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Progress in Piezotronics and Piezo-Phototronics
Zhong Lin Wang*

1. Beyond Moore’s Law with Diversity and MultiFunctionality
The Moore’s law has been the roadmap that directs and drives
the information technology in the last few decades. With the
density of devices on a single silicon chip doubling every 18
months, increasing CPU speed and building a system on a chip
are the major developing directions for IT technology (see the
vertical axis in Figure 1). With the line width reaching close to
10 nm, a general question is how small a device can we fabricate at an industrial 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 the 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 networks and personal health care have been predicted as the major driving force for industries of the near
future. As we have observed in today’s electronic products, electronics are moving toward personal electronics, portable electronics, and polymer-based flexible electronics. We are looking
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for multifunctionality and diversity 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 the future market, but the consumers
are looking for more functionality, such
as health care sensors for blood pressure,
body temperature and blood sugar level,
interfacing with the environment with sensors for detecting gases, UV-radiation, and
hazardous chemicals. In such a case, the
IT technology is developing along another
dimension, as presented in the horizontal
axis in Figure 1. The near-future development of electronics is moving toward
personal, portable, and polymer (flexible
or organic) based electronics with the integration of multifunctional sensors and
self-powering technology. A combination
of CPU speed, density of memory and
logic with the functionality tends to drive
electronics toward smart systems and selfpowered systems, which are believed to be the major roadmaps
for electronics.
Once we interface humans with electronics, we inevitably
have to consider human activities and the “signals” generated
by a human, which are mostly mechanical actions and only a
small portion of electrical signals. Electric signals transmitted
by neuron systems have been studied for decades and various
approaches have been developed to interface neuron signals
with silicon-based technologies using field-effect transistors
(lower part in Figure 1). Mechanical action, however, is not easy
to be interfaced directly with silicon technologies without innovative design and approaches. The most conventional approach
is to use sensors that are sensitive to strain variation (right-hand
side in Figure 1). The signals from sensors can be detected and
recorded by conventional electronics, which is so called passive
detection, but these cannot 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 as passive flexible electronics.
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 electronics. A “mediator” or
“translator” is needed to connect bio-mechanical action with the
operation of silicon-based electronics. Piezotronics and piezophototronics were invented for such purposes, and they are
considered active flexible electronics or bio-driven electronics.
The role anticipated to be played by piezotronics is similar
to the mechanosensation in physiology.[1] Mechanosensation is

The fundamental principle of piezotronics and piezo-phototronics were
introduced by Wang 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 crystal 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 is about the devices fabricated using the
piezopotential as a “gate” voltage to tune/control charge carrier transport at
a contact or junction. The piezo-phototronic effect is to use the piezopotential
to control the carrier generation, transport, separation and/or recombination
for improving the performance of optoelectronic devices, such as photon
detector, solar cell and LED. This manuscript reviews the updated progress in
the two new fields. A perspective is given about their potential applications
in sensors, human-silicon technology interfacing, MEMS, nanorobotics and
energy sciences.
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2. Piezopotential – The Core of Piezotronics
and Piezo-Phototronics
Silicon-based CMOS technology is operated by an electrically
driven charge-transport process. To control the operation of
CMOS directly by mechanical action, one must find an electric
signal that can be generated as a result of mechanical action.
The most obvious choice is piezoelectricity. For this purpose,
we choose wurtzite materials, such as ZnO, GaN, InN and ZnS,
which simultaneously have piezoelectric and semiconductor
properties. ZnO, for example, has a non-central symmetric
crystal structure, which naturally produces a piezoelectric effect
once the material is strained. A wurtzite crystal has a hexagonal
structure with a large anisotropic property in the c-axis direction and perpendicular to the c-axis. Simply, the Zn2+ cations
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Figure 1. Future perspective of electronics beyond the Moore’s law. The vertical axis represents
a miniaturization and increase of device density, CPU speed and memory. The horizontal axis
represents 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.
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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. Piezotronics was first introduced by Wang
and co-workers in 2006 and 2007.[2−4] Piezo-phototronics was
first coined in 2010.[5−7] Fundamental understanding about
the effects and practical potential applications of the two fields
has been demonstrated in the last few years. The basic principle of piezotronics and piezo-phototronics were reviewed
in 2010.[8] In this paper, we will review the recent progress in
afore-mentioned fields. Some in-depth understanding will be
provided about their future applications.

