoelectric
field effect transistors [4], piezoelectric diodes [5], piezoelectric chemical sensors
[6], and piezo-phototronic devices [7, 8]. Take a ZnO nanowire as an example.
When a tensile strain is applied along the nanowire that grows in the c-axis di-
rection, piezoelectric charges are created at its two ends, forming a piezoelectric
potential inside the nanowire. This potential tunes the contact of the nanowire with
the electrodes by changing the height of the local Schottky barrier, thus, the trans-
port behavior of the charge carriers in the nanowire is controlled/tuned by the exter-
nally applied strain. This is the piezotronic effect. Electronics fabricated by using
the inner-crystal piezopotential as a “gate” voltage to tune/control the charge trans-
port behavior across a metal–semiconductor interface or a p–n junction is named
piezotronics, which is different from the basic design of CMOS field effect transis-
tor, and it has applications in force/pressure triggered/controlled electronic devices,
sensors, MEMS, human–computer interfacing, nanorobotics and touch-pad tech-
nologies.

In this chapter, we present a fundamental theoretical framework of piezotron-
ics for understanding and quantitatively calculating the carrier transport behavior
in the devices [9]. We first give some analytical solutions for ZnO piezoelectric
p–n junction and metal–semiconductor (M–S) contact under simplified conditions,
which are useful for understanding the piezotronic behavior in general. Further-
more, using the FEM, the characteristics of a piezotronic transistor, ZnO nanowire
metal–semiconductor–metal (M–S–M) structure, are simulated. The theoretical re-
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Fig. 3.1 Schematic of (a) an
n-channel MOS FET and
(b) a semiconductor nanowire
FET; schematic of a
piezotronic transistor with
tensile strain (c) and
compressive strain (d), where
the gate voltage that controls
the channel width is replaced
by a piezopotential that
controls the transport across
the metal–semiconductor
interface [9]

sults establish the basic physics for understanding the observed experimental results
from piezotronic devices and guiding future device design.

3.1 Piezotronic Transistor vs. Traditional Field Effect Transistor

In order to illustrate the basic concept of piezotronics, we first start from a tra-
ditional metal oxide semiconductor field-effect transistor (MOS FET). For an n-
channel MOS FET (Fig. 3.1(a)), the two n-type doped regions are the drain and
source; a thin insulator oxide layer is deposited on the p-type region to serve as
the gate oxide, on which a metal contact is made as the gate. The current flowing
from the drain to source under an applied external voltage VDS is controlled by the
gate voltage VG, which controls the channel width for transporting the charge car-
riers. In analogy, for a single channel FET fabricated using a semiconductor NW
(Fig. 3.1(b)), the drain and source are the two metal electrodes at the two ends, and
a gate voltage is applied at the top of the NW or through the base substrate.

A piezotronic transistor is a metal–NW–metal structure, such as Au–ZnO–Au or
Ag–ZnO–Ag as shown in Fig. 3.1(c) and (d) [9]. The fundamental principle of the
piezotronic transistor is to control the carrier transport at the M–S interface through
a tuning at the local contact by creating a piezopotential at the interface region in the
semiconductor by applying a strain. This structure is different from the CMOS de-
sign as stated in follows. First, the externally applied gate voltage is replaced by an
inner-crystal potential generated by piezoelectric effect, thus, the “gate” electrode is
eliminated. This means that the piezotronic transistor only has two leads: drain and
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source. Secondly, the control over channel width is replaced by a control at the inter-
face. Since the current transported across a M–S interface is the exponential of the
local barrier height at the reversely biased case, the ON and OFF ratio can be rather
high due to the non-linear effect. Finally, a voltage controlled device is replaced by
an external strain/stress controlled device, which is likely to have complementary
applications to CMOS devices.

When a ZnO NW device is under strain, there are two typical effects that may
affect the carrier transport process. One is the piezoresistance effect because of the
change in band gap, charge carrier density and possibly density of states in the con-
duction band of the semiconductor crystal under strain. This effect is a symmetric
effect on the two end contact and has no polarity, which will not produce the function
of a transistor. Piezoresistance is a common feature of any semiconductors such as
Si and GaAs and is not limited to the wurtzite family. The other is the piezoelectric
effect because of the polarization of ions in a crystal that has non-central symme-
try, which has an asymmetric or non-symmetric effect on the local contacts at the
source and drain owing to the polarity of the piezopotential. In general, the nega-
tive piezopotential side raises the barrier height at the local contact of metal n-type
semiconductor, possibly changing a Ohmic contact to a Schottky contact, a Schot-
tky contact to an “insulator” contact; while the positive piezopotential side lowers
the local barrier height, changing a Schottky contact to an Ohmic contact. But the
degree of changes in the barrier heights depends on the doping type and doping
density in the NW. The piezoelectric charges are located at the ends of the wire,
thus they directly affect the local contacts. The piezotronic effect is likely limited
to the wurtzite family such as ZnO, GaN, CdS and InN. It is important to point out
that the polarity of the piezopotential can be switched by changing tensile strain to
compressive strain. Thus, the device can be changed from a control at source to a
control at drain simply by reversing the sign of strain applied to the device.

3.2 Effect of Piezopotential on Metal–Semiconductor Contact

When a metal and a n-type semiconductor forms a contact, a Schottky barrier (SB)
(eφSB) is created at the interface if the work function of the metal is appreciably
larger than the electron affinity of the semiconductor (Fig. 3.2(a)). Current can only
pass through this barrier if the applied external voltage is larger than a threshold
value (φi ) and its polarity is at the metal side positive (for n-type semiconductor).
If a photon excitation is applied at the interface, the newly generated electrons in
conduction band tend to move away from the contact, while the holes tend to move
close to the interface toward the metal side. The accumulated holes at the interface
modify the local potential profile, so that the effective height of the Schottky barrier
is lowered (Fig. 3.2(b)), which increases the conductance.

Once a strain is created in a semiconductor that also has the piezoelectric prop-
erty, a negative piezopotential at the semiconductor side effectively increases the
local SB height to eφ′ (Fig. 3.2(c)) [10], while a positive piezopotential reduces
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Fig. 3.2 Energy band
diagram for illustrating the
effects of laser excitation and
piezoelectricity on a Schottky
contacted
metal–semiconductor
interface. (a) Band diagram at
a Schottky contacted
metal–semiconductor
interface. (b) Band diagram at
a Schottky contact after
exciting by a laser that has a
photon energy higher than the
bandgap, which is equivalent
to a reduction in the Schottky
barrier height. (c) Band
diagram at the Schottky
contact after applying a strain
in the semiconductor. The
piezopotential created in the
semiconductor has a polarity
with the end in contact with
the metal being low [10]

the barrier height. The role played by the piezopotential is to effectively change the
local contact characteristics through an internal field depending on the crystallo-
graphic orientation of the material and the sign of the strain, thus, the charge carrier
transport process is tuned/gated at the metal–semiconductor (M–S) contact. Con-
sidering the change in piezopotential polarity by switching the strain from tensile
to compressive, the local contact characteristics can be tuned and controlled by the
magnitude of the strain and the sign of strain [11]. Therefore, the charge transport
across the interface can be largely dictated by the created piezopotential, which is
the gate effect. This is the core of piezotronics.

On the other hand, if we excited a MS contact by photons that have an energy
larger than the bandgap of the semiconductor, electron-hole pairs are generated at
the vicinity of the contact. The presence of free carriers at the interface can effec-
tively reduce the Schottky-barrier height. Therefore, piezopotential can increase the
local barrier height, while laser excitation can effectively reduce the local barrier
height. The two effects can be applied in a complementary way for controlling the
charge transport at the interface. This is a coupling between piezoelectricity and
photon excitation.
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Fig. 3.3 Energy band diagram for illustrating the effect of piezoelectricity on a p–n junction that
is made of two materials of similar bandgaps. The band diagrams for the p–n junction with and
without the presence of piezoelectric effect for the four possible cases are shown using dark and
red curves, respectively. The bandgap for the n-type and p-type are assumed to be about equal. The
effect of reversal in polarity is presented [10]

3.3 Effect of Piezopotential on p–n Junction

When a p-type and a n-type semiconductors form a junction, the holes in the p-
type side and the electrons in the n-type side tend to redistribute to balance the local
potential, the interdiffusion and recombination of the electrons and holes in the junc-
tion region forms a charge depletion zone. The presence of such a carrier free zone
can significantly enhance the piezoelectric effect, because the piezo-charges will be
mostly preserved without being screened by local residual free carriers. As shown
in Fig. 3.3(a), for a case that the p-type side is piezoelectric and a strain is applied,
local net negative piezo-charges are preserved at the junction provided the doping is
relatively low so that the local free carriers are not enough to fully screen the piezo-
charges. The piezopotential tends to raise the local band slightly and introduce a
slow slope to the band structure. Alternatively, if the applied strain is switched in
sign (Fig. 3.3(b)), the positive piezo-charges at the interface creates a dip in the lo-
cal band. A modification in the local band may be effective for trapping the holes
so that the electron-hole recombination rate can be largely enhanced, which is very
beneficial for improving the efficiency of an LED [12]. Furthermore, the inclined
band tends to change the mobility of the carriers moving toward the junction.
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By the same token, if the n-type side is piezoelectric, a similar band structure
change can be induced from the piezoelectric effect, as shown in Figs. 3.3(c), (d).
The band structure modification at the interface/junction by piezoelectric charges
introduces some fundamental changes to the local band structure, which is effective
for controlling the device performance.

For a p–n junction made of two materials with distinctly different bandgaps, local
piezo-charges can also significantly affect the band profile, as shown in Fig. 3.4 [13],
so that the transport of the charge carriers across the interface will be significantly
modified. Take the case shown in Fig. 3.4(e) as an example: the barrier height at
the interface as created by band misalignment can be reduced so that the electrons
can be effectively transported across the interface. For the case of Fig. 3.4(f), the
height and width of the barrier at the interface are increased by piezo-charges. As
for the case presented in Fig. 3.4(b), the local trapping of holes can be significantly
increased, which may be beneficial for LED. But for the case in Fig. 3.4(a), it may
have negative effect on LED efficiency. Therefore, the presence of piezo-charges at
the junction can be useful for some optoelectronic processes.

3.4 Theoretical Frame of the Piezotronic Effect

Since a piezotronic transistor involves a semiconductor that is piezoelectric, the fun-
damental governing equations for both semiconductor and piezoelectric theories are
required. The basic equations for piezotronics are electrostatic equations, current–
density equations, and continuity equations, which describe the static and dynamic
transport behavior of the charge carriers in semiconductors [14–16], as well as the
piezoelectric equations, which describe the piezoelectric behavior of the material
under dynamic straining [18].

The Poisson equation is the basic equation for describing the electrostatic behav-
ior of charges:

∇2ψi = −ρ(r)
εs

(3.1)

where ψi is the electric potential distribution and ρ(r) is the charge density distri-
bution, εs is the permittivity of the material.

The current–density equations that correlate the local fields, charge densities and
local currents are ⎧⎪⎨

⎪⎩
Jn = qμnnE + qDn∇n,

Jp = qμppE − qDp∇p,

Jcond = Jn + Jp

(3.2)

where Jn and Jp are the electron and hole current densities, q is the absolute value
of unit electronic charge, μn and μp are electron and hole mobilities, n and p are
concentrations of free electrons and free holes, Dn and Dp are diffusion coefficients
for electrons and holes, respectively, E is the electric field, and Jcond is the total
current density.
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Fig. 3.4 Energy band diagram for illustrating the effect of piezoelectricity on a heterostructured
p–n junction. The band diagrams for the p–n junction with and without the presence of piezoelectric
effect for the eight possible cases are shown using dark and red curves, respectively. The effect of
reversal in polarity is also presented [13]

The charge transport under the driving of a field is described by the continuity
equations.
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⎪⎪⎩

∂n

∂t
= Gn − Un + 1

q
∇ · Jn,

∂p

∂t
= Gp − Up − 1

q
∇ · Jp

(3.3)

where Gn and Gp are the electron and hole generation rates, Un and Up are the
recombination rates, respectively.

The piezoelectric behavior of the material is described by a polarization vector P.
For a small uniform mechanical strain Sik , the polarization P vector is given in terms
of strain S as

(P)i = (e)ijk(S)jk (3.4)

where the third order tensor (e)ijk is the piezoelectric tensor. According to the con-
ventional theory of piezoelectric and elasticity, the constituting equations can be
written as {

σ = cES − eTE,

D = eS + kE
(3.5)

where σ is the stress tensor, E is the electric field, D is the electric displacement, cE

is the elasticity tensor, and k is the dielectric tensor.

3.5 Analytical Solution for One-Dimensional Simplified Cases

In practical device modeling, the above basic equations can be solved under specific
boundary conditions. For simplicity of illustrating the basic physics, we consider an
one-dimension piezotronic device with ideal Ohmic contacts at the source and drain.
This means that the Dirichlet boundary conditions of the carrier concentration and
electrical potential will be applied at the device boundaries. The strain is applied
normal to the M–S interface without introducing shear strain.

3.5.1 Piezoelectric p–n Junctions

The p–n junctions are most fundamental building blocks in modern electronic de-
vices. Shockley theory provides the basic theory of current–voltage (I–V ) char-
acteristics of the p–n junctions. For better understanding about piezoelectric p–n
junction, we describe the physics of the semiconductor using Shockley theory. For
simplicity, we assume that the p-type region is non-piezoelectric and the n-type re-
gion is piezoelectric. Considering that ZnO grows along the direction of c-axis, the
positive charges are created at the n-type side of the p–n junction by applying a
compressive stress along the c-axis. For convenience in using piezoelectric theory,
the piezoelectric charges are considered as surface charge at the bulk piezoelectric



3.5 Analytical Solution for One-Dimensional Simplified Cases 59

Fig. 3.5 Piezoelectric p–n
junction with the presence of
piezoelectric charges at
applied voltage V = 0
(thermal equilibrium).
(a) Piezoelectric charges,
acceptor and donor charges
distribution; (b) electric field;
(c) potential distribution and
(d) energy band diagram with
the presence of piezoelectric
charges. Dashed lines
indicate electric field,
potential and energy band in
the absence of piezoelectric
charges, and the solid lines
are for the cases when a
piezopotential is present at
the n-type side

material, because the region within which the piezoelectric polarization charge dis-
tributes is much smaller than the volume of the bulk crystal, so it is reasonable to
assume that the piezoelectric charges are distributed at a surface of zero thickness.
But such an assumption is not valid for nanodevices and even microdevices. We
assume that the piezoelectric charges distribute at the interface of the p–n junction
within a width of Wpiezo (Fig. 3.5(a)).

We use an abrupt junction model, in which the impurity concentration in a p–n
junction changes abruptly from acceptor NA to donor ND , as shown in Fig. 3.5(a).
The electrons and holes in the junction region form a charge depletion zone, which
is assumed to have a box profile. We first calculate the electric field and potential
distribution inside the p–n junction. For one-dimensional device, the Poisson equa-
tion (3.1) reduces to

−d2ψi

dx2
= dE

dx
= ρ(x)

εs

= 1

εs

[
qND(x) − qn(x) − qNA(x) + qp(x) + qρpiezo(x)

]
(3.6)

where ND(x) is the donor concentration, NA(x) is the acceptor concentration, and
ρpiezo(x) is density of polarization charges (in units of electron charge). WDp and
WDn are defined to be the depletion-layer widths in the p-side and the n-side, re-
spectively. The electric field is then obtained by integrating the above equations, as
shown in Fig. 3.5(b):

E(x) = −qNA(x + WDp)

εs

, for −WDp ≤ x ≤ 0, (3.7a)

E(x) = −q[ND(WDn − x) + ρpiezo(Wpiezo − x)]
εs

, for 0 ≤ x ≤ Wpiezo, (3.7b)
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E(x) = −qND

εs

(WDn − x), for Wpiezo ≤ x ≤ WDn. (3.7c)

The maximum field Em that exists at x = 0 is given by

|Em| = q(NDWDn + ρpiezoWpiezo)

εs

. (3.8)

The potential distribution ψi(x) is (as shown in Fig. 3.5(c))

ψi(x) = qNA(x + WDp)2

2εs

, for −WDp ≤ x ≤ 0, (3.9a)

ψi(x) = ψi(0) + q

εs

[
ND

(
WDn − x

2

)
x + ρpiezo

(
Wpiezo − x

2

)
x

]
,

for 0 ≤ x ≤ Wpiezo, (3.9b)

ψi(x) = ψi(Wpiezo) − qND

εs

(
WDn − Wpiezo

2

)
Wpiezo + qND

εs

(
WDn − x

2

)
x,

for Wpiezo ≤ x ≤ WDn. (3.9c)

Thus, the built-in potential ψbi is given by

ψbi = q

2εs

(
NAW 2

Dp + ρpiezoW
2
piezo + NDW 2

Dn

)
. (3.10)

Equation (3.10) presents the change in built-in potential as a result of piezoelec-
tric charges due to tensile or compressive straining that defines the sign of the local
piezoelectric charges. It is apparent that the piezopotential can change the semicon-
ductor energy band relative to the Fermi level.

Next, we analyze the current–voltage characteristics of a piezoelectric p–n junc-
tion by using Shockley theory, which models an ideal junction based on four as-
sumptions: (1) a piezoelectric p–n junction has an abrupt depletion layer; (2) piezo-
electric semiconductors are nondegenerate so that the Boltzmann approximation
applies; (3) the injected minority carrier concentration is smaller than the majority-
carrier concentration so the low-injection assumption is valid; and (4) no generation-
recombination current exists inside the depletion layer, and the electron and hole
currents are constant throughout the p–n junction. If the width of the piezo-charges
is much less than the width of the depletion zone, e.g., Wpiezo � WDn, the effect of
piezoelectric charges on ZnO energy band is considered as a perturbation. The total
current density can be obtained by solving (3.2):

J = Jp + Jn = J0

[
exp

(
qV

kT

)
− 1

]
(3.11)

where the saturation current

J0 = qDppno

Lp

+ qDnnpo

Ln

,
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pno is the thermal equilibrium hole concentration in n-type semiconductor and npo

is the thermal equilibrium electron concentration in p-type semiconductor, and Lp

and Ln are diffusion lengths of electrons and holes, respectively. The intrinsic carrier
density ni is given by

ni = NC exp

(
−EC − Ei

kT

)
(3.12)

where NC is the effective density of states in the conduction band, Ei is the intrinsic
Fermi level, and EC is the bottom edge of the conduction band.

For the simple case in which the n-type side has an abrupt junction with donor
concentration ND , and locally pn0 
 np0, we have J0 ≈ qDppno

Lp
, where pno =

ni exp(
Ei−EF

kT
), the total current density is given by

J = J0

[
exp

(
qV

kT

)
− 1

]
= qDpni

Lp

exp

(
Ei − EF

kT

)[
exp

(
qV

kT

)
− 1

]
. (3.13)

If JC0 and EF0 are defined to be the saturation current density and the Fermi
level with the absence of piezopotential,

JC0 = qDpni

Lp

exp

(
Ei − EF0

kT

)
. (3.14)

According to (3.9a)–(3.9c), and (3.10), the Fermi lever EF with the presence of
piezopotential is given by

EF = EF0 − q2ρpiezoW
2
piezo

2εs

. (3.15)

Substituting (3.14) and (3.15) into (3.13), we obtain the current–voltage charac-
teristics of the piezoelectric p–n junction [9]:

J = JC0 exp

(
q2ρpiezoW

2
piezo

2εskT

)[
exp

(
qV

kT

)
− 1

]
. (3.16)

This means that the current transported across the p–n junction is an exponential
function of the local piezo-charges, the sign of which depends on the strain. There-
fore, the current to be transported can be effectively tuned or controlled not only by
the magnitude of the strain, but also by the sign of the strain (tensile vs. compres-
sive). This is the mechanism of the p–n junction-based piezotronic transistor.

3.5.2 Metal–Semiconductor Contact

The M–S contact is an important component in electronic devices. Similar to our
analysis to the piezoelectric p–n junction, the M–S contact can be simplified in the
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Fig. 3.6 Ideal
metal–semiconductor
Schottky contacts with the
presence of piezoelectric
charges at applied voltage
V = 0 (thermal equilibrium).
(a) Space charges
distribution; (b) electric field
and (c) energy band diagram
with the presence of
piezoelectric charges. Dashed
lines indicate electric field
and energy band in the
absence of piezoelectric
charges, and the solid lines
are for the cases when a
piezopotential is present in
the semiconductor

charge distribution as shown in Fig. 3.6(a) in the presence of a Schottky barrier. The
semiconductor side is assumed to be n-type, and the surface states and other anoma-
lies are ignored for simplification. Under straining, the created piezo-charges at the
interface not only change the height of the Schottky barrier, but also its width. Dif-
ferent from the method of changing the SBH by introducing dopants at the semicon-
ductor side, the piezopotential can be continuously tuned by strain for a fabricated
device.

There are several theories for the M–S Schottky contact, including thermionic-
emission theory, diffusion theory and thermionic-emission-diffusion theory. Al-
though the diffusion model is taken as an example for clearly describe the mech-
anism of piezotronic effect in this paper, the presented methodology also applies to
thermionic-emission and thermionic-emission-diffusion model, etc.

The carrier transport in M–S contact is dominated by the majority carriers. The
current density equation (3.2) can be rewritten as

J = Jn = qμnnE + qDn

dn

dx
(3.17)

where

E = dψi

dx
= dEc

dx
.

According to the diffusion theory by Schottky, the solutions under forward bias
(metal is positive bias) can be obtained as [15]

Jn ≈ JD exp

(
−qφBn

kT

)[
exp

(
qV

kT

)
− 1

]
(3.18)
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where

JD = q2DnNC

kT

√
2qND(ψbi − V )

εs

exp

(
−qφBn

kT

)

is the saturation current density. We define JD0 is the saturation current density in
the absence of piezoelectric charges:

JD0 = q2DnNC

kT

√
2qND(ψbi0 − V )

εs

exp

(
−qφBn0

kT

)
(3.19)

where ψbi0 and φBn0 are built-in potential and Schottky-barrier height in the ab-
sence of piezoelectric charges. In our case, the effect of piezoelectric charge can be
considered as a perturbation to the conduction-band edge EC . The change in effec-
tive Schottky-barrier height induced by piezoelectric charges can be derived from
the potential distribution equations (3.9a)–(3.9c), and (3.10):

φBn = φBn0 − q2ρpiezoW
2
piezo

2εs

. (3.20)

Thus, the current density can be rewritten as

Jn ≈ JD exp

(
q2ρpiezoW

2
piezo

2εskT

)[
exp

(
qV

kT

)
− 1

]
. (3.21)

This means that the current transported across the M–S contact is an exponen-
tial function of the local piezo-charges, the sign of which depends on the strain.
Therefore, the current to be transported can be effectively tuned or controlled by
not only the magnitude of the strain, but also by the sign of the strain (tensile vs.
compressive). This is the mechanism of the piezotronic transistor for M–S case.

3.5.3 Metal–Wurtzite Semiconductor Contact

We now expand the result received in Sect. 3.4 for a special case of metal–wurtzite
semiconductor contact, such as Au–ZnO or Ag–ZnO. For the ZnO nanowire grown
along c-axis, the piezocoefficient matrix is written as

(e)ijk =
⎛
⎝ 0 0 0 0 e15 0

0 0 0 e15 0 0
e31 e31 e33 0 0 0

⎞
⎠ .

If the created strain is strain s33 along the c-axis, the piezoelectric polarization can
be obtained from (3.4) and (3.5):

Pz = e33s33 = qρpiezoWpiezo. (3.22)
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Fig. 3.7 The current–voltage characteristics of an ideal metal–semiconductor Schottky contact in
the presence of piezoelectric charges. (a) Current–voltage curves at various strain from −1 % to
1 %; (b) relative current density as a function of strain at a fixed forward bias voltage of 0.5 V

The current density is

J = JD0 exp

(
qe33s33Wpiezo

2εskT

)[
exp

(
qV

kT

)
− 1

]
. (3.23)

It is clear that the current transported across the M–S interface is directly related
to the exponential of the local strain, which means that the current can be tuned on
or off by controlling strain.

For numerical calculation, the material constants are piezoelectric constants
e33 = 1.22 C/m2 and relative dielectric constant is εs = 8.91. The width of the piezo-
charges is Wpiezo = 0.25 nm. The temperature is T = 300 K. Figure 3.7(a) shows
the calculated J/JD0 as a function of the externally applied voltage V across the
M–S interface as a function of the strain, clearly demonstrating its tuning effect on
the transported current. When the external voltage is fixed at V = 0.5 V at forward
bias, J/JD0 decreases when the strain changes from −1 % to 1 % (Fig. 3.7(b)). The
theoretical result agrees qualitatively with our previous experiments. For reverse
bias case, the dominant voltage dependence is mainly due to the change of Schottky
barrier in our model.

3.6 Numerical Simulation of Piezotronic Devices

3.6.1 Piezoelectric p–n Junctions

The analytical solutions for one-dimensional simplified cases provide qualitative
guidance for understanding the mechanism of how the piezopotential tunes/controls
the carrier transport behavior. For a general case, the basic equations of piezotronic
device can be solved numerically. For example, with considering the recombination
of carriers in the depletion layer, we demonstrate the basic numerical method for
simulating piezoelectric p–n junction.
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Fig. 3.8 (a) Schematic of a piezotronic ZnO nanowire p–n junction; (b) calculated current–voltage
curves; (c) distribution of holes and (d) distribution of electrons at a fixed forward bias voltage of
0.8 V across the p–n junction under various applied strain (−0.09 % to 0.09 %) [9]

We first study the DC characteristics of the p–n junction with uniform strain. The
piezoelectric charge distribution is obtained by numerically solving (3.4) and (3.5).
Then the electrostatic equation, the convection and diffusion equations, and con-
tinuity equations are solved using the COMSOL software package. The electrical
contacts at the ends of the p–n junction are assumed to be ideal Ohmic contacts, the
Dirichlet boundary conditions are adopted for the carrier concentration and elec-
trical potential at the device boundaries [19]. Figure 3.8(a) shows a sketch of a
piezotronic nanowire p–n junction to be used for the calculation.

In order to have a reasonable comparison to a p–n junction diode, the dopant
concentration function n can be approximately descried using Gaussian functions:

N = NDn + NDnmaxe
−( z−l

ch
)2 − NAp maxe

−( z
ch

)2
(3.24)

where NDn is the n-type background doping concentration due to the presence of
intrinsic defects, NDnmax is the maximum donor doping concentration and NAp max
is the maximum acceptor doping concentration, l is the length of ZnO nanowire,
ch controls the spreads width of the doping concentration. N is assigned to have a
negative value in p-type region and a positive value in n-type region.

There is no external optical excitation in our model so that the electron and
hole generation rates Gn = Gp = 0. For electron-hole recombination, there are two
important recombination mechanisms, including band-to-band recombination and
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trap-assisted recombination (named Shockley–Read–Hall recombination). Band-to-
band recombination describes the energy transition from conduction band to the
valence band by a radiation process (photon emission) or by transfer to another free
electron or hole (Auger process). The Shockley–Read–Hall recombination is a gen-
eral recombination process by traps in the forbidden band gap of the semiconductor.
Taking it as an example in our model, the Shockley–Read–Hall recombination is
given by

Up = Un = USRH = np − n2
i

τp(n + ni) + τn(p + ni)
(3.25)

where τp and τn are the carrier lifetimes. Thus, the basic semiconductor equations
(3.1) and (3.3) are rewritten as⎧⎪⎨

⎪⎩
εs∇2ψi = −q(p − n + N + ρpiezo),

−∇ · Jn = −qUSRH,

−∇ · Jp = −qUSRH.

(3.26)

For boundary conditions in contact with a metal electrode, the electrostatic po-
tential is a constant. We assume infinite recombination velocity and no charge at
the contact. Under an applied voltage, the electrostatic potential at the electrode
is the potential corresponding to the quasi Fermi level plus the applied voltage V .
The electrostatic potential and carrier concentrations at the electrode are given by
[14–17, 20]:

ψ = V + q

kT
ln

( N
2 +

√
(N

2 )2 + n2
i

ni

)
, (3.27a)

n = N

2
+

√(
N

2

)2

+ n2
i , (3.27b)

p = −N

2
+

√(
N

2

)2

+ n2
i . (3.27c)

Thus, we can calculate the above equations to obtain the boundary conditions of
the electrostatic potential and carrier concentrator at the electrode.

In our simulation, we choose ZnO as the piezoelectric semiconductor material.
The length and radius of the nanowire device are 100 nm and 10 nm, respec-
tively. The p-type is assumed non-piezoelectric here so that it is not restricted to
the wurtzite family. For simplicity, we neglect the difference in band gap between
the p-type semiconductor and ZnO. The length of the p-type is 20 nm and the
length of n-type ZnO is 80 nm. The relative dielectric constants are κr⊥ = 7.77
and κr

// = 8.91. The intrinsic carrier density is ni = 1.0 × 106 cm−3. The elec-

tron and hole mobilities are μn = 200 cm2/V s and μp = 180 cm2/V s. The car-
rier lifetimes are τp = 0.1 µs and τn = 0.1 µs. The n-type background doping con-
centration is NDn = 1 × 1015 cm−3. The maximum donor doping concentration
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is NDnmax = 1 × 1017 cm−3 and the maximum acceptor doping concentration is
NAp max = 1 × 1017 cm−3. The control constant ch = 4.66 nm. The temperature is
T = 300 K. The piezoelectric charges are assumed to distribute uniformly at the two
ends of the n-type segment within a region of 0.25 nm, as represented schematically
by red and blue colored zones in Fig. 3.8(a). For easy of labeling, a z-axis is defined
in Fig. 3.8(a), with z = 0 representing the end of the p-type. The p–n junction is
located at z = 20 nm along the axis. The n-type ends at z = 100 nm.

The current–voltage curves at various strains are shown in Fig. 3.8(b). As for
the negative strain (compressive strain) case in our model, the positive piezoelectric
charges are at the p–n interface side, which attract the electrons to accumulate to-
ward the p–n junction, resulting in a reduced built-in potential adjacent to the p–n
junction. Thus, the corresponding saturation current density increases at a fixed bias
voltage. Alternatively, for the positive strain (tensile strain) case, negative piezo-
electric charges are created adjacent to the p–n interface, which attract the holes
to the local region, resulting in an increase in the built-in potential and dropping
in saturation current. Figure 3.8(c) show the distribution of hole concentrations at
various strains from −0.08 % to 0.08 % at an applied voltage of V = 0.8 V, clearly
displaying the effect of piezoelectric charges on the hole distribution. Under ten-
sile strain, the hole concentration shows a peak right at the p–n junction interface
where the negative piezoelectric charges accumulate. When a compressive strain
is applied, the local positive piezoelectric charges push the holes away from the
p–n junction, resulting in a disappearance of the peak. Correspondingly, Fig. 3.8(d)
shows the electron distribution in the device at various strains from −0.08 % to
0.08 % at V = 0.8 V, showing a slight tendency of increasing. Since the right-hand
electrode is an Ohmic contact (z = 100 nm), the carriers fully screen the piezo-
electric charges at the contact. The electron concentration is rather low adjacent
to the p–n junction. The piezoelectric charges at the p–n interface dominate the
transport process. Therefore, the piezotronic effect is the result of tuning/controlling
the carrier distribution by the device by the generated piezoelectric charges at the
two ends.

Using our model, we also studied the DC characteristics and the carrier concen-
tration distribution at various doping concentrations. The strain is fixed at −0.08 %
and the n-type background doping concentration NDn is set to be 1 × 1015 cm−3.
By choosing NDnmax = NAp max and increasing NDnmax from 1 × 1016 to 9 ×
1016 cm−3, the corresponding calculated current–voltage curves are plotted in
Fig. 3.9(a). When the width of the depletion zone is fixed, the built-in potential
increases with ND max. Therefore, the threshold voltage increases, which pushes the
“take off” point of the I–V curve moving it to higher voltage. Then, by assum-
ing NDnmax = NAp max = 1 × 1017 cm−3 and increasing NDn from 5 × 1013 to
1 × 1015 cm−3, the I–V curve shows little change, as shown in Fig. 3.9(b). The
numerical results indicate that the DC characteristics depend on the distributions of
donors and acceptor doping concentration in our model. Furthermore, the distribu-
tions of holes and electrons at an applied voltage of 0.8 V are shown in Figs. 3.9(c)
and 3.9(d), respectively.
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Fig. 3.9 (a) Calculated piezoelectric p–n junction current–voltage curves at various maximum
donor doping concentration and maximum donor acceptor doping concentration; (b) calculated
current–voltage curves at various n-type background doping concentration; (c) and (d) distributions
of hole and electron concentrations along the length of the device at an applied forward voltage
of 0.8 V at various maximum donor doping concentrations and maximum donor acceptor doping
concentrations, respectively [9]

3.6.2 Piezoelectric Transistor

The M–S–M ZnO nanowire devices are the typical piezoelectric transistor in our
experimental studies. Using FEM, we solved the basic equations of the M–S–M
ZnO nanowire device with the applied strain along the nanowire length direction
(c-axis). There are many types of M–S–M ZnO nanowire device, including differ-
ent types of M–S contact and doping profile, etc. M–S contact can be fabricated as
Ohmic contact or Schottky contact. The doping profile can be approximated as a
box profile or a Gaussian distribution profile, etc. Our calculations are done based
on a device model that has the following device property assumptions: the surface
states in ZnO are ignored; the electrostatic potential are constants at the end elec-
trodes; the nanowire is n-type without p-type doping; the doping concentration N is
approximately descried using a Gaussian function; and, at equilibrium, the electron
concentration at the metal contact is unaffected by the transported current; infinite
recombination velocity and no charge at the contact. Although the M–S–M ZnO
nanowire devices model is taken as a simplified model for clearly describing the
mechanism of piezopotential tuning to carrier transport process, the basic principle
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also applies to more complex cases, such as different surface states, arbitrary doping
profiles and different piezoelectric semiconductor materials, etc.

Using the COMSOL software package, the piezoelectric equations (see (3.4))
are solved first. Then, the electrostatic equation, the convection and the diffusion
equations are solved with the piezoelectric charge distribution provided. The doping
concentration function N is approximately descried using a Gaussian function:

N = NDn + NDnmaxe
−( z−l

ch
)2

. (3.28)

The boundary conditions of the electrostatic potential at the electrode can be
given by

ψ = V − χZnO − Eg

2
+ q

kT
ln

( N
2 +

√
(N

2 )2 + n2
i

ni

)
(3.29)

where the electron affinity χZnO of ZnO is 4.5 eV, and its band gap Eg is 3.4 eV.
We assume the carrier concentration at the electrode to be the same as the value
at thermal equilibrium. The boundary conditions of the carrier concentration at the
electrode can be given by (3.27b).

We calculated the DC transport property of a M–S–M ZnO nanowire device
with the presence of piezoelectric charges with the applied strain from −0.39 %
to 0.39 %. Figure 3.10(a) shows the sketch of a piezotronic ZnO nanowire device.
We choose l = 50 nm, which is half the length of the nanowire. The current–voltage
curves are shown in Fig. 3.10(b). At negative strain (compressive strain), the positive
and negative piezoelectric charges are at the left-hand and right-hand M–S contacts,
respectively (as shown in Fig. 3.10(a)), which lower and raise the local Schottky-
barrier heights at the corresponding contacts. When an external voltage is applied
with the left-hand contact at positive bias, the dominant barrier that dictates the
current–voltage curve is the reversely biased contact at the right-hand, at which the
local barrier height is raised by piezoelectric charges. Thus, the transported current
is lowered in comparison to the case of strain-free device. Alternatively, at positive
strain (tensile strain) case and under the same biased voltage, by the same token,
the I–V curve is largely determined by the M–S contact at the right-hand, which
has a lowered barrier height, resulting in an increase in transported current in com-
parison to the strain-free case. The device displays ‘ON’ state at 0.39 % strain, and
is ‘OFF’ at −0.39 % strain. Therefore, the piezopotential acts as a ‘gate’ voltage
to tune/control the current of piezoelectric transistor at the M–S interface and the
device can be switched “ON” and “OFF” by switching the applied strain, which is
the piezotronic FET.

Figure 3.10(c) shows the electron concentration along the device at an applied
voltage V = 0.8 V. When an external voltage is applied, the piezoelectric charges
affect the peak height and position of the electron concentration distribution. With
an increase in strain without applying bias voltage, not only the magnitude of the
peak of the electron concentration increases, but also the position of the peak shifts
from 44.2 to 55.8 nm when the strain varies from −0.39 % to 0.39 %, as shown in
Fig. 3.10(d).
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Fig. 3.10 (a) Schematic of piezotronic ZnO nanowire transistor; (b) calculated current–voltage
curves of the device at various applied strain (−0.39 % to 0.39 %); electron distribution in the
semiconductor segment (c) at a forward voltage of V = 0.8 V and (d) at V = 0 [9]

Furthermore, we study the DC characteristics and the carrier concentration with
various doping concentration. In order to investigate how the variance of maximum
donor doping concentration and maximum donor acceptor doping concentration
affects the DC characteristics, we fix the strain at −0.08 % and the n-type back-
ground doping concentration NDn of 1 × 1015 cm−3. When NDnmax is increased
from 1 × 1016 to 9 × 1016 cm−3, the current increases as well (Fig. 3.11(a)). By fix-
ing NDnmax = NAp max = 1 × 1017 cm−3, the current rises with increasing of NDn

from 1 × 1013 to 1 × 1015 cm−3 (Fig. 3.11(b)). The numerical results indicate that
the DC characteristics depend on the doping concentration in the piezoelectric tran-
sistor. The distribution of electrons at an applied voltage of 0.8 and 0.0 V are shown
in Figs. 3.11(c) and (d), respectively.

3.7 Summary

We have presented the theoretical frame of piezotronics by studying the charge
transport across the metal–semiconductor contact and p–n junction with the in-
troduction of piezopotential [9]. The analytical solutions derived under simplified
conditions are useful for illustrating the major physical pictures of the piezotronic
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Fig. 3.11 Calculated transport characteristics of a piezotronic ZnO nanowire transistor. (a) Piezo-
electric M–S–M nanowire transistor current–voltage curves at various maximum donor doping
concentrations; (b) current–voltage curves at various n-type background doping concentrations;
calculated electron distribution in the device at various maximum donor doping concentrations (c)
at a forward bias of V = 0.8 V and (d) V = 0

devices, and the numerical calculated results are meant for understanding the trans-
port characteristics of the piezotronic transistors in a practical case. The theory pre-
sented here not only establishes the solid physical background of piezotronics, but
also provides theoretical support for guiding the experimental design of piezotronic
devices.
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Chapter 4
Piezotronic Transistors

Abstract By using the piezopotential as the “gating voltage” for tuning/controlling
interface charge transport, this chapter presents the fundamental principle and fab-
rication of piezotronic transistors using horizontal and vertical oriented nanowires.
The piezotronic transistor is a two-terminal transistor without a gate electrode. The
replacement of an external voltage gating by an inner crystal potential gating makes
it possible to fabricate arrays of devices using vertical nanowires that can be indi-
vidually addressed/controlled. This is advantageous for fabricating a high density
device matrix for electro-mechanical transduction, such as sensors and touch pad
technology.

4.1 Piezotronic Stain Sensor

Research in the field of micro- and nano-electromechanical systems (MEMS) and
NEMS is rapidly growing with considerable potential for ultra fast, high-sensitivity
and low-power consumption devices. As for nano- and micro-scale strain/stress and
pressure measurements, various sensors have been fabricated based on NWs [1] and
carbon nanotubes (CNTs) [2, 3]. Commonly, these devices utilize the piezoresis-
tance property of the material, i.e., under small strain, the conductance of the mate-
rial changes with strain following a linear relationship. CNT is the most intensively
studied material in this area, and a sensor device based on CNTs with gauge factor
up to 850 have been achieved [4].

In the first part of this chapter, we present the fabrication and application of a
fully packaged strain sensor device based on a single ZnO piezoelectric fine wire
(PFW) (nanowire, microwire). The strain sensor was fabricated by bonding a ZnO
PFW laterally on a polystyrene (PS) substrate. The I–V behavior of the device was
modulated by strain due to the change in Schottky-barrier height (SBH). The PFW
has Schottky contacts at its two ends but with distinctly different barrier heights. The
I–V characteristic is highly sensitive to strain due to mainly the change in Schottky-
barrier height (SBH) owing to the piezotronic effect, which scales linear with strain.
The experimental data can well be described by the thermionic emission-diffusion
model. A gauge factor of as high as 1250 has been demonstrated, which is 25 %
higher than the best gauge factor demonstrated for carbon nanotubes. The strain

Z.L. Wang, Piezotronics and Piezo-Phototronics, Microtechnology and MEMS,
DOI 10.1007/978-3-642-34237-0_4, © Springer-Verlag Berlin Heidelberg 2012

73

http://dx.doi.org/10.1007/978-3-642-34237-0_4


74 4 Piezotronic Transistors

Fig. 4.1 (a) Schematic of a
single ZnO PFW based strain
sensor device. (b) Optical
image of a strain sensor
device. (c) Schematic of the
measurement system to
characterize the performance
of the sensor device [5]

sensor developed here has application in strain and stress measurements in cell bi-
ology, biomedical sciences, MEMS devices, structure monitoring and more.

4.1.1 Sensor Fabrication and Measurement

The schematic of the strain sensor device is shown in Fig. 4.1(a) [5]. Ultra-long ZnO
PFWs were synthesized by a high temperature thermal evaporation process, and they
typically have diameters of 2–6 µm and lengths of several hundred micrometers to
several millimeters. We choose large size wires for easy of manipulation under op-
tical microscope. The same principle and methodology applies to nanowires. The
typical PS substrate has a length of ∼3 cm, width of ∼5 mm and thickness of 1 mm.
The substrate was sequence washed with deionized water and ethanol under soni-
cation. After drying with flowing nitrogen gas and placing in a furnace at 80 °C for
30 minutes, the PS substrate was ready to be used as the substrate. ZnO PFW was
placed on the PS substrate by using a probe station under optical microscopy. Silver
paste was applied at both ends of the ZnO PFW to fix its two ends tightly on the
substrate, silver paste was also used as source and drain electrodes. A thin layer of
polydimethylsiloxane (PDMS) was used to package the device. The thickness of the
PDMS layer is much thinner than the thickness of the PS substrate. The PDMS thin
layer not only enhances the adherence of the silver paste to the PS substrate, but
also prevents the ZnO wire from contamination or corrosion when it was exposed
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to atmosphere. Then the entire device was annealing at 80 °C for 12 hours. Finally,
a flexible, optically transparent, and well packaged strain sensor device was fabri-
cated. Figure 4.1(b) shows an optical image of the strain sensor device, indicating
that a smooth ZnO wire was placed on the substrate with two ends fixed.

