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KEYWORDS Summary Due to the polarization of ions in a crystal that has non-central symmetry in
piezoelectric-semiconductors such as ZnO, GaN and InN, piezoelectric polarization charges are
Piezotronics; created at the interface region by applying a strain, which created a potential (piezopotential)
Piezo-phototronics; in the crystal. Piezotronics is about the devices fabricated using the piezopotential as a “‘gate’’
LED; 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 solar
cell and LED. Starting from the fundamental physics principles, this article gives an updated
review about the fabrication of array of piezotronic devices so that they can be integrated
into a system for achieving specific functions as sensors and MEMS. This first demonstration of
fabricating array of piezotronic devices and integrated them into a system is a major milestone
in nanotechnology, and it represents one of the promising directions of nanoelectronics.

© 2013 Elsevier Ltd. All rights reserved.

Piezopotential;

Sensors

Introduction

Enabling technologies for developing electronics with tun-
able functionalities are critical to emerging applications in
consumer electronics, prosthetic devices, robotics, surgi-
cal instruments and biomedical therapy/treatments [1—7],
in which the active and adaptive interactions between
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for interacting with or controlling the electronics in
micro/nano-systems [8—10]. It is, however, not facile to
directly interface mechanical actuations using silicon elec-
tronics, nor is it straightforward to utilize these mechanical
sources to control electronic devices. Producing polarization
charges in response to mechanical deformation due to the
linear coupling between mechanical and electrical states
in materials which lack inversion symmetry, piezoelec-
tric effect has been widely utilized for electromechanical
sensing, actuating and mechanical energy harvesting [11].
Nevertheless, conventional piezoelectric materials such as
perovskite-structured Pb(Zr,Ti;_,)O; (PZT) and polyvinyli-
dene fluoride (PVDF) are electrically insulating and hence
not feasible for constructing functional electronics. The
influence of mechanically induced polarization charges on
charge carriers in piezoelectric materials has consequently
been long overlooked. Semiconductor materials such as ZnO,
GaN and CdS with wurtzite or zinc blende structure also
possess piezoelectric properties but are not as extensively
utilized in piezoelectric sensors and actuators due to their
relatively small piezoelectric coefficients [12]. The coupling
of piezoelectric polarization with semiconductor properties
in these materials has resulted in both novel fundamen-
tal phenomenon and unprecedented device applications,
leading to the increasing research interests in the emerg-
ing field of piezotronics since its first introduction in 2006
[8,9,13,14]. The core of piezotronics lies in the fact that
strain-induced polarization charges at interface can effec-
tively modulate the local interfacial band structure and
hence the charge carrier transport across junction/contact
formed in piezoelectric semiconductor devices, by exert-
ing substantial influence on the concentration/distribution
of free carriers and interfacial electronic charged states in
the device. The fundamental of piezotronics was reviewed
previously [12]. This paper intends to provide a review on
the fundamental physics involved, recent progress achieved
and application prospects in the research of piezotronics.
Our specific emphasis is on the paradigm shift of fabricating
single devices to an array of devices for building integrated
system. This is a milestone progress in the field of nanotech-
nology.

Fundamental physics of piezotronics

Piezoelectric polarization in strained ZnO

Zinc oxide is used as the modular material system to elabo-
rate the fundamental effect in piezotronics. It is chosen not
only because it is a representative piezoelectric semicon-
ductor material, but also for its easy, low-cost and controlled
synthesis at low temperature. The same principle applies to
other piezoelectric semiconductors, such as GaN, InN, CdS
and more. The absence of inversion symmetry gives rise to
non-mobile piezoelectric polarization charges at the inter-
faces in wurtzite-structured ZnO crystal upon mechanical
straining. The effect of piezoelectric polarization can be
partially screened by the moderate-level doping, but can-
not be completely diminished due to the dielectric property
of the material. These interfacial ionic charges are capa-
ble of inducing considerable modulation to charge carrier

Figure 1  Strain-induced polarization in piezoelectric semi-
conductor. (a) Left, distribution of piezopotential along a
ZnO NW under axial strain calculated by numerical meth-
ods. (Reprinted with permission from [15]. Copyright 2009
AIP Publishing LLC.) (b) Numerical calculation results of the
piezopotential distribution in an n-type ZnO NW consider-
ing finite doping with donor concentration of 1 x 107 cm=3.
(Reprinted with permission from [17]. Copyright 2009 Ameri-
can Chemical Society.). (c) Numerical calculation results of the
piezopotential distribution when the acceptor concentration in
the ZnO NW is 1 x 10'7 cm—3. (Reprinted with permission from
[20]. Copyright 2009 American Chemical Society.) The color gra-
dient represents the distribution of piezopotential in which red
indicates positive piezopotential and blue indicates negative
piezopotential. The growth direction of the NW is along c-axis.
(For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of the article.)

distribution in ZnO and the adjacent semiconductor/metal
which forms junction/contact with ZnO [8].

Theoretical investigation has been performed on the dis-
tribution of electric field (i.e. piezopotential) induced by the
piezoelectric polarization in strained ZnO nanowire (NW).
Axially strained NW with its two ends in contact with metal
electrodes on the flexible substrate constitutes the most
common configuration for ZnO NW based piezotronic device.
The dimension of NWs is orders of magnitude smaller than
that of the substrates so that the mechanical behavior of
the entire device is dictated by the substrate. By ignor-
ing the body force and free charge carriers in the NW for
simplicity, the piezopotential is found to distribute continu-
ously in the NW along the straining direction, indicating that
electron energy also varies monotonically from one end of
the NW to the other [15] (Fig. 1a). The as-synthesized ZnO
nanostructures are, however, intrinsically n-type doped with
a typical donor concentration ~10"7 cm—3 [16]. Considering
the statistical electron distribution, the electrical field dis-
tribution in a strained ZnO NW with moderate charge carrier
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density can be calculated, indicating that free electrons
tend to accumulate at the positive piezoelectric polarization
side and partially screen the effect of the positive polariza-
tion charges at thermal equilibrium [17] (Fig. 1b), which
is consistent with the experimental observation [18,19].
Recent efforts also demonstrate stable p-type doping is fea-
sible for ZnO nanostructures due to the dislocation-free
volume and the presence of high concentration of vacan-
cies near the surface of the NWs [20—24]. With finite p-type
doping, the holes tend to accumulate at the negative piezo-
electric polarization side and partially screen the effect of
the negative polarization charges at thermal equilibrium
[20] (Fig. 1c).

Piezotronic effect

Piezotronic effect describes the modulation of charge car-
rier transport across metal-semiconductor (M-S) barrier or
p—n junction by mechanical deformation, which results
from the redistribution of free carriers and alteration
of band structure near the interface due to the exist-
ence of strain-induced polarization charges [8,9,12,25—-27].
Electronic devices fabricated by utilizing these interfacial
piezoelectric polarization charges as ‘‘gate’’ controlling sig-
nal is piezotronics, which is fundamentally different from
electrically gated field effect transistor (FET). Intensive
efforts have been devoted to derive analytical expressions
for unveiling the underlying principle of piezotronics and
the electromechanical properties of piezoelectric NWs have
also been investigated in details [28,29]. The piezotronic
effect in M-S contacts and p—n junctions is to be discussed
in details and brief overview of the corresponding analyti-
cal results will be provided as well to facilitate quantitative
understanding of the effect.

Effect of piezoelectric polarization on M-S contact

M-S contact is a fundamental structure in semiconductor
electronics and optoelectronics [30]. When metal and semi-
conductor come into contact, a significant redistribution
of charge takes place due to the overlap of wave func-
tions from both the metal and semiconductor [31,32]. The
alignment of Fermi levels on either side of the interface
results in a net charge transfer and an abrupt discontinu-
ity or energy barrier is induced at the interface, which is
the Schottky barrier with barrier height of e¢g,. Schottky
barrier height (SBH) is a measure of the mismatch of
energy levels for majority carriers, which dictates the
transport of charge carriers across M-S interface and is
critical for operation of related semiconductor device. For
Schottky barrier formed between piezoelectric semiconduc-
tor and metal, the strain-induced negative piezoelectric
polarization charges induced at the semiconductor side near
the barrier interface can repel the electrons away from
the interface, resulting in further depleted interface and
increased local barrier heights (Fig. 2a); while the positive
piezoelectric polarization charges created at the semicon-
ductor side can attract the electrons toward the interface,
giving rise to less depleted/accumulated interface and
hence decreased local barrier heights (Fig. 2b) [12,33].
The strain-induced polarization charges can hence directly
affect the local contacts at the metal-semiconductor

interfaces and the transport of charge carriers across the
M-S contact by exerting substantial influences on the con-
centration/distribution of free carriers in semiconductors
and on modulation of electronic charge in interface states
or metal, depending on the crystallographic orientation of
the piezoelectric semiconductor material and the polarity
of the applied strain [9,12,8].

