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Piezotronic sensors and self-powered gadgets are highly sought-after for flexible, wearable, and intelligent
electronics for their applications in cutting-edge healthcare and human-machine interfaces. With the advantages
of a well-known piezoelectric effect, excellent mechanical properties, and emerging nanotechnology applica-
tions, one-dimensional (1D) ZnO nanostructures organized in the form of a regular array have been regarded as
one of the most promising inorganic active materials for piezotronics. This report intends to review the recent
developments of 1D ZnO nanostructure arrays for multifunctional piezotronic sensors. Prior to discussing
rational design and fabrication approaches for piezotronic devices in precisely controlled dimensions, well-
established synthesis methods for high-quality and well-controlled 1D ZnO nanostructures are addressed. The
challenges associated with the well-aligned, site-specific synthesis of 1D ZnO nanostructures, development trends
of piezotronic devices, advantages of an ordered array of 1D ZnO in device performances, exploring new sensing
mechanisms, incorporating new functionalities by constructing heterostructures, the development of novel
flexible device integration technology, the deployment of novel synergistic strategies in piezotronic device
performances, and potential multifunctional applications are covered. A brief evaluation of the end products,
such as small-scale miniaturized unconventional power sources in sensors, high-resolution image sensors, and
personalized healthcare medical devices, is also included. The paper is summarized towards the conclusion by
outlining the present difficulties and promising future directions. This study will provide guidance for future
research directions in 1D ZnO nanostructure-based piezotronics, which will hasten the development of multi-
functional devices, sensors, chips for human-machine interfaces, displays, and self-powered systems.

1. Introduction

Modern healthcare electronics are rapidly deploying for continuous
remote monitoring of human health, diagnosis of its abnormal condi-
tions, wellness, invasive medical procedures, and more [1-9]. With the
advancement of novel sensing technologies, wearable and portable
sensors are gaining significant research focus in an effort to bring
healthcare into the house by creating intelligent systems that effectively
measure physiological health parameters [1,10-19]. Piezotronics pro-
vide a promising approach for designing future electronic devices
beyond Moore’s law with the potential for developing smart sensors,
systems for monitoring the physical health as well as the surrounding
environment, components for human-machine interfaces, and other
transducers [20-27]. The near-future developments of piezotronics are
going to be one of the powerful attentions for the industries as it in-
tegrates multipurpose sensors with self-powering technology [28-36].
Piezoelectric harvesting is significantly strengthening alternative energy
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ways to meet the increasing energy demands of the world, as it can
power up small-scale, low-powered devices [37-48]. The modern
development in flexible electronics, mechanics, material science, and
manufacturing engineering allows the production of piezotronic devices
in precise dimensions. Significant progress has been made in the study of
piezoelectric materials [49-55], their numerous nanostructures
[56-61], piezotronic devices and their ongoing trends [62-71], perfor-
mance improvement strategies [72-79], hybridization tactics [80-88]
to provide synergy [89-94], multi-directionality [95,96], flexible and
wearable platforms [97-100], etc. With the advantages of enhanced
piezoelectric effect, excellent mechanical properties, and emerging
nanotechnology applications, one-dimensional (1D) ZnO nanostructures
have been considered as the most promising inorganic piezoelectric
nanomaterial [101-105]. Therefore, enormous attention is required in
1D ZnO nanostructures by considering (a) rational design and material
engineering, (b) miniaturization of various functional devices, (c) their
high specific surface area, (d) easier integration of multifunctionality,
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(e) interfacing with flexible, portable and stretchable surfaces, (f)
improvement strategies for device performances, (g) reproducible and
reliable performance in a long-term basis, and (h) day-to-day nano-
technology applications. This will make them superior building blocks
for future piezotronic devices, especially in the field of smart sensing,
advanced medical science, portable and wearable personal electronics,
and self-powered systems. The existing technology for piezotronic de-
vices, particularly in the case of sensors is mainly focused on the most
traditional large-area film and randomly oriented 1D nanostructures of
ZnO. This limits the practical application of these sensors because of the
difficulties in miniaturization, regular arraying, reproducibility, and
reliability in performance.