The characterization of the I–V behavior of the sensor device with strain was car-
ried out in atmosphere at room temperature, and the measuring system is schemat-
ically shown in Fig. 4.1(c). One end of the device was affixed on a sample holder
that was fixed tightly on an optical air table, with another end free to be bent. An
x–y–z mechanical stage with movement resolution of 1 µm was used to bend the
free end of the sensor device to produce a compressive or tensile strain. Meanwhile
a continuously sweeping triangle voltage was applied through the ZnO wire to mea-
suring its I–V characteristics during deformation. To study the stability and response
of the sensor devices, a resonator with controlled frequency and amplitude was used
to periodically bend the sensor device. At the same time, a fixed bias voltage was
applied between the source and drain.

Since the thin PDMS layer has a much smaller Young modulus (E = 360–
870 kPa) than that of PS substrate (E = 3–3.5 GPa), and the silver paste electrodes
have a much smaller area and thickness in comparison to those of the PS substrate,
the PDMS layer and silver paste electrodes, which are bonded on the outer surface
of the PS substrate, do not alter the mechanical properties of the PS film at any
significant level. Therefore, the strain in the PFW is either purely tensile or com-
pressive, depending on the bending direction of the PS substrate. The strain in the
PFW is approximately equal to the strain of the site z where it was placed at on the
outer surface of the PS substrate.

4.1.2 Calculation of Strain in the Piezoelectric Nanowire

For easiness of derivation, the origin of the coordinate system is set at the center of
the cross section of one side of the film, while the z axis is parallel to the length l and
x axis is parallel to the width w. In order to determine how the NW deforms as the
substrate is deflected under an external bending force fy , only the εzz component
of the strain tensor needs to be calculated, where εzz = �Lwire/Lwire. Meanwhile,
σzz = −fy/Ixxy(l − z), σxx = σyy = 0, where Ixx is the geometrical moment of
inertia for the beam cross section.

Therefore, �Lwire/Lwire = εzz = σzz/E. The lateral deflection Dmax of the sub-
strate is experimentally easier to measure than the bending force fy and the rela-
tionship between Dmax and fy is Dmax = fyl

3/3EIxx . Therefore [5],

εzz = −3
y

l

Dmax

l

(
1 − z

l

)
. (4.1)

Here y = ±a and z = z0 is the vertical distance between the fixed end of the Dura–
Lar film substrate and the middle point of the ZnO NW. The positive and negative
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Fig. 4.2 (a) Typical I–V characteristics of the sensor at different strain. (b) Logarithm plot of the
current under positive bias by using the data in (a) [5]

sign for y stand for the compressed side and tensile side of the beam, respectively.
In practice, since the length of the substrate is much larger than the length of the
PFW (l 
 L), the strain in the PFW is uniform to an excellent approximation.

4.1.3 Electromechanical Characterization of the Sensor

Before the electromechanical measurements, we have first measured the original
I–V characteristic of the sensor device. We found various I–V characteristics for
over 250 devices. The nonlinear I–V characteristics are commonly observed in mea-
suring semiconductor devices [6, 7]. Generally the nonlinearity is caused by the
Schottky barriers formed between the semiconductor and metal electrodes in the
semiconductor device, and the shape of the I–V curve depends on the heights of the
Schottky barriers formed at the source and drain due to different interface properties.
In this study, we only focused on the devices that have Schottky contacts at the two
ends of the PFW, but with distinctly different barrier heights. The I–V curve shape
is quite asymmetric. Typical I–V characteristics under various strains are shown in
Fig. 4.2(a). The I–V curves shift upward with tension strain and downward with
compressive strain. The I–V curve fully recovered when the strain was relieved.

The stability and response of the sensor device was carefully studied. Fig-
ures 4.3(a) and (b) show the current response of the sensor over many cycles of
repeatedly compressing and stretching at a frequency of 2 Hz under fixed bias of
2 V, respectively. It can be seen that the current decreases with compressive strain
and increases with tensile strain, which is consistent with the phenomenon observed
in Fig. 4.2(a). It should be noticed that the current reached almost the same value in
each cycle of straining, and the current can fully recover when the strain was relived,
indicating the sensor device had high reproducibility and good stability. A response
time of ∼10 ms of the sensor device can be derived.
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Fig. 4.3 Current response of a sensor device that was repeatedly stretched (a) and compressed
(b) at a frequency of 2 Hz under fixed bias of 2 V [5]

4.1.4 Data Analysis Using the Thermionic Emission-Diffusion
Theory

The I–V curve shown in Fig. 4.2(a) clearly demonstrates that there were Schottky
barriers present at the contacts but with distinctly different barrier heights. The pres-
ence of a Schottky barrier at the metal/semiconductor interface [8] plays a crucial
role in determining the electrical transport property of the metal–semiconductor–
metal (M–S–M) structure. By simply looking at the I–V curve one is unable to
identify the nature of the barriers either reversely biased or forward biased. It is
important to quantitatively simulate the shape of the I–V curve in order to deter-
mine the nature of the electric transport across the M–S–M structure. After carefully
studying the shape of the I–V curve, our device is considered as a single ZnO wire
sandwiched between two opposite Schottky barriers, as shown in Fig. 4.4(a). We
assume that the barrier height at the drain side φd (eV) is significantly higher than
that at the source side. At a fixed bias voltage V , the voltage drop occurs mainly at
the reversely biased Schottky barrier according to the measurement by in-situ scan-
ning surface potential microscopy [9]. In our case, when a relatively large positive
voltage V is applied across the drain and source with the drain positive, the voltage
drop occurs mainly at the reversely biased Schottky barrier φs (eV) at the source
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Fig. 4.4 (a) Energy band diagram illustrates the asymmetric Schottky barrier heights at the source
and drain contacts of a PFW, where the offset by the applied drain-source voltage V was not
included for easy discussion. (b) Fitting the ln I–V data using the thermionic emission–diffusion
theory at a given strain for a reversely biased Schottky barrier. The black dotted are experimental
data points from Fig. 4.2(b) for strain = 0, and the red line is a fit. (c) The derived change in SBH
based on the thermionic emission–diffusion model, as a function of stain at a drain-source bias of
V = 1.5 and 2.0 V, respectively. (d) Logarithm plot of the current (in unit of Ampère) at fixed bias
of V = 1.5 and 2.0 V as a function of strain [5]

side, and it is denoted by Vs . Here we assume Vs ≈ V . Considering that our mea-
surements were made at room temperature and the ZnO PFW had a low doping,
the dominant transport property at the barrier is thermionic emission and diffusion,
while the contribution made by tunneling can be ignored. Thus, as inspired by the
shape of the ln I–V curve in Fig. 4.4(b), and according to the classic thermionic
emission–diffusion theory (for V 
 3kT /q ∼ 77 mV) for a reversal bias voltage V

and at temperature T , the current through the reversely biased Schottky barrier φs

is given by

I = SA∗∗T 2 exp

(
− φs

kT

)
exp

( 4
√

q7ND(V + Vbi − kT /q)/(8π2ε3
s )

kT

)
(4.2)

where S is the area of the source Schottky barrier, A∗∗ is the effective Richardson
constant, q is the electron charge, k is the Boltzmann constant, ND is the donor im-
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purity density, Vbi is the built-in potential at the barrier, and εs is the permittivity of
ZnO. The ln I–V curve shown in Fig. 4.4(b) quantitatively indicates that variation of
ln I can be described by V 1/4 for reversely biased Schottky barrier instead of ln I–V

as for forward biased Schottky barrier. Therefore, (4.2) can be used to precisely fit
the experimentally observed ln I–V curve, from which the corresponding parame-
ters can be derived. This not only indicates that the thermionic emission–diffusion
model is the dominant process in our device, but also can be applied to derive the
SBH as described in follows.

By assuming that S,A∗∗, T ,ND are independent of strain for small deforma-
tion [10], φs can, in principle, be derived from the logarithm of the current (ln I )–V

plot, which is shown in Fig. 4.4(b). Subsequently, the change of SBH can be deter-
mined by

ln
[
I (εzz)/I (0)

] = −�φs/kT (4.3)

where I (εzz) and I (0) are the current measured through the PFW at a fixed bias with
and without being strained, respectively. The results are plotted in Fig. 4.4(c) for two
biases of 1.5 and 2 V, indicating that the change of SBH �φs has an approximately
linear relationship with strain. We also notice that the �φs is not very sensitive to
the choice of bias voltage V .

In the calculation presented above, we assumed that the applied voltage was to-
tally consumed at the reversely biased Schottky barrier formed at the source elec-
trode. In reality, Vs < V , thus the calculated �φs value may be slightly affected by
the choice of V , but the linear dependence of �φs on strain will not be affected
much. Figure 4.4(d) shows the change of ln I at fixed bias of V = 1.5 and 2.0 V as a
function of strain. The change of ln I varies approximately linearly with the applied
strain.

4.1.5 Separating the Contributions Made by Piezoresistance and
Piezotronic Effects

It has been reported that the SBHs of GaAs [11], GaN [12], GaAlN [13] Schottky
barrier shifts under stress/strain due the band structure change and piezoelectric
effect. Experiments and calculations have shown that the band gap changes under
strain/stress. Similarly, the SBH change for ZnO under strain can be viewed as a
combination of band structure change (e.g., piezoresistance effect) and piezotronic
effect. Using a simple Schottky model, the effect of the band structure change may
be equivalently characterized by a change in semiconductor (ZnO) electron affinity
under strain, which is denoted �φs−bs .

The effect of piezoelectric polarization on the SBH arises because the polariza-
tion produces surface charges at an interface where the divergence of the polariza-
tion is nonzero, i.e., at the metal–semiconductor interface and beneath the depletion
region in the semiconductor [14]. At the latter position the associated polarization
change may be screened by the conduction electrons. On the other hand, at the



80 4 Piezotronic Transistors

metal-semiconductor interface the polarization change can be partially neutralized
by an adjustment of the electronic charges in the interface states or in the metal. This
effect will shift the Fermi level at the interface and subsequently affects the SBH.
The change in SBH by piezoelectric polarization is given approximately by

�φs−pz = σpz

D

(
1 + 1

2qsd

)−1

. (4.4)

Here σpz is the area density of piezoelectric polarization changes (in units of
electron charge), D is a two-dimensional density of interface states at the Fermi
level in the semiconductor band gap at the Schottky barrier, and d is the width of
the depletion layer. Associated with the states in the band gap at interface is the
two-dimensional screening parameter qs = (2πq2/k0)D, where q is the electronic
charge and k0 is the dielectric constant of the ZnO. Thus the total change in SBH of
ZnO sensor can be expressed as

�φs = �φs−bs + �φs−pz. (4.5)

In this study, �φs decreases under tension strain, and increases under compressive
strain, and the experimental observed strain effect is a combined result of �φs−bs

and �φs−pz. Experimentally, the contribution made by band structure change is
stationary as long as the strain is preserved, while the contribution from the piezo-
electric effect could be time dependent with a slight decay with considering the
screening effect of the charge carriers, possibly because of charge trapping effect by
impurity and vacancy states in ZnO, which may result in a slow change in conduc-
tivity, similar to the slow recovery of the ZnO conductivity after illuminating by UV
light. Further study is required to fully understand this phenomenon.

4.1.6 Much Enhanced Gauge Factor by Piezotronic Effect

For practical application, the performance of a strain sensor is characterized by a
gauge factor, which is defined to be the slope of the normalized current (I )–strain
(ε) curve, [�I (ε)/I (0)]/�ε. The highest gauge factor demonstrated for our sen-
sor device is 1250 (Fig. 4.5(b)), which exceeds the gauge factor of conventional
metal strain gauges (1–5) and state-of-the-art doped-Si strain sensor (∼200), and
even higher than the highest gauge factor reported for CNTs (∼1000). Figure 4.5(a)
shows the I–V curve of another device as a function of the applied strain, which
shows the same behavior as that presented in Fig. 4.2(a). The inset indicates that
ln I linearly depends on the applied strain. The gauge factor determined as a func-
tion of the strain is presented in Fig. 4.5(b), and it is consistent with the calculated
results [15].

In practice, some of the devices showed relatively low gauge factor, which may
be attributed to the opposite signs of �φs−bs and �φs−pz because the piezoelectric
effect depends on the orientation of the c-axis of the ZnO wire. We had 50 % chance
in experiments to have the ZnO wire oriented along c or −c direction.
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Fig. 4.5 (a) I–V
characteristics of another
sensor device under different
strain. Inset is the dependence
of ln I (in unit of Ampère) on
the applied strain. (b) Gauge
factors derived from (a) as a
function of strain [5]

4.2 Piezoelectric Diodes

In this section, we report a new type flexible piezotronic switch device that is built
using a single ZnO piezoelectric fine wire (PFW) (nanowire, microwire) [16]. Its op-
eration mechanism relies on the piezoelectric potential induced asymmetric change
in Schottky-barrier height (SBH) at the source and drain electrodes. The change of
SBH is to the asymmetric change in Schottky-barrier heights at both source and
drain electrodes as caused by the strain induced piezoelectric potential drop along
the PFW, which have been quantified using the thermionic emission–diffusion the-
ory. A new piezotronic switch device with an “on” and “off” ratio of ∼120 has
been demonstrated. This work demonstrates a novel approach for fabricating diodes
and switches that rely on a strain governed piezoelectric-semiconductor coupling
process.
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Fig. 4.6 Typical I–V
characteristics of the sensor
under different compressive
strains (Device #1). The black
line is the I–V curve without
strain. The direction of the
blue arrowhead indicates the
increasing of applied
compressive strain. The upper
inset shows the schematic of
a single ZnO PFW based
device. The lower inset shows
the schematic of the
electromechanical
measurement system

4.2.1 Piezotronic Induced Change from Ohmic to Schottky Contact

For this study, the device was fabricated by bonding an ultra-long ZnO PFW lat-
erally on a polystyrene (PS) substrate, which has a thickness much larger than the
diameter of the PFW, as schematically shown in the upper-inset of Fig. 4.6. Briefly,
single ZnO PFW (typical diameter of several micrometers and length of several hun-
dred micrometers to several millimeters), which was synthesized by a high tempera-
ture physical vapor deposition process, was placed on PS substrate (typical length of
∼3 cm, width of ∼5 mm and thickness of 1 mm) by using a probe station under opti-
cal microscopy. Then silver paste was applied at both ends of the ZnO PFW to fix its
two ends tightly on the substrate, silver paste was also used as the source and drain
electrodes. After the silver paste was dried, a thin layer of polydimethylsiloxane
(PDMS) was used to package the device. Finally, a flexible, optically transparent,
water proof and well packaged device was prepared.

The study of electromechanical properties of the device was carried out in at-
mosphere at room temperature. The lower-inset in Fig. 4.6 shows the measurement
setup. One end of the device was affixed on a sample holder, with another end free
to be bent. A three-dimension mechanical manipulation stage with displacement
resolution of 1 µm was used to bend the free end of the device to produce a com-
pressive strain. Meanwhile the I–V characteristics of the device during deformation
were measured by a computer controlled measurement system.

Before the electromechanical measurements, we have first tested the original I–V
characteristic of the device. We found various I–V characteristics for over 200 de-
vices that were prepared under similar conditions, and most of them have nonlinear
behavior. Previously, we focused on the devices which originally exhibit rectifying
I–V behavior, and flexible piezotronic strain sensors based on those devices have
been demonstrated. In this study, we focus only on the devices that have symmetric
or nearly symmetric I–V behavior, which can be Ohmic or with symmetric Schot-
tky contacts at the two ends. Typical I–V characteristics under various compressive
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Fig. 4.7 (a) Current response
under repeated
compressing–releas-
ing–stretching–releasing
straining process (Device #2).
The blue line and black line
are current response and
applied sweeping bias voltage
over time, respectively, from
which the I–V characteristic
as a function of time was
captured. (b) I–V
characteristics under different
strain: released (black),
compressive strain (green)
and tensile strain (red). The
inset schematically shows the
device under various straining
conditions

strains are shown in Fig. 4.6. When the compressive strain was increased, the cur-
rents both under positive bias and negative bias were suppressed. Finally a down-
ward diode-like I–V behavior is obtained. Some devices exhibited upward diode-
like I–V behavior under compression strain. Statistic study showed that the ratio of
the devices, which exhibited downward and upward diode-like I–V behavior under
compressive strain, is nearly 1:1.

Figure 4.7(a) shows a current response under a repeated stretching–releasing–
compressing–releasing straining cycle over a period of time for another device. The
blue line and black line are current response and sweeping bias over time, respec-
tively. The corresponding I–V behavior under each straining condition is shown in
Fig. 4.7(b). When the device was under tensile straining, upward diode-like I–V be-
havior was observed (red line); downward diode-like I–V behavior (green line) was
observed when the device was under compressive straining. The I–V curve (black
line in Fig. 4.7(b)) fully recovered when the strain was relieved. Our extensive study
indicates that the I–V behavior is introduced by strain rather than poor or unstable
contact.

Transforming of symmetric or nearly symmetric I–V behavior to rectifying I–V
behavior under strain is a novel phenomenon which was first reported by He et
al. [17]. When they used an Au/Ti coated tungsten probe to bend an one-end fixed
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ZnO nanowire, the linear I–V characteristic of the ZnO nanowire was changed to
a rectifying behavior with a rectifying ratio of 8.7:1. They proposed that electrical
transport of the ZnO nanowire was governed by a potential energy barrier induced
by the strain induced piezoelectric potential. When the ZnO nanowire was bent, the
outer surface is stretched and has positive piezoelectric potential, the inner surface
is compressed and has negative piezoelectric potential, and thus a piezoelectric po-
tential drop was produced across the diameter of the ZnO nanowire. The probe was
in contact with the tensile surface of the nanowire. In our case, however, the ZnO
PFW is fixed tightly at its two ends on the PS substrate, and both the outer and inner
surfaces of the ZnO PFW are solely under tensile or compressive strain depending
on the bending direction of the PS substrate; thus, the piezoelectric potential is along
the axial direction of the PFW rather than across its diameter.

4.2.2 Quantifying the Change in Schottky-Barrier Height

The effect of piezoelectric polarization on the SBH arises because the polarization
produces charges at the metal-semiconductor interface, which will shift the local
Fermi level and modify the local conduction band profile. Thus, both the band struc-
ture and piezoelectric polarization effects will affect the SBH and consequently the
transport property of the devices, as elaborated in what follows.

Figure 4.8(a) shows I–V characteristics under various compressive strains for a
device. The currents both under positive bias and negative bias are suppressed, and
finally an upward diode-like I–V behavior was observed under strain of ∼ −2.14 %.
The original I–V curve (black line) shown in Fig. 4.8 clearly demonstrates that there
were Schottky barrier (SB) present at the contacts but with different barrier heights
due to different interface properties. Therefore, the structure of the device can be
considered as a single ZnO PFW sandwiched between two back-to-back SBs at the
source and drain contacts with SBH of φs (in eV) and φd(φd < φs), which is shown
in the inset of Fig. 4.8(a).

At a fixed bias voltage V , the voltage drop occurs mainly at the reversely biased
Schottky barrier according to the measurement by in-situ scanning surface potential
microscopy. In our case, when a positive bias voltage V is applied across the drain
and source with the drain side positive, the voltage drop occurs mainly at the re-
versely biased Schottky barrier φs at the source side, and it is denoted by Vs ; when
a reversely biased voltage V is applied across the drain and source with the source
side positive, the voltage drop occurs mainly at the reversely biased Schottky bar-
rier φd at the drain side, and it is denoted by Vd . For simplify, here we define a
positive voltage to be applied at the drain side and assume that most of the potential
drop occur at the reversely biased SB, Vs ≈ V . Considering that our measurements
were made at room temperature and the ZnO PFW had a low doping/impurity level,
the dominant transport property at the barrier is thermionic emission and diffusion,
and the contribution made by tunneling is negligible. Thus, for a reversely biased
SB under voltage V and at temperature T , the current through the reversely biased
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Fig. 4.8 (a) I–V characteristics of the sensor under different compressive strains. The decreased
current indicates an increase in SBH. The inset is the proposed sandwich model of the device, i.e.
two back-to-back Schottky diodes connected to a ZnO wire. (b) Plot of ln I as a function V 1/4, by
using the data provided by the black line in (a). The red lines are theoretically fitting according to
(4.2). (c) The derived change in SBH as a function of stain using the thermionic emission–diffusion
model. The black curve and red curve are the SBH change for source contact and drain contact at a
drain-source bias of V = 1 and −1 V, respectively. (d) The derived changes in SBH as contributed
by band structure effect (black curve) and piezoelectric effect (red curve), respectively

Schottky barrier φs is as follows based on classic thermionic emission–diffusion
theory (for V 
 3kT /q ∼ 77 mV), as presented in (4.2). To verify that (4.2) can
precisely describe the observed phenomenon, we plot ln I as a function of V and
V 1/4 by using the data provided by the black line in Fig. 4.8(a). Figure 4.8(b) shows
that the ln I–V 1/4 curve is very linear. This not only indicates that the thermionic
emission–diffusion model is the dominant process in our device, but also shows that
the theory can be applied to derive the SBH from experimental data, as described in
what follows.

By assuming S,A∗, T and ND are to be known, φs can, in principle, be derived
from the ln I–V plot [12]. Subsequently, the strain induced change in SBH can be
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determined by

ln
[
I (εzz)/I (0)

] ∼ �A∗∗/A∗∗ − �φs/kT (4.6)

where I (εzz) and I (0) are the current measured through the PFW at a fixed bias Va

with and without being strained, respectively. Since the stress dependence of A∗∗
arises only from the stress dependence of the effective mass, the first term is much
smaller than the second term and is thus neglected in the following discussion. The
change of SBH �φs with strain for bias of 1.0 V is plotted in Fig. 4.8(c) (black
curve). Similarly, under a bias of −1.0 V, the change of SBH �φd with strain is cal-
culated and the data are plotted in Fig. 4.8(c) (red curve). The result shows that both
the SBH at the source and drain contacts were increased with increased compressive
strain.

The SBH change for the Ag/ZnO/Ag device structure under strain is a combined
effect from both strain induced band structure change and piezoelectric polarization.
The contributions from band structure effect to SBH change in source and drain
contacts are denoted �φs−bs and �φd−bs , respectively. As discussed above, the
axial strain in the ZnO PFW is uniform along its entire length, thus we can assume
�φs−bs = �φd−bs if the two contacts are identical. The contribution of piezoelectric
effect to SBH can be described as follows.

As discussed above, the axial strain in the ZnO PFW is uniform along its entire
length in our device. Under straining, the cations and anions in ZnO polarize along
the straining direction, forming a piezoelectric charge induced polarization. It is im-
portant to point out that these piezoelectric ionic charges cannot freely move. They
can be screened by the external electrons but cannot be completely depleted [16].
This means that the effect of piezoelectric charges is still preserved, although at a
reduced level; even ZnO has a moderate conductivity. The effect of piezoelectric
polarization on the SBH can be qualitatively described as follows. For a constant
strain of εz along the length of the PFW, an axial polarization Pz is then created in-
side the wire and along the wire direction, Pz = εze33, where e33 is the piezoelectric
tensor [18]. A potential drop of approximately V +

p −V −
p =| εz|Le33 is created along

the length of the wire, where L is the length of the wire. Therefore, the modulations
to the SBH at the source and drain sides are of the same magnitude but opposite sign
(V +

p = −V −
p ), which are denoted by �φs−pz and �φd−pz(= −�φs−pz). Thus the

total strain induced changes in SBH at the source and drain contacts are

Source: �φs = �φs−bs + �φs−pz; (4.7)

Drain: �φd = �φs−bs − �φs−pz (4.8)

which yield �φs−bs = (�φs +�φd)/2 and �φs−pz = (�φs −�φd)/2. The �φs−bs

and �φs−pz as a function of strain are plotted in Fig. 4.8, in which both show linear
relationship under smaller strain and nonlinear behavior under larger strain. It has
been reported that under small strain, both the band gap change and piezoelectric
polarization have an approximately linear relationship with strain. The nonlinear
effect under high strain needs to be analyzed using more sophisticated theory.
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Fig. 4.9 Schematic energy band diagrams illustrating the Schottky barriers at the source and drain
contacts of a unstrained (a), compressive strained (b), and tensile strained (c) PFW, which illus-
trates the effect of switching the piezoelectric potential either by strain or by wire orientation on
the local band structure and SBH [18]

4.2.3 Mechanism of the Piezotronic Diode

Here we use a schematic energy band diagrams to illustrate how the piezoelec-
tric polarization affects the Schottky barriers at the source and drain contacts. Fig-
ure 4.9(a) shows an unstrained device with the c-axis of ZnO pointing towards the
source. When the device is under compressed strain, the drain has a higher piezo-
electric potential (see Fig. 4.9(b)), resulting in higher SBH at source side. Alterna-
tively, by changing the compressive straining to tensile straining simply by changing
the bending direction of the PS substrate, the piezoelectric potential drop in the PFW
reverses, as shown in Fig. 4.9(c), leading to a higher SBH at the drain side. If the
modulation to SBH by band structure change is significantly smaller than that due
to piezoelectric potential, the reversal in strain results in the reversal in rectifying
polarity of the device, which is just what we observed experimentally in Fig. 4.7(b).

Furthermore, the profile of the piezoelectric potential depends not only on the
sign of the strain (compressive (εz < 0); tensile (εz > 0)), but also the c-axis orien-
tation of the PFW. A simple change in wire orientation can result in a reversal in
the piezoelectric potential profile and thus the observed diode polarity. In our fab-
rication, the c-axis of the PFW is random. This is why the ratio of the devices that
exhibit downward and upward diode-like I–V behavior under compressive strain is
nearly 1:1.

4.2.4 Piezotronic Electromechanical Switch

Our device can act as an effective electromechanical switch. The inset in Fig. 4.10
shows the I–V characterization of Device #4 without (black curve) and with (red
curve) stain. When the device is free of strain, it shows a symmetric I–V behavior;
when the device is under strain, it shows a rectifying I–V behavior. The change is
highly reversible. At a fixed bias of −2 V, the current across the device is ∼6 µA
(defined as “on” state) and ∼0.05 µA (defined as “off” state) when the device is free
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Fig. 4.10 Current response
of Device #4 to periodic
releasing-bending process
under a fixed bias of −2 V,
showing an “on”–“off” ratio
of ∼120. The inset is I–V
characterization of a device
without (black curve) and
with stain (red curve)

of strain and under strain, respectively. By periodically bending and releasing the
device under a fixed bias of −2 V, an electromechanical switch with on-off ratio as
high as ∼120 has been demonstrated (Fig. 4.10).

4.3 Piezotronic Transistors Based on Vertical Nanowires

In this section, we demonstrate strain-gated piezotronic transistor arrays using ver-
tically aligned ZnO NWs [19]. Each ZnO NW with an Au droplet on the tip serves
as a transistor. The stress-sensitive gate is the Au–ZnO Schottky junction at the NW
tip and the other side is an Ag–ZnO junction. The piezotronic effect was observed
in both forward and reversely biased piezoelectric transistors. The electrical trans-
port characteristics of the transistors were investigated by conductive atomic force
microscopy (AFM) in contact mode under different strains. Stable and repeatable
current–voltage (I–V) characteristics were observed in our experiment. The current
flowing through the NWs was successfully tuned/gated by external force applied to
the NWs.

4.3.1 Reversely Biased Contact

The ZnO NWs were epitaxially grown on GaN thin films supported by sapphire
substrates using Au nanoparticle catalysts, which were located at the tips of the
NWs and served as the electrical contacts after the NW formation. To guarantee the
measured electrical behavior is from a single isolated NW, we selected the NWs
with low aspect ratios and low density for measurements.

There are two junctions in the piezoelectric transistor in this paper: Au–ZnO and
Ag–ZnO. When a bias voltage is applied, one junction is forward biased while the
other one is reversely biased. If the Schottky junction Au–ZnO is reversely biased,
the Au droplet is connected to the negative voltage and the Ag paste electrode is
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Fig. 4.11 (a) Schematic of the C-AFM system used for nanoscale positioning and electrical mea-
surement; (b) typical I–V characteristics under various compressive force of a sample with dou-
ble-Schottky junctions; (c) current response to a force pulse from 3 to 6 µN. The blue line is the
applied force and the red is the resulting current; (d) plots of ln(−I ) as a function of (−V )1/4, by
using the data from the negative biased region in (b)

connected to the positive. In this mode, the dominant piezotronic effect on the I–V
characteristics if from the Au–ZnO junction due to the higher consumption of the
voltage across this junction compared to the forward biased.

The I–V characteristics of the transistors were examined by conductive AFM.
Figure 4.11(a) gives a schematic diagram of this measurement setup. A conductive
AFM probe was used to perform nanometric contact on the transistors. The AFM
probe was grounded and the bias voltage was applied from the bottom of sample
stage. The structure of the piezoelectric transistor is Ag–ZnO–Au, and the Ag–ZnO
junction is stress-free. One electrode is Ag paste coated on the as formed ZnO con-
ductive layer which serves as the source, and the other electrode is the gold droplet
formed at the tip of the NW which served as the drain. The “gate voltage” was cre-
ated from the piezoelectric potential in the NW by applying an axial force using
the AFM probe. The current through the NW was collected and measured using the
conductive AFM system. During the electrical measurements, various compressive
forces were applied to the NWs by adjusting the deflection voltage of the cantilever,
which had a linear relationship to the magnitude of the contact force between the
AFM tip and the samples.
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Strain-dependent I–V characteristics have been observed in the ZnO NW transis-
tors. Typical rectifying behavior under different forces of a transistor is presented in
Fig. 4.11(b). After overcoming the influence of the contact resistance between the
AFM tip and the gold droplet, a force from 3 to 6 µN was applied to the transistor.
As shown in Fig. 4.11(b), the current decreased when the magnitude of the compres-
sive force increased. At a lower strain with a force of 3 µN, the I–V characteristic is
symmetric and close to linear (black line in Fig. 4.11(b)). By increasing the applied
force, the shape of the I–V curves changed from symmetric into asymmetric and
turned into a single Schottky-diode-like characteristic when the force was increased
up to 6 µN. The current flowing through the NW has been tuned by the intensity of
the external force.

The current response to periodically force pulses was also measured at constant
biases. Figure 4.11(c) illustrates the dynamic response to a force pulse at a bias of
−2 V. The blue line shows the applied force on the transistor alternating between
3 and 6 µN, and the red line is the response signal of current. This shows that the
effect of the force on the current is reversible. At a fixed bias of −2 V, the current
dropped from 3.6 to 0.5 nA after applying a 6 µN force on the NW, which can be
considered as the “on” and “off” states in a switch transistor. The on-off ratio is
about 7.2, which can be further tuned by increasing the strain.

The inset in Fig. 4.11(b) shows the device structure and an equivalent circuit of
the transistor. The transistor can be equivalent to two back-to-back Schottky junc-
tions. For back-to-back Schottky junctions, the voltage is mainly consumed at the
reversely biased SB. The voltage dependence of the reverse current flowing through
a SB is mainly due to the image-force induced barrier height lowering [19]. When
an electron was injected from the metal electrode into the semiconductor, it induces
a positive charge at the interface layer which acts like an image charge within the
layer. The conduction band bends downward and the valence band bends upward,
respectively. This effect leads to a reduction of the SBH. The dependence of the
reverse current Ir to the reverse-bias follows (4.2). To verify that the model can be
used to describe the observed phenomenon, the curves of ln(−I ) as a function of
(−V )1/4 using the data from Fig. 4.11(b) (V < 0) are plotted in Fig. 4.11(d). Un-
der two typical strains, 3 and 6 µN, both plots show a good linear relationship, as
expected. It is reasonable to expect that the transportation behavior at the reversely
biased side is dominated by the reversely biased SB.

4.3.2 Forward Biased Contact

In forward mode, the piezo Schottky junction (Au–ZnO) is forward biased. A pos-
itive voltage is applied between the Au droplet and the Ag paste. In this mode, the
Ag–ZnO junction is reversely biased and it will consume most of the voltage if the
barrier is high. To eliminate this effect, a device with a lower barrier height at the
Ag–ZnO junction was obtained by annealing the device at 600 K in atmosphere for
12 hours. Figure 4.12(a) shows the SEM image (30°-tilted view) of ZnO NWs for a
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Fig. 4.12 (a) ZnO nanowires used for the single-Schottky sample; (b) diameter distribution of the
nanowires; (c) I–V characteristics under various compressive forces of a sample with single-Schot-
tky junctions; (d) current–voltage characteristics plotted on a semi-logarithmic scale

typical device. It is apparent that the NWs are short. The ZnO NWs used in this de-
vice are more like small nanopillars with a diameter around 35 nm. Figure 4.12(b)
shows a distribution of the NW diameters as determined from a non-tilted SEM
image.

The I–V characteristics of the device under various strains are shown in
Fig. 4.12(c). Under negative voltage, only a small amount of current can go through.
Under positive voltage, the current can reach several nano Ampères. When the ex-
ternal stress varies from 100 to 500 nN, there is a sharp increase in the current.
The device performs like a single Schottky diode. This indicates that the Schottky
barrier formed at the Au–ZnO junction is high and dominates the performance of
the device. The insert in Fig. 4.12(c) shows the device structure and an equivalent
circuit.

For an ideal Schottky diode, the I–V characteristics in the forward direction are
described by [8]

If = AA∗∗T 2 exp

(
− φB

kBT

)
exp

(
qVf

nkBT
− 1

)
(4.9)

where Vf is the voltage dropped on the forward biased Schottky diode and n is
the ideality factor [19]. Mathematically, the logarithm of the current ln If has a
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Fig. 4.13 (a) Stick-and-ball representation of the ZnO wurtzite crystal structure. Red and gray
spheres denote Zn and O atoms, respectively; (b) finite element calculation of the piezopotential
distribution in a ZnO nanowire 50 nm in width and 100 nm in length, under different uniaxial
compressions of 0 nN (left), 100 nN (middle) and 200 nN (right); (c) Schottky barrier formed at
the metal-semiconductor interface; (d) piezopotential influence on the Schottky-barrier height at
the metal-semiconductor junction on (0001) plane

linear relationship to the voltage Vf dropped on the diode, and can be expressed as
ln If ∝ Vf .

Figure 4.12(d) shows the forward I–V characteristics of this transistor on a semi-
log scale. The good linear fit of the plots shows that the forward current has exponen-
tial relationship to the voltage. This indicates that the thermionic emission–diffusion
model is the dominant process in our device.

4.3.3 Two-Leads Piezotronic Transistor

The stress-dependent I–V characteristics, both forward and reverse modes, can be
explained by the piezotronic effect. Figures 4.13(a) and (b) show the mechanism of
the piezotronic effect in ZnO NWs. ZnO has a non-central symmetric wurtzite crys-
tal structure (Fig. 4.13(a)). For the sake of simplicity, we calculated the potential
distribution using the finite element method by assuming the ZnO NW as an insula-
tor. The color code plotted in Fig. 4.13(b) shows the calculated potential distribution
along the c-axis oriented ZnO NW while various compressive strains are applied
along the NW (0, 100 and 200 nN from left to right). The NW dimensions of the
NW are 50 nm in diameter and 100 nm in length. The calculated piezopotentials are
based on following parameters: piezo constant d33 = −5.43 × 10−12 C/N, relative
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dielectric permittivity εr = 10.204 and the elasticity 210 GPa, which are the default
parameters for piezoelectric ZnO materials in the COMSOL Multiphysics software
(Version 4.2a), and there is no doping. The dependency rate of the piezopotential
on the stress is about 5 mV/nN as shown in Fig. 4.13(b). In nanowires that are n-
type doped or containing vacancies, the piezopotential will drive the free electrons
to move from one side to the other side to “screen” the local piezopotential in the
crystal and reach a new equilibrium. Due to the finite doping of the ZnO NWs, the
piezopotential is partially screened but not completely, and the partially screened
piezopotential will change the local Fermi level and conduction band near the sur-
face. The piezopotential affects the SBH by changing the local Fermi level and
conduction band at the semiconductor side of the Schottky junction. In our case,
the ZnO NW is capped by an Au droplet and the bottom is connected to the as-
grown ZnO conductive layer. The piezotronic effect mainly influences the Au–ZnO
Schottky junction.

To illustrate the piezotronic effect simply, we can use the energy band diagrams
shown in Figs. 4.13(c) and (d). The barrier height φB is quantitatively evaluated by
the potential difference between the Fermi energy of the metal and the band edge
of the n-type semiconductor where the electrons reside as shown in Fig. 4.13(c).
If the semiconductor is a piezoelectric material, ZnO for example, and the crystal-
lographic c-axis is directed towards the Au–ZnO junction, a piezopotential would
be created in the crystal once a strain is applied as depicted in Fig. 4.13(d). The
local contact characteristics are changed by the piezopotential due to the redistri-
bution of the carriers. The c-axis of the vertical ZnO NWs grown on GaN-buffered
c-plane sapphire is along the growth direction. When an external force is applied,
there is a negative piezopotential generated at the Schottky junction between the Au
droplet and the ZnO NW, which widens the depletion layer as shown in Fig. 4.13(d),
thus enhancing the SBH. The strain dependent-piezopotential effectively changes
the local contact characteristics and tunes/gates the carrier transport process at the
metal-semiconductor interface.

4.4 Summary

In summary, a new type fully packaged strain sensor device based on the piezotronic
effect has been demonstrated. The strain sensor was fabricated by bonding a ZnO
PFW laterally on a flexible PS substrate and packaged by a PDMS thin film. The
sensor devices have excellent stability, fast response and high gauge factor of up
to 1250. The I–V characterization of the device is modulated by the change of
SBH, which has a linear relationship with strain. The underlying mechanism for the
change of SBH was attributed to the combination of piezoresistance and piezotronic
effects, but the contribution made by the latter is dominant. The strain sensor devel-
oped here based on a flexible substrate has application in strain and stress measure-
ments in cell biology, biomedical sciences, MEMS devices, structure monitoring,
and even earthquake monitoring.
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Using the strain induced change in the transport property of ZnO wire, we have
demonstrated a piezoelectric diode-based switches with an on-to-off ratio ∼120.
The wire was laterally bonded and fully packaged, and the design can be easily
extended for nanowires, which are expected to have super-high sensitivity. The ex-
istence of the piezoelectric potential not only supports the mechanism proposed for
nanogenerators and piezotronics, but also can be used to fabricate a new type of
piezoelectric diodes and switches, which are highly sensitive, cost-effective, versa-
tile and fully packaged for a wide range of applications.

In the strain-gated piezotronic transistor, demonstrated using the vertical NW ar-
ray, the gate electrode of the transistor is replaced by the internal crystal potential
generated by strain and the control over the transported current is at the interface
between the nanowire and the top or bottom electrode. It gives the possibility of
fabricating array of transistors using individual vertical nanowires that can be con-
trolled independently by the applied mechanical force/pressure over the top. Such
a piezotronic transistor array is a new design of transistors and is likely to have
important application in high-resolution mapping of strain/force/pressure.
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Chapter 5
Piezotronic Logic Circuits and Operations

Abstract In this chapter, by utilizing the gating effect produced by the piezopoten-
tial in a nanowire under externally applied deformation, piezotronic transistors have
been fabricated; one can use them for the universal logic operations such as NAND,
NOR and XOR gates as has been demonstrated for performing piezotronic logic
operations. The mechanical–electronic logic units are an important step toward the
basic design of complex systems in human–CMOS interfacing, touch pad technol-
ogy and active flexible, nanorobotics, active flexible electronics, microfluidics and
MEMS.

A self-powered [1] autonomous intelligent nanoscale system should consist of ultra-
sensitive nanowire (NW)-based sensors [2–5], integrated high-performance memory
and logic computing components for data storage and processing as well as decision
making [6–12], and an energy scavenging unit for sustainable, self-sufficient and in-
dependent operation [1, 13–20]. The existing semiconductor NW logic devices are
based on electrically gated field-effect transistors, which function as both the drivers
and the active loads of the logic units by adjusting the conducting channel width
[21, 22]. Moreover, the currently existing logic units are “static” and are almost
completely triggered or agitated by electric signals, while the “dynamic” movable
mechanical actuation is carried out by another unit possibly made of different ma-
terials.

In this chapter, we present the piezoelectric trigged mechanical–electronic logic
operation using the piezotronic effect, through which the integrated mechanical
electrical coupled and controlled logic computation is achieved using only ZnO
NWs [23]. By utilizing the piezoelectric potential created in a ZnO NW under ex-
ternally applied deformation, strain-gated transistors (SGTs) have been fabricated,
using which universal logic components such as inverters, NAND, NOR, XOR gates
have been demonstrated for performing piezotronic logic calculations, which have
the potential to be integrated with the NEMS technology for achieving advanced and
complex functional actions in applications of vital importance in portable electron-
ics, medical sciences and defense technology, such as in nanorobotics for sensing
and actuating, in microfluidics [24] for controlling the circuitry of the fluid flow, and
in other micro/nanosystems for intelligent control and action.
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5.1 Strain-Gated Transistor

The piezopotential created inside a ZnO NW under strain can be effectively used
as a gate voltage, which has been applied for fabricating a range of piezotronic
nanodevices [25–28], and, therefore, the mechanic-electrical coupled and controlled
actions can be performed in one structure unit made of a single material. Mechanical
straining can create a piezopotential inside ZnO due to the polarization of the non-
mobile ions, owing to the piezoelectric effect. In addition, the piezopotential can
act as a “controller” for gating the transport behavior of the charge carriers, which
is the fundamental principle for strain-gated electronic devices, based on which the
ZnO-NW electromechanical switch has been fabricated [28].