By ignoring the surface states and other anomalies, char-
acteristics of M-S contact (i.e. space charges distribution,
electric field and energy band) with the presence of piezo-
electric polarization charges at thermal equilibrium are
shown in Fig. 2. The strain-induced polarization charges at
the interface change not only the SBH but also the width
of depletion region. The carriers transport in M-S contact is
dominated by the following expression [34],

Jha~Jdp- [exp (Z\_;) — 1}

where Jpv &~ @*D,NC - (KT) ™" - \/[2qNp (Vi — V) - &5 '] -
exp[—gesn - (kT)™'] is the saturation current density, &
is the permittivity of the semiconductor material, D, is
the diffusion coefficient for electrons, N¢ is the effective
density of states in the conduction band and Njp is the
donor concentration in the semiconductor. The effect of
piezoelectric charge can be considered as perturbation to
the conduction-band edge and corresponding effective SBH
is then derived as égn = dgno — G PpiezoWpiezo?(265) ™", where
piezoelectric polarization charges distribute in the region
with width of W,;e,, near the barrier interface, ¢gno is the
SBH without the polarization charges [28]. The current
density across the Schottky barrier can hence be rewritten
as

Jn ~ Jpo - eXP[qZPpiezo ngezo(ZkTes)q] -exp[qV - (I(Tr1 —-1].

where Jp is the saturation current density when no piezo-
electric polarization charge is introduced. If the induced
strain is s33 along the c-axis of ZnO NW, the piezoelectric
polarization can be obtained from P, = €33533 = Gopiezo Wpiezo,
where ppiezo represents the density of induced piezoelectric
polarization charges. Consequently, the current density can
be expressed as

J ~ Jpo - explqessssWhiezo - (2kTes) '] - exp[qV - (KT) ™' —1].

This manifests the dependence of current transported
across the M-S interface on both the magnitude and polar-
ity of induced strain, which is the fundamental mechanism
of piezotronic devices such as strain-gated transistors
[6,35,36].

Effect of piezoelectric polarization on p—n junction

A p—n junction consists of two semiconductor materials with
opposite doping type is another critical component in mod-
ern electronics and optoelectronics [37]. The inter-diffusion
of holes/electrons when forming the junction creates the
charge depletion zone which is void of mobile carriers. As
per previous discussions, the presence of such a carrier
depletion zone can significantly enhance the electrostatic
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Figure 2

Schematic of energy diagram, space charges distribution and electric field illustrating the effect of piezoelectric polar-

ization on modulating the M-S contact characteristics. (a) With tensile strain applied, the negative piezoelectric polarization charges
induced near the interface (symbols with ‘*—’’) increases the local SBH. (b) With compressive strain applied, the positive piezo-
electric polarization charges induced near the interface (symbols with ‘*+’’) decreases the local SBH. The band diagrams for the
M-S contact with and without the presence of piezoelectric charges are shown using solid and dashed curves, respectively. Black

dots represent the free charge carriers in the bulk semiconductor.

effect of the piezoelectric polarization charges due to
the negligible screening by regional residual free carriers
[12]. For simplicity, the case for p—n homojunction with
n-type material piezoelectric is discussed here (Fig. 3). The
strain-induced positive piezoelectric polarization charges
in the n-type region adjacent to the junction interface
attract the negatively charged screening charges (e.g.
electrons) toward the interface, resulting in the trapping
or accumulation of electrons close to the interface and the
downward bending in the local band profile (Fig. 3a) [12].
Conversely, the negative piezoelectric polarization charges
created in the n-type region close to the junction interface
can repel the electrons away from the interface, resulting
in the depletion of electrons adjacent to the interface and
the upward bending in the local band structure (Fig. 3b)
[12]. To quantitatively understand this effect on the |-V
characteristics of piezoelectric p—n junctions, an abrupt
junction model is used here, in which the impurity concen-
tration in a p—n junction changes abruptly from acceptor
N, to donor Np [37]. The built-in potential is given by

Yboi =q - (255)_1 : (NAWEP + )Opr‘ezowgiezo + NDW[%n)a

where Np(x) is the donor concentration, N,(x) is the accep-
tor concentration, Wp, and Wp, are the depletion layer
widths in the p-side and the n-side, respectively [28]. This
suggests that the change in built-in potential can be mod-
ulated by the strain-induced piezoelectric charges. For a
simple case in which locally pno > npo, Where pyo is the ther-
mal equilibrium hole concentration in n-type semiconductor
and ny is the thermal equilibrium electron concentration
in p-type semiconductor, the total current density of the
p—n junction based piezotronic transistor is given by

J = Jco - €XPIG” ppiezoWiero(2KTes) "1 - explqV x (kT) ™" — 1],

where J¢ is the saturation current density with the absence
of piezoelectric polarization [28]. This shows that the
current transported across the p—n junction depends
on the density of strain-induced polarization charges as
well as the polarity of applied strain. More complicated
situations involving p—n heterojunctions can be discussed
accordingly. Similar discussions can also be extended
to cases including p-type piezoelectric semiconductor
materials.
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Figure 3

Schematic of energy diagram, space charges distribution and electric field illustrating the effect of piezoelectric polar-

ization on modulating the p—n junction characteristics. With strain applied, the piezoelectric polarization ionic charges are induced
near the junction interface. The color gradients in (a) and (b) indicate the distribution of piezopotential, with red representing
positive piezopotential and blue representing negative piezopotential. The band diagrams for the p—n junction with and without
the presence of piezoelectric charges are shown using solid and dashed curves, respectively. Black dots and empty circles represent
the free charge carriers in semiconductor. Symbols **+’’ and **—’’ represent the ionized donors and acceptors in respective regions.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Piezotronic device based on n-type
nanomaterials

Mechanical straining of ZnO NWs can induce the piezoelec-
tric polarization, which may act as the controlling signal for
gating the charge carriers transport in piezotronic devices
such as strain-gated electromechanical switch and diode
[38—40]. Following these preliminary demonstrations, more
complex functionalities have been subsequently achieved
by coupling the piezoelectric polarization with electrical
transport in semiconductors. The strain-induced polariza-
tion can also tune the sensitivity of Schottky-barrier based
nanostructured sensors.

Strain-gated piezotronic logic devices

By replacing the external gating voltage with the piezo-
electric polarization charges for controlling the charge
transport, the fundamental principle and implementa-
tion of two-terminal strain-gated piezotronic transistors
have been presented [6,35,41]. The strain-induced polar-
ization charges are also capable of modulating channel

conductivity of electronics heterogeneous to the piezotronic
device [42].

A strain-gated transistor (SGT) can be made of a sin-
gle ZnO NW with its two ends being fixed by source and
drain electrodes on a flexible substrate (Fig. 4a). The exter-
nal mechanical perturbation induced strain (&) 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. The Ips—e, curves at a fixed
Vs show that Ips increases as the gate strain g, increases
and the threshold gate strain ¢r is around 0.08% (Fig. 4b).
An externally applied mechanical strain (gg) results in both
the strain induced band structure change and piezoelectric
polarization charges at reversely biased Schottky contact
formed between ZnO NW and electrode. The change in
band structure leads to the piezoresistive effect, which
is non-polar and symmetric at both the source and drain
contacts. Since ZnO is a polar structure along c-axis, strain-
ing in axial direction (c-axis) induces the polarization of
cations and anions and the asymmetric modulations on the
SBHs at the drain and source electrodes. As the strain g
is swept from compressive to tensile regions, the Ips cur-
rent can be effectively modulated from ‘‘on’’ to ‘‘off’’.
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Figure 4 Single ZnO NW strain-gated transistor (SGT). (a)
Ips—Vps output characteristic for a ZnO SGT device. (b) Ips—¢q
transfer characteristic for the same ZnO SGT device under three

different Vps bias values: 1V, 0.75V and 0.5 V.
Reprinted with permission from [35]. Copyright 2010 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim.

A better illustration of the basic concept of piezotronics is
shown in Fig. 5 by comparing SGT with conventional metal-
oxide-semiconductor-field-effect transistor (WOSFET) [43].
Piezotronic strain-gated complementary logic gates can then
be built by packaging two n-type ZnO NW SGTs on top and
bottom surfaces of the same flexible substrate. Universal
logic units such as inverters, NAND, NOR, XOR gates have
been demonstrated for performing piezotronic logic calcu-
lations, which possess the potential for integration with
MEMS technology to achieve advanced and complex func-
tional actions [35]. More complex piezotronic computation
such as one-bit binary addition by half-adder, which operates
over the input mechanical strains with corresponding com-
putation results provided in electrical domain, has recently
been demonstrated using GaN nanobelt-based strain-gated
piezotronic logic devices [43].