and O2− anions are tetrahedrally coordinated
and the centers of the positive ions and negatives ions overlap with each other. If stress
is applied at an apex of the tetrahedron, the
center of the cations and the center of anions
are relatively displaced, resulting in a dipole
moment (Figure 2a). A constructive add-up
of the dipole moments created by all units in
the crystal creates a piezoelectric field, which
results in a macroscopic potential drop along
the straining direction in the crystal. This
is the piezoelectric potential (piezopotential)
(Figure 2b).[9] The piezopotential can serve as
the driving force for the flow of electrons in
the external load once subjected to mechanical deformation, which is the fundamental
working principle of a nanogenerator.[10−13]
The distribution of a piezopotential in a
c-axis ZnO nanowire (NW) has been calculated using the Lippman theory[14−16] 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 (the right-hand side in
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Figure 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 Reproduced with permission.[15] Copyright 2009. AIP.

Figure 2b).[17] When the applied force changes to a compressive
strain, the piezoelectric potential reverses with the potential difference 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.

3. Materials System for Piezotronics and PiezoPhototronics
One-dimensional nanomaterials, such as nanowires and nanobelts, are ideal for piezotronics and piezo-phototronics, because
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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
nanowires (NWs) for three main reasons. First, ZnO NWs can
be easily grown in large quantities using a vapor-solid process
or chemical approach at low temperature. Secondly, they are
biologically compatible and environmentally friendly. Finally,
they can be grown on a substrate and any shape of substrate.
The vapor-solid growth usually takes place in a tube furnace by
vaporizing ZnO powders in the presence of carbon at a temperature of ∼900 °C. Patterned growth is possible with the introduction of a Au catalyst. Pulse laser deposition (PLD) can be
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4.1. Piezotronic Transistors

Figure 3. ZnO nanowire arrays grown by (a) pulse laser deposition technique and (b) low-temperature solution-based approach. Panels (a) and
(b) reproduced with permission.[18,21] Copyright ACS, 2010/2009.

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. Control of the pressure can give a nice
NW array (Figure 3a).[18]
The most commonly used chemical agents for the hydrothermal
synthesis of ZnO NWs are zinc nitrate hexahydrate and hexamethylenetetramine.[19,20] 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 hexamethylenetetramine 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 gradually produce OH−. This is critical
in the synthesis process because the Zn2+ ions in solution would
precipitate very quickly in the high pH environment if the hexamethylenetetramine hydrolyzes very fast and produces a lot of
OH− in a short period of time. Using a pattern generated by laser
interference, well-aligned NW arrays have been grown at a temperature of around 85 °C (Figure 3b).[21]
NWs grown by the vapor-phase technique at high temperature usually have low defects and they are most adequate for
studying piezotronic and piezo-phototronic effects.[22,23] A treatment in an 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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In order to illustrate the basic concept of piezotronics, we first
start from a traditional metal oxide semiconductor field-effect
transistor (MOS FET). For an n-channel MOS FET (Figure 4a),
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 carriers.
In analogy, for a single channel FET fabricated using a semiconductor NW (Figure 4b), 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 schematically shown
in Figure 4(c) and (d) once strain is applied through the substrate.[24] The fundamental principle of the piezotronic transistor is to control the carrier transport at the M-S interface
through tuning at the local contact by creating a piezopotential at the interface region in the semiconductor by applying
strain. This structure is different from the CMOS design as
follows. First, the externally applied gate voltage is replaced by
an inner crystal potential generated by the piezoelectric effect,
thus, the “gate” electrode is eliminated. This means that the
piezotronic transistor only has two leads: drain and source.
Secondly, the control over the channel width is replaced by a
control at the interface. 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 complimentary 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[25,26] because of the change in bandgap,
charge carrier density and possibly density of states in the conduction band of the semiconductor crystal under strain. This
effect is a symmetric effect on the two end contacts 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 symmetry, 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 negative piezopotential side raises the barrier
height at the local contact of metal n-type semiconductor, possibly changing a Ohmic contact to Schottky contact, a Schottky
contact to “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
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Figure 4. Schematic of (a) an n-channel MOS FET and (b) a semiconductor nanowire FET; Schematic of a piezotronic transistor with tensile strain
(c nd 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.