5.1.1 Device Fabrication

A strain-gated transistor (SGT) is made of a single ZnO NW with its two ends,
which are the source and drain electrodes, being fixed by metal contact on a polymer
substrate (Fig. 5.1(a)). The SGI was fabricated by bonding two ZnO NWs laterally
on a Dura–Lar film. The thickness of the Dura–Lar film is 0.5 mm. The ZnO NWs
were synthesized via a physical vapor deposition method and typically have diame-
ters of 300 nm and lengths of 400 µm (Fig. 5.1(a)). The films were first cleaned with
acetone, isopropyl alcohol and DI water by sonication, after which the Dura–Lar
films were dried by nitrogen gas blowing. One ZnO NW was placed flat on the top
surface of the Dura–Lar film first using a probe station (Cascade Microtech, Inc.)
under an optical microscope (Leica Microsystems, Inc.). Silver paint (Ted Pella,
Inc.) was applied at both ends of the ZnO NW for electrical contacts. The second
ZnO NW was placed on the bottom surface of the Dura–Lar film in the same way.

Once the substrate is bent, a tensile/compressive strain is created in the NW since
the mechanical behavior of the entire structure is determined by the substrate. Uti-
lizing the piezopotential created inside the NW, the gate input for a NW SGT is an
externally applied strain rather than an electrical signal. IDS–VDS characteristic for
each single ZnO-NW SGT is obtained as a function of the strain created in the SGT
(Fig. 5.1(a)) before further assembly into logic devices. A NW SGT is defined as
forward biased if the applied bias is connected to the drain electrode (Fig. 5.1(a)).

For a SGT, the external mechanical perturbation induced strain (εg) acts as the
gate input for controlling the “on”/“off” state of the NW SGT. The positive/negative
strain is created when the NW is stretched/compressed (see SI for the calculation
of the strain in the NW SGT). The IDS–εg curves at a fixed VDS show that IDS
increases as the gate strain εg increases and the threshold gate strain εT is around
0.08 % (Fig. 5.1(b)), which show that the SGT behaves in a similar way to a n-
channel enhancement-mode MOSFET. The threshold gate strain εT is determined
from the intercept (on the εg axis) of the tangent of the maximum slope region
(shown as the black dashed line in Fig. 5.1(b)) of the IDS–εg curve. The IDS–εg

transfer curve obtained for drain bias voltage VDS = 1 V (Fig. 5.2) demonstrates that
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Fig. 5.1 Single ZnO NW strain-gated transistor (SGT). (a) IDS–VDS output characteristic for a
ZnO SGT device with strain sweeping from εg = −0.53 % to 1.31 % at a step of 0.2 %. (Insets)
Top: schematic of a single ZnO NW SGT under bias without strain. Current flows from drain
to source electrode with external bias applied at the drain side. Bottom: top-view SEM image of
the active part of a ZnO SGT (L = 70 µm, diameter = 300 nm), with both ends of the ZnO NW
fixed by silver paste. (b) IDS–εg transfer characteristic for the same ZnO SGT device under three
different VDS bias values: 1, 0.75 and 0.5 V, respectively. The threshold gate strain εT is determined
as around 0.08 % from the intercept (on the εg axis) of the tangent of the maximum slope region
(shown as the black dashed line) of the IDS–εg curve. (Insets) Top, schematic of a ZnO SGT
under tensile strain and the corresponding IDS–εg characteristic curve (blueish region), which is
the logic “1” strain input region for the SGT. Bottom, schematic of a ZnO SGT under compressive
strain and the corresponding IDS −εg characteristic curve (red region), which is the logic “0” strain
input region of the SGT. As in the NW, the piezopotential created by strain is negative in the red
color region and positive in the yellow color region [23]

the NW SGT has a peak pseudo transconductance, gm = dIDS(VDS)/dεg , which is
6 µA for a strain change of �εg = 1 %. The on and off currents Ion and Ioff for
the NW SGT can be determined as the values obtained at εg(on) = εg − 0.3 % and
εg(off) = εg +0.7 %, so that 70 % of the εg swing above the threshold strain εg turns
the ZnO NW SGT on, while the remaining 30 % defines the “off” operation range,
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Fig. 5.2 IDS–εg transfer characteristic for ZnO NW SGT. IDS–εg transfer characteristic for the
ZnO SGT device under three different VDS bias values: 1, 0.75 and 0.5 V, respectively. The blue
square defines the 1 % gate strain window. On and off currents are defined as the values obtained
at εg(on) = εg − 0.3 % and εg(off) = εg + 0.7 %, so that 70 % of the εg swing above the threshold
strain εg turns the ZnO NW SGT on, while the remaining 30 % defines the “off” operation range.
(Inset) Pseudo transconductance for this ZnO NW SGT with VDS bias values of 1, 0.75 and 0.5 V,
respectively, from top to bottom [23]

which is demonstrated in Fig. 5.3. Ion = 3.38 µA and Ioff = 0.03 µA are hence
obtained with Ion/Ioff ratio of 112 for VDS = 1 V; this ratio is comparable to the re-
ported value for the Ge/Si NW-based device that was electrically driven [22]. It can
also be foreseen from the IDS–εg transfer curves (Fig. 5.3) that the ZnO-NW SGT-
based electromechanical amplifier can be realized by integrating with nanoscale
electromechanical transducing units [6].

5.1.2 Fundamental Principle

The working principle of a SGT is illustrated by the band structure of the de-
vice. A strain–free ZnO NW has Schottky contacts at the two ends with the source
and drain electrodes but with different barrier heights of ΦS and ΦD , respectively
(Fig. 5.3(a)). The Fermi level inside the ZnO NW is considered flat here for illus-
tration purpose, which is valid in our devices since the most of the bias falls at the
reversed biased junction [28]. When the drain is forward biased, the quasi-Fermi
levels at the source (EF,S ) and drain (EF,D) are different by the value of eVbias,
where Vbias is the applied bias (Fig. 5.3(b)). An externally applied mechanical strain
(εg) results in both the band structure change and piezoelectric potential field inside
a ZnO NW [28]. The change in band structure leads to the piezoresistance effect,
which is a non-polar and symmetric effect at both the source and drain contacts.
Since ZnO is a polar structure along c-axis, straining in axial direction (c-axis) cre-
ates a polarization of cations and anions in the NW growth direction, resulting in
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Fig. 5.3 The band structures of the ZnO NW SGT under different conditions for illustrating the
mechanism of the strain-gated transistor (SGT). The crystallographic c-axis of the nanowire directs
from drain to source. (a) The band structure of a strain–free ZnO NW SGT at equilibrium with
different barrier heights of ΦS and ΦD at the source and drain electrodes, respectively. (b) The
quasi-Fermi levels at the source (EF,S ) and drain (EF,D) of the ZnO SGT are split by the applied
bias voltage Vbias. (c) With tensile strain applied, the SBH at the source side is reduced from ΦS to
Φ ′

S
∼= ΦS − �EP . (d) With compressive strain applied, the SBH at the source side is raised from

ΦS to Φ ′′
S

∼= ΦS + �E′
P [23]

a piezopotential drop from V + to V − inside the NW (Fig. 5.3), which produces
an asymmetric effect on the changes in the Schottky barrier heights (SBHs) at the
drain and source electrodes. Under tensile strain, the SBH at the source side reduces
from ΦS to Φ ′

S
∼= ΦS −�EP (Fig. 5.3(c)), where �EP denotes the change from the

locally created piezopotential, and it is a function of the applied strain, resulting in
increased IDS. For the compressively strained SGT, the sign of the piezopotential is
reversed, and thus the SBH at the source side is raised from ΦS to Φ ′′

S
∼= ΦS +�E′

P

(Fig. 5.3(d)), where �E′
P denotes the piezopotential effect on the SBH at source

side, resulting in a large decrease in IDS. Therefore, as the strain εg is swept from
compressive to tensile regions, the IDS current can be effectively turned from “off”
to “on” while VDS remains constant. This is the fundamental operating principle of
the SGT.

5.2 Strain-Gated Invertor

The piezotronic strain-gated complementary logic gates are built using back-to-back
packaged n-type ZnO NW SGTs on the top and bottom surfaces of a flexible sub-
strate. Our first example is to illustrate the ZnO-NW strain-gated inverter (SGI)
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(Fig. 5.4). When the substrate is bent downward (Fig. 5.4(a1)), a tensile strain of
0.05–1.5 % is created in SGT 1, while a compressive strain with the same magni-
tude is simultaneously produced in SGT 2, which results in a complementary “on”
and “off” status in the two SGTs, respectively. Alternatively, if the substrate is bent
upward (Figs. 5.4(a3)), the two SGTs have a complementary “off” and “on” status,
respectively. Therefore, these two SGTs behave in a similar way to the operation of
the NMOS and PMOS transistors in the conventional complementary-metal-oxide-
semiconductor (CMOS) inverters [29].

The strain–voltage transfer characteristic (SVTC) and noise margins of the NW
SGI are obtained by plotting the measured output voltages versus corresponding
gate strains (Fig. 5.4(b)). VOH and VOL represent the high and low output voltages
of the SGI, with ideal values of VOH = VDS = 1 V and VOL = 0 V. The experimen-
tal values for VOH and VOL are 0.98 V and 0.0001 V, respectively. The measured
value for VOH, smaller than the applied 1 V, is due to the voltage drop across the
SGT that is at “on” status. The logic swing of the SGI defined by (VOH − VOL) is
0.98 V. The switching threshold strain of the SGI, εI , at which the output of the
SGI switches between logic high and low status, is obtained at point C with a strain
value of −0.6 % in Fig. 5.4(b). The slope value of the dashed line connecting the
point of the origin and point C in Fig. 5.4(b) is 1. In order to characterize the ef-
fect of the input gate strain on the SGI output, the largest input strain for generating
output logic “1”, εIL, and the smallest input strain for inducing output logic “0”,
εIH, are determined at the pseudo unit gain points A and B (see Fig. 5.4(b) and SI)
with strain values of −0.8 % and −0.38 %, respectively. The slopes of the SVTC
curve (red line) at points A and B are both −1. The input strain zone with ε < εIL

(= − 0.8 %) (purple color zone in Fig. 5.4(b)) induces the logic output of “1” for
the SGI, while input strain zone with ε > εIH (= −0.38 %) (the bluish color zone
in Fig. 5.4(b)) induces logic output “0” for the SGI. The negative values for εIL and
εIH may be due to the fact that some initial strains were unpurposeful introduced in
the SGTs during the fabrication process [30]. In the logic low input region (purple
color region in Fig. 5.4(b)), SGT 1 is on and SGT 2 is off; while in the logic high
input region (bluish color region in Fig. 5.4(b)), SGT 1 is off and SGT 2 is on. The
response time of the SGI is dictated by the straining rate, which is an application-
dependent factor and the transient property can be investigated for ZnO NW SGI.
The strain-gated logic devices are designed to interface with the ambient environ-
ment, which is associated with low-frequency mechanical actions, and the aim and
targeting applications are different from those of conventional silicon devices which
aim at speed. Switching frequency is not the critical issue as long as the strain-gated
logic devices can respond to and process the mechanical signals in a timely manner,
such as in applications of nanorobotics, transducers and micro-machine. The appli-
cations of SGTs are complementary to those of the CMOS technology. Unlike the
conventional CMOS inverter, there is no electrical gate in the ZnO-NW SGT and
hence the gate leakage current can be ignored in the ZnO-NW SGI.
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Fig. 5.4 ZnO NW strain-gated inverter (SGI). (a1)–(a4) Schematics and corresponding symbols
of a ZnO NW SGI performing logic operations in responding input strain. The strain input for the
SGI is defined in reference to the strain acting to SGT 2. When the strain input for the SGI is logic
“0”, SGT 1 is on and SGT 2 is off. Therefore the electrical output is logic “1” for the SGI. GND
is the grounded end. When the strain input for the SGI is logic “1”, SGT 1 is off and SGT 2 is on.
Therefore the electrical output is logic “0” for the ZnO SGI. The c-axis direction and the polarity
of the piezopotential field for each SGT under strains are defined in Fig. 5.1. (b) The strain–voltage
transfer characteristic (SVTC) and noise margins of the ZnO NW SGI with VDS = 1 V. The slope
of the dashed line connecting the point of the origin and point C is 1. The slopes of points A and B
on the SVTC curve (red line) are both −1. Inset, optical picture of a ZnO NW SGI, with two SGTs
and four connecting wires [23]
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Table 5.1 Two kinds of transition occur during the switching of a ZnO NW strain-gated NAND
gate. One kind of transition changes the on/off status for all four SGTs, such as the case happening
in the first two columns of the table (with purple color). The other kind of transition changes the
on/off status for only two SGTs, like the cases happening in the last four columns of the table
(with bluish color). The two numbers in the quotation marks represent the logic levels for strain
input on the SGIs in a ZnO NW strain-gated NAND gate

Table 5.2 Two kinds of transition occur during the switching of a ZnO NW strain-gated NOR
gate. One kind of transition changes the on/off status for all four SGTs, such as the case happening
in the first two columns of the table (with purple color). The other kind of transition changes the
on/off status for only two SGTs, like the cases happening in the last four columns of the table
(with blueish color). The two numbers in the quotation marks represent the logic levels for strain
input on the SGIs in a ZnO NW strain-gated NOR gate

5.3 Piezotronic Logic Operations

5.3.1 NAND and NOR

Logic operations of NW strain-gated NAND and NOR gates were realized by inte-
grating two NW SGIs, which are gated individually by the applied strains, according
to corresponding connection rules (Figs. 5.5A(a1) and (a2) for the NAND gate and
Figs. 5.5A(b1) and (b2) for the NOR gate). The output voltages of NAND and NOR
gates versus the input gate strains are shown in Fig. 5.5A(a3) for the NAND gate and
Fig. 5.5A(b3) for the NOR gate. Two types of transition occur during the switch-
ing operation of both the ZnO NW strain-gated NAND and NOR gates, which have
been tabulated (Tables 5.1 and 5.2). It can also be seen that NW strain-gated NAND
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Fig. 5.5A (a), (b). ZnO NW strain-gated NAND and NOR logic gates. (a1)–(a3) ZnO NW strain–
gated NAND gate. (a1) Schematic of the ZnO NW strain-gated NAND logic gate, which is com-
posed of two SGIs, SGI A, and SGI B. The strain input A for SGI A is defined in reference to
the strain applied to SGT 2 and the strain input B for SGI B is defined in reference to the strain
applied to SGT 3. (a2) Layout for ZnO NW strain-gated NAND logic gate by connecting two ZnO
NW SGIs. (a3) Logic operations and experimental truth table of the ZnO NW strain-gated NAND
logic gate. The red line is the electrical output of the NAND gate. Blue and green lines represent
the strain input applied on SGI A and SGI B, respectively. “1” and “0” in the quotation marks
along the input curves represent the logic levels of the input. For the output, the first number in the
quotation marks represents the logic level for strain input on SGI A and the second number repre-
sents the logic level for strain input on SGI B. The values in the parentheses are the corresponding
physical values for the input and output. The same denominations apply for NOR and XOR logic
gates. (b1)–(b3) ZnO NW strain-gated NOR gate. (b1) Schematic of the ZnO NW strain-gated
NOR logic gate, which is composed of two SGIs, SGI C and SGI D. The strain input C for SGI C
is defined in reference to the strain applied to SGT 5 and the strain input D for SGI D is defined
in reference to the strain applied to SGT 8. (b2) Layout for ZnO NW strain-gated NOR logic gate
connecting two ZnO NW SGIs. (b3) Logic operations and experimental truth table of the ZnO NW
strain-gated NOR logic gate. The red line is the electrical output of the NOR gate. Blue and green
lines represent the strain input applied on SGI C and SGI D, respectively. The abbreviation a.u. is
for arbitrary units
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Fig. 5.5B (c), (d). (c1) Schematic of a resistive-load ZnO NW NAND gate constructed from serial
connection of two ZnO NWs. A 22 MΩ resistor is used as the pull-up load. (c2) Logic operations
and experimental truth table of the resistive-load ZnO NW NAND logic gate. Blue curve and
green curve represent the strain input applied on SGT 1 and SGT 2, respectively. (d1) Schematic
of a resistive-load ZnO NW NOR gate constructed from parallel connection of two ZnO NWs.
A 22 MΩ resistor is used as the pull-up load. (d2) Logic operations and experimental truth table
of the resistive-load ZnO NW NOR logic gate. Blue curve and green curve represent the strain
input applied on SGT 1 and SGT 2, respectively [23]

and NOR gates with active loads (Figs. 5.5A(a3) and (b3)) exhibit better overall per-
formance, such as larger logic swing, compared to passive-load NAND and NOR
gates (Figs. 5.5B(c) and (d)).

5.3.2 XOR

The strain-gated ZnO NW XOR logic was also realized by connecting two SGTs
in parallel (Fig. 5.6(a)). The drain electrode of SGT 1 in Fig. 5.6(a) is connected
to the electrical input VA while the drain electrode of SGT 2 is connected to VĀ,
which is the logically complement electrical input to VA. If the strain-gated input
logic for SGT 2 is B , then the strain input logic for SGT 1 is B̄ . The change in
the connections of the electrodes from those demonstrated in the NW SGI results
in different logic functions. When the substrate is bent downward or upward, the
electric output would be either VA or VĀ, with the overall output of the device
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Fig. 5.6 ZnO NW strain-gated XOR logic gate. (a1)–(a2) Schematics of a ZnO NW XOR logic
gate performing logic operations on strain and electrical input. (a1) When the strain input applied
on SGT 2 is logic “0” and the electrical input VA applied on SGT 1 is logic “1”, SGT 1 is on and
SGT 2 is off. Therefore the electrical output is logic “1” for the XOR gate. (a2) When the strain
input applied on SGT 2 is logic “1” and the electrical input VĀ applied on SGT 2 is logic “0”,
SGT 1 is off and SGT 2 is on. Therefore the electrical output is logic “0” for the XOR gate.
(b) Logic operations and experimental truth table of the ZnO NW strain-gated XOR logic gate.
The red line is the electrical output of the XOR gate. Blue and green lines represent the electrical
and strain input applied on SGT 1 and SGT 2, respectively. We use the abbreviation a.u., arbitrary
units [23]

logically expressed as Vout = B̄VA + BVĀ, which is the XOR logic. The output
voltages of the XOR gate versus the input gate strains are shown in Fig. 5.6(b).

If drain electrodes of SGT 1 and SGT 2 in Fig. 5.6(a) are connected indepen-
dently to arbitrary electrical input signals D1 and D0 rather than logically comple-
ments (VA and VĀ), the XOR gate demonstrated above is essentially a 2:1 multi-
plexer (MUX), with a control bit B that is the input strain logic applied on SGT 2.
Analogously, an n:1 MUX enables us to pick one of the n inputs and direct it to
the output. When B is logic “1”, SGT 1 is off and the output is determined by the
input connected to the drain electrode of SGT 2. Conversely, when B is logic “0”,
SGT 2 is off and the output is determined by the input connected to the drain elec-



108 5 Piezotronic Logic Circuits and Operations

trode of SGT 1. Reversely, if the input D1 and D0 act as the output ports and the
output for MUX as the input side, the device acts as a demultiplexer (DEMUX).
The circuit can be expanded easily to create larger MUXs based on the above basic
structures. The NW strain-gated MUXs and DEMUXs are critical logic components
for processing mechanic-electrical signals.

5.4 Summary

By utilizing the gating effect produced by piezoelectric potential in a ZnO NW un-
der externally applied deformation, SGTs have been fabricated, using which the
universal logic operations such as NAND, NOR and XOR gates have been demon-
strated for the first time for performing piezotronic logic operations [23]. In con-
trast to the conventional CMOS logic units, the SGT-based logic units are driven
by mechanical agitation and relies only on n-type ZnO NWs without the presence
of p-type semiconductor components. The mechanical–electronic logic units can
be integrated with NEMS technology to achieve advanced and complex functionali-
ties in nanorobotics, microfluidics and micro/nanosystems. Recently, the integration
of the other two important components in a self-powered autonomous intelligent
nanoscale system, the energy harvesting and the sensing/detecting parts, has been
demonstrated [31] and ZnO piezotronic logic devices can be further integrated with
the ultrasensitive ZnO NW sensors and ZnO NW-based nanogenerators to achieve
a self-sustainable, all nanowire based, multifunctional self-powered autonomous in-
telligent nanoscale system.
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Chapter 6
Piezotronic Electromechanical Memories

Abstract In this chapter, we treat the piezoelectrically modulated resistive switch-
ing device based on a piezotronic nanowire, through which the write/read access
of the memory cell is programmed via electromechanical modulation. Adjusted by
the strain-induced polarization charges created at the semiconductor/metal inter-
face under externally applied deformation by the piezoelectric effect, the resistive
switching characteristics of the cell can be modulated in a controlled manner, and
the logic levels of the strain stored in the cell can be recorded and read out, which has
the potential for integrating with NEMS technology to achieve micro/nanosystems
capable for intelligent and self-sufficient multidimensional operations.

The concept of complementing field effect transistors (FETs) with two-terminal hys-
teretic resistive switches has recently attracted great interest in implementing and
scaling novel non-volatile resistive memories [1–5] for ultrahigh-density memory
storage [6, 7] and logic applications [8, 9] with characteristics such as high density,
low cost, fast write/read accessing speed and long endurance/retention time [10].
Notably, previously existing non-volatile resistive memories are all based on elec-
trically switchable resistance change [10] by means of formation of conductive fila-
ments [5, 11], charge-transfer-induced conformational change [12], electrochemical
processes [13], or field-assisted drift/diffusion of charged ions [3, 4, 6, 14] in vari-
ous oxides and ionic conductors [15, 16]. These devices are electrically programmed
and they are not suitable for direct interfacing with actuation/triggering other than
electrical input.

For applications such as human–computer interfacing, sensing/actuating in
nanorobotics, and smart MEMS/NEMS [18], a direct interfacing of electronics with
mechanical actions is required. In this chapter, we present the first piezoelectrically
modulated resistive switching device based on piezotronic ZnO nanowire (NW),
through which the write/read access of the memory cell is programmed via elec-
tromechanical modulation [17]. Adjusted by the strain-induced polarization charges
created at the semiconductor/metal interface under externally applied deformation
by the piezoelectric effect, the resistive switching characteristics of the cell can be
modulated in a controlled manner, and the logic levels of the strain stored in the cell
can be recorded and read out, which has the potential for integrating with NEMS
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Fig. 6.1 Effects of oxygen–plasma treatment on electrical properties of ZnO PRM cells.
(a1)–(a3) I–V characteristics of ZnO PRM cells after 30, 20 and 10 minutes oxygen–plasma treat-
ment. The sweeping frequency is 0.1 Hz. (a1) Inset: Atomic force microscopy (AFM) image of one
ZnO PRM cell. (b) Optical image of the large-scale as-fabricated PRM cells after printing transfer
of ZnO NWs and lithography patterning of metal electrodes. (c) Statistical distributions of the Vth,S
and Vth,D peaks for PRM cells with different periods of oxygen–plasma treatment. Red, blue, and
black lines are for PRM cells with 30, 20, and 10 minutes oxygen–plasma treatment, respectively
[17]

technology to achieve micro/nanosystems capable for intelligent and self-sufficient
multidimensional operations [18, 20].

6.1 Device Fabrication

The basic structure of the piezoelectrically modulated resistive memory (PRM) is
shown in Fig. 6.1(a1) (Inset), which consists of a ZnO piezotronic NW that is in
contact with Au electrodes fabricated by lithography on a flexible PET substrate
(from DuPont, thickness ∼ 1.25 mm). The two electrodes are labeled as the drain
(D) and source (S) electrodes of the PRM cell. The single-crystalline ZnO NWs used
in PRM devices were synthesized via a physical vapor deposition process [21] with
diameters of 500 nm and lengths of 50 µm (Fig. 6.1(a1) (Inset)). ZnO NWs grown on
alumina plates were transferred to the PET receiving substrate by sweeping the PET
substrate across the NWs. Electrode patterns over the transferred ZnO NWs were
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Fig. 6.2 I–V curves of PRM
cells with argon–plasma
treatment. For PRM cells
treated with argon plasma, the
threshold voltages decreased
and the conductance
increased with respect to the
pristine one, as the treatment
time increased. The
rectification disappeared in
the I–V curve for PRM cell
treated with 30 minute argon
plasma. Inset: magnified plot
for pristine PRM cell and cell
with 10-minute argon–plasma
treatment [17]

defined using photolithography and then followed by evaporating 350 nm thick Au
film (E-beam evaporation). After lift-off step, a substantial amount of the ZnO NWs
was patterned with ordered Au electrodes (Fig. 6.2). Au electrodes form Schottky
contacts with the ZnO NWs, which are critical for a working piezotronic device.
Finally, the entire substrate can be further packaged with a thin layer of PDMS to
enhance mechanical robustness.

The PRM cells were then treated in oxygen plasma for 30 minutes before further
characterization. Plasma treatment using argon or oxygen gas was performed on a
plasma cleaning system (South Bay Technology, Inc., PC-150) in order to investi-
gate the effect of pre-treatment on the performance and consequently the underlying
working mechanism of the PRM cell. For both the argon– and oxygen–plasma treat-
ment, the chamber pressure was maintained at 170 mTorr during the process. The
forward power used was 30 W with the reflected power of 0 W. The duration time of
plasma treatment was programmed to be from 10 to 30 minutes for different groups
of PRM cells investigated.

6.2 Principle of Electromechanical Memory

Once the substrate is deformed, a pure tensile/compressive strain is created in the
NW since the mechanical behavior of the entire cell structure is determined by the
substrate (Fig. 6.1(b)). All of the I–V curves presented were measured at a sweeping
frequency of 0.1 Hz at room temperature unless otherwise noted. Several key fea-
tures can be observed from the representative hysteretic I–V curve obtained (Meth-
ods) for a single ZnO PRM cell (treated with 30-minute oxygen plasma) without
applying an external strain (Fig. 6.1(a1)). First, as the bias voltage increased from 0
to 10 V, the output current of the PRM cell increased abruptly at 5.73 V, which is
defined as the threshold point Vth,S. An abrupt transition and switching from high-
resistance state (HRS) to low-resistance state (LRS) occurred at Vth,S. Secondly,
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as the voltage was subsequently decreased towards negative values, the PRM cell
switched back to the high-resistance OFF state. Thirdly, when the bias voltage ex-
ceeded certain negative values (Vth,D = −5 V in Fig. 6.1(a1), the PRM cell was
turned to the ON state again and subsequent decrease in magnitude of the negative
bias voltage switched the PRM cell back to the OFF state. This hysteretic sweeping
sequence is indicated by arrowheads in Fig. 6.1(a1). The overall resistive switching
observed for a single PRM cell is unipolar since the switching sequence is inde-
pendent of the polarity of the bias voltage [10] (Fig. 6.1(a1)), which can be under-
stood by the symmetry in structures of the PRM cells. Current rectification, which
can minimize cross talk between individual memory cells and solve the sneak path
problem in potential large-scale ultrahigh-density applications [22, 23], was also ob-
served, suggesting that the PRM cell can be modeled as two back-to-back Schottky
barriers connected in series with the NW in the metal–semiconductor–metal (M–S–
M) configuration and the LRS state of the cell is dictated by Schottky-like transport
at one of the Au/ZnO interfaces, which will be discussed in detail later.

Noticeably, the I–V characteristic of the PRM cell is significantly different from
those observed in previous single ZnO NW-based piezotronic devices [17, 18] (or-
ange line in Fig. 6.2), which is proposed to result from the oxygen–plasma treatment
prior to the measurement, as elaborated in the following. In order to investigate the
effect of pre-treatment on the performance of the PRM cell, six groups of PRM
cells were electrically characterized after different plasma pre-treatments (Meth-
ods). The first three groups were treated with oxygen plasma for 30, 20 and 10
minutes, respectively and the typical I–V curves are shown in Figs. 6.1(a1)–(a3).
The rest three groups of PRM cells were treated with argon plasma for 30, 20, and
10 minutes and their individual typical I–V curves are shown in Fig. 6.2, respec-
tively. The I–V curve of the PRM cell directly assembled without pre-treatment
(pristine PRM cell) is also plotted in Fig. 6.2 for comparison. It can be seen clearly
that significant changes occur in the shape, threshold voltage, and current range of
the I–V curves for these samples. With increasing the period of time of treatment
with oxygen plasma, the threshold voltage of the PRM cell increased accordingly,
and increased hysteresis was also observed in the I–V curve (Figs. 6.1(a1)–(a3)).
If the PRM cell was treated with argon plasma, the threshold voltage decreased and
the conductance increased with respect to the pristine one, and finally the rectifica-
tion disappeared in the I–V curve. The observed variations in the I–V curves of
the PRM cells, which were fabricated using the ZnO NWs synthesized under the
same experimental condition, are due to the fact that oxygen vacancies are capable
of influencing the Schottky contacts between ZnO and metal electrodes [24]. The
synthesis condition (argon atmosphere at high temperature [21]) for ZnO NWs used
in the reported piezotronic devices [26, 32] and pristine PRM cells tended to create
a large amount of oxygen vacancies in the ZnO NWs, which possibly induced the
observed lower threshold voltages of 0.5–0.7 V due to the high density of oxygen
vacancies near the metal-ZnO interface and pinning of the ZnO Fermi level close
to the V ••

O defect level [24]. If, however, the pristine ZnO NWs were treated with
additional oxygen plasma for a prolonged period of time, the concentration of oxy-
gen vacancies could be largely reduced, which contributed to the observed increase
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in threshold voltages as well as the hysteresis loop of the I–V curves, as shown in
Figs. 6.1(a1)–(a3).

The mechanical deformations were applied onto the PRM cells using a 3-axis
linear stage (Newport, Inc., 460P-XYZ-05). Electrical measurements were carried
out with a computer-controlled data acquisition system, which consists of a function
generator (Stanford Research Systems, Inc., DS345), a low-noise current preampli-
fier (Stanford Research Systems, Inc., SR570) and a shielded connector block with
signal-labeled BNC connectors (NI BNC2120). For each strain state of the PRM
cell, the output current was obtained by sweeping the DC bias across the device at a
fixed frequency of 0.1 Hz.

The capability in designing the switching characteristics of the PRM cell in a
controllable manner is further confirmed by the sharp and distinct statistical dis-
tributions of the Vth,S and Vth,D peaks for PRM cells with different periods of
oxygen–plasma treatment, with Vth,S = 6.15 ± 0.39 V and Vth,D = −5.12 ± 0.03 V,
Vth,S = 3.18 ± 0.20 V and Vth,D = −2.67 ± 0.22 V as well as Vth,S = 0.74 ± 0.51 V
and Vth,D = −0.68±0.20 V for PRM cells with treatment for 30, 20 and 10 minutes,
respectively, by oxygen plasma (Fig. 6.1(c)). The predictable electrical properties of
these ZnO NWs with controlled treatment process enable the reproducible assem-
bly of NW structures at large quantity for further applications. The slight difference
and asymmetry observed between Vth,S and Vth,D within each group of PRM cells is
possibly induced by the non-uniform geometry of the ZnO NW, as indicated by the
AFM image inset in Fig. 6.1(a1). It is well known that the Schottky barrier height
(SBH) induced at a metal/semiconductor interface can be affected by factors such as
the geometry and effective areas of the contact [25]. Moreover, the interface/surface
states can also shift the SBH [25]. Notably, as can be seen from the semi-logarithmic
plots of the data presented in Figs. 6.1(a1)–(a3) (Fig. 6.3), the PRM cells gradually
lose their non-volatility as the period of oxygen–plasma treatment increases. The
non-volatility of PRM cells with 10-minute oxygen–plasma treatment can be ob-
served by sweeping only at positive voltages (0–1 V) and the high-conductance
state is not lost at small bias in subsequent sweeps (for 20 cycles), which indicates
that this kind of cell has the memory effect. The PRM cells with 30-minute oxygen
plasma, however, did not show the same non-volatility in the current experiment.

6.3 Effect of Temperature on Memory Performance

Temperature-dependent I–V measurements (Methods) were performed to obtain
further insight into the switching mechanism of the PRM cell without applying ex-
ternal deformations. The representative result acquired from an Au/ZnO-NW/Au
PRM cell clearly demonstrates the variations with temperature in the hysteretic
I–V switching characteristics (Fig. 6.4(a)). The threshold turn-on voltage for the
reversely biased Schottky barrier of the PRM cell increased almost linearly with
decreasing temperature (Fig. 6.4(b)), and the hysteresis loop increased with the de-
creasing temperature (Fig. 6.4(a)). The magnitudes of the current for PRM cell at
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Fig. 6.3 I–V characteristics
of ZnO PRM cells after 30,
20, and 10 minutes of oxygen
plasma treatment [17]

very large bias (V = ±10 V) were almost constant and independent of temperature
(Fig. 6.4(a)).

Although the nature of resistive switching and related charge transport process
at microscale in M–S–M structures is still under debate [1–5], the movement of
charged species that modulates the current flow seems to be a dominant mecha-
nism [3]. Drift/diffusion of defects such as positively charged oxygen vacancies
under applied electrical field has been suggested to change the electronic barrier at
the metal/semiconductor interface, which possibly results in the observed resistive
switching [4]. Oxygen vacancies are known to belong to the predominant ionic de-
fects in ZnO [26] and can influence the Schottky contacts between ZnO and metal
electrodes [24]. On the basis of the experimental results, a general model based
on the coupled transport of charged dopants and electrons under applied electric
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Fig. 6.4 Temperature-dependent I–V measurements of PRM cells at strain-free condition.
(a) I–V characteristics of ZnO PRM cells at 300, 200, and 90 K, respectively. The sweeping
frequency is 0.1 Hz. Inset: schematic showing the bias condition of the PRM cell when Schot-
tky barrier at source side is reversely biased. (b) Dependence of threshold voltages on temperature.
Both Vth,S (in black) and Vth,D (in red) increased in magnitudes almost linearly with the decreasing
temperature. The hysteresis loop increased with the decreasing temperature [17]

field [4] is adopted and modified to explain the hysteretic switching behavior of
the PRM cell without external deformation applied. The drift/diffusion of the oxy-
gen vacancies towards the interface effectively reduces the local SBH, while the
drift/diffusion of vacancies away from the interface increases the SBH.

The hysteretic switching sequences obtained at different temperatures can be
characterized by four typical regions: (1) O–A, (2) A–B–O, (3) O–C, and (4) C–
D–O, as labeled in Fig. 6.4(a) as an example. For easy discussion, the bias is set
to be applied on the drain (D) electrode with respect to the source (S) side (In-
set sketch in Fig. 6.4(a)). The overall macroscopic resistance of the PRM cell is
RPRM = RS + RNW + RD, where RS and RD are the electrical resistances con-
tributed by Schottky barriers at source and drain sides that may vary during the
experiment and RNW is the intrinsic resistance of the ZnO NW. It has previously
been demonstrated that for semiconductor NW-based M–S–M structure, the I–V

transport characteristic is normally dictated by the reversely biased Schottky bar-
rier side [19, 27, 28]. As the bias voltage sweeps from O to A with the drain side
forward-biased, the voltage drops mainly at the reversely biased source side. The to-
tal resistance of PRM cell is RPRM ∼ RS (with RS 
 RNW,RD), which is the HRS
state. The lower voltage at the source side attracts oxygen vacancies towards the in-
terface to modify the contact barrier at the source. The switching from HRS to LRS
state occurs at a larger bias beyond point A, in corresponding to a largely reduced
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Fig. 6.5 I–V characteristic
for PRM cell in region O–B
and D–O in Fig. 6.4. The
numerical fitting curves show
that ln(I ) linearly depends on
V 1/4, which indicates that
thermionic emission-diffusion
dominates the transport at the
reverse-biased barriers

SBH at the source side. When the bias voltage sweeps from point A to point O
through point B, the ln(I )–V curve for region B–O (empty circle in Fig. 6.5) shows
that ln(I ) relates to V 1/4, as confirmed by the numerical fitting curve (purple line
in Fig. 6.5). This indicates that the thermionic emission-diffusion model dominates
the transport at the reverse-biased source barrier [29]. An accelerated diffusion of
the oxygen vacancies toward the source side at a large applied voltage and their
accumulation are considered as the cause of the hysteresis observed in I–V curve.

As the applied bias switches the polarity from point O to point C, the source
side is now forward-biased and the bias voltage drops mainly at the reversely biased
drain side with the total resistance of PRM cell RPRM ∼ RD, which is the new HRS
state. Oxygen vacancies near the drain side are attracted towards and accumulated
at the reversely biased drain barrier to modify the interface contact, while oxygen
vacancies previously piled up at the source side are drifting away. Similar to the
case in region O–A, the switch from HRS to LRS state occurs only after a larger
bias beyond point C is applied. When the bias voltage sweeps from point C to point
O through point D, the ln(I )–V curve for region D–O (empty triangle in Fig. 6.5)
can again be numerically fitted using the ln(I ) ∼ V 1/4 relationship (blue line in
Fig. 6.5), indicating that the thermionic emission-diffusion model also dominates
the transport at the reverse-biased drain barrier.

It can also be observed that both Vth,S and Vth,D and hence the width of
the HRS window increased as the temperature decreased from 350 to 90 K
(Fig. 6.4(b)). Qualitatively, this can be understood since the drift/diffusion of the
charged ions/dopants and electrons are thermally activated processes. Employing
the rigid point ion model derived by Mott and Gurney [30], the diffusion coeffi-
cient of oxygen vacancy is given by D = D0 · exp(−Ea/kT ) and the drift velocity
is v = a · f · exp(−Ea/kT ) · sinh(qEa/2kT ), where Ea is the activation energy,
k is the Boltzmann constant, a is the effective hopping distance for the ion to hop
between potential wells, f is the attempt-to-escape frequency. At decreased tem-
peratures, larger bias is required to attract sufficient oxygen vacancies towards the
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Fig. 6.6 Stain-modulated hysteretic switching of PRM cell. (a) I–V characteristics of ZnO PRM
cells under tensile, zero and compressive strains, respectively. (b) Dependence of threshold volt-
ages on applied strains. Both Vth,S (in red) and Vth,D (in black) almost linearly depends on strain
applied to the PRM cell, while the width of the HRS window remains almost constant for different
strain values. (c) Schematic of band-diagram of PRM cell under tensile strain. (c1) Schottky bar-
rier at drain side is forward-biased. (c2) Schottky barrier at drain side is reversely biased. Red solid
lines represent band-diagrams after tensile strain is applied. Black dashed lines represent band-di-
agrams under strain-free condition. The color gradient represents the distribution of piezopotential
field [17]

respective reversely biased barrier to switch the PRM cell from HRS to LRS state
within the timescale in the experimental setup (the sweeping frequency of the bias
signal was 0.1 Hz).

6.4 Piezotronic Effect on Electromechanical Memory

The external mechanical perturbation induced strain (εg) acts as the programming
input for modulating the hysteretic I–V characteristics of the PRM cell. A posi-
tive/negative strain is created when the ZnO NW is stretched/compressed (see Sup-
porting Information for calculation of the strain in the PRM cell). Interesting phe-
nomena were observed when a PRM cell experienced straining (Fig. 6.6(a)). When
the PRM cell was tensile stretched (ε = 1.17 %), the hysteretic switching curve
shifted towards lower voltage side by 1.49 V (red line in Fig. 6.6(a)); when the
cell was compressively deformed (ε = −0.76 %), the hysteretic switching curve
shifted towards higher voltage side by 1.18 V (blue line in Fig. 6.4(a)). Vth,S+,
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Fig. 6.7 Ratio of
conductance at LRS and HRS
for the PRM cell under
different strains. The ratio of
conductance at LRS and HRS
remains steady at high values
(∼105) under different
strains, demonstrating the
stable performance of the
PRM cell [17]

Vth,S0, Vth,S−, and Vth,D+, Vth,D0, Vth,D− are the threshold switching voltages for
the PRM cell with tensile, zero and compressive strains, respectively. The same
hysteretic switching curves can then be plotted in a semi-logarithmic current scale
to illustrate and highlight the characteristics of the curves (Fig. 6.8). The ratios of
conductance between LRS and HRS for the PRM cell remain steady at high values
(∼105) under different strains (Fig. 6.7), demonstrating the stable performance of
the cell and its potential feasibility for applications in flexible memory and logic op-
erations [19]. The intrinsic rectifying behavior of the PRM cell may solve the sneak
path problem as well as reduce the static power consumption [23], which allows
for construction of large passive resistive-switching device arrays. The changes in
threshold switching voltages of the PRM cell with different strains have been plot-
ted in Fig. 6.6(b). It can be seen that the change in both Vth,S and Vth,D almost
linearly depends on strain applied to the PRM cell, while the width of the HRS win-
dow (Vth,Si −Vth,Di , where i = +,0,−) remains almost constant for different strain
values. This strain-modulated change in the threshold switching voltages was also
observed for other PRM cells with oxygen–plasma treatment.

It is well known that ionic polarization in ZnO can be induced by strain owing
to the lacking of center symmetry in ZnO, which can strongly affect the charge
transport [18]. Novel effects [31] and applications [17, 27, 32] have been observed
and implemented utilizing the piezotronic effect in ZnO [18]. The fundamental con-
cept of the piezotronic effect is that the SBH at the metal–semiconductor contact
can be effectively tuned by the strain-induced piezoelectric polarization charges at
the interface. The local conduction band profile can then be modified by shifting
the local Fermi level. The change in SBH induced by piezoelectric polarization is
given approximately by �φB = σpol · D−1 · (1 + 1/(2qswd))−1, where σpol is the
volume density of the polarization charge and directly related to the piezoelectric
polarization P vector, D is the two-dimensional density of interface states at the
Fermi level at the Schottky barrier, qs is the two-dimensional screening parame-
ter, and wd is the width of the depletion layer [33]. Thus the mechanical strain
can effectively change the local contact characteristics as well as the charge carrier
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Fig. 6.8 Stain-modulated hysteretic switching curves of PRM cell in a semi-logarithmic current
scale. The upper and lower branches of the hysteretic I–V characteristics correspond to the LRS
and HRS states for PRM cell with different strains. Abrupt transitions between LRS and HRS
branches of the hysteretic I–V curves occur at the respective threshold switching voltages, which
are indicated by series of lines between the LRS and HRS branches

transport process. Based on the above discussions, the modulation effect of strain
on the hysteretic switching behavior of the PRM cell, as shown in Figs. 6.6(a)–(b),
can then be understood and explained using the band-diagram of the working de-
vice (Fig. 6.6(c)). If the PRM cell is under tensile strain with the Schottky barrier
at drain side being forward-biased (V > 0 in Fig. 6.6(a)), the positive piezoelectric
potential resulting from the positive strain-induced polarization charges reduced the
SBH at the reverse-biased source barrier, while the negative piezoelectric potential
resulting from the negative strain-induced polarization charges increased the SBH at
the forward-biased drain barrier (red line in Fig. 6.6(c1)). Since the I–V character-
istic in this situation is dictated by the reversely biased source barrier, the existence
of strain-induced piezoelectric potential results in the shift of switching threshold
voltage from Vth,S0 to Vth,S+, indicating only a smaller bias is required to switch the
PRM cell from HRS to LRS state. Alternatively, if the Schottky barrier at drain side
is reverse-biased (V < 0 in Fig. 6.6(a)), the SBH is still reduced at the source barrier
while it is increased at the drain barrier (Fig. 6.6(b2)) since the polarity of the strain
did not change, and hence the piezoelectric potential remained negative and positive
at source and drain barriers, respectively. The I–V characteristic is now dictated by
the reversely biased drain side in this case, and a shift of switching threshold voltage
from Vth,D0 to Vth,D+ was observed, indicating that a larger bias has to be applied in
order to switch the PRM cell from HRS to LRS state. By the same token, in the case
of applying a compressive strain to the PRM cell, the shift of switching threshold
voltage from Vth,S0 to Vth,S and Vth,D0 to Vth,D can be explained.