Integrated systems are anticipated to provide qualitative and quan-
titative gains in properties by combining physical or chemical attributes
that depend on components, size, spacing, and higher-order structure
[106]. By incorporating innovative materials with additional function-
alities and complexities in a heterostructure (HS) approach, one can
modify or enhance the piezoelectric capabilities of the 1D wurtzite
materials to meet specific requirements as well as to extend the direction
of potential applications [28,66,107-115]. On the other hand, regularly
ordered arrays of vertically aligned 1D semiconductor nanostructures
have the potential to function as a strong building block for the reali-
zation of all-dielectric metamaterials, artificial electromagnetic mate-
rials, and piezoelectric materials, whose properties can be tailored to
enable novel functions and improved performances in associated devices
compared to isolated or randomly organized materials [10,57,
116-124]. Therefore, with the advancement in nanofabrication and
synthesis techniques, precisely designed and controlled arrays of 1D
ZnO nanostructures including their different kinds of HSs are taking
enormous research attention nowadays for the fabrication of small and
accurate piezotronic devices [125-130]. The regular arrays of controlled
1D nanostructures of ZnO and its HSs are expected to lead the direction
of piezotronics toward the rapid development of multifunctional de-
vices, sensors, human-machine interfacing chips, displays, and
self-powered systems [68,131-138].

Over the years, a lot of progress has been well-documented on pie-
zotronic devices, particularly in the context of sensors that focus on
material synthesis [28,37,65,139,140], integration of materials [66,
141,142], piezoelectric properties and its improvement strategies [37,
65,95], the design and fabrication approaches [1,37,66,139], their
operating principles [23,27,69,95,139], and extensive multifunctional
applications [1,39,139,143-145]. Z. L. Wang and co-workers have
documented several reviews articles on the research progress of piezo-
tronics and piezo-phototronics by considering the piezoelectric mate-
rials [23,30,139,142], mechanism of  piezotronics and
piezo-phototronics [27,68,69,139], piezotronic devices and device en-
gineering techniques [66,69,95,139], piezoelectric energy harvesting
and self-powering technologies [142,144,146], integration strategies of
different directions of science [40,69,121,137,139,142], commercial
viabilities of devices, and various nanotechnology applications
including sensors, displays, light-emitting diodes (LEDs), healthcare
devices, wearable electronics, robotics, internet of things (IoT), and
many more [30,33,64,70,87]. Recently, a comprehensive review of the
piezoelectric nanogenerators (PNGs) for personalized healthcare was
presented by W. Deng et al [1]. In this review, a brief overview of the
fundamental physical science underlying the piezoelectric effect was
presented which was followed by a systematic discussion of material
engineering techniques, device structural layouts, and applications for
energy harvesting, sensing, and therapies that focus on the human body.
Inorganic materials-based piezotronic sensors have been the subject of a
few review papers, which are primarily dedicated to various kinds of
nanomaterials in different forms of nanostructures, and their individual
effects on piezotronics [23,28,69,105,139,143,146]. K. Gupta et al.
reviewed the progress in nano/microstructure development of inorganic
1D nanostructures for piezotronics and PNGs [28]. In case of ZnO
nanomaterials, reported review articles are restricted within the most
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conventional large-area film, individually collected nanowires (NWs),
NW films, and randomly oriented 1D nanostructure arrays [28,37,103,
121,143,146,147]. R. Yu et al. reviewed Schottky-structured NW sen-
sors for the utilization of piezotronic effect in optical, gas, chemical, and
biological sensors [95]. The impact of the crystal polarity of ZnO NWs on
the performance of piezotronic and piezoelectric devices, as well as the
methods to improve their performances, was reviewed by V. Consonni et
al [65]. Y. Zhang et al. reviewed the progress made in ZnO NW arrays in
using the piezo-phototronic effect for enhancing photodetectors, pres-
sure sensors, light-emitting diodes, and solar cells [121]. The develop-
ment of hydrothermally grown ZnO nanorods (NRs) as piezoelectric
building blocks for low cost, large area electronic skin has been reviewed
by A. F. Morgera et al [140]. With a focus towards potential future
breakthroughs in the field, they discussed how the growth parameters
influence the morphological aspect of the fabricated NRs and how
effective pressure/force sensors can be constructed employing so-grown
ZnO NRs on various substrates. Using third-generation semiconductor
NWs such as ZnO and GaN, C. Pan et al. presented an extensive review of
piezotronics and piezo-phototronics [139]. They went over in depth for
a comprehensive review on the synthesis of NWs, from randomly
organized NW arrays to well-ordered, controlled NW arrays, as well as
the designing of piezotronic and piezo-phototronic devices, their
fundamental principles of operation, the engineering of various types of
device interfaces, and the wide range of applications for these devices
ranging from various types of sensors to other photonic and electronic
devices. More recently, Y. Wang et al. contributed a review article to the
ZnO NW-based piezotronics and piezo-phototronics where they
addressed the preparation procedures and structural features of ZnO
NWs with various doping types [143]. Theoretical aspects of the pie-
zotronic effect were also covered, as well as its applications in the fields
of sensors, biochemistry, energy harvesting, and logic operations.
Furthermore, a summary and analysis of the piezo-phototronic effect’s
impact on photodetectors, solar cells, and LED performances were also
provided. There has been rarely found a systematic review in the recent
time on the piezotronic devices, particularly sensors and sensor arrays
based on well-organized, regularly ordered arrays of 1D ZnO nano-
structures. Therefore, a thorough study of the transition of 1D ZnO
nanostructures from individually collected and randomly oriented
nanostructure arrays to well-organized structures in piezotronics will be
quite fascinating. Future research will need to be much more concen-
trated on a systematic study of the synthesis techniques for high-quality
and well-controlled 1D ZnO nanostructures in various forms, as well as
the rational design and fabrication techniques for the associated piezo-
tronic devices in precisely controlled dimensions, which are lacking in
the earlier published review articles. Beyond ZnO NWs, there has been a
lot of progress on various other forms of 1D ZnO nanostructures such as
nanotubes (NTs) [125,131,148-151], nanocones/nanoneedles (NNs)
[28,152-155], nanobelts (NBs) [156], etc. Therefore, it is also necessary
to review how these distinct nanostructures are utilized successfully in
various fields of piezoelectrics and piezotronics. From the perspective of
applications, a prompt systematic reorganization of the effect of each
parameter that significantly influences the piezoelectric properties of
well-organized 1D ZnO arrays as well as the associated piezoelectric and
piezotronic devices will be a key requirement. The multifunctionalities
of devices, the strategies for enhancing device performance, interface
engineering, addressing the challenges associated with it, coupling of
mechano-electric and optoelectronic properties, and integration strate-
gies for flexible and wearable applications are the additional key factors
to take into account. Theoretically and technically, a timely detailed
review focused on piezotronics of 1D ZnO nanostructures and their
well-organized arrays will be beneficial for forthcoming
high-performance piezotronic sensor research, development, and
applications.