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.
4.2. Effect of Piezopotential on Metal-Semiconductor Contact
When a metal and a n-type semiconductor form 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 (Figure 5a). Current can
only pass through this barrier if the applied external voltage
is larger than a threshold value (ϕi) and its polarity is positive
at the metal side (for an n-type semiconductor). If a photon
excitation is applied at the interface, the newly generated electrons in the 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 (Figure 5b), which increases the
conductance.
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Once a strain is created in a semiconductor that also has
piezoelectric property, a negative piezopotential at the semiconductor side effectively increases the local SB height to eϕ
(Figure 5c), while a positive piezopotential reduces the barrier height. The role played by the piezopotential is to change
the local contact characteristics effectively 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 tuned/gated at the metal–semiconductor (M–S)
contact. By 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.[27,15] 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 excite 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 effectively
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 complimentary way for controlling the charge
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transport at the interface. This is a coupling between piezoelectricity and photon excitation.[5]

4.3. Effect of the Piezopotential on a p-n Junction
When p-type and a n-type semiconductors form a junction, the
holes at the p-type side and the electrons at the n-type side tend
to redistribute to balance the local potential, the interdiffusion
and recombination of the electrons and holes in the junction
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Figure 5. 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.

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 Figure 6a, 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 screen the piezo-charges
completely. The piezopotential tends to raise the local band
slightly and introduce a slow slope to the band structure.[8] Alternatively, if the applied strain is switched in sign (Figure 6b),
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.
By the same token, if the n-type side is piezoelectric, similar band structure change can be induced from the piezoelectric effect, as shown in Figures 6(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 Figure 7, so that the transport
of the charge carriers across the interface will be significantly
modified. Take the case shown in Figure 7e 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. While for the case of Figure 7f, the
height and width of the barrier at the interface are increased by
piezo charges. As for the case presented in Figure 7b, the local
trapping of holes can be significantly increased, which may be
beneficial for LED. But for the case in Figure 7a, it may have
negative effect on LED efficiency. Therefore, the presence of
piezo charges at the junction can be useful for some optoelectronic processes.
4.4. Piezotronic Transistor and Logic Calculation
A piezotronic transistor is made of a single ZnO NW with its
two ends, which are the source and drain electrodes, being
fixed by silver paste on a polymer substrate (Figure 8A). 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. Utilizing the piezopotential created
inside the NW, the gate input for a NW strain-gated transistor
(SGT) is an externally-applied strain rather than an electrical
signal.[28] IDS–VDS characteristic for each single ZnO-NW SGT is
obtained as a function of the strain created in the SGT (Figure 8A)
before further assembly into logic devices. A NW SGT is defined
as forward biased if the applied bias is connected to the drain
electrode (Figure 8A). 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
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Based on the piezotronic transistor
described above, universal logic operations
such as inverters, NAND, NOR, XOR gates
have been demonstrated for performing
piezotronic logic calculations,[31] which have
the potential to be integrated with the MEMS
technology for achieving advanced and complex functional actions. The key difference
between the logic operations using piezotronics from the CMOS logic units is that
the piezotronic logic is driven and controlled
by strain/deformation, with applications in
human-CMOS interfacing.
4.5. Piezotronic Memory
The external mechanical perturbation
induced strain (εg) acts as the programming input for modulating the hysteretic
I–V characteristics of the piezoelectrically
modulated resistive memory (PRM) cell.[31]
Figure 6. Energy band diagram for illustrating the effect of piezoelectricity on a pn junction that A positive/negative strain is created when