Under the strain-free condition and if the applied external bias exceeds the thresh-
old voltage, the device is in LRS, and the concentration of oxygen vacancies in the
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NW can significantly influence the total conductance of the NW as well as the SBHs
at the source/drain (see Figs. 6.1(a1)–(a3) and 6.2). Now we consider the case that a
strain is applied to the PRM cell. The effect of the piezopotential can be equivalently
taken as applying a positive voltage at the barrier interface if the local piezoelectric
polarization charges are positive, which in effect decreases the value of the external
bias required to overcome the SBH at the interface. Alternatively, a negative volt-
age is created to act on the interface if the polarization charges are negative, which
increases the value of the external bias required to overcome the barrier at the in-
terface. From the data shown in Fig. 6.6, the HRS window remains almost constant
regardless of the magnitude and sign of the applied strain, indicating that the shifts
in the observed threshold voltages under different strains are dictated by the piezo-
electric polarization charges at the interfaces and the contribution from the diffusion
of the oxygen vacancies has negligible effect. This is because the oxygen vacancies
are distributed in the entire NW, while the piezoelectric charges are accumulated
right at the very near barrier interface in a region of less than a sub-nanometer. The
diffusion force contributed by the piezoelectric charges on the oxygen vacancies is
a long-range interaction force, thus the variation of the vacancy concentration at the
interface owing to piezoelectric effect is rather small. Furthermore, the entire I–V

curves are “translated” for a constant voltage, that is, the change of threshold switch
voltage caused by the piezoelectric charges. For the samples pre-treated in oxygen
plasma, the concentration of the oxygen vacancies was largely reduced in the NW,
thus, the screening effect of the free charge carriers to the piezoelectric charges was
significantly reduced, and the effect of the piezoelectric charges is enhanced [34].
Therefore, the shifts in threshold switch voltages due to piezoelectric polarization at
both drain and source sides for a fixed strain have the same magnitude but opposite
polarities, provided that the doping level is low. This indicates that the magnitude of
the piezopotential at the interface is as large as 1.2 V at 0.5 ∼ 0.76 % of strain. The
oxygen–plasma pre-treatment to the ZnO NWs may also improve the output of the
nanogenerator [34].

6.5 Rewritable Electromechanical Memory

The fabricated PRM can function as an electromechanical memory, in which the
write/read access can be programmed via mechanical actuation. A pulse train con-
sisting of several write/read/erase pulses is applied to the PRM cell to record and
read out the polarity/logic levels of the “stored” strain in the cell, by monitoring the
characteristic patterns in the output current (Fig. 6.9). The data shown in Fig. 6.9
were obtained for the same PRM cell under different strain status, which is equiva-
lent to the cases of three identical PRM cells under tensile strain (A cell), zero strain
(B cell) and compressive strain (C cell), for easy description. First, a positive write
pulse (10 ms) with Vth,S0 < Vwrite1 < Vth,S is applied to these three cells. This short
pulse sets the A and B cells to switch from the HRS to the LRS state, while the C
cell remains in the HRS state. The status of the three cells is then read out by a read
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Fig. 6.9 Write/read access of PRM cell as an electromechanical memory. A pulse train consisting
of several write/read/erase pulses was applied to the PRM cell to record and read out the logic
levels of the “stored” strain in the cell. Each write/erase pulse was followed by a read pulse with
positive or negative polarity, respectively. The following voltage amplitudes were applied: 6.44 V
(write 1), 1.5 V (read 1), −5.35 V (erase 1), −1.5 V (read 2), 5.37 V (erase 2) and −6.42 V
(write 2). Short current spikes occur in the output reading current with the write/erase pulses, if the
resistance states (HRS to LRS) change in the PRM cell [17]

pulse (2 s) with a small magnitude (Vread1 < Vth,S+). Subsequently, a negative erase
pulse (10 ms) with Vth,D0 < Verase1 < Vth,D resets the A and B cells from the LRS to
the HRS state, while it sets the C cell into the LRS state. A follow-up read pulse (2 s)
with a small negative value (Vread1 > Vth,D) is applied to read the new states of the
cells. In the third step, a positive erase pulse (10 ms) with Vth,S+ < Verase2 < Vth,S0

sets the A cell from the HRS to the LRS state again, while it keeps the B and C cells
in the HRS state. The same Vread1 pulse is then applied to read the new states of the
cells. Finally, a negative write pulse (10 ms) with Vth,D+ < Vwrite2 < Vth,D0 resets
the A cell into the HRS state, while it sets the B and C cells into the LRS state. The
same Vread2 pulse is then applied to read the new states of the cells. After the above
series of the pulse train is applied, the waveform of the output currents of the cells
is monitored and analyzed (Fig. 6.9). If the logic levels of the output currents with
positive, almost zero and negative values are labeled as “1”, “0” and “−1”, the logic
pattern of “1 0 1 0” indicates the positive nature of the “stored” strain in A cell. The
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logic patterns of “1 0 0 −1” and “0 −1 0 −1” represent the zero and negative strain
status of the B and C cells, respectively. A quantitative analysis of the magnitudes
of the output currents can give the absolute values of the strains stored in the PRM
cells. Although there have been numerous research and commercial products on
strain detection and measurements such as semiconductor MEMS/NEMS piezore-
sistive strain gauges [35, 36], the PRM cells demonstrated here are fundamentally
different from the these devices. Piezoresistance effect is a non-polar and symmetric
effect resulting from the band structure change, while the PRM cells are based on
the asymmetric piezotronic effect. ZnO is a polar structure along c-axis, straining
in axial direction (c-axis) creates a polarization of cations and anions in the NW
growth direction, resulting in a piezopotential drop from V + to V − along the NW,
which produces an asymmetric effect on the changes in the Schottky barrier heights
(SBHs) at the drain and source electrodes. The strain sensor based on the piezotronic
effect has been reported to possess much higher sensitivity than previously reported
devices [27].

6.6 Summary

By utilizing the strain-induced polarization charges created at the semicon-
ductor/metal interface under externally applied deformation as a result of the
piezotronic effect, the switching characteristics of the ZnO NW resistive switching
devices can be modulated and controlled. We further demonstrated that the logic lev-
els of the strain applied on the memory cell can be recorded and read out for the first
time utilizing the piezotronic effect [17, 18], which has the potential for implement-
ing novel nanoelectromechanical memories and integrating with NEMS technology
to achieve micro/nanosystems capable of intelligent and self-sufficient multidimen-
sional operations [18, 20]. Taking advantage of the recently developed large-scale
fabrication technique of ZnO NW arrays [37], non-volatile resistive switching mem-
ories using ZnO NW array as the storage medium may be readily engineered and
implemented for applications such in flexible electronics and force/pressure imag-
ing. Non-Boolean neuromorphic computing might also be realized by integrating
arrays of high-density resistive memory cells [38, 39] on flexible substrates.
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Chapter 7
Theory of Piezo-Phototronics

Abstract Devices fabricated by using the inner-crystal piezopotential as a “gate”
voltage to tune/control the carrier generation, transport, and recombination pro-
cesses at the vicinity of a p–n junction are named piezo-phototronics. The presence
of piezoelectric charges at the interface/junction can significantly affect the charge
carrier separation and transport. This chapter focuses on the basic theory for the
piezo-phototronic effect on LED, photon detector, and solar cell. Both analytical
equations and numerical simulations are given to present the basic physics for un-
derstanding the general phenomena.

For piezoelectric semiconductors, such as ZnO, GaN, InN and CdS, a piezoelectric
potential (piezopotential) is created in the crystal by applying a stress. Devices fab-
ricated by using the inner-crystal piezopotential as a “gate” voltage to tune/control
the carrier generation, transport, and recombination processes at the vicinity of a
p–n junction are named piezo-phototronics. The presence of piezoelectric charges
at the interface/junction can significantly affect the performance of light emitting
diode (LED), photodetector and solar cell fabricated using these materials. In this
chapter, we introduce the theory of the piezo-phototronics. Besides deriving some
simplified equations for describing the effect, numerical calculations are given for
predicting the quantitative behavior of the piezo-phototronic devices [1].

7.1 Theoretical Frame of the Piezo-Phototronic Effect

Semiconductor physics and piezoelectric theories are used for describing the pro-
cess involved in a piezo-phototronic device that is fabricated by piezoelectric semi-
conductor. The static and dynamic transport behavior of the charge carriers and the
interaction of a photon and an electron in semiconductors are described by semi-
conductor physics [2]. The behavior of the piezoelectric material under dynamic
straining is described by piezoelectric theories [3]. Therefore, electrostatic equa-
tions, current-density equations, continuity equations, and piezoelectric equations
are applied as basic governing equations for characterizing piezo-phototronics de-
vices.
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The electrostatic behavior of charges in piezoelectric semiconductor is described
by the Poisson equation [2]:

∇2ψi = −ρ(r)
εs

(7.1)

where ψi , ρ(r) and εs are the electric potential distribution, the charge density dis-
tribution, and the permittivity of the material.

The drift and diffusion current-density equations that correlate the local fields,
charge densities, and local currents are [2]

⎧⎪⎨
⎪⎩

Jn = qμnnE + qDn∇n,

Jp = qμppE − qDp∇p,

J = Jn + Jp

(7.2)

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

The charge transport under the driving of a field is described by the continuity
equations [2] ⎧⎪⎪⎨

⎪⎪⎩
∂n

∂t
= Gn − Un + 1

q
∇ · Jn,

∂p

∂t
= Gp − Up − 1

q
∇ · Jp

(7.3)

where Gn and Gp are the electron and hole generation rates, Un and Up are the
recombination rates, respectively.

The relationship between polarization P vector and a small uniform mechanical
strain S is given by [3]

(P)i = (e)ijk(S)jk (7.4)

where the third order tensor (e)ijk is the piezoelectric tensor. The constituent equa-
tions can be written as [3] {

σ = cES − eTE,

D = eS + kE
(7.5)

where σ and cE are the stress tensor and the elasticity tensor, respectively. E,D,
and k are the electric field, the electric displacement, and the dielectric tensor, re-
spectively.
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Fig. 7.1 Schematic of (a) a general n-type piezoelectric nanowire LED fabricated using p–n het-
erojunction structure. Schematic of a piezo-phototronic devices: piezo-LED under (b) compressive
strain and (c) tensile, where the sign and magnitude of the piezopotential tunes/controls the photon
emission, carrier generation and transport characteristics. The color code represents the distribution
of the piezopotential at the n-type nanowire

7.2 Piezo-Phototronic Effect on LED

Taking a typical LED (Fig. 7.1(a)) as an example, the basic structure is a p–n junc-
tion. There are excessive carriers over their equilibrium values under forward bias.
Thus, radiative recombination will take place by injecting minority carriers. The
same concepts can apply to a single semiconductor nanowire (NW) LED. The work-
ing principle of the LED is to use a forward bias to obtain a radiative recombination
between electrons and holes at the junction.

A piezo-phototronic LED is assumed to be a p-type non-piezoelectric and n-
type piezoelectric heterostructure junction, as shown in Figs. 7.1(b) and (c). The
fundamental principle of the piezo-phototronic device is that piezoelectric charges
created at the junction area significantly modify the band structure at the interface,
resulting in a control over the carrier generation, transport, and recombination at the
p–n junction or M–S interface.

7.2.1 Analytical Solution for Simplified Piezoelectric LED

The interaction of a photon and an electron in a semiconductor device has three main
optical processes: First, an electron excitation from valence band to the conduction
band may be induced by a photon absorption. This process is the dominant process
for photodetector and solar cell. Second, the reverse process of above absorption
named recombination is photon emission induced by an electron return from the
conduction band to the valence band, which is the main process for LED. Third,
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an injected photon stimulates another similar photon by recombination process and
give two coherent photons.

In this section, we take the LED as an example to present the piezo-phototronic
effect. A vast literature exists on the experimental and theoretical study on the re-
lationship between the LED light intensity and applied current density for general
application in display and optical communication. The LED light intensity is a non-
linear relationship of the applied current density. The LED optical power density
Poptic is a nonlinear function of the current density J . Therefore, the linear rela-
tionship can be considered as the first order approximation. For simplicity, the LED
optical power density Poptic with current density J can be generally considered as a
power law relationship:

Poptic = βJ b (7.6)

where β is constant depending on device materials and structures, b is the power
law parameter, with b = 1 corresponding to a linear approximation and b �= 1 to a
nonlinear approximation. From our previous experimental work [4], b = 1.6.

According to classical semiconductor physics and our theoretical work on
piezotronics effect [5], we take an ideal junction as an example to understand the
piezo-phototronics effect. For an n-type single-side abrupt junction with donor con-
centration ND , and locally pn0 
 np0, the total current density had been received
by solving above the basic equations (7.1)–(7.5) for the piezotronic p–n junction [5]:

J = JC0 exp

(
q2ρpiezoW

2
piezo

2εskT

)[
exp

(
qV

kT

)
− 1

]
(7.7)

where the saturation current density and the Fermi level in the absence of piezopo-
tential are defined by JC0 and EF0:

JC0 = qDpni

Lp

exp

(
Ei − EF0

kT

)
(7.8)

where Ei is the intrinsic Fermi level, and Lp is diffusion length of holes.
According to (7.6), (7.7), and (7.8), the piezo-LED optical power output can be

obtained as

Poptic = β

{
JC0 exp

(
q2ρpiezoW

2
piezo

2εskT

)[
exp

(
qV

kT

)
− 1

]}b

. (7.9)

The efficiency of an LED is determined by: (1) Internal Quantum Efficiency ηin,
which is defined as the ratio of the number of photons emitted internally to the num-
ber of injected carriers passing the junction; (2) Optical Efficiency ηop; (3) External
Quantum Efficiency ηex; and (4) Power Efficiency ηP.

For easily comparing with data of the experiments, we calculate the External
Quantum Efficiency for the simple cases described above:

ηex = Nphotons/Nelec (7.10)
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where Nphotons and Nelec are the number of photons emitted externally and the num-
ber of carriers passing the junction, respectively. If Popticis the optical power density
received from the device per unit area, and J is the injection current density, the ex-
ternal quantum efficiency can be rewritten as

ηex = qPoptic

hvJ
(7.11)

where hv is the energy of the emitted photon. Thus, the external quantum efficiency
can be rewritten as

ηex = αηex0 (7.12)

where ηex0 is defined as the External Quantum Efficiency without piezoelectric
charges inside the p–n junction:

ηex0 = βq

hv

{
JC0

[
exp

(
qV

kT

)
− 1

]}b−1

(7.13)

and α is defined as the factor representing the piezo-phototronics effect:

α =
{

exp

(
q2ρpiezoW

2
piezo

2εskT

)}b−1

(7.14)

which describes the ability that the piezoelectric charges tune/control the carrier
transport and photon recombination process.

According to (7.9), it is obvious that the relationship between LED optical power
density Poptic and current density J is nonlinear. More importantly, (7.9) and (7.13)
show that not only LED optical power output but also the external quantum effi-
ciency of the piezoelectric p–n junction LED has a nonlinear relationship with lo-
cal piezoelectric charges. Therefore, the photon emission process can be effectively
tuned or controlled not only by the magnitude of the strain, but also by the sign of
the strain (tensile vs. compressive). This is the mechanism of the piezo-phototronic
devices for p–n junction LED.

For GaN or ZnO nanowire grown along c-axis, with a strain s33 along the c-axis,
we choose a typical nonlinear approximation: b = 2, and the piezo-LED optical
power output is given by

Poptic = β

{
JC0 exp

(
−qe33s33Wpiezo

2εskT

)[
exp

(
qV

kT

)
− 1

]}2

. (7.15)

Therefore, the External Quantum Efficiency can be obtained as

ηex = exp

(
−qe33s33Wpiezo

2εskT

)
ηex0. (7.16)

The piezo-phototronics effect factor in this case is given by

α = exp

(
−qe33s33Wpiezo

2εskT

)
. (7.17)
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Fig. 7.2 (a) Calculated current–voltage characteristics of a piezo-LED with the presence of piezo-
electric charges under various strain; (b) relative current density and (c) relative light intensity as
a function of applied voltage at various applied strain (−0.08 % to 0.08 %); (d) relative external
quantum efficiency as a function of applied strain

According to (7.15)–(7.17) [5], the current density, relative light intensity and the
external quantum efficiency are calculated with typical material constants: piezo-
electric constants e33 = 1.22 C/m2 and relative dielectric constant εS = 8.91. The
width of the piezo-charges is Wpiezo = 0.25 nm. The temperature is T = 300 K.
Figure 7.2(a) shows the calculated J/JC0 as a function of the externally applied
voltage V and applied strain. The DC characteristics of the piezoelectric Schottky
LED with applied strain varied from −0.8 % to 0.8 %, as shown in Fig. 7.2(b).
When the strain changes from 0.8 % to −0.8 %, light intensity increases by 1095 %
at V = 0.5 V in Fig. 7.2(c). Figure 7.2(d) shows the relative external quantum ef-
ficiency as a function of the externally applied strain, which clearly demonstrates
piezoelectric tune/control on the photo emission process in the piezo-LED. This is
the core physics of the piezo-phototronic effect.

7.2.2 Numerical Simulation of Piezoelectric p–n Junctions LED
Devices

The simplified analyses for one-dimensional cases provide qualitative guidance for
understanding the mechanism of how the piezopotential tunes/controls the photons
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emission behavior. In the above simplified case, the nonradiative recombination is
neglected for understanding the core of piezo-phototronics. According to our previ-
ous theoretical work on piezotronics [5, 6], the DC characteristics of the piezo p–n
junction LED with strain can be numerically solved by (7.1)–(7.5). We assume that
the relationship between LED optical power density Poptic and current density J is
Poptic = βJ b .

Using the numerical model which developed for piezoelectric p–n junction,
the piezoelectric equations, the electrostatic equation, the convection and diffusion
equations are solved with the piezoelectric charge distribution provided.

There are two recombination processes: the band-to-band recombination process
and the trap-assisted recombination process (named Shockley–Read–Hall recom-
bination). A radiative process (photon emission) relates to band-to-band recombi-
nation, in which the energy transfers from conduction band to the valence band.
The Shockley–Read–Hall recombination relates to the nonradiative process, which
describes the recombination process by traps in the forbidden band gap of the semi-
conductor. For simplicity, we neglect another nonradiative process: the Auger pro-
cess, which is about the energy transfer from injected electron or hole to another
free electron or hole.

Following the piezoelectric diode model, the electron and hole generation rates
have Gn = Gp = 0, which means no external optical excitation occurs in our model.
In our simulation, we choose n-type ZnO as the piezoelectric semiconductor mate-
rial. The length and radius of nanowire device are 100 and 10 nm, respectively.
The length of the non-piezoelectric p-type is 20 nm and the length of n-type ZnO
is 80 nm. The relative dielectric constants are κr⊥ = 7.77 and κr

// = 8.91. The in-

trinsic carrier density is ni = 1.0 × 106 cm−3. The electron and hole mobilities are
μn = 200 cm2/V s and μp = 180 cm2/V s. The carrier lifetimes are τp = 0.1 µs and
τn = 0.1 µs. The n-type background doping concentration is NDn = 1 × 1015 cm−3.
The maximum donor doping concentration is NDnmax = 1 × 1017 cm−3 and the
maximum acceptor doping concentration is NAp max = 1 × 1017 cm−3. The control
constant ch = 4.66 nm. The temperature is T = 300 K. The piezoelectric charges
are assumed to distribute uniformly at the two ends of the n-type segment within
a region of 0.25 nm in Fig. 7.3(a). For easy of labeling, a z-axis is defined in
Fig. 7.3(a), with z = 0 representing the end of the p-type. The p–n junction is located
at z = 20 nm along the axis. The n-type ends at z = 100 nm.

The intensity–voltage curves are shown under various strains at b = 2 in
Fig. 7.3(b). According to piezotronics theory, positive local piezoelectric charges
are created by the negative strain (compressive strain) in our model, which reduces
the built-in potential of the p–n junction. Thus, the corresponding saturation cur-
rent density increases. As a result, current density increases at a fixed bias voltage,
which results in an increase of the light intensity. Alternatively, negative piezo-
electric charges induced by the positive strain (tensile strain) increase the built-in
potential and reduce the saturation current. Thus, the corresponding current den-
sity and light intensity decrease at a fixed bias voltage. In Fig. 7.3(c), the intensity
shows a clear trend of change at various strains from −0.08 % to 0.08 % at a fixed
voltage V = 0.9 V, apparently displaying the effect of piezoelectric charges on the
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Fig. 7.3 (a) Schematic of a ZnO nanowire piezo-LED; (b) calculated relative intensity–voltage
curves of the LED at various applied strain (−0.08 % to 0.08 %); (c) relative light intensity as a
function of applied strain (−0.08 % to 0.08 %) at a fixed forward bias voltage of 0.9 V; (d) rela-
tive external quantum efficiency as a function of applied strain at a fixed forward bias voltage of
0.9 V with linear approximation, parabolic approximation and fitting parameter from our previous
experiments data [1]

photon emission. Using our model, we also studied relative external quantum effi-
ciency (piezo-phototronic factor α) at various strains at a fixed voltage V = 0.9 V.
Figure 7.3(d) shows the relative external quantum efficiency (piezo-phototronic fac-
tor α) at various strains from −0.08 % to 0.08 %. By choosing the power law pa-
rameter b = 1, b = 2, and b = 1.6, the calculated piezo-phototronic factor and strain
curves are corresponding to linear approximation, parabolic approximation (a typi-
cal nonlinear approximation) and experimental fitted data, respectively. Therefore,
the piezoelectric charges at the p–n interface dominate the photon emission process,
in agreement with our experimental results. The numerical results indicate that the
piezo-phototronics effect is the result of tuning/controlling the light intensity and
external quantum efficiency in the device by the generated piezoelectric charges
inside p–n junction.

7.3 Piezo-Phototronic Effect on Photosensors

The piezo-phototronic effect is about the use of the inner-crystal piezoelectric po-
tential to tune/control the charge carrier generation, separation, transport and/or re-
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combination in optoelectronic devices. In this section, we have constructed a the-
oretical model for describing the characteristics of a metal–nanowire–metal struc-
tured piezo-phototronic photodetector. We discussed the influences of photoexcita-
tion and piezoelectric charges on photocurrent and their coupling in dictating the
performance of the photodetectors with a single Schottky contact and double Schot-
tky contacts. Numerical simulations fit well to the experimental results of a ZnO
nanowire-based UV detector. Such a study is extended to CdS nanowire-based pho-
todetectors for visible light detection. We proposed three criteria for identifying the
presence of piezo-phototronic effect in a general photodetector.

The theoretical model for two-way coupling in piezotronics has been developed
in Chap. 3. Here we adopt the same assumptions and follow similar methods to elab-
orate the piezo-phototronic effect on photosensors [7]. The Schottky-contact current
equation will be used as the basic starting point. The influence of photoexcitation
and piezo-charges on material band structure will be discussed, and the final coupled
term will be integrated into the current transport equation. To give a more intuitive
perspective of the piezo-phototronic effect, we have also carried out numerical cal-
culations. A one-dimensional model and other simplifications are adopted for easy
understanding. The core equations and conclusions are shown as follows.

7.3.1 Current Density for a Forward Schottky Contact

For a piezo-phototronic photodetector, a measurement of the photon induced cur-
rent is an indication of photon intensity. The coupling effect of piezoelectricity and
photon excitation is also studied as a strain being applied. For an n-type Schottky
contacted device between a metal and a semiconductor, under forward bias volt-
age, the thermionic emission (TE) theory should be adopted for the charge carrier
transport, and the current density under forward bias JF is

JF = A∗T 2e− q
kT

φn
(
e

q
kT

V − 1
)

(7.18)

where A∗ is the Richardson constant, T is temperature, φn is the effective Schottky
barrier height, and V is the applied voltage across the contact.

7.3.2 Current Density for a Reversely Biased Schottky Contact

For a reversely biased n-type Schottky contact, the TE theory underestimates the
current, and the thermionic field emission (TFE) theory with considering the tun-
neling effect better describes the behavior of heavily doped semiconductor materials
[8, 9]. According to the TFE theory, the current density under reverse bias takes the
form of

JR = Jsve
− q

E0
φn

e
VR(

q
kT

− q
E0

)
(7.19)
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where Jsv is the slowly varying term regarding applied voltage and Schottky barrier
change, VR is the reverse voltage, q is electron charge, k the Boltzmann constant,
and E0 is a tunneling parameter of the same order of but larger than kT . Usually E0
is larger than kT , and is constant regarding barrier height and applied voltage, so it
is reasonable to assume that E0 = akT , with a > 1, so (7.19) now becomes

JR = Jsve
− q

akT
φneVR

q
kT

(1− 1
a
). (7.20)

7.3.3 Model for Photoexcitation

Photons with energy higher than the band gap (Eg) of the photodetector material
will excite electron–hole pairs. Under steady light illumination, the excess free car-
rier concentration is constant. The excess carrier concentration is given by the con-
tinuity equation [10]

�n = �p = τnGL(I) (7.21)

where �n is the excess electron concentration and �p the excess hole concentration
under light illumination, τn is the carrier lifetime, and GL(I) is the rate of photon
generation, which is a function of light intensity.

Without photoexcitation, the Fermi level of the semiconductor lines up with the
Fermi level of the metal. When light is illuminated onto the nanowire, the existence
of excess carriers will result in a split of the original Fermi level into two quasi-
Fermi levels for electrons and holes accordingly, as shown in Fig. 7.4(b). As long
as light illumination is uniform, the quasi Fermi level should also be uniform along
the entire nanowire. The quasi Fermi level EFn for electrons and EFp for holes can
be described by

EFn = EF + kT ln

(
n0 + �n

n0

)
, (7.22a)

EFp = EF − kT ln

(
p0 + �p

p0

)
. (7.22b)

7.3.4 Equations for Piezo-Charges and Piezopotential

As in previous theoretical frame work for piezotronics, the modification to the
Schottky barrier height by piezo-charges is

�φpiezo = − 1

2ε
ρpiezoW

2
piezo (7.23)

where ρpiezo is the density of the strain-induced piezo-charges at nanowire side of
the metal–semiconductor junction, and Wpiezo is the width of the piezo-polar charge
distribution adjacent to the interface.
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Fig. 7.4 Illustration of ideal metal–semiconductor–metal structures with the presence of
piezo-charges and photon generated charges. (a) Space charge distribution and corresponding (b)
energy band diagram in the presence of piezo charges and photo generated charges. Dashed lines
stand for original barriers without strain nor photoexcitation. The solid line is the finally tuned
band structure by the piezo-charges, with one end being lifted up and one side being lowered

As piezoelectricity originated from inner-crystal polarization of ions, the piezo-
charges can be seen as fixed charges at the two ends of the nanowire with opposite
signs, which is shown in Fig. 7.4(a). For a Wurtzite structured nanowire with strain
along the c-axis, which is assumed to be the growth direction of the nanowire, the
piezo polarization is

P = e33s33 = ρpiezo1Wpiezo1 = −ρpiezo2Wpiezo2 (7.24)

where e33 stands for the piezoelectric constant, and s33 stands for the strain along
the c-axis, ρpiezo1 is the density of the strain-induced piezo-charges at contact 1, and
ρpiezo2 is the density of the strain-induced piezo-charges at contact 2.

For a Schottky contact, photo excitation can effectively reduce the height of the
Schottky barrier, while the introduction of local piezo-charges can change the bar-
rier height, which can be quantitatively expressed as

�φn = − 1

2ε
ρpiezoW

2
piezo − kT

q
ln

(
n0 + �n

n0

)
. (7.25)

Thus, the modified barrier height is

φn = φn0 + �φn (7.26)
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where φn0 is the original Schottky barrier height without strain or light illumination.
The electron current density transported through a forwardly biased Schottky

contact is then

Jn = Jn0

(
n0 + �n

n0

)
exp

(
q

kT

1

2ε
ρpiezoW

2
piezo

)
(7.27)

where Jn0 is the current density without applying light illumination or external
strain, and

Jn0 = A∗T 2e− q
kT

φn0
(
e

q
kT

V − 1
)
.

As the sign of ρpiezo depends on the direction of c-axis and type of applied strain,
the influence of the piezo-charges can either enhance photo excitation or reduce it.

7.3.5 Piezo-Phototronics Effect for a Double-Schottky-Contact
Structure

In a device with double Schottky contacts, with certain bias voltage, one junction
will be reversely biased and the other junction will be forwardly biased. The current
across the double Schottky junction device should take the form

I = SRJR = VNW/RNW = SF JF (7.28)

where SR and SF are cross section area for reverse junction and forward junction
accordingly, RNW is the resistance of the nanowire, and VNW is the voltage across
the nanowire. Thus we have

VR + VNW + VF = V (7.29)

where VR and VF are the voltage across the reverse and forward junction, V is the
total applied voltage.

In (7.28), the RNW term mainly influences the current behavior at applied voltage
at 5 V or higher [9], and at working voltage range for photodetection, the dominating
term should be mainly controlled by the reversely biased contact. To clearly see the
effect of piezo-charges and photo excitation, we make the reasonable simplification
that VR = cV , where c is assumed constant and c < 1. Thus, (7.27) now becomes

J = Jsv exp

(
− q

akT
φn0

)
exp

[
V

q

kT
c

(
1 − 1

a

)](
n0 + �n

n0

) 1
a

× exp

(
q

akT

1

2ε
ρpiezoW

2
piezo

)
. (7.30)
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Thus, the device current under different bias voltage takes the form

I = S1JC1

(
n0 + �n

n0

) 1
a

exp

(
q

akT

1

2ε
ρpiezo1W

2
piezo1

)
(7.31a)

when contact 1 is under reverse bias (V > 0)

I = −S2JC2

(
n0 + �n

n0

) 1
a

exp

(
q

akT

1

2ε
ρpiezo2W

2
piezo2

)
(7.31b)

when contact 2 is under reverse bias (V < 0) where

JC1 = Jsv1 exp

(
− q

a1kT
φn10

)
exp

[
V

q

kT
c1

(
1 − 1

a1

)]

and

JC2 = Jsv2 exp

(
− q

a2kT
φn20

)
exp

[
V

q

kT
c2

(
1 − 1

a2

)]
are the currents under reverse bias for contact 1 and 2 accordingly, and S1 and S2
are the areas for junction 1 and 2, respectively. As ρpiezo1 and ρpiezo2 have opposite
signs, (7.31a), (7.31b) shows an asymmetric change in photocurrent under opposite
bias by the same amount of applied strain.

7.3.6 Numerical Simulation of MSM Photodetector

We now apply our analytical result to numerical calculation for a Ag–ZnO–Ag struc-
ture. As the materials for piezo-phototronics are mainly wurtzite structured mate-
rials such as ZnO, CdS and GaN, which share the same crystal symmetry, their
piezoelectric coefficient matrix takes the same form.

The parameters for ZnO are as follows: dielectric constant ε = εsε0, with
εs = 8.9, piezoelectric coefficient e33 = 1.22 C/m3. Notably, for CdS, the dielectric
constant εs = 9.3 [11], piezoelectric coefficient e33 = 0.385 C/m3, which means
that the simulation results for CdS will only have a slight difference in magnitude,
and will have the same trends of change with strain and light intensity. For pho-
toexcitation, we suppose the external quantum efficiency ηext = 1, the internal gain
ΓG = 1.5 × 105 [12], carrier lifetime τn = 3 ns [13]. For typical UV photodetection
experiments the light wavelength λ = 385 nm. The diameter of the ZnO nanowire
is assumed to be 100 nm. At dark condition, assume the electron concentration in
ZnO nanowire is 1 × 1015 cm−3.

For a Ag–ZnO–Ag structure with one Ohmic contact and one Schottky contact,
when forward bias is applied on the Schottky contact, using (7.27), we are able to
calculate the photocurrent under the same intensity of light illumination with applied
strain varying from 0 to 1 %. Depending on the direction of c-axis, the photocurrent
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Fig. 7.5 Result for numerical simulation for a metal–ZnO–metal photodetector with Schottky
contact on one end and Ohmic contact on the other based on our analytical solution. (a) and (b)
are relative current density vs. voltage under different strains and the same illumination power,
for two devices with different orientation of c-axis regarding the position of the Schottky contact.
J0 is set as the current of the device at zero strain and at applied voltage of 0.5 V. Insets are the
configuration of device and direction of forward bias. (c) Current–voltage diagram under different
illumination power. J0 is set for the dark current at forward applied voltage of 0.5 V

can either increase or decrease with applied strain. Figures 7.5(a) and (b) shows the
performance of two single-Schottky-contact devices, the configuration of which is
shown in the inset of Figs. 7.5(a) and (b), accordingly. We are also able to calculate
the photocurrent under strain free condition with different illumination power, as
shown in Fig. 7.5(c).

For an Ag–ZnO–Ag structure with two Schottky contacts at both ends, we set
a = 1.3 and c = 0.8 in (7.31a), which are reasonable values according to previ-
ous reports. The result of simulation according is shown in Fig. 7.6. In Fig. 7.6(a),
the asymmetric characteristic of the piezo-phototronic effect is demonstrated very
clearly: the change of current under the same amount of applied strain is opposite
when the bias voltage is applied in opposite direction.

As will be presented in Chap. 8, the theoretically predicted results have been
quantitatively verified by photodetectors based on CdS nanowires for visible light
and ZnO nanowires for UV light. Our experimental results show that the piezo-
phototronic effect dominates the performance of the photodetector rather than other
experimental factors. It is shown that the piezo-phototronic effect is significantly
pronounced at low light intensities, which is important for extending the sensitiv-
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Fig. 7.6 Numerical
simulation for a
metal–ZnO–metal
photodetector with Schottky
contact on both ends based on
our analytical solution.
(a) Relative current density
vs. voltage under different
strains and the same
illumination power. J0 is set
as the current of the device at
zero strain and at reverse
applied voltage of 0.5 V. The
inset is the configuration of
device and direction of
forward bias.
(b) Current–voltage diagram
under different illumination
power. J0 is set for the dark
current at forward applied
voltage of 0.5 V

ity and application range of the photodetector. The conclusions drawn on Schottky
contacts present the core properties of the effect and can be easily extrapolated to
other structures like p–n junctions.

7.4 Piezo-Phototronic Effect on Solar Cell

There are several key parameters to evaluate the performance of a solar cell: pho-
tocurrent (short circuit current), open-circuit voltage, maximum output power, fill
factor and ideal conversion efficiency. The fill factor is defined as the ratio of the
maximum output power to the product of short circuit current and open-circuit volt-
age. The ideal conversion efficiency is defined as the ratio of the maximum power
output to the incident solar power.

From the materials and device structural point of view, there are two approaches
to optimize the solar cell performance: developing new energy efficiency materials
and designing new structures. The metal–insulator–semiconductor (MIS) structure
has been used to decrease the saturation current density in silicon solar cell [14]. The
thickness dependence of p–n junction solar cells had been discussed theoretically for
optimization of open-circuit voltages using the thermodynamic theory [15]. Polymer
solar cells constructed based on the structure of a low-band gap polymer, PBDTTT4,
to increase an open-circuit voltage as high as 0.76 V combined with a power con-
version efficiency to as high as 6.77 % [16]. Theories and experiments have been
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Fig. 7.7 Schematic diagram of (a) a general nanowire piezoelectric solar cell fabricated using a
p–n junction structure. Schematics of the piezoelectric solar cells under (b) compressive strain
and (c) tensile strain, where the polarity and magnitude of the piezopotential can effectively
tune/control the carrier generation, separation and transport characteristics. The color code rep-
resents the distribution of the piezopotential at the n-type semiconductor nanowires

developed to understand the origin of the open-circuit voltage of polymer–fullerene
solar cells [17]. Recently, a brand new method has been developed by using piezo-
electric and ferroelectric materials for enhancing the performance of organic solar
cells: piezoelectric solar cell (PSC), and ferroelectric polymer solar cell [18]. The
core idea is to use the intrinsic potential provided by the material itself for enhancing
charge separation. Developing the basic theory for understanding the experimental
phenomena is needed.

Taking a typical nano/microwire solar cell (Fig. 7.7(a)) as an example, the ba-
sic structure is a p–n junction or metal–semiconductor (M–S) contact. The work-
ing principle of the solar cell is to use the high electric field in the depletion re-
gion to assist the separation of electron–hole pairs generated by incident photons.
The piezoelectric charges created at the junction area under strain can effectively
tune/control the solar cell performance. For example, ZnO nanowire solar cells are
shown in Figs. 7.7(b) and (c), which is made of a p-type non-piezoelectric and n-
type piezoelectric heterojunction. The piezopotential significantly modifies the band
structure at the interface, resulting in a control over the carrier generation, separa-
tion and transport at the p–n junction or M–S interface, which is the fundamental
piezo-phototronic effect.

The piezopotential distribution and the dynamic transport properties of the carri-
ers have been discussed in the last few sections. In this section, we present a theoret-
ical model for semi-quantitatively understanding the piezo-phototronic effect on the
carrier generation and transport behavior [19]. The analytical results are obtained
for a ZnO piezoelectric p–n junction solar cell under simplified conditions, which
provides a basic physical picture for understanding the mechanism of the PSC. Fur-
thermore, the maximum output of the PSC has been calculated numerically. Finally,
the experimental results of organic solar cells support our theoretical model. Using
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the piezoelectric effect created by external stress, our study not only provides the
basic physics for understanding the characteristics of the solar cell, but also assists
the design for higher performance solar cells.

7.4.1 Basic Equations

Piezoelectric theories and semiconductor physics are used for describing the prop-
erties of a PSC that is fabricated using piezoelectric semiconductors. The behavior
of the piezoelectric material under dynamic straining is described by piezoelectric
theories. The static and dynamic transport behavior of the charge carriers and the
interaction of a photon and an electron in semiconductors are described by the basic
equations of semiconductor physics.

The piezoelectric equation and constituent equations under a small uniform me-
chanical strain are given by

(P)i = (e)ijk(S)jk, (7.32a){
σ = cES − eTE,

D = eS + kE
(7.32b)

where P is polarization vector, S is uniform mechanical strain, the third order tensor
(e)ijk is the piezoelectric tensor, σ and cE are the stress tensor and the elasticity
tensor, respectively. E, D, and k are the electric field, the electric displacement, and
the dielectric tensor, respectively.

The electrostatic behavior of charges in piezoelectric semiconductor is described
by the Poisson equation:

∇2ψi = −ρ(r)
εs

(7.33)

where ψi,ρ(r), and εs are the electric potential distribution, the charge density dis-
tribution, and the permittivity of the material.

The drift and diffusion current-density equations that correlate the local fields,
charge densities, and local currents are⎧⎪⎨

⎪⎩
Jn = qμnnE + qDn∇n,

Jp = qμppE − qDp∇p,

J = Jn + Jp

(7.34)

where Jn and Jp are the electron and hole current densities, q is the absolute value
of unit electronic charge, μn and μp are electron and hole mobilities, n and p are
concentrations of free electrons and free holes, Dn and Dp are diffusion coefficients
for electrons and holes, respectively, E is electric field, and J is the total current
density.
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The charge transport under the driving of a field is described by the continuity
equations. ⎧⎪⎪⎨

⎪⎪⎩
∂n

∂t
= Gn − Un + 1

q
∇ · Jn,

∂p

∂t
= Gp − Up − 1

q
∇ · Jp

(7.35)

where Gn and Gp are the electron and hole generation rates; Un and Up are the
recombination rates, respectively.

7.4.2 Piezoelectric Solar Cell Based on p–n Junction

According to our theoretical work on the piezotronic effect, an ideal p–n junction
is taken as an example to understand the unique property of an PSC. There are
two typical effects in a piezoelectric semiconductor material under applied exter-
nal stress: the piezoresistance effect and piezotronic effect. Piezoresistance effect
is about the strain-induced change in bandgap, density of states and/or mobility
[20, 21]. Piezoresistance is mostly a volume effect and it is not sensitive to the rever-
sal of the piezoelectric polarity in the semiconductor; thus, it can be truly considered
as a change in resistance of the semiconductor bulk, and it has a little effect on the
contact property. Although the change in bandgap can affect the saturation current
density and the open-circuit voltage of a solar cell, the change of bandgap is inde-
pendent of the sign of piezoelectric charges created at the contact of the device. The
second effect is the piezotronic effect [22], which is about the polar direction de-
pendence of an inner-crystal piezoelectric potential arising from the piezo-charges
created at the contacts. Owing to the sign reversal of the piezo-charges at the two
ends of the device, a non-symmetric effect is induced at the two ends. This means
that the output of the solar cell depends on the polarity of the crystal.

Recent experiments of a P3HT/ZnO solar cell show a strong dependence of the
open-circuit voltage on the orientation of the ZnO microwire once it is subjected
to a strain [17], suggesting the key role played by the piezo-phototronic effect on
solar cell output. The open-circuit voltage and maximum output power sensitively
depend on the strain applied to ZnO, while the short circuit current density is not.
Therefore, for a p–n junction nano/microwire solar cell to be used for following
theoretical study, the photocurrent density (short circuit current density) is assumed
independent of the external strain.