Piezotronic electromechanical memories

The piezoelectrically modulated resistive switching device
based on ZnO NW has been demonstrated utilizing
piezotronic effect, through which the write/read access
of the memory cell can be programmed via electrome-
chanical modulation [34]. Adjusted by the piezoelectric

polarization charges created at the semiconductor/metal
interface under externally mechanical deformation, the
resistive switching characteristics of the memory can
be controllably modulated, and the logic levels of
the mechanical strain can be recorded and read out
electrically.

The external mechanical perturbation induced strain (&)
acts as the programming input for modulating the hysteretic
I—V characteristics of the piezoelectrically modulated resis-
tive memory (PRM) cell. When the PRM cell was tensile
stretched (¢ =1.17%), the hysteretic switching curve shifted
toward lower voltage side by 1.49V (red line in Fig. 6a);
when the cell was compressively deformed (¢=—0.76%),
the hysteretic switching curve shifted toward higher volt-
age side by 1.18V (blue line in Fig. 6a). Vins:, Vinso, Vins-
and Vinp+, Vinpo, Vin,p- are the threshold switching voltages
for the PRM cell under tensile, zero and compressive strains,
respectively. The ratios of conductance between low resis-
tance state (LRS) and high resistance state (HRS) for the
PRM cell remain steady at high values (~10°) under dif-
ferent strains. The changes in threshold switching voltages
of the PRM cell with different strains have been plotted in
Fig. 6b. It can be seen that the change in both the Vi, s and
Vin,p almost linearly depends on strain applied to the PRM
cell, while the width of the HRS window (Vi si—Vin,pi, Where
i=+0, —) remains almost constant for different strain values.
The modulation effect of strain on the hysteric switching
behavior of the PRM cell can then be explained using the
band-diagram of the working device (Fig. 6c). If the PRM
cell is under tensile strain with the Schottky barrier at
drain side being forward-biased (V>0 in Fig. 6a), the posi-
tive strain-induced polarization charges reduced the SBH at
the reverse-biased source barrier; while the negative polar-
ization charges increased the SBH at the forward-biased
drain barrier (red line in Fig. 6c1). Since the I-V charac-
teristic is dictated by the reversely biased source barrier,
the existence of strain-induced piezoelectric polarization
charges results in the shift of switching threshold voltage
from Vi so to Vin s, indicating only a smaller bias is required
to switch the PRM cell from HRS to LRS state. Conversely,
if the Schottky barrier at drain side is reverse-biased (V<0
in Fig. 6a), the SBH is still reduced at the source barrier
while it is increased at the drain barrier (Fig. 6c2) since
the polarity of the strain did not change, and hence the
piezoelectric polarization charges remained negative and
positive at source and drain barriers, respectively. The |-V
characteristic is now dictated by the reversely biased drain
side in this case, and a shift of switching threshold voltage
from Vin,po to Vinp. 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 strain to the PRM cell, the shift of switch-
ing threshold voltage from Vinso to Vins. and Vinpo to Vinp.
can be explained. The PRM can further function as an elec-
tromechanical 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 logic levels of the strain
in the cell, by monitoring the characteristic patterns in the
output current. A quantitative analysis of the magnitudes
of the output currents can give the absolute values of the
strains stored in the PRM cells [44].
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Figure 5 Comparison between traditional FET and strain-gated transistor (SGT).
Reprinted with permission from [43]. Copyright 2013 American Chemical Society.

Figure 6 Stain-modulated hysteretic switching of PRM cell. (a) /-V characteristics of ZnO PRM cells under tensile, zero and
compressive strains respectively. (b) Dependence of threshold voltages on applied strains. (c) Schematic of band-diagram of PRM
cell under tensile strain. (c1) Schottky barrier 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-diagrams under strain
free condition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)
Reprinted with permission from [44]. Copyright 2011 American Chemical Society.
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Figure 7

(a) Top, working principle of the traditional NW sensor, which detects the species under the conrol of a ‘‘floating

gate’’ introduced by the adsorption and desorption of the detected species. Bottom, working principle of the ZnO micro/nanowire
Schottky-contacted sensor with the signal current enhanced by piezotronic effect. (Reprinted with permission from [49]. Copyright
2013 American Chemical Society). (b) 3D surface graph indicating the current response of the ZnO NW glucose sensor under different
strains and glucose concentrations. (Reprinted with permission from [48]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.) (c) 3D graph depicting the current response of the ZnO NW oxygen sensor under different strains and oxygen pressures
at a bias voltage equal to 1V. (Reprinted with permission from [51]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Biochemical and gas sensors enhanced by
piezotronic effect

Schottky-contact based nanodevices have recently been uti-
lized for ultra-violet (UV), gas, and biochemical sensing with
enhanced sensitivity and improved response time compared
to Ohmic-contact devices [45—47]. Unlike Ohmic-contacted
sensors, in which the sensitivity is dictated by bulk chan-
nel modulation due to adsorbed species, Schottky-contacted
sensors are implemented by tuning local SBH at interface via
adsorption of surface charged/polar species (Fig. 7a). The
sensitivity of the sensor relies on the optimization of SBH,
because too large SBH blocks the current to flow through
and hence renders the measurement difficult (e.g. low
signal-to-noise ratio), while too small SBH makes the device
insensitive to variation of adsorbed species. In devices
built from piezoelectric semiconductors, the strain-induced
polarization can also modulate the SBH at the local inter-
face effectively [8,9]. It has been recently demonstrated
that the sensitivity of the Schottky-contacted sensors can be
modulated by piezoelectric polarization via the piezotronic
effect [48—51]. The performance of the ZnO NW based

glucose sensor was generally enhanced when applying a
—0.79% compressive strain on the device, and the mag-
nitude of the output signal was increased by more than
200%; the sensing resolution and sensitivity of sensors were
improved by more than 200% and 300%, respectively (Fig. 7b)
[48]. Similar principle has been applied to improve the
performance of a ZnO NW protein sensor in which the sensi-
tivity is increased by more than 50 times under compressive
strain (approx. —0.82%). Furthermore, the piezoelectric
polarization in the micro/nanowire leads to a non-uniform
distribution of the target species (e.g. biomolecules and gas
molecules) at the micro/nanowire surface owing to electro-
static interaction, which may further improve the detection
limit of the sensors. Although gigantically enhanced perfor-
mance has been achieved in Schottky-contact gas sensors
[47], these sensors still need to work at elevated tempera-
ture (175—300°C) which limits their utilizations in portable
biomedical applications. The modulation and optimiza-
tion of SBH via strain-induced polarization offers alternate
approach for engineering sensing capability of NW based gas
sensor at room temperature[51]. Under the positive bias,
the relative current change at oxygen pressures from 16 to
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Figure 8 Observation of the piezotronic effect in a 0.2% Sb doped NWs. (a) I—V curves of the wire under different levels of
strain show modulation of device conductivity by mechanical strain. Inset shows the measured current and calculated change in
Schottky barrier height as a function of strain at two fixed drain biases. (b) Positive drain bias on the NW causes the source and drain
quasi-Fermi levels (Ers and Efp) to shift based on the level of the applied voltage. Tensile strain will induce negative piezoelectric
polarization charges (blue **—*) near the interface of drain contact, attracting free holes, lowering the local Schottky barrier height,
and increasing current. Compressive strain will induce positive piezoelectric polarization charges (red ‘*+’’) near the interface of
the drain contact, depleting free holes, increasing the local Schottky barrier height, and decreasing current. (For interpretation of

the references to color in this figure legend, the reader is referred to the web version of the article.)
Reprinted with permission from [23]. Copyright 2013 American Chemical Society.

700 Torr enhances from —55.4% to —75.4%, respectively, as
the applied tensile strain increases from 0 to 0.2% (Fig. 7c).
Under the negative bias, the relative current change at oxy-
gen pressures from 16 to 700 Torr increases from —87.3% to
—93%, respectively, as the applied tensile strain increases
from 0 to 0.2%. This enhancement of sensitivity is mainly
due to the changed SBH by piezoelectric polarization. The
principle shown here can also be extended to other sensing
applications for improving the sensitivity, sensing resolution
and the performance.

Piezotronic device based on p-type
nanomaterials

Almost all the existing piezotronic devices were fabricated
using intrinsically n-type ZnO and few studies of piezotron-
ics based on p-type materials, especially p-type ZnO, have
been done. In order to develop a full understanding of
the piezotronics theory and enable novel piezotronic appli-
cations in electronics and optoelectronics, it is essential
to investigate the feasibility of p-type piezoelectric semi-
conductors for piezotronics.