This paper aims to review the recent developments of 1D ZnO
nanostructure arrays for their implementation in multifunctional pie-
zotronic sensors. The report covers the important aspects of 1D ZnO
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nanostructures, including their organization in a regular array for
considering them as one of the most suitable active components for a
multifunctional piezotronic sensor. The evolution of 1D ZnO nano-
structures from individually collected and randomly oriented nano-
structure arrays to well-organized, uniformly patterned structures are
presented for their application in different areas of piezotronics and the
associated details are provided as unified discussion as well as in tabu-
lated form. Well-established synthesis methods for high-quality,
controllable 1D ZnO nanostructures, rational design, HS strategies,
coupling of mechano-electric properties, fabrication of piezotronic de-
vices, and their integration with a flexible substrate/supported matrix
for flexible and wearable applications are discussed. By comparing the
benefits of well-controlled, individually patterned 1D ZnO nano-
structures or patterned bundles over its large-area thinfilm, randomly
organized array of 1D ZnO nanostructures, and continuous NW films, a
brief review of the device performances, their improvement strategies,
and practical applications of the manufactured piezotronic sensors is
provided. Miniaturized small-scale unconventional power sources, high-
resolution image sensors, and personalized healthcare devices are the
end products, which are reviewed briefly. In the end, a summary of the
paper is discussed by mentioning the current challenges and future
perspectives lying in this field.