Theoretically, the short circuit current density results from the excitation of ex-
cess carriers by solar radiation. For simplify, we assume that the electron and hole
generation rates (Gn and Gp) are constants:

Gn = Gp = Jsolar

q(Ln + Lp)
(7.36)
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where Jsolar is the short circuit current density, Ln and Lp are the electron and hole
diffusion lengths, respectively. We assume no radiative process (photon emission),
which means no photon emission in our model Un = Up = 0. In our previous work,
the piezoelectric p–n junction model was developed for understanding the physics
of the piezoelectric semiconductor using the Shockley theory. The current density
of the p–n junction has been obtained with the presence of piezoelectric polarization
charges inside the p–n junction. Using the one-dimensional piezoelectric p–n junc-
tion model in the presence of photocurrent density Jsolar, the total current density
had been received by solving above basic equations (7.32a), (7.32b)–(7.36) under
simplified conditions for an ideal p–n junction PSC:

J = Jpn

[
exp

(
qV

kT

)
− 1

]
− Jsolar, (7.37a)

Jpn ≡ qDppno

Lp

+ qDnnpo

Ln

(7.37b)

where Jpn is the saturation current density, Dp and Dn are diffusion coefficients for
electrons and holes, respectively, pno and npo are the thermal equilibrium hole con-
centration in n-type semiconductor and the thermal equilibrium electron concentra-
tion in p-type semiconductor, respectively. For organic solar cell based on the poly-
mer as a p-type material and the ZnO micro/nanowires as the n-type material, the
ZnO micro/nanowires have a high level n-type conductivity [23]. Thus, we assume
the p-type side has an abrupt junction with donor concentration NA, which means
np0 
 pn0 inside p–n junction, Jpn ≈ qDnnpo

Ln
, where npo = ni exp(−Ei−EF

kT
), ni

is the intrinsic carrier density and Ei is the intrinsic Fermi level. According to our
previous theoretical work about piezotronics, the total current density is rewritten as

J = Jpn0 exp

(
−q2ρpiezoW

2
piezo

2εskT

)[
exp

(
qV

kT

)
− 1

]
− Jsolar, (7.38a)

Jpn = Jpn0 exp

(
−q2ρpiezoW

2
piezo

2εskT

)
(7.38b)

where the Fermi level and the saturation current density with the absence of piezopo-
tential are defined by EF0 and Jpn0 = qDnnpo

Ln
exp(−Ei−EF0

kT
), respectively. Different

from the original equation, the negative sign appearing in the exponential term in
(7.38a), (7.38b) is to be elaborated as follows.

For PSC, (7.38a) and (7.38b) represent that the saturation current density Jpn

decreases exponentially with the piezoelectric charges at the interface of the p–
n junction. It must be mentioned that the term inside the exponential function of
(7.38b) has a negative sign comparing to our previous piezoelectric p–n junction.
The mechanism in terms of semiconductor physics is that the saturation current
density Jpn depends on two parts: the thermal equilibrium hole concentration pno

in the n-type semiconductor and the thermal equilibrium electron concentration npo

in the p-type semiconductor. There are two approximate cases that can be obtained
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directly from (7.37b): the first case is np0 
 pn0, which means thermal equilibrium
electron concentration npo in p-type semiconductor dominates the current charac-
teristic. This case corresponds to our PSC model. The second case is pn0 
 np0,
which means that the thermal equilibrium hole concentration pno in n-type semi-
conductor dominates the current characteristic. This case had been presented in our
previous study on piezoelectric p–n junction solar cell. As for the negative strain
(compressive strain) case in our model, the positive piezoelectric charges attract the
electrons and repel the holes. Alternatively, for the positive strain (tensile strain)
case, negative piezoelectric charges attract the holes and repel the electrons. A dis-
tinction between positive and negative piezoelectric charges results in the opposite
effects for the two cases, which is represented by the reversal in the sign of the term
in the exponential function of (7.38b). According to (7.38a) and (7.38b), by setting
J = 0, the open-circuit voltage of a PSC can be obtained as [19]

VOC = kT

q
ln

(
Jsolar

Jpn

+ 1

)
. (7.39a)

For typical solar cells with Jsolar 
 Jpn, the open-circuit voltage is approximately
given by

VOC ≈ kT

q
ln

(
Jsolar

Jpn

)
= kT

q

{
ln

(
Jsolar

Jpn0

)
+ q2ρpiezoW

2
piezo

2εskT

}
. (7.39b)

Equation (7.39b) presents the open-circuit voltage as a function of the piezoelec-
tric charges. The open-circuit voltage can be effectively tuned or controlled not
only by the magnitude of the strain, but also by the sign of the strain (tensile
vs. compressive). Though the above results are given by using a one-dimensional
nano/microwire model, the mechanism of the piezo-phototronic effect can also be
applied to bulk and thin film solar cells.

For GaN or ZnO nanowire grown along c-axis, with a strain s33 along the c-axis,
solving piezoelectric equation (7.32a) gives qρpiezoWpiezo = −e33s33. Thus, the cur-
rent density and open-circuit voltage of the solar cell are calculated using typical
material constants: piezoelectric constants e33 = 1.22 C/m2 and relative dielectric
constant εS = 8.91. The width within which the piezo-charges are distributed uni-
formly is taken as Wpiezo = 0.25 nm, which is about one atomic layer in thickness.
The temperature is T = 300 K. For all calculations, the lengths of the left-hand
and right-hand side segments of the p–n structure are taken as 20 and 80 nm, re-
spectively. The diameter of the nanowire is 20 nm. Figure 7.8(a) shows a schematic
model for the calculation. A z-axis is defined along the c-axis of ZnO nanowire, with
z = 0 representing the end of the p-type. The p–n junction is located at z = 20 nm
along the axis and the n-type ends at z = 100 nm. Figure 7.8(b) presents the calcu-
lated current–voltage curve as a function of voltage and varied light intensity. The
short circuit current density increases with light intensity. However, for a given Jpn,
the open-circuit voltage increases logarithmically with the increase of photocurrent
Jsolar. Decreasing the saturation current density is likely to slightly increase the
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Fig. 7.8 (a) Schematic of a ZnO nanowire piezoelectric solar cell based on a p–n junction with the
n-side being piezoelectric and the c-axis pointing away from the junction; (b) calculated current–
voltage characteristics of the piezoelectric solar cell under various photocurrent density; (c) relative
current density as a function of voltage at various applied strain (−0.9 % to 0.9 %); (d) open-circuit
voltage as a function of the applied strain [19]

open-circuit voltage of the solar cell. At a fixed short circuit current density, the
J –V characteristic of the p–n junction solar cell is presented in Fig. 7.8(c) with
applied strain varying from −0.9 % to 0.9 %. Figure 7.8(d) shows the open-circuit
voltage as a function of the externally applied strain, which clearly demonstrates
the piezo-phototronic effect on the performance of the solar cell. The open-circuit
voltage drops from 0.48 to 0.51 V when the strain increases from −0.9 % to 0.9 %,
as shown in Fig. 7.8(d).

Based the analytical results, the output power of the PSC can be obtained from
(7.39a). Figure 7.9(a) shows the output power as a function of voltage at a fixed
photocurrent density. The output power curve rises with the increase of strain, and
each has its maximum at a specific voltage. By calculating the extreme-value us-
ing (7.39a), the maximum output power is shown as a function of applied strain in
Fig. 7.9(b). It is obvious that the external strain can effectively tune the maximum
output power of the solar cell.

For a comparison to the case shown in Fig. 7.8(a), we reverse the c-axis polarity
of the n-type side (Fig. 7.10(a)), or exchange the n and p segments (Fig. 7.10(c)).
The corresponding models are inset in the figures. The current–voltage curves and
the open-circuit voltage of the two cases are plotted in Figs. 7.10(a) and (b), re-
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Fig. 7.9 (a) Output power of a ZnO nanowire p–n junction piezoelectric solar cell as a function of
voltage and (b) relative maximum output power at various applied strain (−0.9 % to 0.9 %) [19]

Fig. 7.10 (a) Current–voltage curves and (b) open-circuit voltage of a p–n-type solar cell, with
the n-side (ZnO) being piezoelectric and the c-axis pointing toward the junction, under various
applied strains (−0.9 % to 0.9 %). (c) Current–voltage curves and (d) open-circuit voltage of a
p–n junction solar cell, with the p-side being piezoelectric and the c-axis pointing away from the
junction, under various applied strains (−0.9 % to 0.9 %) [19]

spectively. In the case of Fig. 7.10(a), which has a reversal c-axis in comparison
to that of Fig. 7.8(a), the trend of the current density depending on the strain as
shown in Fig. 7.10(a) is opposite to that shown in Fig. 7.8(c), because the sign of
the piezoelectric charges is reversed.
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For non-piezoelectric n-type material and piezoelectric p-type semiconductor so-
lar cell case, as shown in Figs. 7.10(c) and (d), the calculated I–V curve and the
open-circuit voltage show the same trend as for Figs. 7.10(a) and (b). The results
indicate a choice of n- or p-type piezoelectric semiconductor materials and their
corresponding piezoelectric polar directions may be used effectively for improving
the solar cell performance.

7.4.3 Metal–Semiconductor Schottky Contacted Solar Cell

The metal–semiconductor (M–S) contact is an important component in solar cell
devices. According to our theoretical work on the piezotronic effect [5], for n-type
piezoelectric semiconductor nanowire, the total current density of an ideal M–S
under simplified conditions is given by (7.40a), (7.40b) for a PSC [19]:

J = JMS

[
exp

(
qV

kT

)
− 1

]
− Jsolar, (7.40a)

JMS = JMS0 exp

(
q2ρpiezoW

2
piezo

2εskT

)
(7.40b)

where JMS is the saturation current density and JMS0 is defined as the saturation
current density in the absence of piezoelectric charges:

JMS0 = q2DnNC

kT

√
2qND(ψbi0 − V )

εs

exp

(
−qφBn0

kT

)
(7.41)

where ψbi0 and φBn0 are the built-in potential and Schottky barrier height with the
absence of piezoelectric charges. In our case, the effect of piezoelectric charge can
be considered as perturbation to the conduction-band edge EC . Note that the sign of
the exponential term in (7.40b) is reversed in comparison to that in (7.38a) for the
reasons discussed in the last section.

Thus, the open-circuit voltage of an M–S contact PSC can be obtained as

VOC ≈ kT

q

{
ln

(
Jsolar

JMS0

)
− q2ρpiezoW

2
piezo

2εskT

}
. (7.42)

In the positive strain (tensile strain) case, the negative local piezoelectric charges
increase the barrier height at the M–S contact, and thus result in a decrease in the sat-
uration current density JMS as shown in (7.40b); correspondingly, the open-circuit
voltage of the M–S contact solar cell is increased according to (7.42). Alternatively,
under a negative strain (compressive strain), the positive local piezoelectric charges
decrease the barrier height at the M–S contact, resulting in an increase in the sat-
uration current density JMS, which reduces the open-circuit voltage of the M–S
contacted solar cell. Therefore, the current density and the open-circuit voltage can
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Fig. 7.11 (a) Schematic of a piezoelectric solar cell based on metal–semiconductor (ZnO) contact
with the c-axis pointing away from the interface; and (b) the open-circuit voltage under various
applied strain (−0.9 % to 0.9 %). (c) Schematic of a piezoelectric solar cell based on metal–semi-
conductor (ZnO) contact with the c-axis pointing toward the interface; and (d) open-circuit voltage
under applied strain (−0.9 % to 0.9 %) [19]

be controlled not only by the magnitude of the strain, but also by the sign of the
strain (tensile vs. compressive). For GaN or ZnO nanowire grown along the c-axis,
with a strain s33 along the c-axis, the typical material constants for calculations are
the same as for the p–n junction cases. The schematics of the calculated model are
shown in Figs. 7.11(a) and (c). Figure 7.11(a) shows the calculated J/JMS0 as a
function of voltage V at fixed light intensity. The current curves drop as the external
applied strain changes from −0.9 % to 0.9 %. The open-circuit voltage increases
as a function of the externally applied strain, as shown in Fig. 7.5(b). By switching
the polar direction of the c-axis, the open-circuit voltage drops with the increase
of strain (Figs. 7.11(c) and (d)). The theoretical result agrees qualitatively with our
previous experiments.

7.5 Summary

In summary, we have presented the theoretical frame of piezo-phototronics for the
cases of photon emission, photon detector and solar cell. Besides giving the gov-
erning equations, some analytical solutions are provided for easy understanding of
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the physical pictures. Then, numerical calculated results by solving the full differen-
tial equations are presented. Although our model is based on semi-classical theory
and the results could be semi-quantitative, it provides a clear understanding of the
phenomena, which will be presented in future chapters. More sophisticated theories
will be developed in the near future for quantifying the observed piezo-phototronic
phenomena.
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Chapter 8
Piezo-Phototronic Effect on Solar Cells

Abstract Effective electron–hole separation at a p–n junction is important for the
efficiency of a solar cell. Band structure modification at the junction can be achieved
by the piezo-phototronic effect, which is demonstrated in this chapter for tuning the
solar cell output made using poly(3-hexylthiophene) (P3HT)-ZnO micro/nanowire
and a n-CdS/p-Cu2S coaxial nanowire. This effect offers a new concept for im-
proving solar energy conversation efficiency by designing the orientation of the
nanowires and the strain to be purposely introduced in the packaging of the solar
cells.

Solar cell physics is one of the most important fields in optoelectronics. Using the
barrier structure at a metal–semiconductor interface and the internal field formed at
the charge depletion zone at a p–n junction, photon-generated electron–hole pairs in
the semiconductor materials are separated, forming an output current. The presence
of piezoelectric charges at the interface/junction can effectively change its perfor-
mance in charge separation. This chapter is to study the piezo-phototronic effect on
the solar cells.

8.1 Photocell of a Metal–Semiconductor Contact

At a metal–ZnO interface, a Schottky contact can be formed by choosing a proper
metal type which can be modified during the engineering process [1]. A Schottky
barrier is favorable to separate the electrons and holes created in the vicinity of the
metal–ZnO interface under the excitation of a laser with energy higher than the band
gap. If a strain is created in a ZnO nanowire (NW), a piezopotential drop is created
along the NW, which may introduce non-symmetrical changes in the heights of the
local Schottky barriers at the two ends of the NW. In this section, using a metal–
semiconductor–metal back-to-back Schottky contacted ZnO microwire device, we
demonstrate the piezoelectric effect on the output of a photocell [2]. An externally
applied strain produces a piezopotential in the microwire, which tunes the effective
height of the Schottky barrier (SB) at the local contact, consequently changing the
transport characteristics of the device. Our study shows the possibility of maximiz-
ing the output of a photocell by controlling strain in the device.

Z.L. Wang, Piezotronics and Piezo-Phototronics, Microtechnology and MEMS,
DOI 10.1007/978-3-642-34237-0_8, © Springer-Verlag Berlin Heidelberg 2012
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Fig. 8.1 Schematic of the experiment design. (a) Device without strain. (b) Device under strain [2]

8.1.1 Experimental Method

The ultra long ZnO microwires used in our study were grown by a high-temperature
thermal evaporation process [3]. For fabricating a ZnO microwire photocell, a ZnO
microwire was first laid down on a polystyrene (PS) substrate, and then each end
of the wire was fixed to the substrate using silver paste. The dimension of the PS
substrate was 3.5 mm in length, 5 mm in width and with a thickness of 1 mm. An
additional very thin layer of polydimethylsiloxane (PDMS) was used to package
the device, and it kept the device mechanically robust under repeated manipulation.
Flexible and transparent microwire photocells were obtained after drying in air for
48 hours. The experimental design is sketched in Fig. 8.1. The strain was introduced
via bending the substrate by a precisely controlled linear stage (MFA-CC, Newport
Corp.) with a motion resolution of 0.0175 µm. A He–Cd laser beam (wavelength =
325 nm, diameter < 20 µm) was focused at the designed position on the device. We
utilized a UV enhanced CCD to act as the monitor. A Keithley 4200 semiconductor
characterization system was used to carry out electrical measurement.

8.1.2 Basic Principle

First, all of the devices were tested for the piezoelectric response. Because the mi-
crowire was laid on the surface of the substrate and fixed by the two ends, by consid-
ering the relative size of the microwire and the substrate, the mechanical behavior
of the entire system was dominated by the substrate, and a bending of the flexible
substrate produced purely a tensile or compressive strain in the microwire depend-
ing on its bending direction. The strain in the microwire can be quantified by the
distance at which the substrate was deflected. A typical group of I–V curves repre-
senting the piezoelectric response is shown in Fig. 8.2(a). When a ZnO microwire
was compressed or stretched along the c-axis, a piezopotential drop is created along
the microwire. This piezoelectric field distribution around the metal–semiconductor
contact area in the device will change the effective height of the SB in a differ-
ent manner at each end and consequently the transport properties of the device, as
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Fig. 8.2 (a) Piezoelectric
response test of a device.
Inset: Simulations of the
piezopotential distribution in
the wire under different
straining conditions.
(b) Measured output current
when the laser spot was
focused at different positions.
The inset shows the sketched
picture to indicate the related
illuminating position of the
laser on the device

shown in Fig. 8.2(a). It must be mentioned that the applied strain will also change
the band structure slightly, which is the piezoresistance effect. This effect also in-
troduces a change in the SB height, but it should be identical at the two ends of the
device. While the piezopotential has polarity, it is a non-symmetric effect at the two
ends and is likely to introduce a non-symmetric variation in the I–V characteristic.

For an M–S–M structure, the effectiveness of a SB for separating the photon ex-
cited electron–hole pairs strongly depend on the SB height. For a SB with a correct
height (Fig. 8.3(a)), the electron excited by a photon at the vicinity of the M–S in-
terface in the conduction band drifts toward the semiconductor side due to lower
energy and finally reaches the metal side; the hole drifts toward the interface and
recombines with an electron in the metal, forming a current loop. If the SB height
is too high (Fig. 8.3(b)), the electron can drift into the semiconductor due to the
steep band shape, but the hole is likely to be trapped at the band corner near the
interface (Fig. 8.3(b)), which has a higher energy than the Fermi level, so that the
electron in the metal cannot be effectively annihilate with the hole. Thus, the cur-
rent loop is not formed. If the barrier height is too low (Fig. 8.3(c)), the flat shape
of the band near the interface is not strong enough to drive the drift of electron and
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Fig. 8.3 Illustration of the
height of a Schottky battier at
a metal semiconductor
interface and its effect on
separating the phonon excited
electron–hole pairs. (a) An
optimized barrier height;
(b) an interface with a too
high barrier; and (c) an
interface with a too low
barrier [2]

hole toward opposite directions with considering the Coulomb interaction between
the two, thus, they tend to recombine and there will be no charge separation. For a
general fabricated device that has a barrier height not optimized for the solar cell,
we can use the piezopotential to tune the height of the SB so that it has the maxi-
mized electron–hole separation but minimized electron–hole recombination, and a
maximized photocurrent would be possible.

8.1.3 Optimization of Solar Cell Output

We now use the M–S–M contacted microwire to illustrate the effect of the piezopo-
tential on the performance of a photocell. First, by shining a laser of wave length
325 nm, the output current was recorded from the device when the laser spot was
focused at different positions on the device, as shown in Fig. 8.2(b). The entire de-
vice is constructed with two back-to-back SBs connected via the microwire. When
the focal point of the laser beam changed from one SB to the other, the measured
output current changed its sign. This is due to the opposite directions of the local
electrical fields at the two SB areas, which enforce the separation of electrons and
holes induced by the laser irradiation, and thus lead them to flow in opposite direc-
tions. If we fixed the laser beam at one SB area, and bend the substrate of the device
step by step, strain will be introduced into the device step by step. Depending on the
deformation direction, the sign of the strain is changed from negative to positive or
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Fig. 8.4 Output current responses to the strain applied on the device, which can be divided into
four categories: (a) increasing, (b) decreasing, and with a maximum under (c) applying positive
strain or (d) negative strain. The inset is the calculated results to indicate the output current behav-
ior based on the related parameters, showing a similar changing trend compared with the experi-
mental data after normalization [2]

vice versa. Meanwhile the corresponding piezopotential distribution in the wire will
also be adjusted step by step. This will alter the effective heights of the two SBs and
thus the characteristic of the microwire photocell.

Four kinds of characteristic relationship between the output current and the ap-
plied strain have been observed. The first one is that the output current increases
with applied strain, as shown in Fig. 8.4(a). We have tested 26 devices, 14 of them
exhibited this type of behavior. The second kind is just opposite to the first one: the
output current decreases when the applied strain is increased (Fig. 8.4(b)). Only two
devices out of the 26 had this type of output current characteristic. The third kind
and the fourth are similar. They both have a maximum output current responding
to the applied strain. But for the former one, the maximum point occurred in the
tensile strain range (Fig. 8.4(c)), while the latter is in the compressive strain range
(Fig. 8.4(d)). Among the 26 devices, six devices were in the third case and four in
the fourth one. These different behaviors indicated some intrinsic difference in these
photocells.
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Fig. 8.5 The structure of a
microwire photocell circuit
and its corresponding
equivalent circuit for
theoretical calculation

8.1.4 Theoretical Modeling

The coupling among the optical, mechanical, and electrical properties in these ZnO
devices provides a new method to distinguish and probe their intrinsic characteris-
tics. Their behavior can be quantitatively understood based on an equivalent circuit
simulation together with thermionic-emission theory for the photocell. When a laser
beam with a fixed power is focused at the SB area, this part worked as a constant
photocurrent source, which is connected in parallel with a forward biased Schottky
diode (referred to as SD1) that characterizes the role played by the SB. The output
current we measured is the current that passes through the rest of the circuit, which
is the other forward biased Schottky diode at the opposite end of the device (re-
ferred to as SD2) and the microwire. When a strain is introduced into the device via
bending, the SB height and the resistance of the microwire are all changed corre-
spondingly. These three parts will serve as three rheostats (R1, R2, and R0) that are a
function of the strain. The coupling among these variable electronic parameters and
their matching with the load produces various output configurations, as elaborated
in what follows [2].

Based on the characteristics of the equivalent circuit (Fig. 8.5(b)), we have

I = I1 + I2, (8.1)

V = I2R0 + V2 (8.2)

in which, I is the constant photocurrent induced by the laser irradiation, I1 and I2
are the currents passing through the corresponding circuit branch where SD1 and
SD2 are contained, V and V2 are the voltage drops on the constant photocurrent
source and SD2. For a forward biased Schottky diode, the current passing through
can be described by thermionic-emission theory [2]:

I1 = I1s

[
exp

(
qV

kT

)
− 1

]
, (8.3)

I2 = I2s

[
exp

(
qV2

kT

)
− 1

]
(8.4)

where

I1s = S1A
∗T 2 exp

(
−qφ1

kT

)
, (8.5)
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I2s = S2A
∗T 2 exp

(
−qφ2

kT

)
(8.6)

in which S1 and S2 are the Schottky contact areas and φ1 and φ2 are the SB heights
for SD1 and SD2, respectively, A∗ is the Richardson constant for thermionic emis-
sion, T is the temperature, q is the electron charge, k is the Boltzmann constant.

If qV/kT � 1, we can get the analytical solution of the measured output current
I2 from (8.1)–(8.4) as

I2 = αI

α(
I1s

I2s
+ 1) + R0I1s

(8.7)

where α = kT /q . If this condition cannot be met, we also checked the numerical so-
lutions for I2. We found that for the same parameters, the analytical and numerical
solutions showed the same variation trend, and there were only some small differ-
ences in the current magnitude for the final simulation data. So, in order to get a
more intuitive analysis, we assume that (8.7) always holds.

We can define a function f (ε) as [2]

f (ε) = α

(
I1s

I2s

+ 1

)
+ R0I1s (8.8)

in which ε is the applied strain. According to the experimental results, the variation
of R0 in responding to the strain can be ignored. Our previous experimental results
showed that, for a small strain range, we can introduce an empirical expression:{

φ1 = K1ε + φ10,

φ2 = K2ε + φ20,
and

{
K1 < 0,

K2 < 0.
(8.9)

Thus, based on (8.5), (8.6), and (8.8), we get

df (ε)

dε
=

(
− 1

kT

)
I1sK1

[
R′ + R0

]
(8.10)

in which

R′ = α

I2s

(
1 − K2

K1

)
. (8.11)

Case 1: If |K1| > |K2|, df (ε)/dε > 0, I2 will be a decreasing function of ε, in
corresponding to the case observed in Fig. 8.4(b).

Case 2: If |K1| < |K2|, the sign of df (ε)/dε depends on the relative magnitude
between |R′| and R0. Because I2s is a function of φ2, R′ it will change its
magnitude when strain is applied. Thus, under a proper straining condition,
we have the following subcases:

Case 2a: when |R′| > R0, df (ε)/dε < 0, I2 is an increasing function of ε.
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Case 2b: when |R′| = R0, df (ε)/dε = 0, I2 will reach its maximum at this
point.

Case 2c: when |R′| < R0, df (ε)/dε > 0, I2 is a decreasing function of ε.

Because the strain we applied was of a limited extent, the variation range of |R′|
is restricted. If |R′| 
 R0 is the initial state of the device, the change of |R′| will
be for the strain range of Case 2a, which corresponds to the result presented in
Fig. 8.4(a). Similarly, if the initial states of the device is |R′| � R0, the change of
|R′| will be a for Case 2c, the corresponding result is shown in Fig. 8.4(b). Finally,
if |R′|R is comparable with the value of R0, I2 reaches its maximum in the positive
(Fig. 8.4(c)) or negative (Fig. 8.4(d)) strain range depending on the initial relative
magnitude of the two values.

From the statistical point of view, the probability for having |K1| > |K2| and
|K1| < |K2| should be equal. Thus, the monotonic decreasing case should be ob-
served more than half the time in fabricated devices. This is not the case observed in
our experiments. As we have shown previously, the free electrons in the n-type ZnO
will partially screen the piezoelectric field. Since the laser beam was focused on
the SD1 area, the free carrier density at this local region was increased drastically
under laser irradiation. In such a case, the effect introduced by the piezopotential
was much reduced at this local region. Therefore, in most cases, |K1| < |K2|. In
reference to the distribution of device characteristics as elaborated in Fig. 8.4, most
of the devices met the criterion of |R′| > R0 (Case 2a). Therefore, the four different
photocurrent behaviors presented in Fig. 8.4 represent the different intrinsic charac-
teristics of microwire photocells.

In order to examine the intrinsic role played by |K1/K2| and |R′/R0| as stated
above, we calculated the output current from (8.7) as a function of these two param-
eters. The related experimental data were plotted comparing with these calculated
results after normalization. We fixed φ10 = φ20 = 0.4 eV, and I = 10−8 A for all
of the cases. We chose K1 = −0.04,K2 = −0.1, which is the typical value ob-
tained from the experiments, when R0 is changed from 0.1 to 3 M� and then to
20 M�, the photocurrent behaviors changed from increasing to a maximum point at
the positive strain range, and then to a maximum point at the negative strain range,
as shown in the inserts of Figs. 8.4(a), (c) and (d), respectively. When we chose
K1 = −0.1,K2 = −0.04 and R = 1 M�, a decreasing behavior of the photocurrent
is obtained, as shown in the insert of Fig. 8.4(b). These simulated results quantita-
tively agree with the experimental data in the overall trend.

8.2 p–n Heterojunction Solar Cells

In this section, we use a p–n heterojunction-based solar cell made of poly(3-
hexylthiophene) (P3HT) and ZnO micro/nanowire to demonstrate the effect of
piezopotential on the solar efficiency. The experimental data were understood based
on the modification of the band structure at the p–n junction by the piezopotential,
which is referred to as a result of the piezotronic effect.
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Fig. 8.6 The measuring system of the device. The tensile and compressive strains were produced
by using a three-dimensional mechanical stage (the displacement resolution of 1 µm) to bend the
free end of the device. Under AM 1.5 illumination with 100 mW/cm2 light intensity, the perfor-
mances of the device with the different strains were measured by a computer-controlled measure-
ment system

The measuring system of the device is shown in Fig. 8.6. One end of the de-
vice was fixed tightly on a sample holder with the other end free to be mechan-
ically bent. The tensile and compressive strains were produced by using a three-
dimensional mechanical stage (the displacement resolution of 1 µm) to bend the
free end of the device. Under AM 1.5 illumination with 100 mW/cm2 light inten-
sity, the performances of the device with the different strains were measured by
a computer-controlled measurement system. To obtain a constant area of light il-
lumination under the different strains, the applied strain was lower than 0.4 % to
minimize the degree of deformations of the device. The device was illuminated by
sunlight through the PS substrate, ZnO wire, P3HT and PDMS film. Figure 8.7(d)
shows a photovoltaic performance of the device at different strains under the light
illumination. The Voc of the device without strains is 0.198 V, which is consistent
with literature value of P3HT/ZnO solar cells (0.2 V) [4]. The Voc decreases and
increases with increasing tensile and compressive strains, respectively.

8.2.1 Piezopotential on the Solar Output

A schematic of the device is shown in Fig. 8.6(a) [5]. The PS substrate has a length
of 4 cm, width of 8 mm, and thickness of 0.5 mm. The ZnO micro/nanowires were
synthesized by a high-temperature thermal evaporation process, following the pro-
cedure described by Pan et al. [3]. The long ZnO microwires were chosen because
they are easy to manipulate, but the same process applies to nanowires. To avoid the
movement of ZnO wire in the electromechanical measurement process, the bottom
at one end of the ZnO wire was fixed by a thin epoxy paint film on the PS substrate
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Fig. 8.7 (a) Schematic of a fabricated device of the [0001] type. (b) Optical image of the fab-
ricated device. (c), (d) I–V characteristics of the device under the tensile and compressive strain.
(e) Dependence of Isc and Voc on applied strain [5]

under optical microscopy. The P3HT in C6H5Cl solution was then dropped on the
fixed end of the ZnO wire to produce the p–n heterojunction. The other end of the
ZnO wire was fixed by silver paste, serving as an electrode. The device was then
packaged by a thin layer of PDMS to prevent the ZnO wire from contamination.
Figure 8.6(b) shows an optical image of a fabricated device, showing that a smooth
ZnO wire was connected by P3HT and silver paste on the substrate. The used ZnO
micro/nanowires have a wurtzite structure and grow along the [0001] direction by
the TEM analysis, as shown in Fig. 8.6(c).

Since the thickness and the length of the ZnO wire are much smaller than those
of PS substrate, the bending of the PS substrate can produce solely a tensile or com-
pressive strain in the ZnO wire, depending on its bending directions. The strains
induced in the ZnO wire can be obtained by using the deformation of the sub-
strate. The short-circuit current Isc and Voc under the different strains are shown
in Fig. 8.6(e). The Voc increases and decreases with increasing the compressive
and tensile strains, respectively. However, the Isc almost shows a constant value of
0.035 nA under the different strains.

Since ZnO has a non-central symmetric crystal structure with a polar direction
along its c-axis, there are two ways to contact the P3HT with ZnO wire growing
along [0001]. The first way is shown in Fig. 8.6(a), where the direction from P3HT
to ZnO is along [0001]. The other way is shown in Fig. 8.6(a), where the direction
from P3HT to ZnO is along [0001]. Figure 8.7(b) shows an optical image of the
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Table 8.1 The Isc,Voc at the different strains, and the corresponding �Voc/Voc of the fabricated
11 devices of [0001] and [0001] types

fabricated device of the [0001] type. As shown in Figs. 8.7(c) and (d), the I–V char-
acteristics of the devices show an opposite changing trend with the applied strains
as compared with those in Fig. 8.6(d). Figure 8.7(e) shows that the Voc increases
and decreases with increasing tensile and compressive strains, respectively. The Isc
shows almost a constant value of 0.09 nA under the tensile strain and a slight de-
crease under the compressive strain. We listed the measured results for a total of 11
fabricated devices in Table 8.1 for presenting the consistency of the measured data.
The output power of the solar cells can be maximized by applying a proper strain in
the device. When a −0.35 % strain is applied on the device, the Voc can be enhanced
by 38 % as compared with that without strain (Table 8.1). There are five devices of
the [0001] case and six devices of the [0001] case. It can be clearly seen that the
tendencies of the change of Voc with the strains are opposite for the two types of
contact orientation.

8.2.2 Piezotronic Model

As a p–n heterojunction solar cell, the fabricated device can be described by a
Shockley equivalent circuit [5]. The open-circuit voltage Voc and the reverse sat-
uration current I0 can then be expressed as

Voc = n
kT

e
ln

(
Isc

I0

)
, (8.12)

I0 = I00 exp

(−�E

rkT

)
(8.13)

where Isc is the short-circuit current, I00 is a prefactor, r is an ideality factor, �E

is the energy band difference between the conduction band of a n-type inorganic
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material and the lowest unoccupied molecular orbit (LUMO) of a p-type organic
material. By combining (8.12) and (8.13), the open-circuit voltage Voc can be given
by

eVoc = n

r
�E + nkT ln

(
Isc

I00

)
. (8.14)

Equation (8.14) indicates that the open-circuit voltage Voc is associated with both
the energy band difference �E and the short-circuit current Isc. In our experiment,
the Isc is almost constant, and the change of Voc suggests that �E may change at
the junction area under different strains, in agreement with the result expected from
the piezotronic model, to be presented in follows.

Usually, when the ZnO semiconductor material is subjected to strain, the change
of the energy band at the interface is associated with the piezoresistance effect and
piezoelectric effect. For the piezoresistance effect, it has been reported that the ten-
sile strain in single ZnO wire along the direction of [0001] can decrease the band
gap of ZnO, which could increase the �E and the Voc. However, since the piezore-
sistance effect is a nonpolar and symmetric effect, it can only result in a similar trend
of change of Voc for the fabricated devices of [0001] and [0001] types, which cannot
explain the experimental results presented in Figs. 8.6 and 8.7. For the piezoelectric
effect, it has been extensively reported that the strained ZnO micro/nanowire can
change the local energy band profile, resulting in a modulation of I–V characteris-
tics [6–8]. According to the fundamental theory of piezotronics [9], the energy band
profile of p–n junction at the interface can be effectively tuned by the strain-induced
piezoelectric polarization charges. The piezoelectric polarization charges modify
the potential profile at the junction area, resulting in a change of energy band at the
p–n junction [10].

We calculated the distribution of piezopotential in a single ZnO wire with a
growth direction of [0001]/[0001] by using the Lippman theory [11, 12], as shown
in Fig. 8.8. For simplicity of the calculation, we ignore the doping in ZnO so that it
is assumed to be an insulator. The diameter and length of ZnO wire are 1 µm and
10 µm, respectively. The tensile and compressive strains are 0.1 % and −0.1 %,
respectively. Although the calculated piezopotential at the end of ZnO wire is up to
150 V, the actual piezopotential in ZnO is much lower due to the screening effect of
the free charge carriers. When the ZnO wire was stretched along the c-axial direc-
tion, it can create a polarization of cations and anions along the c-axial direction and
result in a piezopotential change from V− to V+ along the ZnO wire, as shown in
Fig. 8.8(a). On the basis of the above discussions and calculation of the piezopoten-
tial, the modulation effect of the strain on the Voc of the fabricated device, as shown
in Figs. 8.6 and 8.7, can then be understood and explained by using the band diagram
of the P3HT/ZnO heterojunction at the interface (Figs. 8.7(c) and (f)). Considering
the result, shown in Fig. 8.8(a–e), that the P3HT is in contact only with the top
side of the wire, we can build the following model for understanding our measured
results. When the device of the [0001] type is under the tensile strain (Fig. 8.8(a))
or the device of the [0001] type is under the compressive strains (Fig. 8.8(b)), the
negative piezopotential is in contact with the P3HT. The negative piezoelectric po-
larization charges at the interface lift the local conduction band level of ZnO, which



8.3 Enhanced Cu2S/CdS Coaxial Nanowire Solar Cells 165

Fig. 8.8 (a), (b) The piezopotential distributions in the stretched device of [0001] type and com-
pressed device of [0001] type. (c) Schematic energy band diagram of P3HT/ZnO in the presence
of negative piezoelectric charges. The blue line indicates the modified energy band diagram by the
piezoelectric potential in ZnO. (d), (e) Calculated piezopotential distributions in the compressed
device of [0001] type and stretched device of [0001] type. (d) Schematic energy band diagram of
P3HT/ZnO in the presence of positive piezoelectric charges. The red line represents the modified
energy band diagram of ZnO under the compressive strain [5]

can result in a decrease of �E and Voc according to (8.14) (as shown in Fig. 8.8(c)).
Moreover, for the cases in Fig. 8.8, the positive piezoelectric polarization charges
at the interface can lower the local conduction band level of ZnO, resulting in an
increase of �E and Voc (as shown in Fig. 8.8(f)).

8.3 Enhanced Cu2S/CdS Coaxial Nanowire Solar Cells

The core-shell geometry of NWs is proposed to be able to enhance the efficiency
of charge collection by shortening the paths traveled by minority carriers [13–
15], increasing the optical quality of the material [16], or strain engineering of the
bandgap [16]. However, the strain in the NW is a critical issue for such core-shell
NW PV devices. First, for decreasing electron–hole interface recombination and in-
creasing charge collection efficiency, a single crystal epitaxial p–n structure is highly
desirable, but these epitaxial heterojunction NWs introduce static strain as a result
of a misfit between the inherent crystal lattices between the core and shell materials.
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Second, flexible PV devices have been the subject of research for powering flexi-
ble electronics and devices, which inevitably introduce strain during the operation.
Thus, our goal here is to study the piezo-phototronic effect on the performance of
piezoelectric PV devices made using single crystal epitaxial coaxial structures.

Our PV device is based on epitaxial coaxial NWs with p-Cu2S as shell and n-CdS
as core. CdS is a piezoelectric material with wurzite structure that has non-central
symmetry. Due to the polarization of ions in CdS NW, a piezopotential is created
by applying a stress. Owing to the simultaneous possession of piezoelectricity and
semiconductor properties, the piezopotential created in the core has a strong effect
on the carrier transport at the interface/junction, known as piezo-phototronic effect,
which is to use the piezopotential created in the wurzite structure crystal to control
the carrier generation, transport, separation, and/or recombination for improving the
performance of optoelectronic devices. In this section, we tune the performance of
the n-CdS/p-Cu2S coaxial NW PV devices by the piezo-phototronic effect when
the devices are subjected to strain, which offers a new concept for improving solar
energy conversation efficiency [16].

8.3.1 Design of the Photovoltaic Device

The n-CdS NW is synthesized via a vapor–liquid–solid (VLS) method, which gives
high-quality and long NWs. The morphology of the as-fabricated CdS NWs is pre-
sented in Fig. 8.9(a), with lengths of several hundreds of micrometers and diameters
varying from tens of nanometers to several micrometers. Figure 8.9(b) is a low-
magnification transmission electron microscopy (TEM) image of an individual as-
fabricated n-CdS NW, showing a uniform shape of the NW. The epitaxial shell layer
is obtained using a solution-based cation exchange reaction that creates a hetero-
junction between the single-crystalline CdS core and single-crystalline Cu2S shell.
A high-resolution TEM (HRTEM) image and the selected area diffraction (SAD)
pattern of a CdS/Cu2S coaxial NW are presented in Figs. 8.9(c) and (d), respec-
tively. It indicates that the growth direction of the coaxial NW is [0001] (c-axis),
and the thickness of the shell layer is 10–15 nm. The enlarged image clearly shows
high-quality epitaxial crystallinity at the interface of the coaxial NWs. Figure 8.9(e)
is an in-situ energy-dispersive X-ray (EDX) line scan across the entire NW, which
clearly shows that the Cu is located at the shell, while the Cd located at the core.
Both the moiré fringes in the HRTEM image, the splitting of the diffraction spots
(marked by the white arrows in Fig. 8.9(d)) and the EDX line scale profile confirm
the core/shell hetero-epitaxial junction between the CdS core and Cu2S shell.

The fabrication process of the coaxial CdS/Cu2S NW PV devices is demon-
strated in Fig. 8.10(a). First, we carefully chose a long CdS NW and dispersed it
onto a polyethylene terephthalate (PET) or a polystyrene (PS) substrate; one end of
the CdS NW was fixed by silver paste, serving as an electrode. After that a layer
of epoxy was used to cover the silver-fixed side of the CdS, preventing Cu+ from
exchange in the following steps. Cation conversion was performed by dipping the
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Fig. 8.9 Synthesis and characterization of the coaxial Cu2S/CdS NWs. (a) SEM image of the
morphology of the as-synthesized CdS NWs. (b) A low-magnification TEM image of an individ-
ual as-fabricated CdS NW, which is proved to be synthesized via a VLS method by the remaining
gold catalyst on the tip of the NW. (c), (d), Representative high-resolution TEM image and electron
diffraction pattern of the Cu+ treated Cu2S/CdS coaxial NWs. The dashed line indicates the inter-
face between CdS and Cu2S. The enlarged image clearly shows high-quality epitaxial crystalline
at the interface of the coaxial NWs. (e) Line scan chemical profile across the NW acquired using
the energy-dispersive X-ray spectroscopy (EDS), (f), X-ray diffraction spectra of CdS (the black
trace) and Cu2S/CdS coaxial NWs (the red trace). The peaks in the red trace marked with black
dots belong to CdS core, and the peaks marked with red dots belong to Cu2S shell. From [17]

CdS NW into CuCl solution at 50 °C for 10 s. It was then thoroughly rinsed with
deionized water, ethanol and isopropanol (IPA) and blown dry with nitrogen. Subse-
quently, the other end of the coaxial NW was also fixed with silver paste, contacting
with the p-Cu2S layer. An oxygen plasma was carried out for improving the con-
tact between CdS/Ag and Cu2S/Ag before each step. Finally, the entire fabricated
device is packaged with polydimethylsiloxane (PDMS), preventing the device from
contamination and damage. An optical microscope image of an as-fabricated device
is shown in Fig. 8.10(b).
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The as-measured I–V characteristic of the coaxial NW PV devices under dif-
ferent illumination intensities is presented in Fig. 8.10(c). This nanowire PV de-
vices were 225 µm long and 5.8 µm in diameter, and yielded a short-circuit cur-
rent Isc of 0.44 nA under a full-sun intensity. The performance of the PV device
dropped with the illumination intensity decreasing from a full sun to 1 percent of
a sun: the short-circuit current Isc dropped from 0.44 to 0.03 nA, while the open-
circuit voltage (Voc) dropped from 0.29 to 0.19 V, with a rate (�Voc/� ln(Iillum) =
50 mV, where Iillum is the relative illumination intensity), comparable to that of
the silicon nanowire2 (�Voc/� ln(Iillum) = 56 mV) and Cu2S thin film PVs24

(�Voc/� ln(Iillum) = 39 mV). The corresponding relative conversion efficiency
(conversion efficiency/illumination intensity) under different illumination intensi-
ties is plotted in Fig. 8.10(e). The higher relative convention efficiency under low
illumination conditions implies that our PV devices may be suitable for some spe-
cial working conditions, such as in indoor applications. The main reason is that the
charge collection efficiency is higher for the PV devices under low light intensity.
When the light intensity is low, the amount of the light-generated electron–hole
pairs is small, it can be sufficiently separated with low carrier recombination at the
interface; but at a high light intensity, there are a large numbers of light-generated
electron–hole pairs, which cannot be sufficiently separated, and this results in a
high recombination at the interface. The performance of such coaxial CdS/Cu2S
NW PV devices can be increased by optimizing the design, structure, doping, semi-
conductor/metal contacts, working condition, and so on. Tang et al. reported a very
high FF PV device with the output performance of: Voc = 0.61 V, Isc = 147 pA,
FF = 80.8 % and η = 5.4 %, this will let such kind of PV devices have bright
future in the practical application.