The successful growth of ultra-long Sb-doped p-type ZnO
NWs was recently demonstrated using a low-temperature
solution growth method [23]. Electrical transport mea-
surement confirmed clear p-type characteristics for both
0.2% and 1% Sb-doped ZnO NWs. The electrical transport

characteristic of 0.2% doped sample was re-measured after
two months, demonstrating stable p-type behavior. The
first p-type ZnO NWs based piezotronic transistors were
then developed, which extends the concept of piezotron-
ics and its potential applications in flexible electronics and
optoelectronics. /-V characterization of the as-fabricated
two-terminal device was obtained when the device was sub-
ject to different strains. Corresponding results shown in
Fig. 8a indicate that transport properties of the devices can
be modulated by the applied mechanical strain. The polar-
ity of the applied bias is with respect to drain electrode. For
positive drain bias, the current through the device increased
under tensile strain, and decreased with compressive strain.
Conversely, under negative drain bias, the current increased
under compressive strain and decreased with increased ten-
sion. The ‘‘gating’’ effect of external strain on charge
carrier transport in p-type ZnO NW piezotronic devices is
demonstrated more explicitly in the inset of Fig. 8a. The
corresponding strain-induced change in SBH demonstrates a
change of 53meV in SBH at drain contact with an applied
compressive strain of 0.68%. The band diagrams of p-type
ZnO NW piezotronic device are shown in Fig. 8b to better
explain the underlying working mechanism. For the case of
positive drain bias (Fig. 8b), the drain contact is reversely
biased, so A®4 dictates the charge carrier transport. When
tensile strain is applied to the device, negative piezoelec-
tric polarization charges are induced at the drain contact.
If the doping level inside the NW is finite, these immobile
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ionic charges will only be partially screened and can attract
the majority charge carriers (i.e. holes) toward the M-S
interface, which decreases the SBH at the drain contact
(P'g< Py). At the same time, positive piezoelectric polar-
ization charges are induced at the source contact, which
results in an increased SBH at the source contact (&'s > @s).
When compressive strain is applied to the device, on the
other hand, positive piezoelectric polarization charges are
induced at the drain contact, which depletes holes near
the M-S interface and increases the SBH at drain contact
(@"4> Dg). Simultaneously, negative piezoelectric polariza-
tion charges are induced at source contact, lowering the
SBH at source contact (@”s < &;). This leads to the observed
I—V curves shown here, in which the applied mechanical
strain functions as the controlling gate signal to modulate
the carrier transport in p-type ZnO NWs based piezotronic
transistors.

Piezotronic effect in thin films based
structures

Although 1D nanostructures are promising building blocks
for future electronics, technical difficulties in implemen-
ting 1D nanostructures based devices hinder theirimmediate
applications. Despite the numerous techniques reported for
bottom-up synthesis of 1D semiconductor nanostructures
[52—56], the lack of uniformity in as-synthesized materi-
als, in terms of dimensions, morphologies and doping levels,
leads to performance inconsistency from device to device.
Moreover, the techniques currently available for positioning,
aligning and integrating as-synthesized 1D nanostructures
are either cumbersome or incompatible with state-of-art
microfabrication technologies. Specifically for piezotronic
applications, determination and engineering control of
the polar axis orientation in as-synthesized nanomaterials,
which still remains elusive, is of pivotal importance for fur-
ther integration. On the other hand, piezotronic effect is
prospected to be a pervasive effect [8] and also exists in
various semiconductor nanomaterials such as GaN, ZnSnO;
and CdS [41,57—61]. Moreover, the success of semiconductor
technology is enabled by thin-film processing that provides
engineering control over material properties as well as
scalable integrated fabrication processes. Investigating and
utilizing piezotronic effect in thin film based material sys-
tems can hence potentially circumvent the limitations posed
by 1D nanostructures and fully appreciate the state-of-art
microfabrication technologies.

The first attempt to investigate piezotronic effect in
RF-sputtered ZnO thin films was recently performed [62].
ZnO thin film with controllable property was grown via
RF sputtering on flexible substrates. The characteriza-
tion result indicates that (0001), corresponding to the
c-axis of wurtzite ZnO, is the preferred growth direction
and suggests that the as-grown film consists of multiple
mesoscopic columnar grains. The alignment of the c-axes
within these columnar grains gives rise to macroscopically
observed piezoelectricity of the ZnO polycrystalline thin
film. Piezoelectric tests were performed to determine the
polarity of the film and it is found that properties of the
substrates are crucial in dictating the piezoelectric polar-
ity of the RF-sputtered ZnO thin film [62]. To explicitly

Figure 9  (a) -V curves under different strains were obtained
from a thin-film piezotronic device with Schottky contact elec-
trodes. (Reprinted with permission from [62]. Copyright 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.) (b) Strain-
modulated photovoltaic performance of ZnO thin film/P3HT

hybrid solar cell.
Reprinted from [63], with permission from Elsevier. Copyright

2013 Elsevier Ltd.

demonstrate the ‘‘gating’’ effect of external strain on
modulating the charge carrier transport in ZnO thin film
piezotronic device, current values (/) in device under var-
ious strains were monitored at fixed bias. Iy was the current
flowing through the device when no strain was applied. The
conductivity of the entire thin film device is dictated by the
reversely biased contact and the effective conductivity of
the device is sensitive to the change in SBH at that spe-
cific contact. Different from previous piezotronic devices
based on 1D nanomaterials in which metal-semiconductor
contacts are formed at the two opposite polar surfaces, both
source and drain electrodes in the ZnO thin film piezotronic
devices are in contact with the same surface of as-deposited
Zn0 film, and hence piezoelectric polarization charges with
same polarity will be induced at both Schottky contacts
when external strain is applied. This leads to the observed
|-V curves (Fig. 9a) in which same modulation trend of
applied strain on conductivity can be observed when either
source or drain side is reversely biased. As pointed out
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earlier, this may help circumvent the difficult and elusive
predetermination of c-axis orientation for 1D nanostruc-
tures and significantly simplify the further integration. It
is also demonstrated that UV sensing capability of as-
fabricated thin film based piezotronic device can be tuned
by piezoelectric polarization charges, showing significantly
enhanced sensitivity and improved reset time under tensile
strain [62]. More recently, the influence of strain-induced
polarization in thin-film ZnO/P3HT solar cell system has
been investigated in details study, showing that the overall
solar cell performance can be controllably tuned by varying
the applied strain (Fig. 9b) [63]. Considering the techno-
logical compatibility, piezoelectric semiconductor thin films
could be the excellent alternative to 1D counterpart for real-
izing piezotronic applications. and broadening the scope of
piezotronics to extend its potential applications in sensors
[38,49,50,57—59], electronics [35,36,44], optoelectronics
[60,61,63—69] and human—machine interfacing [6].

System integration of large-scale array
piezotronic devices

The rapid advancement in micro/nanotechnology is gradu-
ally shifting the focus from demonstrating discrete devices
to developing integrated system of certain complexity via
state-of-art micro/nano-fabrication technologies. Design-
ing, fabricating and integrating arrays of nanodevices into
a functional system is the key for transferring nano-scale
science into applicable nanotechnology. In the following sec-
tion, we will review the recent breakthroughs in system
integration of large-scale array piezotronic devices for appli-
cations in strain/pressure imaging and human-electronics
interfacing.

3D vertical nanowire piezotronic transistors array
for active/adaptive interfacing

The large-array three-dimensional (3D) circuitry integra-
tion of piezotronic transistors based on vertical ZnO NWs
as active taxel-addressable pressure/force-sensor matrix
for tactile imaging has been recently reported [6], pre-
senting the promises in implementing self-powered artificial
skin for active/adaptive interfacing in applications such
as human-machine interfacing, prosthetic devices, novel
surgical instruments and biomedical therapy/treatments.
The demand for restoring mobility and independence from
the growing population of amputees and paralyzed people
such as wounded soldiers, accident victims and diabetes
drives the technological advance and bolsters the pros-
thetics market growth. It is reported that 1.9 million
people live in the U.S. with limb loss, a number that
is expected to double by 2050, and the total amount of
amputations performed in the U.S. each year is 185,000
[70]. In all the incidences, patients suffer most from
the loss of touch sense. Restoring touch sensation via
electronic means, which is of pivotal importance, has
nevertheless been challenging in prosthetics and biomedi-
cal therapy/treatment. Unlike other senses, touch sensing
capability of human skin remains stubbornly difficult to be
mimicked, which necessitates the development of large-
scale pressure sensor arrays with high spatial-resolution,

high-sensitivity, fast response and conformability. Current
efforts utilize electrically controlled components like tra-
ditional planar field-effect-transistors (FETs) as read-out
elements for passively detecting pressure-induced prop-
erty change in pressure-sensitive media [71—75]. Efforts
are devoted to minimize effect of substrate strain on per-
formance of these electronic components while preserving
the deformability of the substrate. This scheme of pressure
sensing not only requires complicated system integration
of heterogeneous components, but also lacks direct and
active interfacing between electronics and mechanical actu-
ations. Moreover, the sizes of as-fabricated taxels (tactile
pixels) are of hundreds of microns to even tens of millime-
ters, severely limiting device density and spatial resolution.
Although novel architectures like three-dimensional (3D)
integrated circuits and wrap-gate vertical transistor present
the attractive approaches to achieve high-density assembly
of functional nanodevices [76—79], it is cumbersome to fab-
ricate the gate electrode and manage interconnect layout
for effectively controlling individual device within a high-
density matrix (schematic of a representative wrap-gate NW
FET is shown in Fig. 10a(left)). These existing prosthetic
skins cannot provide sensory feedback either. Therefore,
new approaches have to be developed for better mimick-
ing or even competing with the tactile sensing capabilities
of human skins for more capable prosthetics.