1.1. Piezoelectrics and piezotronics

The word “piezoelectric” comes from the Greek word “piezein”,
which means “to press”. Piezoelectricity or literally, “pressing elec-
tricity” is the generation of static charges in response to applied me-
chanical stress on certain kinds of materials. The piezoelectric effect was
first discovered by Pierre and Paul-Jacques Curie in 1880. In contrast
with the piezoresistance effect, the piezoelectric effect is observed in a
crystal having non-central symmetry [20]. The piezoelectric effect is
inorganic materials likely limited to the wurtzite family such as ZnO,
gallium nitride (GaN), indium nitride (InN), aluminum nitride (AIN),
cadmium sulfide (CdS), and zinc sulfide (ZnS) [145,157-162].
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Typically, a wurtzite ZnO has a hexagonal structure in which the Zn%*
cation is surrounded by four 0%~ anions and vice versa. This tetrahedral
atomic arrangement causes a non-centrosymmetric structure in ZnO
crystal. In absence of any mechanical stress, there is no net polarization
as centers of mass of the positive and negative ions coincide at the center
of the tetrahedron as depicted in Fig. 1(a) [163]. When mechanical
stress is applied along the c-axis of the crystal, the centers of mass of the
cations and anions are relatively displaced. In this case, the unit cell
exhibits a net polarization, indicating the presence of dipole moments
inside the crystal. As a result, the crystal exhibits the piezopotential
along the direction of the polarization [28]. The distribution of piezo-
potential has been determined when a ZnO NW is compressed as well as
stretched, as displayed in Fig. 1(b) [163]. When a 1D ZnO is bent by
some mechanical pressure, the pressure-induced charges are separated
along the lateral dimension indicating the formation of a depletion zone
as shown in Fig. 1(c) for ZnO NW [131,148,164,165]. Note that the
piezoelectric charges in 1D ZnO nanostructures are situated at the ends
of the nanostructure, directly influencing the local contacts and the
opposite being true (Fig. 1(b)). As a result, contact formation in 1D
ZnO-based piezoelectric devices is very crucial. The schematic repre-
sentation of ZnO NT where gold (Au) was utilized as a contact material,
is shown in Fig. 1(d) in both normal (left) and bending (right) condi-
tions. The stress-induced carriers, their relative motion, and the devel-
opment of the depletion zone are shown in an expanded cross-sectional
image of the selected region of the bent ZnO NT. Fig. 1(e, f) shows the
energy band diagram for illustrating the effect of piezoelectricity on a
Schottky junction [148], while (g, h) is demonstrating the effect of
piezoelectricity on a p-n junction [163]. Fig. 1(g) depicts the band di-
agram at a conventional p-n junction formed by two semiconductors
with almost identical bandgaps, whereas Fig. 1(h) shows the band dia-
gram of the p-n junction with the presence of a piezopotential at the
p-type side with a polarity of greater potential nearby the junction side
[163]. The 1D, vertically aligned ZnO nanostructure-based piezoelectric
devices are usually constructed by utilizing the Schottky junction
formed between high work-function metal and ZnO. When an external
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Pressure

\

Fig. 1. The structure and band alignment of 1D ZnO in the light of its piezoelectric properties. (a) Schematic illustration of the atomic model of a wurtzite structured
ZnO. (b) Numerical calculation of the piezoelectric potential distribution in a ZnO NW under axial strain. Reproduced with permission [163]. Copyright 2010,
Elsevier. (c) A numerical calculation of the piezoelectric potential distribution caused by bending in a ZnO NW. Reproduced with permission [164]. Copyright 2012,
Elsevier. (d) Schematic representation of a ZnO NT in normal (left) and bent (middle). Right one in the enlarged cross-sectional view of the selective portion of the
bent ZnO NT. The formation of stress-induced carriers, their relative motion, and the formation of depletion zone are shown schematically. Reproduced with
permission [131]. Copyright 2021, Springer Nature. (e-f) Energy band diagram for illustrating the effect of piezoelectricity on a Schottky junction. Band diagrams at
the interface of Au and ZnO in (e) normal, and (f) bent condition. Reproduced with permission [148]. Copyright 2022, Springer Nature. (g-h) Energy band diagram
for illustrating the effect of piezoelectricity on a p-n junction. (g) Band diagram at a conventional p-n junction made by two semiconductors with nearly identical
bandgap bandgaps. (h) Band diagram of the p-n junction with the presence of a piezopotential at the p-type side with a polarity of higher potential at the junction

side. Reproduced with permission [163]. Copyright 2010, Elsevier.
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force is applied to the ZnO in this situation, Schottky barrier height
(SBH) is built. A positive piezopotential caused by tensile strain at the
semiconductor side effectively reduces the SBH, while a negative pie-
zopotential caused by compressive strain increases the local SBH.
Therefore, the design parameters influencing the device’s performance
have a significant impact on the production of piezoelectric devices.