8.3.2 Piezo-Phototronic Effect on the Output

To investigate the piezo-phototronics effect on the PV devices, the PV devices were
subjected to compressive strain, and the results are presented in Figs. 8.11 and 8.12.
The schematic of the measurement set-up for studying the piezo-phototronic effect
PV devices is demonstrated as in the insert upper-right in Fig. 8.11(a). One end of
the PS substrate was fixed tightly on a manipulation holder, with the other end free
to be bent. A three-dimensional (3D) mechanical stage with movement resolution
of 1 µm was used to apply the strain on the free end of the PS substrate, to introduce
a compressive or tensile strain.

Due to the asymmetric polarity of the CdS NW, there are two different configu-
rations of our CdS/Cu2S NW PV devices when the c-axis of the CdS NW pointing
upward: one is Cu2S shell only located at the upper part of the CdS NW, denoted as
configuration I (Fig. 8.13(d)); the other is Cu2S shell only located at the lower part
of the CdS NW, denoted as configuration II (Fig. 8.13(g)). The piezo-phototronic
effect on a PV device with configuration I is illustrated in Fig. 8.11: these nanowire
PV devices were 220 µm long and 4.95 µm in diameter, and yielded a Isc of 0.25 nA
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Fig. 8.11 The performance of the Cu2S/CdS coaxial NW solar cell under compressive strains.
(a) The dark and 1.5 AM illuminated I–V curve of the NW solar cell. The short-circuit current
is 0.25 nA, the open-circuit voltage is 0.26 V without applied strain. The inset is an optical mi-
croscopy image of the Cu2S/CdS coaxial NW solar cell. (b) The I–V curve of the same NW so-
lar cell under different compressive strain, clearly indicating the current increase with increasing
external compressive strain. The schematic of the measurement set-up for studying the piezo-pho-
totronic effect PV devices is demonstrated as inset. (c), (d), Dependence of the open-circuit voltage
(c), the short-circuit current (c) and relative efficiency change (d) on the strain. The data plotted in
(c) and (d) are extracted from (b). From [17]

and Voc of 0.26 V under a full-sun intensity (Fig. 8.11(a)). The I–V curves of the PV
device subjected to strains were presented in Fig. 8.11(b). The performance of this
PV device was enhanced when the PV device was subjected to a compressive strain
up to −0.41 %, and the Isc and the Voc under different strains were extracted and
plotted in Fig. 8.11(c). It can be found that the Isc increased from 0.25 to 0.33 nA,
about 32 % incensement; while the Voc varying between 0.26 and 0.29 V, about
10 % fluctuation. As dominated by the enhancement of the output current, the rel-
ative convention efficiency change of this PV device increased about 70 % when a
−0.41 % compressive strain was applied (Fig. 8.11(d)).

The piezo-phototronics effect on another PV device with configuration II is il-
lustrated in Fig. 8.12, which is 328 µm long and 6.7 µm in diameter, and yielded a
Isc of 3.47 nA and Voc of 0.54 V under a full-sun intensity (Fig. 8.12(a)). Different
from the previous one, the performance of this device dropped when the applied
compressive strain was increased, as shown in Fig. 8.12(b). The Isc and the Voc
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Fig. 8.12 The performance of the Cu2S/CdS coaxial NW solar cell under compressive strains.
(a) The dark and 1.5 AM illuminated I–V curve of the NW solar cell. The short-circuit current is
about 3.47 nA, the open-circuit voltage is 0.54 V without applied strain. The inset is an optical
microscopy image of the Cu2S/CdS coaxial NW solar cell. (b) The I–V curve of the same NW
solar cell under different compressive strain. The inset is an enlarged plot of the I–V curve, clearly
indicating the current decrease with increasing external compressive strain. (c), (d) Dependence of
the open-circuit voltage (c), the short-circuit current (c) and relative efficiency change (d) on the
strain. The data plotted in (c) and (d) are extracted from (b). From [17]

under different strains were extracted and plotted in Fig. 8.11(c). It can be found
that the Isc dropped from 3.47 to 3.05 nA for nearly 14 %; while the Voc varying
between 532 and 545 mV, only 2 % fluctuation. As a result of the decreasing of
the output current, the energy convention efficiency decreased about 15 % when
a 0.5 % compressive strain was applied. By comparing the two NW PVs shown
in Figs. 8.11 and 8.12, we found that such a piezo-phototronics effect has larger
impact/enhancement on a PV of lower FF and lower efficiency. For example, the
performance increases about 70 % for the PV shown in Fig. 8.11, which has a lower
output performance, while the performance only changes 15 % for the PV shown
in Fig. 8.12, which has a higher output performance. Such enhanced performance
of the PV devices under a compressive strain is suggested arising from the effective
decrease of the barrier height between Cu2S and CdS at the heterojunction inter-
face [17] as a result of the band modification caused by piezoelectric polarization
charges, as discussed in what follows.
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8.3.3 Theoretical Model

A theoretical model is proposed to explain the piezo-phototronic effect on the per-
formance of the PV devices using energy band diagrams, as shown in Fig. 8.13. CdS
has a non-central symmetric wurzite structure, in which the cations and anions are
tetrahedrally coordinated. A straining on the basic unit results in a polarization of
the cations and anions, which is the cause of the piezopotential inside the crystal.
For a coaxial n-CdS/p-Cu2S NW PV device, schematic structure, numerically calcu-
lated piezopotential distribution and the corresponding energy band diagram (with
a barrier at the interface [16]) of a strain-free coaxial piezoelectric NW PV device
are presented in Fig. 8.13(a)–(c), respectively. For a typical PV device, there are
three key processes for dictating its performance as shown in Fig. 8.13(c): (I) gener-
ation rate of the electron–hole pairs under the illumination; (II) separation efficiency
of the generated electron–hole pairs, with electrons traveling toward the CdS side,
and the holes toward the Cu2S side; and (III) recombination rate between electrons
and holes. For a certain PV device, the output voltage is nearly a constant, which
depends on illumination intensity and temperature (Voc = (Efn − Efp)/q), where
Efn and Efp are the quasi-Fermi level of the electrons and holes under illumina-
tion, and q is the electron charge, if the illumination intensity, working temperature,
and the doping level of the p–n junction are fixed. In such case, the number of the
light-generated electron–hole pairs is a constant. Thus, the performance of the PV
device is mainly determined by the carrier separation, transport, and recombination
processes.

Since the p-Cu2S shell is non-piezoelectric and its size is only 10–15 nm, heavily
doped, much thinner than the diameter of the CdS core (up to tens of micrometers,
such as 5.8 µm of the device in Fig. 8.10(d)), our discussions mainly focus on the
piezoelectric effect from the CdS core. With the assumption of low doping in CdS
for simplicity, numerically calculated piezopotential distribution in the CdS/Cu2S
core-shell NWs shows that a potential drop is created along its length when the CdS
NW is under c-axis strain (Fig. 8.13(e) and (h)). For a PV device with configura-
tion I as shown in Figs. 8.11 and 8.13(d), the local positive piezoelectric charges at
the Cu2S/CdS interface (Fig. 8.13(e)) will lower the conduction and valence bands
of CdS, as labeled in Fig. 8.13(f), resulting in a decrease of the barrier height at the
heterojunction interface. This is equivalent to increase of the depletion width and
internal field, which will accelerate the electron–hole pair separation process and
reduce the possibility of recombination, thus enhancing the performance of the PV
with the increase of the applied compressive strain. For a PV device with configura-
tion II as shown in Figs. 8.12 and 8.13(g), the effect of the local negative piezopoten-
tial at the Cu2S/CdS interface (Fig. 8.13(h)) will lift up the conduction and valence
bands of CdS, as labeled in Fig. 8.13(i), resulting in an increase of the barrier height
at the heterojunction interface. This is equivalent to decrease the depletion width
and internal field, which will make the electron–hole pair more difficult to separate
and thus increase the possibility of recombination. Subsequently, the output cur-
rent and the convention efficiency are decreased when the device is compressively
strained. This is the basic mechanism of how does the piezo-phototronic effect tunes
the output efficiency of a solar cell.
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Fig. 8.14 Elastic strain
components (a) εxx and
(b) εzz at an x–z cross section
of a core-shell NW. The NW
is oriented along the [111]
crystallographic direction and
consists of a cylindrical InAs
core and a surrounding InP
shell. The length of the
core-shell NW is
Lz = 350 nm, the radius of
the core is rc = 30 nm, and
the outer radius of the shell is
rs = 50 nm. Due to the
symmetry, the strain
components only in half of
the core-shell NW are shown
(Figure courtesy of Boxberg
et al. [18])

8.4 Solar Efficiency of Heterostructured Core-Shell Nanowires

Epitaxial core-shell NWs grown with different materials acquire in general elastic
strain as a result of a misfit between the inherent crystal lattices of the core and shell
materials. Such a static and internally built strain can create piezoelectric polariza-
tion in the NW. Xu’s group has theoretically investigated the piezopotential created
in a core-shell NWand its possibility for solar cell application [18]. A model system
is a III–V zinc blende (ZB) with NWs grown along the [111] direction and III–V
wurtzite (WZ) NWs grown along the [0001] direction. Thus, the z-axis in is equal to
the [111] direction of the ZB structure or the [0001] direction of the WZ structure.
The [101-1] direction of the ZB structure or the a-axis of the WZ structure as the x

axis of the coordinate system.
Figure 8.14 shows the numerically computed εxx and εzz in a ZB core-shell (InP)

NW oriented core (InAs) along the [111] crystallographic direction. The consid-
ered NW consists of a cylindrical InAs core and a surrounding InP shell, with the
length Lz of 350 nm, the radius of the core rc of 30 nm, and the outer radius of the
shell rs of 50 nm. Figures 8.14(a) and (b) show the strain distributions at an x–z

cross section of the NW. The strain components εxx and εyy are very similar except
for a rotation of π/2 around the z axis. The strain is reduced considerably via sur-
face bulging at an end of the NW. The strain components, εxx and εyy , are constant
deep inside the NW only within the core, whereas εzz becomes stepwise constant
far from the NW ends.

The lattice-mismatch-induced strain in an epitaxial core-shell nanowire gives rise
to an internal electric field along the axis of the nanowire. This piezoelectric field re-
sults predominantly from atomic layer displacements along the nanowire axis within
both the core and shell materials and can appear in both zinc blende and wurtzite
crystalline core-shell nanowires. The effect can be employed to separate photon-
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Fig. 8.15 (a) Effective
surface charge density and
(b) piezoelectric potential in a
cylindrical InAs/InP WZ
core-shell NW in vacuum.
The surface charge density in
(a) is evaluated at the
In-terminated end of the NW
(the upper end of the NW
shown in (b)). The labels of
the potential isosurfaces in
(b) are given in volts (Figure
courtesy of Boxberg et
al. [18])

generated electron–hole pairs in the core-shell nanowires and thus offers a new de-
vice concept for solar energy conversion [18].

Figure 8.15(a) shows the numerically computed effective piezoelectric surface
charge density at an end surface of a WZ core-shell NW. The effective charge is
positive at the A end surface and negative at the B end surface of the InAs/InP core-
shell NW. The effective surface charge density diverges at the material interface
where the relative permittivity is discontinuous. However, the integrated effective
charge remains finite. Figure 8.15(b) shows the piezoelectric potential at an x–z

cross section of a core-shell NW in vacuum. Figure 8.15(b) shows a clear dipole-
like potential landscape. The internal piezoelectric field becomes practically con-
stant in this sufficiently long NW. This is consistent with the charge densities pre-
sented in Fig. 8.15(a) and supports the analytical model of the piezoelectric field.
The axial piezoelectric field present in strained compound semiconductor core-shell
nanowires can be exploited for efficient solar energy conversion.

Figure 8.16(a) depicts the photovoltaic mechanism in a strained core-shell NW.
Here, the piezoelectric field is employed for generating a photocurrent from one end
of the NW to the other. The magnitude of the field (i.e., the slope of the band edge
energies in the middle section of the NW shown in Fig. 8.16(a)) can be compara-
ble to that of a typical built-in field in a p–n junction diode and is widely tunable,
not only by combining different core and shell materials, but also by varying the
thickness of the shell with respect to the diameter of the core. However, we note
that the maximum effective built-in potential in a strained, piezoelectric semicon-
ductor NW is limited by the band gap energy Eg of the materials (as in traditional
p–n junction diodes). The conduction band and valence band edges will be flattened
by charge accumulations or pinned to the Fermi energy of the contacts at the two
ends of a core-shell NW. The maximum length of the active region of a piezoelectric
core-shell NW diode is, consequently, a function of the piezoelectric field strength
Ez and the band gap energy Eg and is given by Lm = Eg/(eEz), where e is the
electron charge. Figure 8.16(b) shows an example of how arrays of piezoelectric
core-shell NWs could be electrically contacted and deployed for large area solar
cells. Here, it is assumed that the array of piezoelectric core-shell NWs is grown
on a heavily doped semiconductor substrate. After a suitable transparent material is
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Fig. 8.16 (a) Schematic description of the band diagram within an electrically contacted n-type
NW core and photovoltaic operation principle of a strained piezoelectric core-shell NW. The slope
of the conduction (Ec) and valence (Ev) band edges in the middle segment of the NW is caused by
the piezoelectric field. The band bendings at the ends of the NW represent typical effects of charge
exchanges at metal–semiconductor interfaces. (b) Schematic diagram for a core-shell NW solar
cell device, where piezoelectrically polarized NWs are grown vertically on a conductive substrate.
For a further description of the device operation, see the main text (Figure courtesy of Boxberg et
al. [18])

added, a transparent conducting film is deposited on top as a front contact. When
the sunlight is incident on the device, electron–hole pairs will be generated in the
NWs. These photon-generated electron–hole pairs may be separated by the piezo-
electric fields present in the NWs, and thus a photovoltage between the front and
back contacts, or a photocurrent in the circuit as shown in Fig. 8.16(b) will be cre-
ated. In comparison with previously proposed NW photovoltaic devices, this design
does not require the fabrication of a p–n junction in the NWs, which leads to a tech-
nology advantage in the device fabrication. Nevertheless, the axial p–n junctions
could be integrated into the core-shell NWs to achieve enhancement of solar energy
conversion. Such a theoretical prediction remains to be verified by experiments.

8.5 Summary

In summary, we have elaborated of how to use the inner crystal generated piezopo-
tential by strain to enhance the photon to electricity conversion process. We have
presented new approaches for fabricating high-efficiency solar cells using piezo-
phototronic effect. The first example is a metal–semiconductor–metal back-to-back
Schottky contacted ZnO microwire device. An externally applied strain produces
a piezopotential in the microwire, which tunes the effective Schottky barrier (SB)
height of the microwire at the local contact, consequently changing the electrical
parameter of the device. By properly tuning the strain in a device, it is possible to
maximize the output power of a photocell, light emitting diode and solar cells.

In the second example, using P3HT/ZnO micro/nanowire p–n heterojunction on
a PS substrate as a model system, we have demonstrated the effect of piezopotential
on the output voltage of the flexible solar cells. The strain-induced piezopotential is
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created under an externally applied strain as a result of the piezotronic effect, which
tunes the energy band profile at the interface of p–n heterojunction, consequently
modulating the performance of the device. The output power of solar cells could be
enhanced by tuning the strains in the devices. Our study not only adds further under-
standing about piezotronic devices, but also shows that it can be applied to enhance
their performance of solar cells fabricated by using wurtzite structured materials.

In the last example, we demonstrated largely enhanced performance of n-CdS/p-
Cu2S coaxial NW PV devices using the piezo-phototronics effect when the PV de-
vice is subjected to an external strain. The piezo-phototronic effect could control
the electron–hole pair generation, transport, separation, and/or recombination, thus
tuning the performance of the PV devices: when the p–n junction is parallel to the
c-axis of the NW (configure I), the PV performance enhances with increasing the
compressive strain, but decreases with increasing the tensile strain. This effect offers
a new concept for improving solar energy conversation efficiency by designing the
orientation of the nanowires and the strain to be purposely introduced in the pack-
aging of the solar cells. This study shed light on the enhanced flexible solar cells
for applications in self-powered technology, environmental monitoring, and even
defensive technology.
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Chapter 9
Piezo-Phototronic Effect on Photodetector

Abstract An effective electron–hole separation at a Schottky contact or p–n junc-
tion is important for the efficiency of a photon detector. In this chapter, we demon-
strate how the piezo-phototronic effect can be used to largely improve the respon-
sivity of a photon detector in a whole range from visible to UV. After a systematic
study on the Schottky barrier height change with tuning the strain and the excitation
light intensity, an in-depth understanding is provided about the physical mechanism
of the coupling of piezoelectric, optical and semiconducting properties. Our results
show that the piezo-phototronic effect can enhance the detection sensitivity more
than fivefold for pW levels light detection.

The core of the piezo-phototronic devices are to use the internal piezoelectric field
to tune the charge generation, separation, transport and/or recombination process at
the interface for enhancing optoelectronic processes. In this chapter, we demonstrate
the piezo-phototronic effect on the sensitivity of nanowire-based photodetector [1].
The responsivity of a ZnO-based photodetector is, respectively, enhanced by 530 %,
190 %, 9 % and 15 % upon 4.1 pW, 120.0 pW, 4.1 nW, 180.4 nW UV light illumina-
tion onto the wire by introducing a −0.36 % compressive strain in the wire. After a
systematic study on the Schottky barrier height change with tuning the strain and the
excitation light intensity, an in-depth understanding is provided about the physical
mechanism of the coupling of piezoelectric, optical and semiconducting properties.
Later, this idea is also extended to visible light detection using CdS nanowires. Our
results show that the piezo-phototronic effect can enhance the detection sensitivity
more than fivefold for pW levels light detection.

9.1 Design of Measurement System

Our device is a metal–semiconductor–metal structure (MSM). The contacts at the
two ends of the semiconductor wire are two back-to-back Schottky contacts. The
device was fabricated by bonding a ZnO micro/nanowire laterally on a polystyrene
(PS) substrate, which has a thickness much larger than the diameter of the ZnO
micro/nanowire (see Experimental for details). The experimental setup is shown

Z.L. Wang, Piezotronics and Piezo-Phototronics, Microtechnology and MEMS,
DOI 10.1007/978-3-642-34237-0_9, © Springer-Verlag Berlin Heidelberg 2012
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Fig. 9.1 Schematic diagram of the measurement system to characterize the performance of
the piezopotential tuned photodetector. An optical microscopy image of a ZnO wire device is
shown [1]

schematically in Fig. 9.1. The mechanical behavior of the device was dominated by
the substrate by considering the relative size of the wire and the substrate. The strain
in the wire was mainly axial compressive or tensile strain depending on the bending
direction of the PS substrate, and it was quantified by the maximum deflection of the
free end of the substrate. The optical image of the photodetector shown in Fig. 9.1
indicates that a smooth ZnO wire was placed on the substrate with two-end fixed.
Monochromatic UV, blue or green light was illuminated on the ZnO wire to test the
performance of the device.

The ZnO micro/nanowires used in our study were synthesized by a high-
temperature thermal evaporation process [2]. The detailed device fabrication process
was introduced elsewhere [3]. Briefly, single ZnO wire was bonded on PS substrate
(typical length of ∼7 cm, width of ∼15 mm and thickness of 0.5 mm) by silver
pastes. A very thin layer of polydimethylsiloxane (PDMS) was used to package the
device, which kept the device mechanically robust under repeated manipulation and
prevented the semiconductor wire from contamination or corrosion. A 3D stage with
movement resolution of 1 µm was used to bend the free end of the device to produce
a compressive and tensile strain. Another 3D stage was used to fix the sample under
microscope and to keep the device in focus during the substrate bending process.

Nikon Eclipse Ti inverted microscope system was used to monitor the sample and
excite the photodetector. A Nikon Intensilight C-HGFIE lamp with a remote con-
troller was used as the excitation source. Monochromatic UV (centered at 372 nm),
blue (centered at 486 nm) or green light (centered at 548 nm) was illuminated on the
ZnO wire to test the performance of the device, which was focused by a 10X micro-
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scope objective with a 17.5 mm work distance. Monochromatic light was obtained
by a filter block between the source and microscope objective (Fig. 9.1). There were
three sets of filter blocks which were used to obtain monochromatic UV, blue, and
green light. The optical power density impinging on the nanowire photodetector was
varied by means of neutral density filters. The illumination density was determined
by a thermopile power meter (Newport 818P-001-12). I–V measurement was done
by applying an external bias to the wire and recording using a Keithley 487 picoam-
meter/voltage source in conjunction with a GPIB controller (National Instruments
GPIB-USB-HS, NI 488.2). In order to compare and analyze the results, time depen-
dent photocurrent, light intensity dependent photocurrent and photocurrent used for
analyzing responsivity and strain effects were measured at a fixed applied bias of
−5 V.

9.2 Characterization of the Fabricated UV Sensor

Before the electromechanical and optical measurements, we first measured the orig-
inal I–V characteristics of the device in the dark condition. Various I–V character-
istics were found in the experiments. In this study, we only focused on the devices
that have symmetric Schottky contacts at the two ends of the ZnO wire and have
very low dark-current characteristics, which ensures low noise and ultrasensitivity
of the photodetector. The results of photocurrent measurements performed on a sin-
gle ZnO wire device (Device #1) in standard ambient conditions are summarized
in Fig. 9.2. Figure 9.2(a) shows some typical I–V characteristics of the ZnO wires
in the dark and under UV illumination (λ = 372 nm) at various light intensities.
The symmetric rectifying I–V curves indicated that there were two back-to-back
Schottky contacts at the two ends of the ZnO wire. As for the UV responsivity mea-
surements in this paper, the bias was set at a fixed value of −5 V (reverse bias)
for all of the measurements unless specifically indicated. The measured absolute
current increased significantly with light illumination: the dark current was about
14 pA, the current increased to 260 nA under 22 µW/cm2 light illumination, further
increased to 1.9 µA under 33 mW/cm2 light illumination. The sensitivity defined as
(Ilight − Idark)/Idark was found to be 1.8 × 106 % and 1.4 × 107 % at 22 µW/cm2

and 33 mW/cm2 illumination, respectively. The sensitivity here is one or two orders
of magnitude higher than that in a single Schottky contact device [4, 5], because of
the very low dark current due to the depletion layer formed at the two Schottky con-
tacts and oxygen-related hole-trapping states at the ZnO wire surface. The spectral
photoresponse of a ZnO wire photodetector showed a large UV-to-visible rejection
ratio, which is defined as the sensitivity measured at UV divided by that at blue,
and it was about 104 for the photodetector. The high spectral selectivity combined
with high sensitivity suggests the possibility of using the ZnO wire photodetector as
‘visible–blind’ UV photodetector for environmental, space-based, defense and in-
dustrial applications. The photodetector was also measured with light on and off for
many cycles with different light intensities, showing an excellent reversibility and
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Fig. 9.2 (a) I–V characteristics of a single ZnO wire photodetector (device #1) as a function of
light intensity. (b) Repeatable response with different excitation light intensity, plotted in the same
color code with (a). (c) Absolute photocurrent of a single ZnO wire device measured as a function
of the excitation intensity. (d) Derived photon responsivity relative to excitation intensity on the
ZnO NW [1]

stability with decay time about 1 s (Fig. 9.2(b)). The relative long reset time may
be caused by the ultra-long length of the wire which is used for easy and precise
controlling the strain in the wire.

The intensity dependences of the photocurrents (Iph = |Ilight − Idark|) are plot-
ted in Fig. 9.2(c). The photocurrent increased linearly with the optical power and
showed no saturation at high power levels, offering a large dynamic range from
sub-µW/cm2 to mW/cm2. The total responsivity of the photodetector, �, is defined
as

� = Iph

Pill
= ηextq

hν
· ΓG, (9.1)

Pill = Iill × d × l (9.2)

where � is the responsivity, Iph photocurrent, Pill the illumination power on the pho-
todetector, ηext the external quantum efficiency, q the electronic charge, h Planck’s
constant, ν the frequency of the light, ΓG the internal gain, Iill the excitation power,
d the diameter of the ZnO wire, l is the spacing between two electrodes. Re-
markably, the calculated responsivity of the device is super high, approximately
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4.5 × 104 A/W at an intensity of 0.75 µW/cm2 of UV light illumination. The in-
ternal gain can be estimated to be 1.5 × 105 by assuming ηext = 1 for simplicity.
The high internal gain and high responsivity are attributed to the oxygen-related
hole-trapping states [14] and the shrinking of the Schottky barrier upon illumina-
tion [6]. The decrease of the responsivity at relatively high light intensities is due
to hole-trapping saturation and Schottky barrier transparent at large light intensity
(Fig. 9.2(d)).

9.3 Piezo-Phototronic Effect on UV Sensitivity

9.3.1 Experimental Observations

We now use the MSM structure to illustrate the effects of the piezopotential on
the performance of the photodetector (device #2). First, we investigated the effects
of piezopotential on the dark current of the photodetector. Without strain, the dark
current versus voltage curve of the device in semi-logarithmic scale was very flat
(Fig. 9.3 inset), even out to high bias, and it remained <50 pA at a reverse bias of
−20 V. We did not observe any evidence of breakdown due to the low level de-
fects in the ZnO wire and good Schottky contact. I–V curves in the dark remained
with no change under different tensile and compressive strains (Fig. 9.2(a)), which
means that the piezopotential has a very small effect on the dark current. Then we
measured I–V curve under various compressive and tensile strain upon UV illumi-
nation (Figs. 9.2(b) and (c)). The absolute current at a negative bias increased step-
by-step when applied a variable strain from 0.36 % tensile to −0.36 % compressing.
Because the dark current did not change under strain, the sensitivity, responsivity,
and detectivity of the photodetector increased under compressive strain. The re-
sponsivity of the photodetector under −0.36 % compressive strain was enhanced by
530 %, 190 %, 9 % and 15 % upon 0.75 µW/cm2, 22 µW/cm2, 0.75 mW/cm2 and
33 mW/cm2 illumination, respectively. The corresponding light power illuminated
onto the ZnO wire was about 4.1 pW, 120.0 pW, 4.1 nW, 180.4 nW, respectively.
Figure 9.2(d) shows absolute photocurrent relative to excitation intensity under dif-
ferent strain with a natural logarithmic scale. It can be seen that the photocurrent is
greatly enhanced for pW level light detection by using the piezoelectric effect. It is
pointed out that the effect of strain is much larger for weak light detection than for
strong light detection.

In our experiments, some of the devices show opposite change when applying
the same strain, as shown in Fig. 9.4 (device #1), and the absolute current decreased
step-by-step when applying a variable strain from 0.26 % tensile to −0.26 % com-
pressing. This phenomenon is attributed to the switching in signs of the piezopoten-
tial, which depends on the orientation of the c-axis of the ZnO wire. We have 50 %
chance in experiments to have the ZnO wire oriented along the c or –c direction (the
axial direction of the wires).
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Fig. 9.3 (a) Typical dark I–V characteristics of a ZnO wire device (device #2) under differ-
ent strain. (b) I–V curves of the device under different strain with excitation light intensity of
2.2×10−5 W/cm2; the power illuminated on the nanowire was 120 pW, responsivity was increased
by 190 % under −0.36 % compressive strain. (c) I–V curves of the device under different strain
with excitation light intensity of 3.3 × 10−2 W/cm2; the power illuminated on the nanowire was
180.4 nW, responsivity was increased by 15 % under compressive −0.36 % strain. (d) Absolute
photocurrent relative to excitation intensity of device #2 under different strain [1]

Fig. 9.4 (a) Reversible response under different strain with illumination light intensity of
3.3 × 10−3 W/cm2 (device #1). (b) Responsivity improvement ratio as a function of illumination
light intensity under 0.26 % tensile strain [1]
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Fig. 9.5 Schematic energy
band diagram illustration for
tuning the barrier height by
piezopotential. (a) Simulation
of the piezopotential
distribution in the wire under
compressive and tensile
strain, the diameter and
length used for calculation is
about 1 µm and 20 µm,
respectively. The pressure on
c-plane is about ±1 MPa.
(b) Barrier height tuned by
piezopotential under
compressive strain in the
dark. (c) Barrier height tuned
by piezopotential under
compressive strain with light
illumination [1]

9.3.2 Physics Model

Our device can be considered as a single ZnO wire sandwiched between two back-
to-back Schottky diodes, as shown in Fig. 9.5. In our case, when a relatively large
negative voltage was applied, the voltage drop occurred mainly at the reversely bi-
ased Schottky barrier φd at the drain side, which is denoted as Vd ≈ V . Under
reverse bias and in the dark condition, thermionic emission with barrier lowering
is usually the dominant current transport mechanism at a Schottky barrier, which
can be described by the thermionic-emission-diffusion theory (for V 
 3kT /q ∼
77 mV) as [7]

I dark
TED = SA∗∗T 2 exp

[
− 1

kT
· (qφdark

d

)] × exp

(
1

kT
· ξ1/4

)
, (9.3)

ξ = q7ND(V + Vbi − kT /q)/8π2ε3
s , (9.4)

Vbi = φdark
d − (EC − Ef ) (9.5)

in which S the area of the Schottky contact, A∗∗ the effective Richardson constant,
T the temperature, q the unit electronic charge, k the Boltzmann constant, ND the
donor impurity density, V the applied voltage, Vbi the built-in potential, and εs the
permittivity of ZnO.

The effect of photo illumination on semiconductor thermionic emission is to
lower the energy barrier by the difference between the quasi-Fermi level with
photoexcitation and the Fermi level without photoexcitation [8] and to reduce the
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Fig. 9.6 (a) Plot of ln[I/(1 nA)] as a function of V 1/4, by using the data from Figs. 9.3(a) and (c)
for the case of without strain. The red circles and line represent the experimental data and fitting
curve with 3.3 × 10−2 W/cm2 light illumination. The black squares and line represent the experi-
mental data and fitting curve in the dark condition. (b) Plot of ln[I/(1 nA)] as a function of strain
under different excitation light intensity. (c) Responsivity (units A/W) as a function of strain under
different excitation light intensity on a natural logarithmic scale. (d) The derived change of the
Schottky barrier height with strain as a function of excitation light intensity [1]

width of depletion layer by photon-generated holes trapping in the depletion layer
(Fig. 9.5(c)). The current transport mechanism with illumination can be described
as

I ill
TED = SA∗∗T 2 exp

{
− 1

kT
· [qφdark

d − (EFN − Ef )
]} × exp

(
1

kT
· ξ1/4

)

= SA∗∗T 2 exp

[
− 1

kT
· (qφill

d

)] × exp

(
1

kT
· ξ1/4

)
(9.6)

where EFN is quasi Fermi level with illumination.
The ln[I/(1 nA)]–V curve shown in Fig. 9.6(a) qualitatively indicates that the

variation of ln[I/(1 nA)] can be described by the power law of V 1/4 for reversely
biased Schottky barrier. However, the slope and extended zero voltage point for the
fitting data with light illumination is larger than those in the dark. According to (9.3)
and (9.6), the difference may be attributed to an effective lowering of the Schottky
barrier, and the change of ND due to the holes trapped in the depletion region.
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By assuming that S, A∗∗, T , ND are independent of strain at small deformation,
the change of Schottky barrier height (SBH) with strain upon illumination can be
determined by

ln

[
I (εxx)

I (0)

]
= −�φill

d

kT
(9.7)

where I (εxx) and I (0) are the current measured through the ZnO wire at a fixed bias
with and without strain applied, respectively. �φill

d is the change of SBH under light
illumination. Figure 9.6(b) shows the ln[I/(1 nA)] as a function of strain with dif-
ferent excitation light intensity on a natural logarithmic scale. The results indicate
that the change of SBH has an approximately linear relationship with strain. Fur-
thermore, the slope of the change of SBH varies with the excitation light intensity.
It means that the derived change of barrier height with strain depends on excitation
light intensity, the SBH changes faster at low light intensity than that at high light
intensity (Fig. 9.6(d)). The change of the total responsivity of the photodetector with
strain is similar to the change of current; the difference is that the current increases
when increasing light intensity, but the responsivity decreases.

It is known that the change of Schottky barrier height under strain is a com-
bined effect from both strain induced band structure change (e.g., piezoresistance)
and piezoelectric polarization [9, 10]. The contributions from band structure effect
to SBH in source and drain contacts are denoted as �φd−bs and �φs−bs , respec-
tively. Assuming the axial strain is uniform in the ZnO wire along its entire length,
�φd−bs = �φs−bs if the two contacts are identical. This is the piezoresistance ef-
fect, which is symmetric and has equal effects regardless the polarity of the volt-
age. The asymmetric change of I–V curve at negative and positive bias in our case
is dominated by piezoelectric effect rather than piezoresistance effect. The effect
of piezopotential to the SBH can be qualitatively described as follows. For a con-
stant strain of εxx along the length of the wire, an axial polarization Px = εxxe33
occurs, where e33 is the piezoelectric tensor. A potential drop of approximately
V +

p − V −
p = εxxLe33 is along the length of the wire, where L is the length of the

wire. Therefore, the modulations to the SBH at the source and drain sides are of the
same magnitude but opposite sign (V +

p = −V −
p ), which are denoted by �φd−pz and

�φs−pz(�φd−pz = −�φs−pz).
In the experiments, we fixed the light intensity and bent the substrate step-by-

step, thus strain was introduced into the device step-by-step. Depending on the de-
formation direction, the sign of the strain was changed from positive to negative or
vice versa. Meanwhile, the corresponding piezopotential distribution in the wire was
also adjusted step-by-step, which changed the effective heights of the two Schot-
tky barriers and thus the photocurrent and responsivity of the device. Figure 9.5(a)
shows a numerically calculated piezopotential distribution in the wire using the fi-
nite element method without considering the natural doping. If the nanowire is po-
sitioned along c-axis direction from drain to source side, a positive potential drop
will be induced along the length of the wire under compressive strain. Therefore
the SBH at the drain contacts was decreased with increasing compressive strain, si-
multaneously the photocurrent and responsivity were increased under compressive
strain.
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The effect of piezopotential decreases with increasing light intensity (Fig. 9.6(d)),
which may be caused by the screening effect of the newly generated charge carriers
to the piezopotential. When ZnO wire is under high light intensity, large amounts of
free electrons and holes are generated. They will accumulate and make the piezo-
electrical potential partially screened, and �φd−pz will be decreased to �φd−pz−sc

(Fig. 9.5(c)).
It is interesting that the piezoelectric effect on I–V curve in the dark is not ob-

vious either (Fig. 9.3(a)). In the dark, the surface of the ZnO wire is depleted by
absorbed oxygen molecules and the dark current is very low (about 14 pA at −5 V
applied bias). In this case, the device can be considered as an insulator wire sand-
wiched between two back-to-back Schottky diodes, and the current is controlled by
the bulk of the sample, not by the Schottky contact. Thus although piezopotential
tunes the SBH, it cannot have a dominant effect on the dark current. Therefore,
piezopotential dramatically increases the responsivity for pW level light detection
while keeping the low dark current characteristics of the devices, which is very use-
ful for applications.

9.4 Piezo-Phototronic Effect on Visible Photodetector

Our CdS nanowires were synthesized using high-temperature thermal evaporation
process. The photodetectors are fabricated in a similar way as reported previously
[1]: a single CdS nanowire is placed on an elastic Kapton (polyimide) substrate with
the size around 20 mm × 8 mm × 0.5 mm, with both ends bonded to the substrate
and copper wires using silver paste. The device is placed upside-down onto a Nikon
Eclipse Ti inverted microscope system, which can monitor and excite the photon
detection.

9.4.1 Experimental Results and Comparison with Calculation

Our experimental results show two kinds of typical MSM photodetector, single
Schottky contact photodetector and double Schottky contact photodetector. Fig-
ure 9.7 is the result for a single Schottky contact photodetector. As shown in Fig. 9.7,
under increasing strain, the current decreases. Thus, the device configuration and
direction of the c-axis is as shown in the inset of Fig. 9.7(b). In Fig. 9.7(d), the il-
lumination power is kept at 6.4 × 10−6 W/cm2, the change of responsivity R with
applied strain for the photodetector is calculated. Responsivity is the measurement

of degree of sensitivity, and we have R = Iph
Pill

, where Iph is the photo current, Pill is
the illumination power, which is the measurement of light intensity. We see that the
responsivity in this case decreases with positive strain. As the piezo-phototronic ef-
fect is asymmetric and direction sensitive, to get enhancement rather than decrease
in device performance, the direction of c-axis should be taken into consideration in
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Fig. 9.7 Experimental results for a CdS nanowire MSM photodetector with a single Schot-
tky contact [11]. Light illumination with monochromic blue light centered at 486 nm. (a) Cur-
rent–voltage characteristic under different illumination power. The inset it for a dark current
without strain. (b) Current–voltage characteristic under different strain when illumination power
is 6.4 × 10−6 W/cm2. The inset is the configuration of device and direction of forward bias.
(c) Current–voltage characteristic under different strains when illumination power is 0.24 W/cm2.
(d) Calculated relative responsivity under various applied strain when illumination power is
6.4 × 10−6 W/cm2. R0 is set as the responsivity under zero strain for this illumination power [11]

device fabrication with a single Schottky contact. In Fig. 9.8(c), when illumination
power increases to as high as 0.24 W/cm2, the rectifying current–voltage behavior
has changed to a nearly symmetric behavior. This can be explained by the increase
of quasi-Fermi level, which leads to a quick breakdown of the Schottky contact
under reversely biasing voltage.

Figure 9.8 is the result for a double Schottky contact photodetector. As shown
in Fig. 9.8(b), the change in I–V characteristic with applied strain is in the way
exactly as predicted by the theoretical model: while the current under forward bias
increases with applied strain, under reverse bias the current decreases.

In both Figs. 9.7(c) and 9.8(c), we see that, with an increase in illumination
power, the strain effects are not as significant as that at lower illumination power.
The piezo-charges are independent of illumination power, and change in Fermi level
at higher illumination power can dictate the change in Schottky barrier height. With
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Fig. 9.8 Experimental results for a CdS nanowire MSM photodetector with double Schottky con-
tacts. Light illumination with monochromic blue light centered at 486 nm. (a) Current–voltage
characteristic under different illumination power. (b) Current–voltage characteristic under dif-
ferent strain when illumination power is 2.0 × 10−7 W/cm2. The inset is the configuration of
device and direction of forward bias. Inset is the configuration of device and direction of for-
ward bias. (c) Current–voltage characteristic under different strains when illumination power is
6.4 × 10−6 W/cm2. (d) Calculated relative responsivity under various applied strain when illumi-
nation power is 2.0 × 10−7 W/cm2. R0 is set as responsivity under zero strain for this illumination
power [11]

higher light density, the I–V characteristic of the photodetector gets closer to a lin-
ear behavior, because the photo excited excess charge carrier density �n can be sig-
nificantly larger than the intrinsic charge carrier due to doping, and the quasi-Fermi
level for electrons gets much higher than the Fermi level of the metal, whereas
charge redistribution also takes place, which can reduce the depletion region and
lower the effective Schottky barrier height. Thus, the Schottky barrier height gets so
low that their behavior is very close to the linear behavior of an Ohmic contact, and
the influence of the piezo-charges are not as significant as lower illumination power
conditions. Therefore, the piezo-phototronic effect can help enhance the sensitivity
of the detection at low light intensity, but does not necessarily have a significant
effect for strong light intensity. In practice, the detection of low intensity light is
practically desired.
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9.4.2 Effect from Piezoresistance

When a crystal lattice is deformed under strain, the band gap width shall have a mi-
nor change, and can finally result in conductance change of the semiconductor. This
is called the piezoresistance effect [12, 13]. The piezoresistance effect is present in
semiconductors either with or without piezoelectricity. In piezotronics and piezo-
phototronics, piezoresistance is always accompanied by the piezoelectric effect.

In the piezoresistance effect, the change of resistance is given by

δρ

ρ
= π

δl

l

where ρ is the resistance of the semiconductor, l is the original length of the
nanowire, δρ is the resistance change due to piezoresistance effect, δl is the change
in nanowire length, and π is the piezoresistance coefficient. We can see that the
piezoresistance is a resistance effect that is a uniform and symmetric effect, regard-
less of the biasing of the applied voltage.

9.4.3 Effect from Series Resistance

There are a lot of factors that result in deviation of I–V characteristic from the ideal
current–voltage equation, and one of the most important factors should be the effect
of the series resistance. The series resistance is the equivalent resistance of various
factors in the electric circuit, including outer circuit resistance, capacitors and in-
ductors. Methods to solve the influence of series resistance have been extensively
developed [14, 15]. According to these solutions, when the applied voltage is small,
the device behavior is dominated by current equations for contact junction; when
the applied voltage is large, the device behavior is mostly linear. Other factors also
include the surface trapped charges on the contact areas, and change in contact ar-
eas due to externally applied strain. These factors either have similar behavior to the
piezoresistance effect or should be too small to affect the results.

9.5 Judging Criteria for Piezo-Phototronic Photodetection

In our model and experiments, we successfully demonstrate the difference between
the piezo-phototronics effect and other non-piezoelectric effects in highly sensitive
photodetection. Here we propose three criteria for characterizing piezo-phototronic
photodetection [11].