To overcome the limitations of existing artificial skins
and address the increasing needs for adaptive/active
prostheses, 3D array integration of vertical ZnO NW tran-
sistors circuitry (92 x 92 taxels in 1cm? with 234 taxels per
inch) as flexible taxel-addressable force/pressure-sensor
matrix for artificial skin was designed and developed [6].
Using the piezoelectric polarization charges created at
M-S interface under strain to gate/modulate transport
process of local charge carriers, piezotronic effect has been
applied to design independently addressable two-terminal
transistor arrays, which convert mechanical stimuli applied
on the devices into local electronic controlling signals.
The elimination of wrap gate offers a new approach for 3D
structuring. The basic structure of a 3D strain-gated vertical
piezotronic transistor (SGVPT) is depicted in Fig. 10a(right),
consisting of one or multiple vertically grown ZnO NWs in
contact with bottom and top electrodes on flexible sub-
strates. ZnO NW experiences axial strain when subjected
to external mechanical deformation, with piezopotential
induced inside the NW due to polarization of non-mobile
ions distributed at the two ends [8,9]. The local contact pro-
file and carrier transport characteristics across the Schottky
barrier, formed between ZnO NW and metal electrodes, is
effectively controlled by the polarization-charge-induced
potential. Electrical characteristics of the two-terminal
SGVPT are therefore modulated by external mechanical
actions induced strain, which essentially functions as a gate
signal for controlling SGVPT (Fig. 10b). By combining the
patterned in-place growth of vertically aligned ZnO NWs
with state-of-the-art microfabrication techniques, large-
scale integration of SGVPT array can be obtained. Fig. 10b
illustrates the schematic of the SGVPT array with taxel
density of 92 x 92 in 1cm? (234 taxels per inch (TPI)). The
equivalent circuit diagram of the SGVPT array is displayed
in Fig. 10c to demonstrate the operation scheme of the
SGVPT devices circuitry. The taxel area density of SGVPT
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Figure 10  (a) Comparison between three-terminal voltage-gated NW FET (left) and two-terminal strain-gated vertical piezotronic
transistor (right). ZnO NWs in SGVPT grow along the c axis, as indicated by the red arrow. (b) Schematic illustration of a 3D SGVPT
array with taxel density of 92 x 92 and scheme for spatial profile imaging of local stress (indicated by the downwards blue arrowhead)
by the array (zoom-in schematic). (c) Equivalent circuit diagram of the 3D SGVPT array. The region highlighted by black dashed
lines is the unit SGVPT device, in which ¢, represents the mechanical strain gate signal and the vertical dotted line between the
two terminals of SGVPT presents the modulation effect of ¢, on the conducting characteristics of the device. (d) Topological profile
image of the SGVPT array (top view). Inset, 3D perspective view of the topological profile image reveals the vertical hierarchy of
the SGVPT assembly in which the color gradient represents different heights. (e) Transparency and flexibility of SGVPT array device.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
Reprinted with permission from [6]. Copyright 2013 the American Association for the Advancement of Science.

array is 8464cm~2, which is higher than the number of
tactile sensors in recent reports (~6—27 cm~2) [71—73,80]
and mechanoreceptors embedded in the human fingertip
skins (~240cm2) [81]. A detailed description of the device
fabrication process is elaborated in Ref [6]. Briefly, the
active array of SGVPTs is sandwiched between the top
and bottom Indium Tin Oxide (ITO) electrodes, which are
aligned in orthogonal cross-bar configurations. A thin layer
of Au is deposited between the top/bottom surfaces of ZnO
NWs and top/bottom ITO electrodes, respectively, forming
Schottky contacts with ZnO NWs. A thin layer of Parylene C
(1 wm thickness) is conformally coated on the SGVPT device
as the moisture/corrosion barrier. Well-aligned ZnO NWs,
synthesized by a low-temperature hydrothermal method
[52], function as the active channel material of SGVPT
and help reduce the stochastic taxel-to-taxel variation to

ensure uniform device performance Fig. 10d(inset) shows
the SGVPT after etching-back the SU 8 layer and exposing
top portions (~20 um) of the ZnO NWs. The as-synthesized
ZnO NWs show single-crystallinity. The three-dimensional
nature and vertical hierarchy of the SGVPT assembly is
revealed by topological profile imaging (Fig. 10d) using
an optical noncontact profilometer, which measures the
phase change of light reflected from various heights in the
structure by interferometry. The high degree in alighment
and uniformity of SGVPT array in three dimensions (~30 pm
in height and 20 um x 20 um in taxel size) is enabled by
process control in both the bottom-up synthesis of NWs and
top-down fabrication of circuitry. The use of a two-terminal
configuration based on piezotronic effect simplifies the
layout design and circuitry fabrication while maintains
effective control over individual devices. Transparency and
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Figure 11  (a) Topological profile images (top view) of 23 selected taxels in a 1 x 92 SGVPT array (single channel) (top frame) and
their corresponding current responses (middle and bottom frames) under 1V bias with and without external stress (20 kPa) applied
to certain localized region (around taxels 45 and 46). (b) Single-channel conductance measurement in temporal domain illustrating
the dynamic response of the 23 selected SGVPT devices in this channel, with and without pressure applied. (c) Current responses
for taxel 46 under different pressures, presenting the gate modulation effect of applied pressure on the electrical characteristics
of SGVPT. Top right inset, current variations (red squares) are plotted versus the applied pressures, clearly showing the saturation
of current change when applied pressure is above ~30kPa. Bottom left inset, schematic band-diagram illustrating the change in
Schottky barrier height of the reversed biased top contact due to the modulation effect of strain-induced piezopotential. Color
gradient represents the distribution of piezopotential field, in which red indicates the positive piezopotential and blue indicates
the negative piezopotential. The original band-edges at the reversed biased Schottky contact for the SGVPT device without stress
applied are shown in the black solid lines. The band-edges bending at the reversed biased Schottky contact for the SGVPT device
with stress applied are shown in the blue dashed lines. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of the article.)

Reprinted with permission from [6]. Copyright 2013 the American Association for the Advancement of Science.

flexibility of SGVPT array devices are also demonstrated
(Fig. 10e).

Cross-bar electrodes have been configured for multi-
plexed data acquisition and spatial profiles of applied stress
can be imaged. The output signal is current response so
that it is easy to integrate SGVPT array with back-end inter-
face circuits for fast data processing. Representative data
from 23 taxels in a typical single-channel line-scan (1 x 92)
measurement is shown in Fig. 11. The corresponding topo-
logical profile images (top view) of the selected taxels are
displayed at the top of Fig. 11a. Current response from each
taxel under 1V bias, with and without external pressure