is made of two materials of similar bandgaps. The band diagrams for the pn junction with and the ZnO NW is stretched/compressed (see
without the presence of piezoelectric effect for the four possible cases are shown using dark Supporting Information for calculation of the
and red curves, respectively. The bandgap for the n-type and p-type are assumed to be about strain in the PRM cell). Interesting phenoequal. The effect of reversal in polarity is presented.
mena was observed when a PRM cell experienced straining (Figure 9a). When the PRM
cell
was
tensile
stretched
(ε = 1.17%), the hysteretic switching
strain is created when the NW is stretched/compressed. The
curve
shifted
towards
lower
voltage side by 1.49 V (red line
SGT behaves in a similar way to a n-channel enhancementin Figure 9a); when the cell was compressively deformed (ε =
mode MOSFET, apparently indicating the working principle of
–0.76%), the hysteretic switching curve shifted towards higher
the SGT.
voltage side by 1.18 V (blue line in Figure 9a). Vth,S+, Vth,S0, Vth,S–
The working principle of a piezotronic transistor is illus[
31
]
and Vth,D+, Vth,D0, Vth,D– are the threshold switching voltages for
trated by the band structure of the device.
A strain free
the PRM cell with tensile, zero and compressive strains, respecZnO NW may have Schottky contacts at the two ends with the
tively. The ratios of conductance between LRS and HRS for the
source and drain electrodes but with different barrier heights
PRM cell remain steady at high values (∼105) under different
of ΦS and ΦD, respectively (Figure 8B-a). When the drain is
strains, demonstrating the stable performance of the cell and
forward biased, the quasi-Fermi levels at the source (EF,S) and
its potential feasibility for applications in flexible memory and
drain (EF,D) are different by the value of eVbias, where Vbias is
logic operations. The intrinsic rectifying behavior of the PRM
the applied bias (Figure 8B-b). An externally applied mechancell may solve the sneak path problem as well as reduce the
ical strain (εg) results in both band structure change and piezostatic power consumption, which allows for construction of
electric potential field in a ZnO NW. The former leads to the
large passive resistive-switching device arrays. The changes
piezoresistance effect, a red shift in local photoluminescence[29]
in threshold switching voltages of the PRM cell with different
and an enhanced photocurrent,[30] which is a non-polar and
strains have been plotted in Figure 9b. It can be seen that the
symmetric effect at the both source and drain contacts. Since
change in both the Vth,S and Vth,D almost linearly depends on
ZnO is a polar structure along c-axis, straining in axial direcstrain applied to the PRM cell, while the width of the HRS
tion (c-axis) creates a polarization of cations and anions in the
window (Vth,Si - Vth,Di, where i = +, 0, –) remains almost conNW growth direction, resulting in a piezopotential drop from
+
−
stant for different strain values.
V to V along the NW, which produces an asymmetric effect
The modulation effect of strain on the hysteric switching
on the changes in the SB heights (SBHs) at the drain and
behavior of the PRM cell can then be understood and explained
source electrodes. Under tensile strain, the SBH at the source
using the band-diagram of the working device (Figure 9c). If
side reduces, resulting in increased IDS. For the compressively
the PRM cell is under tensile strain with the Schottky barstrained piezotronic transistor, the sign of the piezopotential is
rier at drain side being forward-biased (V > 0 in Figure 9a),
reversed, thus the SBH at the source side is raised (Figure 8Bthe positive piezoelectric potential resulting from the positive
d), resulting in a large decrease in IDS. Therefore, as the strain
strain-induced polarization charges reduced the SBH at the
εg is swept from compressive to tensile regions, the IDS current
reverse-biased source barrier; while the negative piezoelectric
can be effectively turned from “on” to “off” while VDS remains
potential resulting from the negative strain-induced polarizaconstant. This is the fundamental principle of the piezotronic
tion charges increased the SBH at the forward-biased drain
transistor.
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4.6. Basic Theory of Piezotronic Transistor
We have developed the theoretical frame of
piezotronics by studying the charge transport
across metal-semiconductor contact and p-n
junction with the introduction of piezopotential.[24] Besides numerical calculations, we
have also derived analytical solutions under
simplified conditions, which are useful for
illustrating the major physical pictures of the
piezotronic devices. As for a metal-semiconductor contact, the transported current density under an applied field V is given be:
J n ≈ J D0 exp