(1) Piezo-phototronic photodetection requires the presence of a Schottky junction
or p–n junction. The piezo-charges originate from the dipole nature of piezo-
electricity, and they accumulate at the ends of the piezoelectric semiconductor
nanowire as fixed charges. With the existence of a charge barrier, the small
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amount of piezo-charges can effectively tune the current transport properties of
the photodetector.

(2) Photoexcitation influences the current–voltage characteristic through generat-
ing excess free charges. Provided that the entire device is under uniform illumi-
nation, photon generation of electrons and holes effectively tunes quasi Fermi
level, and this change is applied along the entire wire, resulting in a decrease of
the barrier height.

(3) Piezoelectric effect influences photodetection by strain induced polar charges
at the ends of the nanowires. The effect of piezo-charges in a double Schottky
contact photodetector shall result in asymmetric change in barrier heights at the
two sides. Other factors induced by external strain such as piezoresistance or
contact area change will induce symmetric change in both ends of the nanowire.
In this way, we can easily tell whether the change is caused by genuine piezo-
phototronics effect.

These three criteria give a better understanding of our piezo-phototronics experi-
ments, and work as guidance for our future work in related areas. It is also possible
to extrapolate our assumption onto other piezo-phototronics phenomena, such as
the piezo-phototronic LED or photocell cases, and a similar conclusion should be
reached.

9.6 Summary

In summary, we have demonstrated a piezopotential tuned low dark-current ultra-
sensitive ZnO wire UV photosensor and CdS visible photosensor. The device retains
low dark-current characteristics while increasing the responsivity dramatically for
pW level light detection by piezopotential. The derived change of barrier height with
strain depends on the excitation light intensity, the SBH changes faster at low light
intensity than that at high light intensity. The physical mechanism is explained by
considering both piezopotential effect and photon-generated free charges screening
effect. Three-way coupling of semiconducting, photonic and piezoelectric proper-
ties of semiconductor nanowires will allow tuning and controlling of electro-optical
process by strain induced piezopotential, which is the piezo-phototronic effect, and
it will also lead to further integration between piezoelectric devices with microelec-
tronic and optomechanical systems.

We have then discussed other factors in the experiments and concluded three
criteria based on the physics of piezo-phototronic photodetectors, to differentiate
the piezo-phototronic effect from other effects. These criteria support our previous
experimental results, and can give guidance to future experiments.
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Chapter 10
Piezo-Phototronic Effect on Light-Emitting
Diode

Abstract As a classical device, the performance of an LED is dictated by the
structure of the p–n junction and the characteristics of the semiconductor materi-
als. Once an LED is made, its efficiency is determined largely by the local charge
carrier densities and the time at which the charges can remain at the vicinity of
the junction. The latter is traditionally controlled by growing a quantum well or
using a built-in electronic polarization for “trapping” electrons and holes in the
conduction and valence bands, respectively. This is a rather complex and expen-
sive process involving MBE and MOCVD, and more importantly, the width and
potential well depth of the quantum well are fixed once the growth is complete.
In this chapter, we describe the piezo-phototronic effect on the light emitting of a
n-ZnO–p-GaN structure for illustrating its general impact to LED. The emission
intensity and injection current at a fixed applied voltage have been enhanced by a
factor of 17 and 4 after applying a 0.093 % compressive strain, respectively, and
the corresponding conversion efficiency has been improved by a factor of 4.25
in reference to that without applying strain! The absolute external efficiency has
reached 7.82 %. This hugely improved performance is suggested to arise from
an effective increase in the local “biased voltage” as a result of the band shift
caused by piezopotential and the trapping of holes/electrons at the interface re-
gion in a channel created by the piezopotential near the interface. The study shows
that the piezo-phototronic effect can be very effectively used for enhancing the ef-
ficiency of energy conversion in today’s green and renewable energy technology
without using the sophisticated nanofabrication procedures that are of high cost and
complex. The physical model presented can be expanded to many other materi-
als.

Highly efficient ultraviolet (UV) emitters are required for applications in chemi-
cal, biological, aerospace, military and medical technologies. Although the internal
quantum efficiency of the UV LED is as high as 80 %, the external efficiency for a
conventional single p–n junction thin-film-based LED is only about 3 % due to the
low extraction efficiency (about 1/4n2, where n is the refraction index) as a result of
total internal reflection [1]. The usage of ZnO nanowires (NWs) as active layers to
fabricate nanosized heterojunction LED is expected to be an effective approach for
improving extraction efficiency [2–4], but the reported data so far show low exter-
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nal efficiency (∼2 %), possibly due to the very low internal efficiency of NW-based
LED.

Light emission from semiconductors depends not only on the efficiency of carrier
injection and recombination but also extraction efficiency. For ultraviolet emission
from high band gap materials such as ZnO, nanowires have higher extraction effi-
ciencies than thin films, but conventional approaches for creating a p–n diode result
in low efficiency. In this chapter, we demonstrate how the piezo-phototronic effect
can be effectively utilized to enhance the external efficiency of an LED fabricated
using a single ZnO micro-/nanowire on a GaN substrate [5]. The emission light
intensity and injection current at a fixed applied voltage has been enhanced by a
factor of 17 and 4 after applying a 0.093 % compressive strain, respectively, and
the corresponding conversion efficiency was improved by a factor of 4.25. This is
suggested to arise from an effective increase in the local “biased voltage” as a result
of the band modification caused by piezopotential and the trapping of free carriers
at the interface region in a channel created by the piezopotential near the interface.
Furthermore, the piezoresistance and piezooptic (photoelastic) effects have been uti-
lized to simultaneously tune the light-emitting intensity, spectra, and polarization.
Our study shows that the piezo-phototronic effect can be effectively used for en-
hancing the efficiency of energy conversion in today’s safe, green, and renewable
energy technologies.

10.1 LED Fabrication and Measurement Method

Our experiments were carried out based on the following design. A single ZnO
micro-/nanowire LED was fabricated by manipulating a wire on a trenched sub-
strate. The Mg acceptor doping concentration was about 5 × 1017/cm3. The ZnO
micro/nanowires were synthesized by a high-temperature thermal evaporation pro-
cess. Before fabricating a n-ZnO wire/p-GaN film LED, a 20-nm layer of Ni and
50-nm layer of Au were deposited by thermal evaporation on the p-GaN as the an-
ode electrode; and a 100-nm layer of ITO was sputtered on the sapphire substrate
as the cathode electrode, both followed by rapid thermal annealing in air at 500 °C
for 5 min. Then, the GaN covered sapphire substrate was attached closely to an ITO
coated sapphire substrate (a small trench was formed between the two substrates).
A single ZnO micro-/nanowire was picked up from the glass substrate and trans-
ferred to the trenched substrates across the gap by micromanipulation (as shown in
Fig. 10.1(b), inset, and Fig. 10.2). A transparent PS film with thickness of 500 µm
and width less than the length of ZnO wire was used to cover the NW, and an ex-
ternal stress was applied onto the PS film by an alumina rod connected to a piezo
nanopositioning stage that was fixed on a 3D micromanipulation stage. The entire
device was packaged using narrow transparent adhesive tapes to obtain a tight con-
tact between ZnO wire and GaN substrate (Fig. 10.1(b), inset).

A normal force was applied on the PS film by an alumina rod connected to a piezo
nanopositioning stage. In this case, a compressive stress was applied uniformly nor-
mal to the interface between the side surface of the ZnO wire and the GaN substrate
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Fig. 10.1 Enhancement of emission light intensity and conversion efficiency of a (n-ZnO
wire)–(p-GaN film) LED under applied strain. A schematic diagram of the fabricated device is
inset in (b). (a) I–V characteristics of the device at forward bias with the variation of the applied
strain; and (b) the corresponding optical spectra of the emitted light at a bias of 9 V. (c) Integrated
emission light intensities from the data shown in (b), showing a huge increase in the emission in-
tensity with the increase of the applied compressive strain. The inset is the injection current of the
LED at 9 V biasing voltage with the increase of the strain. (d) Change in relative injection current
ln[I (ε)/I (0)] and relative emission light intensity ln[Φout(ε)/Φout(0)] under different strain. The
LED efficiency has been increased by a factor of 4.25 at the maximum applied strain in comparison
to the zero strain case. (e) CCD images recorded from the emitting end of a packaged single wire
LED under different applied strain [5]

surface; such a compressive force along the a-axis of the ZnO wire resulted in a
tensile strain along the c-axis, the growth direction of the wire. In this design, there
was no transverse bending or twist on the wire to ensure the stability of the p–n
junction interface between the ZnO wire and GaN substrate.

The measurement system is built based on an inverted microscope and 3D mi-
cromanipulation stages (Fig. 10.3). A normal force was applied on the PS film by
an alumina rod connected to a piezo nanopositioning stage with closed loop reso-
lution 0.2 nm (Fig. 10.3). To calculate the strain on the wire, we need to know the
stress added on the PS tape. The recorded deformation on the piezo nanopositioning
stage is determined by the deformation of PS film and Kapton film, considering the
dimension (Fig. 10.2) and Young’s modulus of each element in the device.
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Fig. 10.2 Detailed side view of the device structure. GaN covered sapphire substrate is attached
closely to an ITO coated sapphire substrate on a Kapton film. A single ZnO micro-/nanowire is
placed across the two substrates. A transparent PS film with thickness of 500 µm is used to cover
the wire and force is added on the PS film by an alumina rod connecting to a piezo nanopositioning
stage (closed loop resolution 0.2 nm) fixed on a 3D micromanipulation stage [5]

Fig. 10.3 Schematic diagram
of the measurement system
for characterizing the
performance of a ZnO wire
LED under applied
compressive strain

In the experiment, we measured the output light intensity by spectrometer or
CCD, which characterizes the optical power in a relative manner. We mainly focus
on the relative change of the output light intensity as well as the quantum efficiency
under different strain. We derive the change of quantum efficiency by analyzing the
output light intensity and current under the applied strain. The data for investigating
the influence of strain on light intensity and spectrum are recorded using a fiber
optical spectrometer. The integration of peak spectrum is considered as the relative
emission light intensity. The data for studying the strain effect on the polarization are



10.2 Characterization of LED 199

Fig. 10.4 Characteristics of a single wire LED without applying strain. (a) I–V characteristics of
the LED. (b) EL spectrum as a function of the forward biased voltage. The inset image shows the
Gaussian deconvolution analysis of the EL emission. (c) Four emission bands peak position as a
function of the biased voltage. (d) Peak height as a function of the biased voltage [5]

recorded using a CCD. The relative light output intensity is extracted by analyzing
the brightness of the image.

10.2 Characterization of LED

Before the electromechanical and optical measurements, we first measured the orig-
inal optoelectronic performance of the device without strain. The current–voltage
(I–V ) characteristic of a single n-ZnO wire/p-GaN substrate LED device is shown
in Fig. 10.4(a). The I–V curve clearly shows a nonlinear increase of current un-
der the forward bias, which indicates reasonable p–n junction characteristics and
the possibility of light emission. The turn-on voltage of the hybrid heterojunction
of ZnO/GaN (wire/film) is around 3 V. The emission spectrum of the as-fabricated
LED was monitored at different biased voltages/injection-currents at room temper-
ature. Peak-deconvolution of the emission spectra using Gaussian functions (inset
picture in Fig. 10.4(b)) shows that the blue/near-UV emission spectrum consists of
a distinct peak centered at 390–395 nm and a long red tail until 460 nm. In order to
analysis the peak position shift under biased voltage and strain, we use two emission
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bands centered at 405–415 nm and 420–440 nm in the deconvolution to represent
the long red tail in blue/near-UV emission spectrum considering two interface states
at GaN side and ZnO side of the heterojunction, respectively.

10.3 Piezoelectric Effect on LED Efficiency

The I–V characteristics, dependence of emission intensity on the applied voltage
and the features of the characteristic peaks of an as-fabricated LED without applying
additional strain are presented in the SI. The external efficiency of an as-fabricated
single wire LED was measured conservatively to be ∼1.84 % before applying a
strain, which is as high as that for a single p–n junction-based UV LED [2–4]. To
test the strain effect on a single ZnO wire LED, we systematically investigated its
output light intensity, electroluminescence spectra and polarization as the strain be-
ing applied. At a fixed applied bias above the turn-on voltage (3 V), the current and
light emission intensity increased obviously with increase of the compressive strain
(Figs. 10.1(a) and (b)). The significantly enhanced light intensity can also be directly
observed in optical images recorded by a CCD (Fig. 10.1(e)). The ln[I (ε)/I (0)] and
ln[Φout(ε)/Φout(0)] dependence on strain ε is shown in Fig. 10.1(d), where Φout(ε)

and I (ε) are the light intensity and injection current of the LED under strain, re-
spectively; Φout(0) and I (0) are the corresponding quantities of the as-fabricated
LED without applying an external strain; both curves have a linear relationship
with external strain, and the slope of ln[Φout(ε)/Φout(0)] − ε is larger than that
of ln[I (ε)/I (0)] − ε, indicating a clear increase in light conversion efficiency. The
injection current and output light intensity were largely enhanced by a factor of 4
and 17, respectively, after applying a 0.093 % a-axis compressive strain, indicat-
ing that the conversion efficiency was improved by a factor of 4.25 in reference to
that without applying strain. This means that the external true efficiency of the LED
can reach ∼7.82 % after applying a strain, which is comparable to that of the LED
structures based on nanorods enhanced hybrid quantum wells LED.

To confirm the validity of the observed data, the stability of the contact between
ZnO wire and GaN was carefully examined by repeating the applied strain. Once the
strain was retracted, the light emission intensity dropped back to the value observed
at strain free case (Fig. 10.5(b)). A linear relationship observed in the enhancement
factor with strain (Fig. 10.1(d)) proved that a possible change in contact area be-
tween n- and p-side of the device was not responsible to the observed increase in
efficiency.

10.4 Effect of Piezo-Polar Directions

ZnO has a polar direction that is along its c-axis, which is the growth direction of
the wires. During the fabrication of the devices, there is a 50 % chance for the wires
to be oriented with c-axis pointing from ITO side to the GaN side, while the other
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Fig. 10.5 (a) I–V curves of Ni/Au–GaN–Ni/Au contacts and ITO-ZnO-ITO contacts. The nearly
Ohmic contacts and large current at small bias voltage (0.8 V) confirm that the rectifying I–V

curves of our devices come from the p–n diode. (b) I–V curve of a single wire LED under the
same strain measured at different time and I–V curve of the device after keeping it in dry cabinet
for three months, showing its great stability

Fig. 10.6 Electronic and optical characteristics of a ZnO wire LED whose injection current and
emission light intensity decreases with the increase of a-axis compressive strain. (a) I–V curve
of the LED under different strain. (b) Plot of ln[I (ε)/I (0)] at 8 V biased voltage under different
strain, the inset shows the change of light intensity at 8 V biased voltage under different strain.
Such result is possible if the c-axis of the wire is oriented pointing away of the GaN side (see main
text)

50 % are oriented in reverse direction. In the main text, we have presented the data
for the former case (see Figs. 10.1). Here we present the latter case in Fig. 10.6.

The data shown in Fig. 10.6 indicate that the improved contact between the wire
and the GaN substrate may not be responsible to the change of emission intensity,
rather it is likely due to the piezoelectric effect as described in the text.

10.5 Relationship Between the Injection Current
and the Applied Strain

From the theory, a linear relationship is expected between the logarithm of the in-
jection current and the applied strain. This is consistent with the data presented in
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Fig. 10.7 (a) Schematic energy band diagram of a p–n junction without strain. (b) Photolumines-
cence and spectra of a single ZnO wire and GaN film and electroluminescence spectrum of a single
wire LED

Figs. 10.1(d) and 10.6. This is other evidence proving that a possible change in con-
tact area between n- and p-side of the device was not responsible for the observed
increase in efficiency.

10.6 Emission Spectra and Excitation Processes

10.6.1 Band Diagram of the Heterojunction

Band-line-up data for the ZnO/GaN heterostructure are needed for analyzing the
emission characteristics of the LED [5]. ZnO and GaN have a type-II band offset.
The ideal heterojunction band diagram for n-ZnO/p-GaN is constructed by follow-
ing the Anderson model [1]. To construct the diagram, the band gap energies of
ZnO and GaN are assumed to be 3.3 and 3.4 eV, respectively. The electron affinities
of ZnO and GaN are assumed to be 4.5 and 4.1 eV. The valence band offset here
is about 0.3 eV, which is in the range of valance band offset values reported for
ZnO/GaN heterojunction from 0.13 to 1.6 eV. The origin of light emission could
be analyzed based on the schematic band diagram and through comparison of pho-
toluminescence (PL) and EL spectra (Fig. 10.7). Two UV peaks in the PL spectra
of ZnO wire centered at 376 nm (3.30 eV) and 391 nm (3.17 eV), correspond to
the bandgap recombination and phonon assisted exciton emission, respectively [2].
Three UV peaks in the PL spectra of GaN film centered at 362 nm (3.40 eV), 377 nm
(3.29 eV), and 390 nm (3.18 eV) correspond to the bandgap recombinations and Mg
acceptor related emission [6] (the acceptor activation energy for Mg in GaN is about
0.14–0.21 eV), respectively.

There has been a controversy about the emission origination in ZnO/GaN het-
erojunction LED [2, 6]. It is shown in Fig. 10.7(b) the EL emission overlaps with
390 nm peak in ZnO PL and has a long red tail until 460 nm. Peak-deconvolution
of the EL spectra using Gaussian functions (inset picture in Fig. 10.4(b)) shows that
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the spectrum consists of a distinct peak centered at 390–395 nm, a long red tail
until 460 nm and a weak yellow emission at around 570 nm. According to the PL
spectra, the band centered in the range of 390–395 nm could be attributed to the
phonon assisted excitonic emission in ZnO wire. Shorter wavelength emission from
GaN film and ZnO wire may be reabsorbed by ZnO wire, therefore, there is no peak
shorter than 390 nm. However, the tail emission (ranged from UV peak to 460 nm)
has no corresponding band in individual PL spectra of ZnO or GaN. Referring to
the band diagram, the tail emission may be attributed to interfacial emission that
comes from the radiative interfacial recombination of the electrons from n-ZnO and
holes from p-GaN [6, 7]. There is a discontinuity at the interface, and this abrupt
discontinuity may influence the EL spectra. The energy of the electrons and holes
at this discontinuity interface is not a fixed value as shown in Fig. 10.7(a), but has
a range of variation. Therefore, the interfacial emission should be a red broad tail
emission in UV range. The interface states are like incorporating of one compound
into the other in some respects. The incorporation of one compound into the other
would lead to a reduced bandgap as compared to that of either ZnO or GaN. Density
functional theory calculation reveals that incorporation GaN cluster in a ZnO host
results in a more effective bandgap reduction than incorporating ZnO in a GaN host.
In order to analyze the peak position shift under biased voltage and strain, we use
two emission bands centered at 405–415 nm and 420–440 nm in the deconvolution
to represent the long red tail in blue/near-UV emission spectrum considering two
interface states at GaN side and ZnO side of the heterojunction, respectively.

10.6.2 Emission Spectra of a Strained LED

The enhancements of the distinct emission bands are analyzed as a function of the
applied strain using the peak-deconvolution method (Fig. 10.8(a)). The analysis of
the emission origin is presented in the section D of SI. The emission coming from
the ZnO-GaN interface grew fastest among four emission bands, due to the trapping
of free carriers in the channel near the interface. The ratio of the UV-to-visible emis-
sion increased with the increase of the in-plane compressive strain (Fig. 10.8(d)),
since the UV/blue near band edge emission is more sensitive to the band structure
change than the defect centers. The peak positions of the four emission bands did
not exhibit any appreciable shift under straining (Fig. 10.8(c)), but they did have
obvious blue shift as the applied bias voltage was increased (Fig. 10.4(c)). These
results indicated that the effect of strain on the LED is different from the effect of
increase of applied bias voltage on it.

It is known that the bandgap of ZnO decreases under compressive a-axis
strain [8, 9], while the bandgap of GaN also decreases under compressive c-axis
strain [10, 11]. In this case, the peak position should have a red shift under compres-
sive strain. On the other hand, the emission centers of the n-ZnO/p-GaN LED have
blue shift with the increase of injection current due to the band renormalization,
band filling at high current and/or the increased kinetic energies of electrons and



204 10 Piezo-Phototronic Effect on Light-Emitting Diode

Fig. 10.8 Quantifying the spectra of the emitted light from a (n-ZnO wire)–(p-GaN film) LED
under different applied strain. (a) The four emission bands derived using deconvolution from the
data shown in Fig. 10.1(b). (b) Change in relative peak height as a function of the external strain.
(c) Dependence of the peak position on the applied strain. (d) The ratio of the emitted UV-to-visible
intensities as a function of the strain [5]

holes. When these two complementary effects co-exist, one may balance the other,
resulting in negligible shift in emission peaks.

10.7 Piezo-Phototronic Effect on LED

10.7.1 Fundamental Physical Process

When the n-ZnO wire/p-GaN substrate LED is under axial straining, two typical
effects influence the output light intensity and spectra. One is the piezoresistance
effect, which is caused by the change in bandgap and possibly density of states in
the conduction band. This effect acts as adding a series resistance to the LED. The
second effect is the piezo-phototronic effect [12], which concerns the tuning of the
optoelectronic process at the interface using the piezopotential created along the
ZnO wire. ZnO has a non-central symmetric crystal structure, in which the cations
and anions are tetrahedrally coordinated. A straining on the basic unit results in a
polarization of the cations and anions, which is the cause of the piezopotential inside
the crystal. As for the ZnO (n-type)–GaN (p-type) LED, a schematic diagram of its
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Fig. 10.9 Proposed mechanism of the enhanced light emission under strain for a (n-ZnO
wire)–(p-GaN film) LED. Schematic energy band diagram of the p–n junction without (upper)
and with (lower, red line) applied compressive strain, where the channel created at the interface
inside ZnO is due to the piezopotential created by strain. The blue line presents the potential pro-
file along the x-axis (the −c-axis of ZnO wire) assuming positive piezo-charges distribute within
a width of Wpiezo adjacent to the interface. The red dots represent the local piezo-charges near the
interface, which produces a carrier trapping channel. The slope of the red line in the lower im-
age at the ZnO side represents the driving effect of piezopotential to the movement of the charge
carriers [5]

band structure is presented in Fig. 10.9. The finite doping in the wire may partially
screen the piezoelectric charges, but it cannot totally eliminate the piezoelectric po-
tential if the doping level is low, thus a dip in the band is possible. This is proved
by the numerous studies we have carried out for nanogenerators and piezotronics.
The low-doping in ZnO wire here is consistent with our experiment results because
the ZnO wire is fabricated by a high-temperature thermal evaporation process us-
ing pure ZnO powders as the source [13]. If the c-axis of the ZnO wire is pointing
from the ITO side to the GaN side, as labeled in Fig. 10.9(b), the effect of the local
negative piezopotential at the ITO side is equivalent to applying an extra forward bi-
ased voltage on the device. Thus, the depletion width and internal field are reduced
under this additional component of forward biased voltage. Subsequently, the injec-
tion current and emitting light intensity under the same externally applied forward
voltage increase when the device is strained. Alternatively, if the c-axis of the ZnO
wire is reversed and pointing away from the GaN side, the GaN side has a lower
piezopotential, which is equivalent to applying an extra reversely biased voltage on
the device. The depletion width and internal field are thus increased, resulting in a
reduction of the injection current and emitting light intensity with the increase of the
applied strain. Experimentally, when manipulating the wires for fabricating devices,
about 50 % of them have the c-axis of the wires pointing from the ITO side to the
GaN side, while the other 50 % pointing in the reverse direction. For the 20 devices
we have measured, about 50 % of the devices showed enhanced light emitting when
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strained, while the remaining had reduced light-emitting intensity, consistent with
the expected results. This fact also indicates that the observed enhancement in light
emission is dominated by the polar piezopotential effect rather than any non-polar
effects such as change in contact area and/or piezoresistance.

10.7.2 Effect of Strain on Band Profile of the Heterojunction

In LED, the output photon intensity in an unstrained and a strained LED could be
given by [14]

Φout(0) = ηex(0)
I (0)

e
= mhνηe(0)ηi(0)

I (0)

e
, (10.1)

Φout(ε) = ηex(ε)
I (ε)

e
= mhνηe(ε)ηi(ε)

I (ε)

e
(10.2)

where m represents the percentage of the light being probed by the spectrometer or
CCD, Φout is the recorded output light intensity, ηex is the external efficiency, which
describes the ratio of externally produced photon flux to the inject electron flux; ηe

is the overall extraction efficiency that is related to the absorption and reflection of
the light in the device; ηi is therefore simply the ratio of the generated photon flux
to the electron injection flux. Strain will affect the output light intensity of LED
through the effect on external efficiency and the amount of injection current.

A negative piezopotential along c-axis will be induced in the wire under in-
plane a-axis compressive strain (Fig. 10.9(b)). The local band structure and internal
field near the p–n junction will be changed/modified (Fig. 10.9(a)) including bar-
rier height modification and band bending. In order to simplify the problem, we
investigate the barrier height modification and band bending effects separately.

For barrier height modification, according to the Schokley equation, the p–n junc-
tion I–V characteristics without strain can be described as [15]

I (0) = I0
(
eqVA/nkT − 1

) ∼ I0e
qVA/kT if VA 
 kT /q, (10.3)

I0 = qA

(
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LN

n2
i

NA

+ DP

LP

n2
i

ND

)
(10.4)

where q the unit electron charge, VA is the external voltage on the p–n junction,
T the temperature, ni intrinsic carrier density. DN , LN , and NA are referred to
as diffusion coefficient and diffusion length of minority carrier holes, and the total
number of acceptor density in a p-type material, respectively. DP , LP , and ND

are referred to as diffusion coefficient and diffusion length of the minority carrier
electrons, and the total number of donor density in an n-type material, respectively.
Assuming that the piezopotential drop across the junction is �Ψ , the current flow
through the p–n junction under strain can be described as

I (ε) = I0
(
e(qVA+�Ψ )/kT − 1

) ∼ I0e
qVA+�Ψ

kT if (VA + �Ψ ) 
 kT /q. (10.5)
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The change of current with strain can be determined by [20]

ln

(
I (ε)

I (0)

)
= �Ψ/kT . (10.6)

When an in-plane stress σxx is added on the wire, the y-direction and z direction
of the NW is free. The finite-element analysis method (COMSOL) is used to cal-
culate the stress and piezopotential in the wire [21]. Generally speaking, according
to the conventional theory of piezoelectricity and elasticity, the mechanical equilib-
rium and the direct piezoelectric effect can be described by the coupled constitutive
equation: {

σp = cpqεq − ekpEk,

Di = eiqεq + κikEk

(10.7)

where σ is the stress tensor, ε is the strain, E is the electric field, and D is the
electric displacement. κik is the dielectric constant, eiq is the piezoelectric constant,
and cpq is the mechanical stiffness tensor. By considering the C6v symmetry of a
ZnO crystal (with wurtzite structure), cpq , ekp , and κik can be written as

cpq =

∣∣∣∣∣∣∣∣∣∣∣∣

c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 (c11−c12)

2

∣∣∣∣∣∣∣∣∣∣∣∣
, (10.8a)

ekp =
∣∣∣∣∣∣

0 0 0 0 e15 0
0 0 0 e15 0 0

e31 e31 e33 0 0 0

∣∣∣∣∣∣ , (10.8b)

κik =
∣∣∣∣∣∣
κ11 0 0
0 κ11 0
0 0 κ33

∣∣∣∣∣∣ . (10.8c)

For ZnO, we have c11 = 207 GPa, c12 = 117.7 GPa, c13 = 106.1 GPa, c33 =
209.5 GPa, c44 = 44.8 GPa, and c55 = 44.6 GPa. The relative dielectric con-
stants are κ11 = 7.77 and κ33 = 8.91, and the piezoelectric constants are e31 =
−0.51 C/m2, e33 = 1.22 C/m2, and e15 = −0.45 C/m2 [21].

The electrostatic behavior of charges can be described by the Poisson equation:

∇ · D = ρ(x, y, z) (10.9)

where D is the electric displacement, ρ is the charge density. For a one-dimensional
problem, this reduces to a more useful form of:

κik

d2�ψi

dx2
= −κik

d�E

dx
= −ρ (10.10a)
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where ψi is electrical potential. The conductivity of the ZnO is ignored in the sim-
ulation for simplicity, which is valid if the density of doping/vacancy is low, which
means that

∇ · D = ρ(x, y, z) = 0. (10.10b)

In order to solve the problem, we also need the mechanical equilibrium condition
assuming there is no body force on the wire:

∇ · σ = 0. (10.11)

The compatibility equation is a geometrical constraint that must be satisfied by
strain ε:

eilmejpq

∂2εmp

∂xl∂xq

= 0. (10.12)

The fully coupled equations (10.9)–(10.12) along with appropriate boundary condi-
tions give a complete description of a static piezoelectric system [5].

The maximum potential along the c-axis can also be estimated assuming there is
a uniform stress along a-axis of the wire (σxx �= 0, other σ = 0) and only consider-
ing the direct piezoelectric effect:

|�Ψ | ∼ (e31εxx + e31εyy + e33εzz)Lε/κ (10.13)

where e31 and e33 are the linear piezoelectric coefficients, εxx , εyy , and εzz the strain
tensors along a-, b-, and c-axis of the wire, Lε the effective length of the wire under
strain. Equation (10.13) shows that the piezopotential has a linear relationship with
the external strain. Generally, we can expect that ln(

I (ε)
I (0)

) of the p–n junction have a
linear relationship with the external strain (Fig. 10.1(d)).

The localized positive piezopotential of ZnO near the interface will induce band
bending to form electron and hole channels (Fig. 10.9(a)) near the ZnO/GaN inter-
face which can be predicted from the Poisson equation. The piezopotential is solved
by the Poisson equation by assuming that the piezoelectric charge distribute near the
interface of a p–n junction within a width of Wpiezo as shown in Fig. 10.9(a):

κik

d2�ψi

dx2
= −�ρ(x) = −ρpiezo(x). (10.14)

We got the solution when assuming ρ = 0 outside the piezo-charge area as the
boundary conditions:

�ψ(x) = 1

κ
ρpiezo

(
Wpiezo − x

2

)
x for 0 ≤ x ≤ Wp, (10.15a)

�ψ(x) = 1

2κ
ρpiezoW

2
piezo for x > Wp. (10.15b)

The potential profile is depicted in Fig. 10.10. The band profile under strain is the
coupling of piezopotential and strain free band profile of p–n junction (the red line
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Fig. 10.10 Potential profile
along the x-axis (the −c-axis
of ZnO wire) assuming
positive piezo-charges (red
dots) distribute within a width
of Wpiezo adjacent to the
interface

in the lower image of Fig. 10.9). Thus, a negative drop will form near the inter-
face. If the drop is large enough in a small distance, electron and hole channels will
be created near the interface. Electrons and holes are to be trapped in the electron
and hole channels, respectively. The trapped holes increase the holes injection from
p-GaN to n-ZnO, which will increase the recombination efficiency between elec-
trons and holes near the interface. Combining (10.1), (10.2) and (10.6), the output
light intensity of the LED under strain is related to the injection current and external
efficiency under strain by

ln

(
Φout(ε)

Φout(0)

)
= ln

(
I (ε)

I (0)

)
+ ln

ηex(ε)

ηex(0)
= �Ψ

kT
+ f (ε) (10.16)

where ηex(ε) and ηex(0) represent the output external efficiency of LED with and
without applying a strain, respectively, k is the Boltzmann constant, T is temper-
ature, and f (ε) represents the effect of strain on external efficiency. It is expected
that the ln[Φout(ε)/Φout(0)] − ε and ln[I (ε)/I (0)] − ε have a linear relationship
with the external strain, as shown by the experimental data in Fig. 10.1(d). If the
recombination efficiency can be increased by strain, it is expected that the rate at
which the light output increases is larger than that the current increases.

The enhancement factor for light emission was larger than that for the injection
current (Fig. 10.1(d)), which means that the quantum efficiency was enhanced with
the increase of strain (see Fig. 10.1). The enhancement of external efficiency may
be caused by the localized positive piezopotential near GaN/ZnO interface, which
produces carrier trapping channels (see Fig. 10.9(a)). Electrons and holes can be
temporarily trapped and accumulated in the channels in the conduction and valance
band, respectively. Since abundant electrons are available in ZnO, for instance, the
efficiency of the LED is largely dominated by the local concentration of holes be-
cause of the high activation energy of the most commonly used acceptor dopants
(Mg) in GaN (∼200 meV). The trapped holes may increase the hole injection from
p-GaN into n-ZnO, which increases the recombination efficiency of electrons and
holes near the junction, resulting in a large increase in emission intensity.

It must be pointed out that the model presented in Fig. 10.10 assumes that the
polarization charges are at the interface of p–n junction. As for the case presented
here, GaN is also a polar structure oriented with the polar direction parallel to the
normal of the film. In such a case, the strain induced piezoelectric charges are at the
interface regardless the orientation of ZnO microwire. Thus the above model can be
used qualitatively understand the experimental results.



210 10 Piezo-Phototronic Effect on Light-Emitting Diode

10.8 Strain Effect on Photon Polarization

The photoelastic effect can be investigated by studying the light polarization under
different strain. Electroluminescence light propagates along the wire and oscillates
in the wire due to interfere as a result of the end-surface reflection. The transmittance
obeys the Airy equation [16]:

ΦT = Φ0
1

1 + F sin2(θ/2)
, (10.17)

θ = 2πs/λ, (10.18)

F = 4R/(1 − R)2, (10.19)

s = 2nL (10.20)

where ΦT is the intensity of the transmitted light detected by CCD camera, and Φ0
is the total propagating light intensity including the reflected and transmitted light,
R is reflectivity, n is the refractive index, L is the length of the wire, s is the optical
path, λ is the light wavelength.

It is known that the refractive index n of ZnO is changed under strain, which will
change the optical path and the phase of the transmitted light reaching the end of
the wire [18]

s = s0 + �s = 2n0L + 2�nLε = 2n0L + 2 × 1

2
n3βσLε, (10.21)

σ = Eε (10.22)

where n0 is the native refractive index without strain, L is the total length of the
wire, Lε is the effective length of the wire under strain, β is the photoelastic coef-
ficient, σ is the applied stress on the wire, ε is the applied strain on the wire, E is
Young’s modulus of ZnO. LED is a result of spontaneous emission polarized at var-
ious angles, but the guiding mode propagating along the ZnO wire is dominated by
the P⊥ modes whose polarization direction is perpendicular to the wire. Therefore,
the Airy equation for the P⊥ mode light of ZnO wire under strain could be written
as

Φ⊥
out ∼ Φ⊥

0
1

1 + F sin2[(2πn0L + πn3
0βE εLε)/λ] (10.23)

where Φ⊥
T is the transmitted light intensity in the P⊥ modes detected by CCD cam-

era, and Φ⊥
0 is the total propagating light intensity including the reflected and trans-

mitted light. Since the large aspect ratio of the wire, the effect of strain on the optical
path of the P‖ modes, is much smaller than that on P⊥ modes, the ratio of Φ

//
out/Φ

⊥
out

can be described by the equation

Φ
//
out/Φ

⊥
out(ε) ∼

{
1 + 4R

(1 − R)2
sin2

[
π2πn0L + πn3

0βE εLε

λ

]}
. (10.24)
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Fig. 10.11 Effects of strain on the polarization of the (n-ZnO wire)–(p-GaN film) emitted light.
(a) Beam profile for the LED output under different strain as a function of the polarization angle.
(b) The Φ

//
out/Φ

⊥
out ratio of the device used for (a) under different strain, where the points cor-

responding to the curves I–III are labeled I–III marked. The period at which the intensity ratio
varies is defined as δε. (c) The Φ

//
out/Φ

⊥
out ratio of device SP4 under different strain. (d) Plot of

the measured strain varying period δε vs. the inverse of the effective length of the ZnO wire under
strain. The inset shows a schematic standing wave within a Fabry–Pérot cavity (ZnO wire) for the
P⊥ modes [5]

According to the equation, when the change of optical path equals one wavelength λ,

δs = n3βE(δε)Lε = λ (10.25)

the phase will have a change of 2π , corresponding to a period of Φ
//
out/Φ

⊥
out modu-

lation by changing strain (see Fig. 10.11(b)).
Thus,

δε = λ

n3βE

1

Lε

= b
1

Lε

(10.26)

where b the slope of the line curve in Fig. 10.11(d). The photoelastic coefficient
could be derived by

β = λ

bn3E
. (10.27)

Figure 10.11(d) shows the strain periods δε versus the inverse of the length of the
wire under strain (1/Lε). The strain period δε can be derived from the data simula-
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Fig. 10.12 Φ
//
out/Φ

⊥
out as a function of strain of devices for devices SP1 and SP3, which are plotted

in Fig. 10.11(d)

tion (Fig. 10.11(b)). Four periods of strain δε are 0.031 %, 0.040 %, 0.057 %, and
0.062 %, and the measured effective lengths are 368.0, 335.1, 220.6, and 194.4 µm,
respectively. The Young modulus of ZnO and polystyrene is about 129 and 3 GPa,
respectively. It can be seen that there is a linear relationship between δε and 1/Lε .
From the slope of the curve, we can calculate the photoelastic coefficient, which is
3.20 × 10−12 m2/N (395 nm wavelength).

The change in refraction index of ZnO is also possible under strain, which is the
photoelastic effect. We investigated the photoelastic effect by studying the polariza-
tion behavior of the emission under applied strain. Figure 10.11(a) shows the elec-
troluminescence intensity of a single wire LED as a function of the rotation angle
of the polarizer in reference to the orientation of the wire. If Φ

//
out and Φ⊥

out repre-
sent the intensities of the emission light when the polarization direction parallel (P||
modes) and perpendicular (P⊥ modes) to the wire, respectively, the dependence of
Φ

//
out/Φ

⊥
out on strain can be fit using a function of sine square (Figs. 10.11(b), (c),

and 10.12), which may correspond to the resonance phenomenon of the Fabry–Pérot
cavity inside the wire, as described in follows.

Spontaneous emission from LED is polarized at various angles, but the guiding
modes propagating along the ZnO wire are dominated by the P⊥ modes [5]. The
propagating light along the wire may oscillate in the wire and interfere with each
other due to end-surface reflection (Fig. 10.11(d), inset). The change of refractive
index under strain affects the optical path length of the propagating light, resulting
in a modulation in the interference pattern inside the wire and in light emission.
On the other hand, since the large aspect ratio of the wire (typically more than
100), the effect of strain on the optical path of the P|| modes is much smaller than
that on P⊥ modes. A simulation using (10.24) in reference to the data presented in
Figs. 10.11 and 10.12 derives the photoelastic coefficient β ∼ 3.2 × 10−12 m2/N (at
a wavelength of 395 nm) from the slope of the δε versus 1/Lε curve, where δε is
the strain period at which the Φ

//
out/Φ

⊥
out oscillates. The β value is consistent with

that reported for ZnO [17]. This study shows that it is possible to manipulate the
polarization of a single wire LED through a proper externally applied strain.
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Although our study has been focused on a single wire LED, an array of NWs
with polarity control can be fabricated using a sweeping-printing-method [18] so
that all of the NWs have the same c-axis orientation, and the nanowire array-based
LEDs can be fabricated on a polymer substrate for flexible LEDs, through which a
mechanical strain can be applied in a synchronized manner to uniformly enhance the
output intensities of all NWs. Furthermore, electric driven polarized laser emission
may also be possible by improving the reflectivity, increasing the driven current,
improving the recombination efficiency, and solving the heating problem.

10.9 Electroluminescence Properties of p-Type GaN Thin Films

In this section, we present the electroluminescence (EL) properties of Mg-doped
p-type GaN thin films: they can be tuned by piezo-phototronic effect via adjusting
minority carrier injection efficiency at the metal-semiconductor (M–S) interface by
strain induced polarization charges [19]. The device is a metal-semiconductor-metal
structure of indium tin oxide (ITO)–GaN–ITO. Under different straining conditions,
the changing trend of the transport properties of GaN films can be divided into two
types in corresponding to the different c-axis orientations of the films. An extreme
value was observed for the integral EL intensity under certain applied strain due to
the adjusted minority carrier injection efficiency by piezoelectric charges introduced
at the M–S interface. The external quantum efficiency of the blue EL at 430 nm was
changed by 5.84 % under different straining conditions, which is one order of mag-
nitude larger than the change of the green peak at 540 nm. The results indicate that
the piezo-phototronic effect has a larger impact on the shallow acceptor states re-
lated EL process than the one related to the deep acceptor states in p-type GaN
films. This study has great significance for the practical applications of GaN in op-
toelectronic devices under working environment where mechanical deformation is
unavoidable such as for flexible/printable light-emitting diodes.

10.9.1 Piezo-Phototronic Effect on LED

Transparent ITO electrodes were fabricated on Mg-doped p-type GaN thin films to
form a metal–semiconductor-metal (M–S–M) structure. When a constant voltage
was applied, under different straining status, the current passing through the GaN
film was increased or decreased step by step depending on the orientation of the
c-axis of the film. Such a result is due to the tuning of the Schottky barrier height
at the M–S contacts by the local piezoelectric charges introduced by strain. The
intensity of the EL emitting from the M–S interface under the electrode was also
modulated by the piezoelectric charges around this area under strain via adjusting
minority carrier injection efficiency. An extreme value for the integral EL intensity
was observed. The EL at 430 nm owing to the shallow acceptor states was more
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Fig. 10.13 (a) Schematic diagram of the experiment setup. Under a constant applied voltage, the
current passing through the GaN film was (b) decreased or (c) increased step by step as the applied
strain was increased. Devices with the former behavior are assigned to the first group, while devices
with the latter behavior are assigned to the second group. (d) and (e) Corresponding TEM results
for the GaN film structures in the devices belong to the first and the second group, respectively.
The left-hand parts of the inserts are the CBED patterns taken from the red circled areas. The
right-hand parts are the corresponding simulated patterns. From [19]

significantly affected by this piezo-phototronic effect than the emission at 540 nm
that is related to the deep acceptor states. This study is significantly important for
the GaN thin film’s applications in optoelectronic devices.