(20kPa) applied to a localized region (around taxels 45 and
46), is recorded. Dynamic response show distinctive con-
ductance changes for taxels before and after applying the
pressure (Fig. 11b). Although the measured response time
(rise time) of ~0.15s for SGVPT taxel is larger than that
of human fingertips (~30—50ms) [6], it is comparable to
previously reported values of 0.1s [71]. These results indi-
cate that SGVPT array can respond to both static and some
dynamic stimuli. The response time can be further improved
in future design by integrating local on-site signal-processing
circuits with SGVPT array [82]. It can be seen that for this
single-channel array of SGVPTs, pressure variations can be
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distinguished with both high sensitivity and spatial resolu-
tion (taxel periodicity ~100 wm). The dominant mechanism
for the transport property of SGVPT is piezotronic effect
rather than piezoresistive effect, as experimentally con-
firmed and elaborated in details [6]. From the measured
variations in current responses by consecutively increas-
ing the pressure load applied at fixed location, the SGVPT
device demonstrates high sensitivity for detecting pressure
change, particularly in low-pressure regions (<10kPa). The
modulation effect of applied pressure is shown from the
plot of current variations against pressure changes (Fig. 11c)
and the observed sensing range of a few kPa to ~30kPa
for SGVPT array is well matched to the 10—40kPa range
which a human finger applies to sense texture and shape
[83]. The sensitivity for SGVPT, defined as S =dGsgypr/dP, is
around 2.1 uSkPa~', which arises from the change in carrier
transport of the SGVPT by applied pressure due to corre-
sponding modulation of barrier height at the reversed biased
Schottky contact by strain-induced piezopotential [8,9,28].
The conductance of SGVPT device is dictated by the reversed
biased Schottky contact, which is formed between ZnO NWs
and top electrodes in this case. Upon applying the normal
stress, negative piezoelectric polarization charges induced
at the reversed biased top Schottky contact raise the bar-
rier height at that contact and hence decrease the transport
conductance of the SGVPT taxel. The operation of SGVPT
device is therefore based on barrier-interface-modulation
that enables enhanced sensitivity and efficiency compared
to the channel-modulation operation in conventional FETs.
The quality of the Schottky contacts has been characterized
as well [6]. The SBHs and ideality factors of the formed con-
tacts for devices without extra oxygen plasma treatment
before depositing the top electrode are 0.419+0.011eV
and 5.84+1.29 respectively, while the SBHs and ideal-
ity factors of the formed contacts for devices with extra
oxygen plasma treatment before depositing the top elec-
trode are found to be 0.575+0.013eV and 2.17+0.33
respectively, indicating that the qualities of as-fabricated
Schottky contacts have been improved by the oxygen plasma
treatment [44].

The successful fabrication of the 92 x 92-taxel SGVPT
array enables a 15—25-fold increase in number of taxels and
300—1000-fold increase in taxel area density compared to
recent reports [71—73]. The output current of each individ-
ual SGVPT taxel is measured and averaged within a short
duration window of 10ms. By monitoring the output cur-
rent of each independently functioning SGVPT taxel, spatial
profile of applied pressure can be imaged by multiplexed-
addressing all of the taxels. Metrology mapping performed
without applying pressure demonstrates good uniformity in
electrical characteristics among all of the taxels, with all
of the 8464 SGVPTs within the array functioning and 95% of
the SGVPTs possessing current values in the narrow range
of 13.7 +2.73 pA under 1V bias (Fig. 12a). Fig. 12b presents
the difference between current values for each taxel before
and after applying the normal stress, confirming that profile
of applied stress can be spatially imaged. SGVPT devices are
still operational and capable of imaging the spatial profile
of applied pressure after 24-h immersion in 23 °C DI water
and 37°C 0.9% saline solution as well as after 6-h immersion
in 65°C DI water and 65°C 0.9% saline solution, indicating
the good stability and feasibility of SGVPT array operation

for future applications like in vivo physiological sensing in
complex environments [6].

The device matrix has also been demonstrated for achiev-
ing multi-dimensional active sensing, which demonstrate the
potential of utilizing SGVPT array for future applications
such as multi-dimensional signature recognition by not only
recording the calligraphy or signature patterns, when people
write, but also registering the corresponding pressure/force
applied at each location/taxel and writing speed by the per-
son. Normal stresses with well-determined values as well as
spatial locations are applied to the device using the 3-axis
stage and force gauge. The first group of six normal local
stresses, each around 8.1kPa, are applied to the array at
pre-programmed locations in the sequence indexed from 1
to 6, with the corresponding contours imaged and organized,
as shown in Fig. 12c1, to emulate the writing calligraphy of
letter **A’’ (outlined by the white dashed lines). This pro-
cess is achieved by varying the x and y coordinates while
keeping the z coordinate constant in the control interface
of the 3-axis stage. It can be seen that spatial profiles of all
of the six applied stresses can be distinguished and mapped
electronically. The second group of six normal stresses with
the same locations are subsequently applied to the array in
the same sequence, except that the stresses applied at sites
2 and 3 are increased to ~20kPa with stresses at the rest
four sites unchanged. The corresponding mapped contours
are again recorded and organized, as shown in Fig. 12c2.
This augmented capability can essentially provide means for
realizing personal signature recognition with unique identity
and enhanced security.

The SGVPT array has also shown capability of shape-
adaptive high-resolution tactile imaging. The real time
detection of shape changes caused by stretching or twisting
is a desirable feature for sensors embedded in an artifi-
cial tissue or prosthetic device. A rectangular supporting
object is fixed to the platen of probe station, directly
beneath the central region of SGVPT array (Fig. 13). After
the probe pins are in contact with the pads at the periph-
eral of SGVPT devices, the platen is further raised up so
that SGVPT device is hunched by the underneath suppor-
ting object (Fig. 13, bottom) with the radius of curvature
~79.63 mm. The measured difference in taxel currents with
and without the underneath supporting object is mapped
and plotted in Fig. 13b1, illustrating a good agreement
between the detected shape change of SGVPT array (dark
blue regions) and the physical shape of the supporting object
beneath the SGVPT device (outlined by white dashed lines).
The shape-adaptive sensing capability is further examined
by applying an additional localized stress to the bent SGVPT
array, using the same setup in Fig. 12, as depicted by
the 3D schematic drawing in Fig. 13b (bottom right). The
measured variations in taxel current values between bent
SGVPT array with extra stress and unstrained SGVPT array
is imaged and plotted in Fig. 13b2. A clearer demonstra-
tion of the data can be obtained by numerically subtracting
Fig. 13b1 from Fig. 13b2, which gives rise to spatial imag-
ing of the additionally applied stress when the shape of the
SGVPT device changes (Fig. 13b2—b1). Such shape-adaptive
sensing has also been investigated for other radii of cur-
vatures [6]. Because of the relatively large thickness of
the SGVPT device (mainly contributed by the PET substrate
which is 500 um thick), the saturation of SGVPT response
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Figure 12

(a) Metrology mapping (inset) and statistic investigation of the fully integrated SGVPT array without applying stress.

(b) Current responses contour plot illustrating the capability of SGVPT array for imaging the spatial profile of applied stress. Color
bar represents the current differences for each taxel before and after applying the normal stress. The physical shape of the applied
stress is highlighted by the white dashed lines. (c) Multi-dimensional sensing by SGVPT array exhibits the potential of realizing
applications like personal signature recognition with maximum security and unique identity. The calligraphy of written letter **A’’

is highlighted by the white dashed lines.

Reprinted with permission from [6]. Copyright 2013 the American Association for the Advancement of Science.

under large pressure (as shown in Fig. 11¢) and the con-
straints of measurement set up (probes on probe card have
limited movement in vertical direction), the SGVPT array
is unable to sense the change in device shape and further
distinguish the applied pressure when radii of curvature is
smaller than 30—35mm (Fig. 13c). The detectable range of
shape deformation as well as corresponding shape-adaptive
sensing can be improved by engineering the device into more
compliant form to reduce the strain induced in SGVPT due
to change in device shape. Cyclic bending has been further
performed on SGVPT array for investigating the reliability
and stability of device operations. In order to accelerate
the aging process, SGVPT array has been repeatedly bent to
a very small radius of curvature (15mm) with 2-Hz cycle
frequency. Metrology mapping has then been performed
on SGVPT array and plotted for comparison with that of
device before the cyclic bending. No significant degrada-
tion can be observed in operation of SGVPT array even after

1000-cycle bending, suggesting good stability in device oper-
ation.

Moreover, the SGVPT devices can also function as self-
powered active tactile sensors by converting mechanical
stimulations into electrical signals utilizing the piezopoten-
tial without applied bias, which emulates the physiological
operations of mechanoreceptors in biological entities, such
as human hair follicles and hair cells in the cochlea. The
above technology is the first instance demonstrating 3D
array integration of vertical NW piezotronic transistors for
active/adaptive tactile imaging. It is also by far the largest
3D array integration of functional nanomaterials for artificial
skin by combining the bottom-up synthesis of nanoma-
terials with state-of-art top-down micro-fabrications. The
technology of 3D piezotronic transistor array offers immedi-
ate opportunities to meet needs from research, consumer
and clinical sectors (e.g. in the fast-growing prosthet-
ics market). The SGVPT array based technology for the



634 W. Wu et al.

Figure 13  (a) Optical photographs of the experimental setup for investigating the feasibility of SGVPT array for shape-adaptive
sensing. The top one is the top view of the setup. The bottom one is the side-view of the setup, with the device deformed. (b)
Shape-adaptive sensing of the SGVPT array. (b1) The measured difference in taxel currents for SGVPT array with and without
underneath supporting object. The detected shape change of SGVPT array is illustrated by the dark blue regions and the physical
shape of the supporting object beneath the SGVPT device is outlined by the white dashed lines. (b2) The measured variations in
taxel current values between bent SGVPT array with extra stress and unstrained SGVPT array. The location/shape of the extra stress
is outlined by the red dashed lines. (b2—b1) A clearer demonstration of the data is obtained by numerically subtracting Fig. 4b1
from Fig. 4b2, giving rise to spatial imaging of the additionally applied stress when the shape of the SGVPT device is changed. The
3D schematic drawing at the bottom right illustrates the process for shape-adaptive sensing. (c) Experimental results showing the
limit for shape-adaptable sensing by SGVPT array with current design. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

Reprinted with permission from [6]. Copyright 2013 the American Association for the Advancement of Science.

first time allows us to directly control large-scale func-
tional electronics by mechanical stimulations and enables
the active/adaptive interfacing between electronics and
ambient. These capabilities emerge directly from the
uniqueness of the technology in ways that are impossible
with existing approaches. It also exhibits the potential to be
integrated with silicon-based CMOS technology and hence
its potential and impact is broad.