Figure 7. Energy band diagram for illustrating the effect of piezoelectricity on a heterostructured pn junction. The band diagrams for the pn 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.

barrier (red line in Figure 9c). Since the I–V characteristic 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 Figure 9a), the SBH
is still reduced at the source barrier while it is increased at the
drain barrier (Figure 9b) 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 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
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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. Therefore,
a measure of Vth directly provides a measure
of the applied strain if the system is properly
calibrated. This is the fundamental mechanism for fabricating strain memory unit.[31]

)[ ( ) ]
exp

qV
−1
kT

(1)
where ρpiezo (x) is density of polarization
charges, Wpiezo is the width of the distribution
zone of the piezo charges at the interface, εS
is the relative dielectric constant. This means
that the current transported across the M-S
contact is an exponential 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.
Alternatively, for wurtzite NWs with c-axis
growth direction, the current density is:
J = J D0 exp

( q e 2εs kTW ) [exp ( qkTV ) − 1] (2)
33 33

pie zo

s

where the axial strain is s33 and is e33 is the piezocoefficient. 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 tuned on or off by controlling strain.

5. Piezo-Phototronics
Based on the analysis in Figures 6 and 7, the presence of the
localized piezoelectric charges at the junction can significantly
affect the behavior of the charge carriers and the corresponding
optoelectronic properties. This is the piezo-phototronic effect,
which is about the consequence of piezopotential on the
generation, transport, separation and/or recombination of
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Once an electron-hole pair is generated at a
p-n junction by photon excitation, the electron tends to move in the n-side away from
the junction, while the hole moves into the
p-side. Owing to the Coulomb attraction
between the electron and hole, they tend to
recombine, resulting in a lower efficiency. If
the energy required for the charge separation
is too high, the electron and hole cannot be
effectively separated. If the energy required
is too low, the electron and hole interaction
tend to make them recombine. Either of the
processes are not beneficial for a high output
solar cell. Therefore, using the modification
of the piezopotential to the p-n junction, we
probably can optimize the band structure at
the interface so that the charges can be effectively separated.[32]
We now use a solar cell based on ZnOP3HT as an example to illustrate the piezophototronic effect on the output.[33] A schematic of the device is shown in Figure 10a.
Long ZnO microwires were chosen because
they are easy to manipulate. 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 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 ZnO wire was not completely covered by the P3HT. The other end of the ZnO
wire was fixed by silver paste, serving as an
electrode. Figure 10b shows an optical image
of a fabricated device, showing that a smooth
Figure 8. Strain-gated transistor (SGT). (A) Current–strain (IDS – εg) transfer characteristic for
ZnO wire was connected by P3HT and silver
a ZnO SGT device with strain sweeping from εg = -0.53% to 1.31% at a step of 0.2%, where
paste on the substrate. The used ZnO micro/
the VDS bias values were 1 V, 0.75 V and 0.5 V, respectively. (B) The band structures of the ZnO
NW SGT under different conditions for illustrating the mechanism of SGT. The crystallographic nanowires have a wurtzite structure and grow
along the [0001] direction by the TEM analysis,
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 as shown in Figure 10c. The short-circuit curelectrodes, respectively. (b) The quasi-Fermi levels at the source (EF,S) and drain (EF,D) of the
rent Isc and Voc under the different strains are
ZnO SGT are split by the applied bias voltage Vbias. (c) With tensile strain applied, the SBH at
shown in Figure 10d and e. The Voc increases
the source side is reduced from ΦS to Φ′S ≅ ΦS-ΔEP. (d) With compressive strain applied, the
and decreases with increasing the compressive
SBH at the source side is raised from ΦS to Φ″S ≅ ΦS+ΔE′P .. Reproduced with permission.[28]
and tensile strains, respectively. However, the
Copyright ACS, 2011.
Isc almost shows a constant value of 0.035 nA
under the different strains.
We calculated the distribution of piezopotential in a single
charge carriers at the junction, and is a three way coupling
ZnO wire with a growth direction of [0001] by using the
among piezoelectricity, semiconductor behavior and photon
Lippman theory, as shown in Figure 11. For simplicity of the
excitation. We now use three examples to illustrate the piezocalculation, we ignore the doping in ZnO so that it is assumed
phototronic effect on solar cell, photodetector and LED.