The Mg-doped p-type GaN films used in this work were grown on sap-
phire (0001) substrates by low-pressure metal organic chemical vapor deposition
(MOCVD). The samples were annealed for acceptor activation. The estimated con-
centration of Mg is around 3 × 1019/cm3, and the free hole concentration is around
8 × 1017/cm3. ITO electrodes were deposited on the surface of GaN film with a
dimension of 2 × 2 mm. The distance between the two electrodes was around 1–
2 mm. The experiment setup is shown in Fig. 10.13(a). One end of the substrate
was fixed on a sample stage. A mounted cylinder was put underneath the substrate
to support it with an adjusted position between two electrodes. A three-dimensional
(3D) DC-motor linear stage with digital motion controller was used to push the free
end of the substrate to introduce strain in the GaN film. The film can be stretched
or compressed in parallel to the film plane by putting the substrate facing up or
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facing down. The electrical measurement was carried out by using a Keithley 4200
semiconductor characterization system. A fiber coupled with a grating spectrome-
ter (Acton SP-2356 Imaging Spectrograph, Princeton Instruments) was put near the
electrode area just above the mounted cylinder to collect the EL spectrum. Such
a setup can ensure the distance between the fiber and the GaN film to be consis-
tent when the strain was applied. Current passing through the GaN film and the
corresponding EL spectrum was recorded simultaneously under different straining
conditions.

The experiment results show that when a constant voltage was applied between
the two ITO electrodes, the measured current passing through the GaN film was
changed step by step under different straining conditions. A linear relationship be-
tween the measured current and applied strain was obtained for all of the devices, but
it can be divided into two groups with opposite trends. For the first group, as shown
in Fig. 10.13(b), the current was decreased as the strain was increased. While for the
second group, as indicated in Fig. 10.13(c), the current was increased as the strain
was increased. In order to correlate the measured data with the crystallographic
polar directions of the films, transmission electron microscopy (TEM) investiga-
tions were carried out using a Hitachi HF2000 operated at 200 kV. Cross-sectional
samples were prepared for the thin films so that the GaN films and the sapphire
substrates can be simultaneously captured. By using the convergent beam electron
diffraction (CBED) technique, which is unique in determining the polar direction of
the thin film in reference to the simulated CBED patterns, the results show that the
two different behaviors as presented in Figs. 10.13(b) and (c) correspond to GaN
films with opposite c-axis orientations in reference to the sapphire substrates, as
shown in Figs. 10.13(d) and (e), respectively. The structures of both films are single
crystals with a thickness around 4 µm. The interface between the GaN film and the
sapphire is clear. The only difference is that for the first group, the c-axis of the GaN
film points downward to the substrate, while it points upward from the substrate for
the second group.

10.9.2 Theoretical Model

We take the case of the first group as an example to explain how the orientation of
the c-axis plays a key role in the experimentally observed current dependence on
the strain applied to the film. As shown in Fig. 10.14(a), the two ITO electrodes
and the GaN film form an M–S–M structure. Due to the difference in work func-
tions between ITO and GaN, two Schottky barriers (φo) were formed at the two
M–S contacts. When a voltage is applied between the two electrodes, the path of
the current going through the device is schematically indicated by a green dashed
line in Fig. 10.14(a) (or going through in the opposite direction depending on the
polarity of the applied voltage). When the substrate is bent in a curve so that the film
is under tensile strain in parallel to the film plane (Fig. 10.14(b)), net piezoelectric
charges are generated at the top and bottom surfaces of the GaN film. According to
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Fig. 10.14 (a) Device construction and corresponding energy band diagram. Two Schottky bar-
riers (φo) were formed at the M–S contacts. Here we take the case of the p-GaN film with c-axis
pointing downward to the substrate as an example. (b) When the GaN film is stretched in parallel
to the film plane, positive piezoelectric charges are introduced at the top surface of the GaN film,
resulting in an increased Schottky barrier height (φs ). (c) When GaN film is compressed in parallel
to the film plane, negative piezoelectric charges are introduced at the top surface of the GaN film,
resulting in decreased Schottky barrier height (φc). From [19]

the orientation of the c-axis in this case, positive piezoelectric charges present at the
top surface of the GaN film, which is the two ITO-GaN contact areas, as shown in
Fig. 10.14(b). As a result, the Schottky barrier heights are increased at both contacts
(φs , where φs > φo) (note that GaN is p-type). So, under a constant applied voltage,
the measured current passing through the GaN film would be reduced. Alternatively,
when the substrate is bent in a curve so that the film is under compressive strain in
parallel to the film plane (Fig. 10.14(c)), negative piezoelectric charges are gener-
ated at the top surface of the GaN film, and the Schottky barrier heights at the two
contacts are reduced (φc , where φc < φo). Thus, the measured current would be
increased.

While for the devices in the second group with the c-axis orientation of the GaN
film points upward from the substrate, when the film is under tensile strain in parallel
to the film plan, negative piezoelectric charges are generated at the top surface of the
GaN film. Thus, the Schottky barrier heights at the two contacts are reduced simul-
taneously, and the measured current passing through the GaN film is increased with
the increase of strain. This is the result observed experimentally in Fig. 10.13(d). By
the same token, the experimental data for the case when the film is under compres-
sive strain in parallel to the film plane can be explained as well.

10.9.3 Analysis of Emission Characteristics

Under different straining conditions, the EL spectra were recorded from the elec-
trode area that was under forward bias, e.g., with the GaN film having a higher po-
tential than the ITO. Two dominant peaks were observed. One is located at 430 nm,
which is related to the emission between conduction band or shallow donors to Mg
shallow acceptors [20, 21], as shown in Fig. 10.15(a). The other one is located at
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Fig. 10.15 Recorded EL spectra at (a) 430 nm and (b) 540 nm when different strain was applied
to the GaN film under constant applied voltage. The vertical axes are shifted for clarity. The insets
are the corresponding measured current response. (c) External quantum efficiency of EL emission
at 430 nm and 540 nm when different strain was applied. The inset is the change of current and
integral EL intensity under different strain condition corresponding to the data in (a). (d) The
change of integral EL intensity due to the current change introduced by two different approaches.
From [19]

540 nm, for which deep Mg acceptors are involved in the emission process [22, 23],
as shown in Fig. 10.15(b). The inserts of these figures show corresponding current
changes under different applied strain with a constant applied voltage. We can see
that the current decreased as the applied strain increased, which indicates that the c-
axis of the GaN film pointed downward to the sapphire substrate in this case, as we
have discussed in the previous section. For both wavelength emissions, no shift in
emission energy was observed when strain was applied or when the current passing
through the GaN film was changed. The measured current has a linear relationship
with the applied strain, but the integral EL intensity has a “V” shape, as shown in the
insert of Fig. 10.15(c). When the applied strain was increased, first, the integral EL
intensity was decreased as the measured current was decreased. But then it reached
a minimal value and then went up while the current kept decreasing when strain was
further increased. We can define the external quantum efficiency as the ratio of the
integral EL intensity to the measured current, and normalize it using the minimum
value for comparison purpose, which is plotted in Fig. 10.15(c). In addition to the
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Fig. 10.16 Proposed working mechanism: (a) A Schottky barrier is formed at the ITO/GaN in-
terface. (b) Under forward bias, electrons as the minority carriers inject from ITO to GaN, and
recombine with holes in GaN accompanying with radiative emission. (c) When the GaN film is
stretched in parallel to the film plane, positive piezoelectric charges are created at the interface. The
injection efficiency of electrons from ITO to GaN is promoted, and thus the emission efficiency.
(d) When the GaN film is compressed in parallel to the film plane, negative piezoelectric charges
present at the interface. The injection efficiency of electrons from ITO to GaN is suppressed, and
thus the emission efficiency. From [19]

observed minimal value, another very interesting thing is that the external quantum
efficiency of blue EL emission at 430 nm was changed by 5.84 % under different
applied strain, while for the emission at 540 nm, it was only changed by 0.54 %,
which is one order of magnitude smaller. It seems that the shallow acceptor state re-
lated emission process is more sensitive to the M–S interface environment than the
deep acceptor states related one. The mechanism of this phenomenon is still under
investigation.

As we know that the magnitude of current passing through the GaN film plays a
very important role on the EL emission intensity, but it is not the only determining
factor. To elaborate on this, we compared the integral EL intensity change due to cur-
rent change introduced by using two different approaches, as shown in Fig. 10.15(d).
For the first approach, different current was applied directly to the device. A linear
relationship was observed between the integral EL intensity and the applied cur-
rent. For the second approach, the applied voltage was fixed. Then, by introducing
different strain in the GaN film, the transport current can be tuned. In this case, a
minimal value was observed for the integral EL intensity. When comparing these
two cases, it is very interesting that, even under the same current condition, the inte-
gral EL intensity is obviously different for the two approaches. It means that, when
strain is present in the film, there should be some factors that can change the ratio
between the currents that contribute to the emission and non-emission processes.
The strain induced piezoelectric charges at the ITO/GaN interface are suggested to
be dominant.

As shown in Fig. 10.16(a), a Schottky barrier is formed at the ITO/GaN inter-
face. To stimulate EL emission, the Schottky barrier is forward biased. In our ex-
periments, normally the device is operated at a high voltage (larger than 20 V), so
that a flat band condition is used here, as shown in Fig. 10.16(b). The current pass-
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ing through the ITO/GaN interface is contributed from two parts: the flow of holes
from GaN to ITO and the flow of electrons from ITO to GaN. For the EL emis-
sion process, we are more interested in the latter process, which it is the injection
of minority carriers into the p-type GaN. The injected minority carriers can then
recombine with holes radiatively in the GaN, as shown in Fig. 10.16(b). Thus, the
injection efficiency of minority carriers at the interface plays a very important role
on the luminescence efficiency [24]. When the GaN film was under tensile strain in
parallel to the film plane (applied strain > 0), positive piezoelectric charges showed
up at the ITO/GaN interface, and the Schottky barrier height for holes was increased
(φs ), while the barrier for electron injection from ITO to GaN was decreased, as
shown in Fig. 10.16(c). Also the positive piezoelectric charges at the interface in
GaN will attract more electrons diffusing from the ITO side. Both of them will en-
hance the injection efficiency of minority carriers, and therefore the luminescence
efficiency. This is the reason for the observed phenomenon that, although the total
current passing through the GaN film was reduced step by step, the obtained in-
tegral EL intensity started to increase under certain straining conditions, as in the
results shown in Fig. 10.16(c). Starting from this point, although the total current is
reduced, the part of the current contributing to the EL emission process is increas-
ing due to the enhanced injection efficiency of electrons at the ITO/GaN interface,
which is the result of introduced positive piezoelectric charges around this area,
or the piezo-phototronic effect. When the GaN film was compressed in parallel to
the film plane (applied strain < 0), negative piezoelectric charges showed up at the
ITO/GaN interface, as shown in Fig. 10.16(d). The barrier for electron injection at
the interface was increased, and the negative piezoelectric charges in the GaN would
also resist the injection of electrons. So, the injection efficiency of minority carriers
was decreased and therefore the luminescence efficiency. This is why the integral
EL intensity for the same device is lower when the GaN film was compressed than
when it was in a non-straining status even under the same current condition, as the
right part of the plot shown in Fig. 10.15(d). Our former theoretical simulations have
predicted that the strain induced piezoelectric charges can adjust the minority carrier
injection at the interface of a p–n junction [25]. Here, our experiment results demon-
strated that this can also work on the Schottky barrier at the metal–semiconductor
interface.

To further verify our proposed mechanism, we applied a constant current passing
through the GaN film, and checked the change of the integral EL intensity under dif-
ferent straining conditions. The results are shown in Fig. 10.17. In such a situation,
the change in EL intensity induced by current change is eliminated. The dominant
factor here is the injection efficiency of the minority carriers. A linear relationship
was obtained between integral EL efficiency and the applied strain. It means that,
when the GaN film was stretched in parallel to the film plane, the positive piezo-
electric charges at the interface of ITO/GaN will increase the contribution of the
minority carrier injection in the total current, and thus the luminescence efficiency.
While when the GaN film was compressed in parallel to the film plane, the neg-
ative piezoelectric charges at the interface will reduce the current contributed by
the minority carrier injection, and thus the luminescence efficiency. It is consistent
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Fig. 10.17 When a constant
current was applied on the
device, a linear relationship
was obtained between the
integral EL intensity and the
applied strain, consistent with
our proposed working
mechanism. From [19]

with our proposed mechanism. In this case, eliminating the current change effect,
the integral EL intensity was modulated by 2.11 % for the emission at 430 nm, and
0.21 % for the emission at 540 nm due to the piezo-phototronic effect under dif-
ferent straining conditions. Because the current is constant here, it is equal to the
changes of the external quantum efficiency.

10.10 Summary

As a classical device, the performance of an LED is dictated by the structure of the
p–n junction and the characteristics of the semiconductor materials. Once an LED
is made, its efficiency is determined largely by the local charge carrier densities and
the time at which the charges can remain at the vicinity of the junction. The latter
is traditionally controlled by growing a quantum well or using a built-in electronic
polarization for “trapping” electrons and holes in the conduction and valance bands,
respectively. Instead of using this pre-fabricated structure, we have introduced the
piezopotential created in ZnO by strain to control the charge transport process at the
ZnO–GaN interface, demonstrating the first LED whose performance is controlled
by piezoelectric effect [5]. The emission intensity and injection current at a fixed ap-
plied voltage have been enhanced by a factor of 17 and 4 after applying a 0.093 %
compressive strain, respectively, and the corresponding conversion efficiency has
been improved by a factor of 4.25 in reference to that without applying strain! An
external efficiency of 7.82 % has been achieved. This hugely improved performance
is not only attributed to the increase of injection current by the modification of the
band profile, but also to the more elegant effect of the creation of a trapping chan-
nel for holes near the heterojunction interface, which greatly enhances the external
efficiency. An increase in UV-to-visible ratio and stabilization of the peak position
show that the spectrum quality is improved by external straining. In addition, the
polarization of the output light has been modulated by the piezooptic effect. Our
discovery is important not only for exploring the piezo-phototronic effect through a
three-way coupling among mechanical, electronical, and optical properties, but also
can largely improve the efficiency and performance of LEDs and the design of a
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large range of optoelectronic devices based on ZnO and GaN with the use of their
piezoelectric property.

Lastly, piezo-phototronic effect on EL of GaN thin films was investigated. By de-
positing transparent ITO electrodes on the film, a metal-semiconductor-metal struc-
ture was formed. When strain was applied to the GaN film, the induced piezoelectric
charges at the ITO/GaN interface modified the Schottky barrier height and two kinds
of changing trend of the transport properties were obtained depending on the c-axis
orientations of the GaN films. Also these piezoelectric charges changed the minor-
ity carrier injection efficiency at the M–S interface, which resulted in a modification
of the EL emission intensity. The piezo-phototronic effect has a more pronounced
effect on the EL emission process involving the shallow acceptor states than the one
involving the deep acceptor states in the p-type GaN thin films. As a dominant mate-
rial for the optoelectronic devices, this study provides a further understanding of the
GaN, and may be significant for its future applications in flexible optoelectronics.
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Chapter 11
Piezo-Phototronic Effect on Electrochemical
Processes and Energy Storage

Abstract Photoelectrochemical (PEC) processes are fundamental for photon wa-
ter splitting and energy storages. The key to the PEC efficiency is dictated by the
charge generation and separation processes. In this chapter, we present the piezo-
electric on PEC, in which a consistent enhancement or reduction of photocurrent
was observed when tensile or compressive strains were applied to the ZnO anode,
respectively. The photocurrent variation is attributed to a change in barrier height at
the ZnO/electrolyte interface. We also introduce a fundamental mechanism that di-
rectly hybridizes the two processes into one, using which the mechanical energy
is directly converted and simultaneously stored as chemical energy without go-
ing through the intermediate step of first converting into electricity. By replacing
the polyethylene (PE) separator as for conventional Li battery with a piezoelectric
poly(vinylidene fluoride) (PVDF) film, the piezoelectric potential from the PVDF
film as created by mechanical straining acts as a charge pump to drive Li ions to
migrate from cathode to the anode accompanying with charging reactions at elec-
trodes. This new approach can be applied to fabricating a self-charging power cell
(SCPC) for sustainable driving micro/nano-systems and personal electronics.

Photoelectrochemical (PEC) processes are the fundamental of photon water split-
ting and energy storages. The key to the PEC efficiency is dictated by the charge
generation and separation processes. In this chapter, we present two examples. The
first study is about the piezoelectric PEC [1], in which a consistent enhancement or
reduction of photocurrent was observed when tensile or compressive strains were
applied to the ZnO anode, respectively. The photocurrent variation is attributed to
a change in barrier height at the ZnO/electrolyte interface. The second example is
a piezopotential driving diffusion of Li ions in a battery for demonstrating the self-
charging power cell. It is a process of directly converting mechanical energy into
chemical energy that integrates a nanogenerator and a battery into one package.

11.1 Basic Principle of Photoelectrochemical Process

The basic PEC process can be illustrated in Fig. 11.1. The system is made of a n-
type semiconductor that is directly interfacing with an electrolyte. The counter elec-
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Fig. 11.1 Basic principle of
a photoelectrochemical
process expressed using a
band diagram

trode is Pt. A natural Schottky barrier of height φB is present at the semiconductor-
electrolyte interface. Once a photon with an energy higher than the bandgap of the
semiconductor shines at the interface, an electron-hole pair is generated. The ex-
cited electron tends to drift toward the semiconductor side in the conduction band
owing to the inclined band, which then is transported through the external load to
the Pt electrode owing to a difference in Fermi level at the two sides. The hole drifts
toward the electrolyte. If the energy possessed by the hole is more than the oxida-
tion potential, it can stimulate an oxidation process to cover an A species into A+.
The electron at the Pt side is then recaptured by A+ if the reduction potential is
lower than the Fermi level of Pt, so that it is reduced into A. This is the process of
converting photon energy into electricity through a redox process.

11.2 Piezopotential on the Photoelectrochemical Process

For the process shown in Fig. 11.1, the drift of the hole from the semiconductor
to the electrolyte will be impossible of the oxidation potential EOx is significantly
higher than the valence band edge of the semiconductor at the solid-liquid interface.
In such a case, no charge exchange will be possible, and thus no redox process
(Fig. 11.2(a)). For a piezoelectric semiconductor, if a tensile strain is applied to the
semiconductor film so that the side directly interfacing with the electrolyte has a
lower piezopotential, the valence band edge is up lifted so that it is close to the
oxidation potential EOx, as shown in Fig. 11.2(b), the hole has enough energy to
trigger the oxidation process. At the same time, the steeply raised conduction band
at the electrolyte side accelerates the drift of the electron in the conduction band
towards the ITO side. Furthermore, the valence band at the ZnO-ITO contact is
lowered, reducing the local resistance or threshold voltage for electron transport.
All of these processes are favorable for enhancing the efficiency of PEC.

Alternatively, by switching the strain to a compressive strain in the film, the lo-
cal piezopotential at the electrolyte interface is high, as shown in Fig. 11.2(c), the
lowered valance band reduces the energy of the hole so that it may not be effective
to stimulate the redox process or at least at a reduced efficiency. Furthermore the
flattened conduction band at the electrolyte side reduces the drifting speed of the
electron toward the ITO side. The raised conduction band at the ITO side increases
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Fig. 11.2 Effect of
piezopotential in the
semiconductor on the
photoelectrochemical
process. (a) Band structure of
the PEC with the absence of
piezopotential. (b) Band
structure of the PEC when the
film is under tensile strain so
that the side directly
interfacing with the
electrolyte has a lower
piezopotential. (c) Band
structure of the PEC when the
film is under compressive
strain so that the side directly
interfacing with the
electrolyte has a higher
piezopotential

the threshold voltage and increases the local resistance. All of these processes can
largely reduce the efficiency of PEC.

11.3 Photoelectrochemical Solar Cell

11.3.1 Design of the Cell

The piezoelectric PEC (PZ-PEC) anode was fabricated by sputtering a thin film
of ZnO (∼1 µm thick) on an ITO/PET substrate. Resistivity of the as-fabricated
ZnO film was ∼107 � cm, which could produce an appreciable piezopotential
upon deformation as well as reasonable charge conductance for water oxidation
under illumination. The device and measurement setup is schematically shown in
Fig. 11.3(A).

The J –V characteristic of the ZnO PZ-PEC anode was measured without and
with strain applied to the ZnO anode. At zero strain (black curve in Fig. 11.3(B)),
photocurrent density (Jph) of 0.54 mA/cm2 was obtained at applied poten-
tial of 1.5 V versus saturated calomel electrode (SCE) under light intensity of
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Fig. 11.3 Fundamentals of the PEC cell with piezoelectric ZnO as photoanode. (A) Schematic
setup of the ZnO-based PZ-PEC half-cell for characterizing the piezoelectric effect-related water
splitting reactions. (B) J –V curves and dark current density of ZnO PEC cell with and without
strain applied to the ZnO thin film (Figure courtesy of [1])

100 mW/cm2, demonstrating a considerable water oxidation rate. The dark cur-
rent remained at a very low level (∼5 µA/cm2) under bias potentials between −0.5
and 1.5 V (vs. SCE) indicating the high quality of the ZnO surfaces.

The J –V curves were then collected when the ZnO anode was under strain. As
shown in Fig. 11.3(B), an enhanced photocurrent (Iph) was observed when a 0.21 %
tensile strain was applied. At applied potential of 1.5 V versus SCE and under light
intensity of 100 mW/cm2, Jph increased from ∼0.54 mA/cm2 to ∼0.6 mA/cm2

due to the tensile strain. The maximum efficiency was calculated from the J –V

curves and a ∼10.2 % efficiency increase was identified. The opposite effect was
observed under 0.21 % compressive strain, which induced reduced Jph (blue curve
in Fig. 11.3(B)) and a ∼8.5 % maximum efficiency drop (from 0.06 % to 0.055 %).

11.3.2 Piezo-Phototronic Effect on PEC

Figures 11.4(A) and (B) present the Jph measured by the potentiostat when a con-
stant strain was applied to the ZnO anode periodically [1], where the applied ex-
ternal bias was fixed as 1.5 V versus SCE. With a compressive strain of −0.12 %,
Jph decreased from 542 µA/cm2 to 509 µA/cm2 when the illumination intensity
was 100 mW/cm2. While with a tensile strain of 0.12 %, Jph increased from 269 to
287 µA/cm2 under a light intensity of 50 mW/cm2. Small spikes could be observed
from the Jph profiles at the moment of applying and releasing strain when the light
intensity was 50 mW/cm2 (Fig. 11.4(B)). Response of Jph on straining is swift and
highly reproducible. More importantly, the Jph change (�Jph) is independent of



11.4 Piezopotential on Mechanical-to-Electrochemical Energy Conversion 227

Fig. 11.4 PEC performance when ZnO was under static strains. (A) Photocurrent density (Jph)
of the ZnO PZ-PEC under periodic compressive strains (−0.12 %) at an applied bias of 1.5 V
versus SCE. The strained regions are marked with a shade of light green. Jph was collected un-
der illumination of 100 mW/cm2. (B) Jph under periodic tensile strains when light intensity was
50 mW/cm2 and applied bias was 1.5 V versus SCE. Current spikes can be observed at the mo-
ments of applying and releasing strain due to the lower light intensity. (C) Photocurrent density
change (�Jph) as a function of applied strain under illumination of 100 mW/cm2. The background
Jph was 540 µA/cm2 and applied bias was 1.5 V versus SCE (Figure courtesy of [1])

time. No decay was observed during a period extending over hundreds of seconds,
as long as the strain was held. Thus, �Jph is defined as the difference between the
constant Jph under strain and the Jph base line when no strain was applied. The re-
lationship between �Jph and strain is found to be approximately linear as shown in
Fig. 11.4(C), where all data were collected under a light intensity of 100 mW/cm2.

11.4 Piezopotential on Mechanical-to-Electrochemical Energy
Conversion

In general, electricity generation and energy storage are two distinct processes that
are accomplished through two different and separated physical units achieving the
conversions of from mechanical energy to electricity and then from electric energy
to chemical energy, respectively. The nanogenerator is an effective way of con-
verting mechanical energy into electricity. The Li-ion battery [2–4] is one of the
most effective approaches, in which the electric energy is stored as chemical energy
through the migration of Li ions under the driving of an externally applied voltage
source and the follow up electrochemical reactions occurring at the anode and cath-
ode [5]. We have established a fundamental mechanism that directly hybridizes the
two processes into one, through which the mechanical energy is directly converted
and simultaneously stored as chemical energy, so that the nanogenerator and the bat-
tery are hybridized as a single unit [6]. Such an integrated self-charging power cell
(SCPC), which can be charged up by mechanical deformation and vibration from
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the environment, provides an innovative approach for developing new mobile power
source for both self-powered systems and portable and personal electronics.

11.4.1 Working Principle of the Self-charging Power Cell

The working mechanism of the self-charging power cell is an electrochemical pro-
cess driven by deformation created piezoelectric potential (Fig. 11.5) [6]. At the
very beginning, the device is at a discharged state, with LiCoO2 as the positive elec-
trode (cathode) material and TiO2 NTs as the negative electrode (anode), which is
the originally fabricated structure of the device, and the LiPF6 electrolyte is evenly
distributed across the entire space, as shown in Fig. 11.5(a). A PVDF film, which
has intimate contacts with both electrodes, serves as the separator and it has the
smallest Young modulus among all of the components in the device [PVDF in
electrolyte solvent: ∼1.2 GPa; TiO2: 100 GPa (Ya) and 266 GPa (Yc); LiCoO2:
∼70 GPa; Ti Foil: 100–110 GPa; Al Foil: 69 GPa], thus, it suffers from the most
severe compressive strain when a compressive stress is applied onto the device, as
shown in Fig. 11.5(b). We purposely use the PVDF film with the polarity that re-
sults in a positive piezoelectric potential (piezopotential) at the cathode (LiCoO2)
side and negative piezopotential at the anode (TiO2) under compressive strain for
separating the charges. Under the driving of the piezoelectric field with direction
from the cathode to the anode, the Li ions in the electrolyte will migrate along
the direction through the ionic conduction paths present in the PVDF film separa-
tor for ion conduction in order to screen the piezoelectric field, and finally reach
the anode, as shown in Fig. 11.5(c) (note that a PVDF film is an ionic conduc-
tor for Li+, which is why that PVDF is used as the base for polymer electrolyte
and also the binder for electrodes in Li-ion batteries). The decreased concentra-
tion of Li+ at the cathode will break the chemical equilibrium of the cathode
electrode reaction (LiCoO2 ↔ Li1−xCoO2 + xLi+ + xe−), so that Li+ will dein-
tercalate from LiCoO2, turning it into Li1−xCoO2 and leaving free electrons at
the current collector (Al foil) of the cathode electrode. This process is driven by
the tendency of establishing new chemical equilibrium. In the meanwhile, under
the elevated concentration of Li+ at the anode, the reaction at the other electrode
(TiO2 + xLi+ + xe− ↔ LixTiO2) will move to the forward direction for the same
reason, enabling Li+ to react with TiO2 so that LixTiO2 will be produced at the
anode electrode, leaving the positive charges at the Ti foil as the current collec-
tor. During this process, Li+ will continuously migrate from the cathode to the
anode and the device is charged up a little bit owing to the large volume of the
device.

During the progress of charging electrochemical reactions at the two electrodes,
extra free electrons will transfer from the cathode to the anode, in order to maintain
the charge neutrality and the continuity of the charging reaction. There are generally
two ways for the electrons to transfer: either inside the battery system in some man-
ner, or through the external circuitry. After comparing the self-charging behavior of



11.4 Piezopotential on Mechanical-to-Electrochemical Energy Conversion 229

the SCPC with and without an outer circuitry (that is, the electrochemical worksta-
tion connected between cathode and anode, to monitor the change of voltage), we
suggest that there should probably be some internal mechanisms for the electrons
to transfer across the two electrode, although this exact process is still to be further
investigated.

Under the mechanical deformation, the piezopotential continues to drive the mi-
gration of Li+ ions until to a point when the chemical equilibriums of the two elec-
trodes are re-established and the distribution of the Li+ can balance the piezoelectric
field in the PVDF film, with no Li+ drifting through PVDF (Fig. 11.5(d)); that is to
say, a new equilibrium is achieved and self-charging process will cease. This is the
process of converting mechanical energy directly into chemical energy.

In the second step, when the applied force is released, the piezoelectric field
of the PVDF disappears, which breaks the electrostatic equilibrium, so that a por-
tion of the Li ions diffuse back from the anode to the cathode (Fig. 11.5(e))
and reach an even distribution of Li+ all over the space in the device again
(Fig. 11.5(f)). Then, a cycle of charging is completed through an electrochem-
ical process of oxidizing a small amount of LiCoO2 at cathode to Li1−xCoO2
and reducing a bit of TiO2 to LixTiO2 at the anode. When the device is mechan-
ically deformed again, the process presented above is repeated, resulting in an-
other cycle of charging by converting mechanical energy directly into chemical en-
ergy.

In this self-charging mechanism, the role played by the piezoelectric material
(PVDF) is similar to the DC power supply used in the conventional charging pro-
cess of a Li battery. Both of them can be deemed as charge pumps, but the spe-
cific mechanisms are different. As for the conventional charging method, the DC
power supply will pump the electrons from the positive electrode to the negative
electrode through the external circuit and the Li ions will go in the same direc-
tion but within the cell, in order to retain a neutral charge balance. Thus the elec-
trochemical reactions on the two electrodes occur and the battery is charged up.
But for our SCPC proposed here, the piezoelectric material pumps the Li+ ions,
rather than the electrons, from the positive to the negative electrode, which also
accomplishes the charging of the device. This mechanism can also be explained
by thermodynamics. According to Nernst’s theory, the relative electrode poten-
tials of the two electrodes have the following relationships with Li+ concentra-
tion:

ϕLi1−xCoO2/LiCoO2 = ϕo
Li1−xCoO2/LiCoO2

− RT

F
ln

1

[ac(Li+)]x ,

ϕTiO2/LixTiO2 = ϕo
TiO2/LixTiO2

− RT

F
ln

1

[aa(Li+)]x
where ϕLi1−xCoO2/LiCoO2 and ϕTiO2/LixTiO2 are actual electrode potentials of cath-
ode and anode, ϕo

Li1−xCoO2/LiCoO2
and ϕo

TiO2/LixTiO2
are standard electrode poten-

tials of these two electrodes, and ac(Li+) and aa(Li+) are the activities of Li+
around cathode and anode, respectively, which can be approximately equated to the
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Fig. 11.5 The working mechanism of the self-charging power cell driven by compressive strain-
ing. (a) Schematic illustration of the self-charging power cell in discharged state with LiCoO2 as
cathode and TiO2 nanotubes as anode. (b) When a compressive stress is applied onto the device,
the piezoelectric separator layer (e.g., PVDF film) creates a piezopotential, with the positive po-
larity at the cathode side and negative piezopotential at the anode. (c) Under the driving of the
piezoelectric field, the Li ions from the cathode will migrate through the PVDF film separator in
the electrolyte toward the anode, leading to the corresponding charging reactions at the two elec-
trodes. The free electrons at the cathode and positive charges at the anode will dissipate inside the
device system. (d) The status where chemical equilibrium of the two electrodes is re-established
and the self-charging process ceases. (e) When the applied force is released, the piezoelectric field
of the PVDF disappears, which breaks the electrostatic equilibrium, so that a portion of the Li ions
will diffuse back to the cathode. (f) This electrochemical system reaches a new equilibrium, and a
cycle of self-charging is completed [6]
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concentrations, R is the gas constant, T is the temperature, and F is the Faraday
constant. Thus, under the driving of piezoelectric field, because of depleting of Li+
concentration near the positive electrode, the electrode potential ϕLi1−xCoO2/LiCoO2

will decrease; likewise, the elevation of Li+ concentration will result in an increase
of ϕTiO2/LixTiO2 at the negative electrode. For a conventional Li-ion battery, the
electrode potential ϕLi1−xCoO2/LiCoO2 is larger than ϕTiO2/LixTiO2 , so that the battery
can discharge spontaneously through the reduction of Li1−xCoO2 and oxidization
of LixTiO2. But for the self-charging process, because the change of Li+ concen-
tration will possibly make ϕTiO2/LixTiO2 larger than ϕLi1−xCoO2/LiCoO2 , the device is
self-charged through the reduction of TiO2 and oxidization of LiCoO2.

11.4.2 Design of the Self-charging Power Cell

The experimental design of a self-charging process is based on the characteris-
tics of both piezoelectric and electrochemical properties, as schematically shown
in Fig. 11.6(a) [6]. The device is based on a sealed stainless-steel 2016-coin-type
cell, as shown in the highlight of Fig. 11.6(b). The SCPC is composed of three
major components: anode, separator, and cathode. The anode is made of aligned
TiO2 nanotube (NT) arrays that are directly grown on a Ti foil. Instead of using the
polyethylene (PE) separator as for traditional lithium ion battery, a layer of polar-
ized poly(vinylidene fluoride) (PVDF) film is located above the TiO2 nanotube ar-
rays as the separator. This PVDF film can establish a piezoelectric potential across
its thickness under externally applied stress, which not only converts mechanical
energy into electricity, but also serves as the driving force for the migration of Li
ions. The cathodes are LiCoO2/conductive carbon/binder mixtures on aluminum
foils. Fig. 11.6(c) is a cross-sectional scanning electron microscopy (SEM) image
of the sandwich structure of the device. The TiO2 nanotube arrays with anatase
crystal structure were fabricated on Ti substrate using an anodization method with
a post-annealing process in air [6] (Method Summary). The height and diameter of
the nanotubes are about 20 µm and 100 nm, respectively, as shown in Fig. 11.6(d).
A commercial piezoelectric PVDF film with a thickness of ∼110 µm is mainly
composed of β phase and α phase, and it has been prior poled before assembly into
the battery. After placing LiCoO2 cathode with a thickness of 20 µm on the other
side, the system was filled with electrolyte (1 M LiPF6 in 1:1 ethylene carbonate:
dimethyl carbonate) and finally sealed for measurements. The galvanostatic charge-
discharge measurements, with comparison to traditional Li-ion batteries using PE as
separators, proved that the power cells act also as a battery system. Periodic defor-
mations were applied onto the device in order to charge it up (Fig. 11.6(b)), and the
voltage and current were monitored simultaneously in both charging and discharg-
ing processes.
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Fig. 11.6 Structure design of a self-charging power cell by hybridizing a piezoelectric nanogen-
erator and a Li-ion battery. (a) Schematic diagram showing the design and structure of the self-
-charging power cell. The anode is aligned TiO2 nanotube arrays that are directly grown on Ti
foils; a layer of polarized PVDF film performs as the separator; the cathode is LiCoO2 mixture on
aluminum foil. This structure is sealed in stainless-steel 2016-coin-type cells, as shown in the inset.
(b) Sticking a power cell on the bottom of a shoe, the compressive energy generated by walking
can be converted and stored directly by SCPC. (c) Cross-sectional SEM image of the self-charging
power cell, which is composed of aligned nanotubes as anode, piezoelectric polymer film as sepa-
rator and cathode. (d) Enlarged view of the aligned TiO2 nanotubes. The inset is a top view SEM
image of the nanotubes [6]

11.4.3 Performance of the Self-charging Power Cell

By using a mechanical setup that can provide a periodic compressive stress onto
the device, we demonstrated the self-charging process of the power cell [6]. Fig-
ure 11.7(a) is a typical self-charging and discharging cycle. Under the compressive
force applied to the SCPC at a frequency of 2.3 Hz, the voltage of the device in-
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Fig. 11.7 Self-charging process of SCPC under periodic compressive straining and the corre-
sponding discharging process. (a) A typical self-charging process simply by applying cycled me-
chanical compressive strain to the device (green shadowed region), during which the voltage keeps
raising, but the current flowing through an external load connected between the cathode and an-
ode remains almost zero, indicating that the charging process is accomplished by the migration
of the Li ions in the internal circuit rather than the flow of electrons in the external load. In the
discharge process (blue shadowed region), the stored power is released in the form of electron flow
in the external load as indicated by the measured current and drop of voltage. (b) Self-charging and
discharge cycles of SCPC under different force and frequencies, respectively. Note that the force
indicated in the figure was the force applied to the entire device, most of which was consumed at
the stainless shell of the cell; only a very small fraction of the force reached the PVDF. The inset
shows the operation of a commercial calculator using the SCPCs as the power source. (c) As a
comparison of efficiency, the SCPC is separated into two individual units: a PVDF piezoelectric
generator and a Li-ion battery by using PE as a separator. This plot shows the voltage across the
battery as being charged by the generator for 4 min under the same conditions as for (a), followed
by a discharge process under the current of 1 µA. The inset is a schematic circuit of the traditional
charging methods with separated generator and storage units connected by a bridge rectifier [6]

creased from 327 to 395 mV in 240 s. After the self-charging process, the device
was discharged back to its original voltage of 327 mV under a discharge current of
1 µA, which lasted for about 130 s. So we proved that the proposed power cell can
be charged up under the repeated deformation by directly converting mechanical
energy to chemical energy. In this experimental case, the stored electric capacity of
the power cell was about 0.036 µAh.
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From the theory of piezoelectricity, within elastic deformation regime, the mag-
nitude of the piezopotential is linearly proportional to the magnitude of strain, thus
also to the magnitude of the compressive force. Figure 11.7(b) shows that, as we
solely increased the mechanical force applied to the device, the self-charging effect
would be enhanced. Thus, an increased piezopotential can give an enhanced charg-
ing effect. In addition, the self-charging effect is also affected by the frequency at
which the deformation is applied, as shown in Fig. 11.7(b). Under a constant applied
force of impact, a higher frequency resulted in an increased charging voltage simply
due to higher input power. When the force and the frequency were both kept con-
stant, the rate at which the voltage was increased was relatively stable. The above
results are additional proofs that the self-charging process is due to the piezoelectric
effect. We have demonstrated that a series connection of several SCPCs drove the
operation of a commercial calculator for more than ten minutes, as shown in the
inset of Fig. 11.7(b).

The overall efficiency of our proposed SCPC has two parts—the energy con-
verting efficiency of piezoelectric material and the energy storage efficiency of this
mechanical-to-electrochemical process. We compared this with the efficiency of the
traditional charging method, which is composed of a separated generator and a stor-
age unit connected though a bridge rectifier (inset of Fig. 11.7(c)). The genera-
tor unit was fabricated by sealing the PVDF film in the same coin cell to create
a similar straining condition as SCPC. After being charged for 4 min via cycled
deformation of the separate PVDF generator, the voltage of the battery has only in-
creased by ∼10 mV (Fig. 11.7(c)), which is a lot lower than that of SCPC (65 mV)
(Fig. 11.7(a)). Therefore, the single mechanical to chemical process for SCPC is
much more efficient than the mechanical to electric and then electrical to chemical
double-processes for charging a traditional battery. This is because our current study
demonstrated a new approach for directly converting mechanical energy into chem-
ical energy without going through the generation of electricity as an intermediate
state, which saves at least the energy wasted on the outer circuitry, including the
rectifying component. This is the innovation of the power cell. In practice, an accu-
rate estimation of the efficiency is largely affected by a number of factors. First, the
rigid stainless-steel coin cell, which consumed a large portion of mechanical energy.
Second, an accumulation of deformation in PVDF piezoelectric polymer film made
it beyond the range of elastic deformation, thus the piezoelectric potential could be
degraded a lot. Therefore, through improvement of the device structure and packag-
ing methods, and also using piezoelectric material with higher piezo-coefficient, the
performance of the SCPC could be largely enhanced in the future.

As a comparison and control experiment, we measured the response of a con-
ventional Li-ion battery under the same deformation condition, which had the same
structure as the power cell except using PE film as the separator instead of the piezo-
electric PVDF film. As shown in Fig. 11.8(a), the voltage remained the same at
∼325 mV during the ∼4000 cycles of deformation that lasted for ∼0.5 hour. Thus,
the conventional Li-ion battery cannot be charged up at all by applying cycled me-
chanical deformation. This is because there is no piezoelectric potential that drives
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Fig. 11.8 Response of devices of a similar structure as the self-charging power cell, but with
different films as separators. (a) For a conventional Li-ion battery using PE as the separator, no
charging effect is observed by applying cycled mechanical deformation, indicating that the result
presented in Fig. 11.7(a) is due to the piezoelectric driven charging process. (b) For a device that
has the same structure as a SCPC but with the PVDF film having a piezoelectric field pointing
from anode to cathode, we have no charging effect either, just as expected from the mechanism
presented in Fig. 11.5 [6]

the migration of Li ions. This comparison experiment rules out the possible con-
tribution from the electrostatic noise or the measurement system to the charging
process presented in Fig. 11.5(a) for SCPC.

Alternatively, if the piezoelectric polarization as presented in Fig. 11.5 is re-
versed, the piezoelectric field in the PVDF film is pointing from anode to cathode,
which is unable to drive the migration of Li ions from cathode to anode, so that the
entire device will not be charged even after many cycles of mechanical deformation.
The response of the device fabricated using PVDF film with opposite polarization
was measured under the same deformation condition, as shown in Fig. 11.8(b). The
voltage slightly decreased from 330 to 315 mV during the ∼8000 cycles of defor-
mation that lasted for ∼1.1 hour. There was no charging behavior in such a device
simply because the piezopotential drove Li ions to migrate in the opposite direction
of the charging process, which further confirmed the working principle of the SCPC
as proposed in Fig. 11.5.

11.5 Summary

In summary, a new mechanical-to-electrochemical process is proposed by integrat-
ing piezoelectric material with an electrochemical system, using which an approach
for fabricating a self-charging power cell is demonstrated for converting and si-
multaneously storing mechanical energy directly as chemical energy, with a sig-
nificantly higher overall efficiency than the traditional charging method composed
of two separated units. By replacing the PE separator as for conventional Li bat-
tery with a piezoelectric PVDF film, the piezoelectric potential from the PVDF film
created under straining acts as a charge pump to drive Li ions migrating from the
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cathode to the anode accompanying with charging reactions at electrodes, which can
be defined as a piezo-electrochemical process. Using the mechanism demonstrated
here, we have hybridized a generator with a battery for the first time as a sustain-
able power source. It provides an innovative approach for developing new energy
technology for driving personal electronics and self-powered systems.
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