Piezoelectric NW LED array for electroluminescent
imaging of pressure distribution

The piezoelectric polarization charges can also tune/control
the charge separation, transport and/or recombination in
optoelectronic processes [9,25,8], which has been used to
enhance the performance of photocells [63,66,69,84—86],

the sensitivity of photodetectors [87—90] and the external
efficiency of an LED [64,67]. It has been recently demon-
strated that strain-controlled LED emission can be used to
fabricate a rapidly responding, optically based pixel array
of strain sensors to directly ‘image’ the force/pressure
distribution on the device at a resolution of only a few
micrometers [91]. The design principle makes use of strain-
induced polarization charges to tune the local light-emitting
intensity of individual NW-LEDs. The two-dimensional inten-
sity distribution then becomes a map of the pressure
distribution on the surface.

The device was based on a patterned array of n-ZnO NWs
grown on a p-GaN thin-film substrate, with the c-axis point-
ing upwards from the film (Fig. 14a) [52], forming an array of
pixelled light emitters. Details about the fabrication of this
LED array device can be found in Ref. [91]. Briefly, The NWs
were fabricated by combining photolithography patterning
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Figure 14

(a) Design of the NW-LED-based pressure sensor array before applying a compressive strain. Insets: top, SEM images of

the as-grown ZnO NW arrays on the p-GaN film; bottom: an ITO layer is deposited as a common electrode on top of the n-ZnO NWs.
(b) Optical image of a NW-LED array when electrically emitting light. Insets: Five typical NW LEDs (marked with a red rectangle in
a) and a corresponding line profile of the emission intensity from which the possible spatial resolution achieved by the sensor can
be estimated. (c) Corresponding optical spectra of emitted light at bias voltages of 6, 7, 8, 9 and 10V. Inset: dependence of peak
position on applied voltage. (d) Optical image of a fabricated device and corresponding image when the device was electrically lit
up at a bias voltage of 5V, showing blue-white light emission from the NW-LED array. Scale bar is 5mm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

Reprinted with permission from [91]. Copyright 2013 Nature Publishing Group.

and low-temperature wet chemical growth. Ordered arrays
of vertical n-type ZnO NWs were fabricated by uniform epi-
taxial growth on a p-GaN film to form the basic pixels of
the sensors (Fig. 14a, inset). Scanning electron microscopy
(SEM) images clearly show that all the NWs are wrapped
by PMMA, and that the heads of the nanowires are exposed
following oxygen plasma etching (Fig. 14a, inset). A Ni/Au
electrode was used to form Ohmic contact with the bot-
tom p-GaN, and an ITO layer was deposited in direct contact
with the ZnO NWs on top, thereby serving as common elec-
trodes for the entire NW array. The NW-LED array can be
uniformly lit up under a bias of 5V. An optical image of a
lit LED array is shown in Fig. 14b, where each MW is a sin-
gle light emitter and also a pixel unit. The center-to-center
distance between two adjacent spots is 4 um, correspond-
ing to a pixel resolution of 6350 dpi. Five typical NW-LEDs
marked with a red rectangle in Fig. 14b are enlarged and
displayed together with their intensity line profile. There
is little crosstalk between adjacent pixels, and the actual

resolution is 2.7 um, as defined by the full-width at half
maximum (FWHM) of the emission pixels. The emission spec-
tra obtained at different bias voltages (6, 7, 8, 9, 10V) at
room temperature are shown in Fig. 14c. Electrolumines-
cence intensity increases with an increase in bias voltage,
as expected from the band-bending model of a p—n junction.
The major emission peak located at 406 nm is identified as
violet-blue emission, which can be associated with the inter-
face emission [92] and does not show any obvious shift when
the bias voltage is increased. Corresponding image when the
device was electrically lit up at a bias voltage of 5V shows
blue-white light emission from the NW-LED array (Fig. 14d).

Straining the basic unit cell of ZnO results in polarization
of the cations and anions in the crystal because of its non-
centrally symmetric structure. A schematic band diagram
of a p-GaN/n-ZnO p—n junction composed of NW-LEDs, as
shown in Fig. 15a, can be used to illustrate the piezotronic
effect on the device before (black line) and after (red line)
applying a strain. When the ZnO NW is under compressive
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Figure 15

(a) Schematic band diagram of a p-GaN/n-ZnO p—n junction before (black line) and after (red line) applying a com-

pressive strain, where the dip created at the interface is due to the non-mobile, positive ionic charges. (b) Fast response and
recovery of the NW-LED pressure sensors. Inset: enlarged image of one cycle, showing response and recovery times of ~90ms. (c)
Enhancement factor E of a NW-LED as a function of an applied compressive strain of up to —0.15%, together with the corresponding
emitting light images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)

Reprinted with permission from [91]. Copyright 2013 Nature Publishing Group.

strain, the strain inside the NW is much larger than that
in the GaN film because of the low coverage of NWs on
the substrate surface (small contact cross-section), so a
piezopotential is created in the NW. If the c-axis of the ZnO
NWs is pointing away from the GaN film, the presence of
the non-mobile, positive ionic charges at the p—n junction
region may result in a local dip in the band if the concen-
tration of free carriers is low within the charge-depletion
zone of the junction. The distorted band tends to tem-
porarily trap holes near the GaN—ZnO interface, increasing
the carrier injection rates toward the junction region, and
increasing the recombination rate of electrons and holes.
Furthermore, the presence of the piezopotential along the
NW is equivalent to applying an extra forward-biased volt-
age on the device. The depletion width and internal field are

therefore reduced, and the injection current and emitting
light intensity subsequently increased, when the device is
compressed [8,9,12]. The results are supported by a theory
proposed in relation to the photon emission at a p—n junc-
tion in the presence of local piezoelectric charges. In this
theoretical work, analytical results under simplified condi-
tions are presented with the aim of understanding the core
physics of the piezotronic devices, and numerical models
are developed to illustrate the photon emission process and
the carrier transport characteristics of a practical exam-
ple of the piezoelectric LED [93]. Under forward bias, the
light emitting intensity of the NWs under compressive strain
is increased significantly, while the remaining NWs under
no strain show barely any change in electroluminescence
intensity. Based on the intensity change of the emitting
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nano-LEDs, the pressure/strain distribution across the entire
array can be mapped at a resolution of a few micrometers.
This is the principle of our sensor array.

The NW-LED pressure sensor has a fast response and fast
recovery. Fig. 15b shows current versus time for five cycles
of applied pressure. Response an relaxation times of less
than 0.1s were measured, which was largely determined by
the period of time needed to apply/retract the mechanical
force. Indeed, the true response of our device is expected
to be much faster than 0.1s. The emission intensity of a
single-pixel NW-LED can be largely tuned/controlled by the
magnitude of the applied strain. An image taken by a charge-
coupled device (CCD) at zero applied strain is taken as the
background signal, denoted /,. An image of the LEDs taken
under strain ¢ is denoted /.. Fig. 15¢c shows enhancement
factor E of a single representative NW-LED (E= (I, —1,)/1,)
as a function of applied strain up to ¢ = —0.15%. E is approx-
imately linearly dependent on strain, and reaches 300% at
a strain of —0.15%, in agreement with theoretical results as
long as the deformation of the ZnO nanowire is limited to
the elastic range. The sensor sensitivity S in terms of rel-
ative light intensity enhancement as a function of applied
pressure could be defined as [71]

NN/ E »

o 140(GPa)le| _ 140|¢|

where E is the enhancement factor, o the applied pressure,
¢ the strain in ZnO NWs and 140 GPa is the Young’s mod-
ulus for ZnO NWs. The sensitivity S is hence found to be
~12.88 GPa~"'.