to be an insulator. The diameter and length of ZnO wire are
1 and 10 μm, respectively. The tensile and compressive strains
are 0.1% and –0.1%, respectively. When the ZnO wire was
5.1. Piezo-Phototronic Effect on Solar Cell
stretched along the c-axial direction, it can create a polarization
of cations and anions along the c-axial direction and result in
5.1.1. Piezopotential on Output Potential
a piezopotential change from V- to V+ along the ZnO wire, as
A solar cell is a process of photon-generated charges, in which
shown in Figure 11a. On the basis of the above discussions and
the charge separation is critical for the conversion efficiency.
calculation of piezopotential, the modulation effect of the strain
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results. When the device of the [0001] type
is under the tensile strain (Figure 11a), the
negative piezopotential is in contact with the
P3HT. The negative piezoelectric polarization
charges at the interface lift the local conduction band level of ZnO, which can result in
a decrease of ΔE and Voc (ΔE – as shown in
Figure 11a). Moreover, for the cases in Figures 11b, the positive piezoelectric polarization charges at the interface can lower the
local conduction band level of ZnO, resulting
in an increase of ΔE and Voc (ΔE+as shown in
Figure 11b).
5.1.2. Piezopotential on Charge Separation in
Heterostructured Core-Shell Nanowire Solar Cell
Epitaxial core-shell NWs grown with different
materials acquire in general elastic strain as a
result of a misfit between the inherent crystal
Figure 9. Stain-modulated hysteretic switching of piezoelectrically modulated resistive memory lattices of the core and shell materials. Such
(PRM) cell. (a) I–V characteristics of ZnO PRM cells under tensile, zero and compressive strains a static and internally built strain can create
respectively. (b) Dependence of threshold voltages on applied strains. Both Vth,S (in red) and Vth,D piezoelectric polarization in the NW. Xu an
(in black) almost linearly depends on strain applied to the PRM cell, while the width of the HRS
co-workers has theoretically investigated the
window remains almost constant for different strain values. (c) Schematic of band-diagram of PRM
cell under tensile strain. Red solid lines represent band-diagrams after tensile strain is applied. Black piezopotential created in a core-shell NW as a
[34,35] and its possibility
dashed lines represent band-diagrams under strain free condition. The color gradient represents result of intrinsic strain
[
31
]
for high-efficient solar cell.[36] A model system
the distribution of piezopotential field. Reproduced with permission. Copyright ACS, 2011.
is a III–V zinc blende (ZB) NWs grown along
the [111] direction and III–V wurtzite (WZ)
on the Voc of the fabricated device, as shown in Figures 10a,
NWs grown along the [0001] direction. The lattice-mismatchcan then be understood and explained by using the band-diainduced strain in an epitaxial core-shell nanowire gives rise to
gram of the P3HT/ZnO heterojunction at the interface. We can
an internal electric field along the axis of the nanowire. This
build the following model for understanding our measured
piezoelectric field results 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-generated electron-hole pairs in the core-shell nanowires
and thus offers a new device concept for solar
energy conversion. 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 technology 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.
Recently, Zheng and Woo have theoretically studied the possibility of using the spontaneous polarization in ferroeledtric nanorods
for enhancing photovoltaic effect.[37] The
materials they have analyzed are based on
Figure 10. (a) Schematic of a fabricated device of the [0001] type. (b) Optical image of the
traditional piezoelectric crystals, such as PZT
fabricated device. (c) A TEM image of a single ZnO nanowire and the corresponding selected
area electron diffraction (SAED) pattern. (d) I–V characteristics of the device under different and BaTiO3. Taking into account the polarizastrain. (e) Dependence of short-circuit current Isc and the open-circuit voltage Vsc on applied tion charge screening in the electrodes and
near-surface inhomogeneous polarization
strain. Reproduced with permission.[33] Copyright ACS, 2011.
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sensitivity of the UV detector especially when
the illumination intensity is rather weak. The
responsively of the 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 illumination onto the wire by introducing a –0.36% compressive strain in the
wire (Figure 12), which effectively tuned the
SB height at the contact by the produced local
piezopotential.[7,38] The sensitivity for weak
light illumination is especially enhanced by
introducing strain, although the strain almost
has little effect on the sensitivity to stronger
light illumination. Our results show that the
piezo-phototronic effect can enhance the
detection sensitivity more than fivefold for
pW levels light detection.

Figure 11. Piezo-phototronic effect on the output of a P3HT/ZnO solar cell. (a) The piezopotential distributions in the stretched device of [0001] type, and the corresponding (b) band diagram of P3HT/ZnO with the presence of negative piezoelectric charges. The blue line indicates
the modified energy band diagram by the piezoelectric potential in ZnO. (c, d) Same as in (a, b)
but under compressive strain. Reproduced with permission.[33] Copyright ACS, 2011.

distribution, they predicted that the photocurrent of the ferroelectric nanorods can be totally controlled by adjusting its size
and states of the polarization “up” and “down”. Again, it will be
exciting to realize these predicted results experimentally.
5.2. Piezo-Phototronic Effect on Photodetector
The basic principle of a photon detector is based on photoelectric effect, in which the e-h pairs generated by a photon
are separated by either a pn junction or a SBH. In such a
case, the SBH is important for the detection sensitivity of the
photon detector. By tuning the SB height in a ZnO wire based
UV sensor through applying a strain, we may improve the
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5.3. Piezo-Phototronic Effect on LED

Effective charge recombination is essential
for LED. We now show that the piezo-phototronic effect can be used to largely enhance
the LED output.[6] Our experiments were carried for a n-ZnO–p-GaN device. A normal force was applied
perpendicular to the pn junction interface, which produces a
tensile strain along the c-axis in the ZnO microwire. 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 (Figures 13a and 13b). 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, indicating 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.
The enhanced LED efficiency is due to piezo-phototronic
effect.[6] Under an assumption of no-doping or low-doping in
ZnO for simplicity, numerically calculated piezopotential distribution in the ZnO microwire shows (Figure 13c) that a negative potential drop is created along its length when the ZnO
microwire is under a-axis compressive strain. The finite doping
in the wire may partially screen the piezoelectric charges, but it
cannot totally eliminate the piezoelectric potential if the doping
level is low, thus a dip in the band is possible. The depletion
width and internal field may be reduced under this additional
component of forward biased voltage. Subsequently, the injection current and emitting light intensity under the same
externally applied forward voltage increase when the device is
strained.

Strain (%)
Figure 12. Piezo-phototronic effect on photon detector. Enhancing
photon detection sensitivity by piezo-phototronic effect. Responsivity of
a ZnO wire UV detector (in units of A/W) as a function of strain under different excitation light intensity on a natural logarithmic scale. Reproduced
with permission.[7] Copyright ACS, 2010.
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5.4. Piezo-Phototronic Effect on Electrochemical Processes
Photoelectrochemical (PEC) processes are the fundamental
of photon water splitting and energy storages. The key to
the PEC efficiency is dictated by the charge generation and
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Figure 13. Piezo-phototronic on GaN/ZnO LED. Enhancement of emission light intensity and conversion efficiency of a (n-ZnO wire)-(p-GaN film)
LED under applied strain. (a) CCD images recorded from the emitting end of a packaged single wire LED under different applied strain (b) Integrated
emission light intensities from the data shown in (b), showing a huge increase in the emission intensity 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. (c) 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 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 image at the ZnO side represents the driving effect of piezopotential to the movement of the charge carriers. Reproduced
with permission.[6] Copyright ACS, 2011.