The two-dimensional mapping of strain was demon-
strated using a convex character pattern of ‘PIEZO’ molded
on a sapphire substrate, which was directly applied onto the
LED arrays as a seal (Fig. 16a). Fig. 16b presents an optical
image of the device with an SU-8 convex mound on top. Each
black dot is a pixel comprising a single ZnO NW-LED with
4 um pitch. Light-emitting images of the device at applied
strains of 0, —0.06% and —0.15% were recorded by a CCD,
as shown in Fig. 16c—e, respectively. The images unambigu-
ously show that the change in LED intensity occurred at the
pixels that were being compressed by the molded pattern,
while those not affected by the molded characters showed
almost no change in LED intensity. There was little crosstalk
between adjacent pixels in the device. The spatial strain dis-
tribution can be extracted from the LED intensity images. By
carefully aligning the two images in Fig. 16c and e, an image
for the enhancement factor E(x, y) =[l.(x, y) — lo(X, ¥)1/1o(X,
y) was obtained in Fig. 16f, where (x,y) are the coordinates
of the CCD pixels in the plane. The E image provides a spa-
tial mapping of pressure applied to the entire array, and
clearly shows the word ‘PIEZO’, originating from the mold.
The color code indicates that the average enhancement fac-
tor E is ~200%. The signal-to-noise ratio of the E factor can
be derived using the line profile data, as indicated for two
positions in Fig. 16e — one on the molded pattern (vertical
pink line) and the other off the pattern (horizontal red line).
The results are presented in Fig. 16g and h, respectively.
The crosstalk is completely negligible. The E factor for the
seven NW-LED pixels on the mold increased by a factor of
4-5 (up to 750%) when the applied strain increased from

—0.06% to —0.15% (Fig. 16g). In contrast, the 36 NW-LED
pixels that were off the mold pattern showed no enhance-
ment at all, instead having a random variation at the noise
level when the strain was increased from —0.06% to —0.15%
(Fig. 16h). This unambiguously shows the gigantic effect of
the piezoelectricity on LED emission. It proves the principle
of using the piezotronic effect for mapping pressure/strain
at high spatial resolution, with high sensitivity and even high
reliability.

The piezoelectric NW-LED-based approach offers a few
unique advantages for imaging strain distribution. First, in
contrast to other approaches such as cross-bar electrodes
[71,72,74], where the pixels are the matrix defined by the
electrodes so that the signal is measured and recorded in
a sequential scanning mode, our pixels are defined by the
distribution of NWs on the substrate, all of which share
two common electrodes. In this way, mapping is carried out
simultaneously for all pixels at a time resolution of ~90ms.
The above parallel detection technology offers a much faster
mapping rate for creating pressure distribution maps, and
the time resolution is almost dictated by the relaxation
process in applying/retracting the strain. Furthermore, our
fabrication procedure could be simpler and cheaper than for
the cross-bar electrode arrangement. Second, the spatial
resolution is much higher and can be improved by optimi-
zing the size and distribution of nanowires. The diameter
of our nanowires was ~1.5 um, the estimated resolution for
our devices is given by R(pm)=D+1.2(um), where D (nm)
is the diameter of the NWs. If the diameter were reduced
to 100nm, we could obtain a resolution of 1.3 um. Third,
although our current study is based on a hard substrate, it
is possible to extend the current approach to a soft sub-
strate by directly cutting the current device into smaller
units and then transferring these onto a soft substrate to
follow a certain pattern. Alternatively, we could fabricate
Zn0O p—n homojunction arrays on any substrate (such as poly-
dimethylsiloxane (PDMS) or fiber). Finally, although there
are some variations in the lighting intensity in different
nanowires before strain is applied, possibly due to fluctu-
ations in junction quality, such ‘background’ information
can be removed using a signal-processing technique, such
as defining an enhancement factor with a relative change
of NW intensity before and after straining. Furthermore,
growing high-quality NWs using high-temperature vapor
phase techniques, such as metal-organic chemical vapor
deposition (MOCVD), may also help to improve mapping
quality.

The above approach is scientifically new because it relies
on the piezoelectric polarization charges for designing a
stable, fast response, as well as parallel-detection strain-
sensor arrays. The output signal is electroluminescence
light, which is easy to integrate with photonic technolo-
gies for fast data transmission, processing and recording,
and may enable the development of highly intelligent
human-machine interfaces. This may represent a major
step toward on-chip recording of mechanical signals by
optical means, with potential applications in touchpad
technology, personalized signatures, bio-imaging and opti-
cal MEMS. Furthermore, with the feasibility of fabricating
Zn0O nanowires on flexible substrates, the current approach
could be extended to smart skin, which will have a great
future in biological sciences, human—machine interfacing,
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Figure 16

(a) Illustration showing the working process of pressure distribution imaging. (b) Optical image of the device with a

convex mold on top. (c—e) Electroluminescence images of the device at strains of 0, —0.06% and —0.15%, respectively. The images
clearly show that a change in LED intensity occurred at the pixels that were compressed, while those away from the molded pattern
showed almost no change. (f) Two-dimensional contour map of the E(x,y) factor derived from the LED intensity images shown in (c)
and (e). It directly presents the word ‘PIEZO’, as given on the mold. (g and h) Line profile data showing the signal-to noise ratio of
the E factor for two typical positions-one on the molded pattern (vertical pink line, g) and one off the pattern (horizontal red line,
(h) showing unambiguous differences. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)

Reprinted with permission from [91]. Copyright 2013 Nature Publishing Group.

smart sensor and processor systems, and even defense
technology.

Application prospects

Piezoelectric semiconductors has been widely utilized in
the GaN/AlGaN high electron mobility transistors (HEMTs)
and similar effect of piezoelectric polarization on car-
rier properties, such as formation of two-dimensional
electron gas (2DEG) with extremely high carrier concentra-
tion at the heterojunction interface, has been previously
observed in HEMT device [94—96]. Theoretical investi-
gation also reveals that appreciable piezoelectric field
may be induced inside the nanowire heterostructures
due to lattice mismatch, which can introduce significant
effects on the charge carrier transport and confinement
[86,97]. These piezoelectric fields, whereas, are fixed
as introduced by interface strain and remain unchanged

once the heterojunction devices are fabricated. In con-
trast, the mechanical flexibility of piezoelectric compound
structures on soft substrates enables more versatile utiliza-
tion of piezotronic effect in semiconductors for functional
applications.

The essence of the emerging research and applications in
piezotronics relies on the coupling between strain-induced
polarization and semiconductor properties in piezoelec-
tric semiconductor materials. Fundamental research of
piezotronics as well as applications utilizing piezotronic
effect introduce new concepts/understandings to classic
semiconductor physics by taking into account the con-
tributions from piezoelectric polarization to the charge
carrier distribution and band structure adjustment (Fig. 17).
In addition to the electronics and sensing applications
shown here in this review, the presence of localized
piezoelectric polarization charges can significantly mod-
ulate/control the charge carrier generation, separation,
transport and/or recombination at an interface/junction
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Figure 17

Schematic diagram showing the prospects of utilizing piezotronic effect, which couples piezoelectric and semicon-

ducting properties of piezoelectric semiconductor materials, for implementing many novel applications in tunable electronics,
optoelectronics, spintronics, artificial photosynthesis and many other areas.

in optoelectronic processes [8,9,67,98,99]. The strain-
induced electric fields have been demonstrated to be
sufficiently large to impose a significant change in the
confined energy states of strained-layer quantum wells
[100—102], which may enable novel piezotronic devices
based on heterogeneous nanostructures (e.g. core/shell
or axial p—n junctions). Interfacial strain-induced polar-
ization charges can also assist the catalytic process and
modulate the electrochemical activity of related materials
by adjusting the difference between the electrochemi-
cal potentials in the systems, which could give rise to
piezo-enhanced catalysis or photosynthesis [103—106]. Con-
trollable modulation of M-S contact or p—n junction by
strain-induced polarization offers unprecedented method in
addition to the conventional electrical controlling for imple-
menting novel electronics, optoelectronics or even spin
injection/transport in spintronics applications [107—110]
which possess tunable operation characteristics adaptive
to the ambient these devices are deployed. Piezotronics
enables the novel approach for modulating device charac-
teristics by tuning the junction/contact properties, which
has been unavailable in conventional technologies without
modifying the interface structure or chemistry. We have
demonstrated here the advances from single piezotronic
nanodevices to an array of devices and eventually to an inte-
grated functional piezotronic system, which is a landmark
progress in the field of nanotechnology. It is prospected that
piezotronics will enable technology advances in sensing,

human—electronics interfacing, robotics, biomedical diag-
nosis/therapy and prosthetics.
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