separation processes. The basic PEC process can be illustrated
in Figure 14. The system is made of a n-type semiconductor
that is directly interfacing with an electrolyte. The counter electrode 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 excited
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 oxidation 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
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Figure 14. Basic principle of a photoelectrochemical process expressed
using band diagram.
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Figure 15. Piezo-phototronic effect 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.
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Figure 16. Schematic diagram showing the three-way coupling among piezoelectricity, photoexcitation and semiconductor, which is the basis of piezotronics (piezoelectricity-semiconductor coupling), piezophotonics (piezoelectric-photon excitation coupling), optoelectronics, and piezo-phototronics
piezoelectricity-semiconductor-photoexcitation). Potential applications of piezotronics and piezo-phototronics and nanogenerators are projected,
which are important future directions and fields in research and applications.

the process of converting photon energy into electricity through
a redox process.
For the process shown in Figure 14, the drift of the hole
from the semiconductor to the electrolyte will be impossible
if 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 (Figure 15a). 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
lifted up so that it is close to the oxidation potential EOx, as
shown in Figure 15b, 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.

4644

wileyonlinelibrary.com

Alternatively, by switching the strain to a compressive
strain in the film, the local piezopotential at the electrolyte interface is high, as shown in Figure 15c, 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 flattered 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 the threshold voltage and increases the
local resistance. All of these processes can largely reduce the
efficiency of PEC. The expected results from Figure 15 has
recently been observed by Shi et al.,[39] who showed the strain
dependence of the output photocurrent in a ZnO film based
PEC solar cell.

5.5. Theory of Piezo-Phototronics
We have developed the theoretical frame of piezo-phototronics
by studying the photon emission at the p-n junction and
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Figure 17. A “tree” idea for summarizing the fields of nanogenerator, hybrid cell for harvesting multi-type energies,[42–45] self-powered system, piezotronics, piezo-phototronics and possibly 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.

the photon detector in the presence of local piezoelectric
charges.[40,41] The analytical results under simplified conditions are derived for understanding the core physics of piezophototronic devices, and numerical models are developed for
illustrating the photon emission process and carrier transport
characteristics of the piezoelectric LED in a practical case. The
theoretical results support the experimental data and our physical pictures for the piezo-phototronics. The theory not only
establishes the solid physical background of piezo-phototronics,
but also provide theoretical support for guiding experimental
design.

6. Summary and Outlook
Today’s electronics and optoelectronics are mostly based on Si,
II–VI and III–V compound semiconductor materials, with a

Adv. Mater. 2012, 24, 4632–4646

focus on CMOS technology, LEDs, photon detectors, and solar
cells. Piezoelectricity, on the other hand, relies on PZT type
of perovskite materials, which are not popularly used for electronics and optoelectronics. Owing to the gigantic difference
in materials systems, the overlap between piezoelectricity and
optoelectronics is rather limited. With the use of wurtzite materials, such as ZnO, GaN and InN, which simultaneously have
piezoelectric and semiconductor properties, we have coupled
piezoelectricity with optoelectronic excitation processes and
coined a few new fields (Figure 16).[8] 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 using the
piezopotential as a “gate” voltage to tune/control charge carrier transport at a contact or junction. Piezo-phototronic effect
is to use the piezopotential to control the carrier generation,
transport, separation and/or recombination for improving the
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performance of optoelectronic devices, such as photon detector,
solar cell and LED.
We have devoted over twelve years to studying ZnO nanostructures. Our systematic studies and the field coined can be
summarized using a “tree” structure, as shown in Figure 17.
The fundamental “root” of all these fields is: the piezopotential and semiconductor as the basic physics, and the 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 nanoscale piezo-physics can be explored.
It may be possible to use doped PZT perovskite type structures
for such studies.
Piezotronics are likely to have important applications 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, hearing and balance, and pain is the conversion of mechanical stimuli into
neuronal signals. We anticipate the near future applications
of piezotronics and piezo-phototronics in sensor network,
bioscience, human-machine interfacing and integration, and
energy sciences.
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