Z.L. Wang and co-workers introduced the concept of piezotronics for
the first time during 2006-2007 [20,166-169]. It deals with the
coupling of piezoelectric and semiconducting properties of materials. In
piezotronics, external mechanical stimuli induce piezopotential in a
piezoelectric semiconductor material, and the induced piezopotential
further regulates the carrier transport by modifying the effective barrier
height at the interface. A simple piezotronic device composed of a 1D
piezoelectric nanomaterial is more likely a kind of transistor which
differs from the conventional one as the conventional gate is replaced by
the deformation induced piezopotential generated inside the piezo-
electric semiconducting crystal (inner potential). The fundamental
working principle for piezotronic p-n junction and Schottky diode is the
generation of deformation-induced piezopotential which effectively
controls the width of p—n junction and the height of Schottky barrier.
Over the past 15 years, a number of electronic devices have been
demonstrated based on piezotronic effects, including pressur-
e/strain/force sensors [72,73,170], smart healthcare devices [1,29,49,
171], tactile sensors [10,118,172], image sensors [68,128,173],
piezopotential-gated  field-effect  transistors [69,163,174,175],
bio-chemical sensors [21,176,177], gas sensors [95,176], etc. Piezo-
tronics is now classified as a new direction in semiconductor technology
as piezotronic devices have promising potentiality for applications in
nondestructive medical equipment, touch screens, human-machine in-
terfaces, micro-electro-mechanical systems, nanorobotics, and active
flexible electronics [20,23,25,64,69,70,87,139].

1.2. Why ZnO?

Inorganic materials, polymers, and bio-piezoelectric materials are
the three primary groups of materials that exhibit piezoelectric effects
based on their material composition and structure. Inorganic piezo-
electric materials, particularly those with wurtzite families like ZnO,
GaN, InN, AIN, CdS and ZnS, have gained enormous attention due to
their outstanding properties [145,157-162]. These are (a) long-term
stability, (a) superior mechanical quality factor, (c) compatibility with
Si-based electronics, and (d) multifunctionality of devices. Furthermore,
these environment-friendly materials are advantageous over the
lead-based piezoelectric materials. These materials are widely used as a
sensing platform for artificial intelligence and medical devices by
coupling piezoelectricity with photonics and electronics [20,126-128,
133,136]. ZnO has become the most widely used material system in
piezotronics in recent years among the known systems of piezoelectric
materials. This is particularly true of its 1D nanostructures, which are
thought to be highly favorable for piezoelectric devices. Here are the
following reasons: (a) higher piezoelectric constants as compared to the
other inorganic wurtzite materials;[104] (b) various high-quality and
uniaxially oriented variants of ZnO nanostructures with
multi-dimensions, including various 1D structures such as NWs, NRs,
NBs, NTs, and NNs, etc.; (c) economic growth on crystalline or amor-
phous substrates those are hard or flexible and compatible with tech-
nologically vital materials such as Si or polymers; (d) biologically
compatible and environmental-friendly materials; (e) ability to easily
tune the optoelectronic properties through doping, surface modification,
and the creation of HSs with suitable nanomaterials; (f) ability to easily
achieve synergistic effects in device performances by integrating
different semiconductor and photonic properties with bare piezoelectric
devices; and (g) multi-functionality in device characteristics.

A specific material with a specific structure, however, is unable to
satisfy the demand for multiple functionality and performance types. In
case of piezotronic sensors, the actual selection of the materials and their
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appropriate structure is challenging to balance the sensitivity, linearity,
working range, multi-functionality, cost-effective fabrication, long-term
stability, and commercial viability. The performance characteristics of
the piezotronic sensor and the requirements of the application scenario
may be utilized to design various nano/microstructures, enabling the
best nanomaterials to be chosen.

1.3. Why 1D?

Because of the following factors, ZnO nanostructures in 1D form like
NWs, NRs, NTs, and NBs are regarded as the ideal candidates for
piezotronics.

e In comparison to their thin film or bulk equivalents, 1D nano-
structures are advantageous because they allow for a variety of de-
formations, including stretching, compression, bending, twisting,
etc., at the nanoscale level. Various kinds of deformations in 1D ZnO
nanostructure are schematically shown in Fig. 2 (schematics in the
inner circle). Both finite element modeling (FEM) and experiments
demonstrated that piezoelectric 1D architectures generate stronger

piezoelectric potential than planar films [10,178].

1D nanostructures offer a higher degree of bending and hence strain

under the same external force as compared to its other form of

structures. Consequently, it displays a larger piezoelectric coefficient

[65,179,180].

e 1D ZnO nanostructures provide an effective strain relaxation from
the lateral surfaces [65,181]. The piezopotential can be significantly
increased compared to that of a ZnO thin film because surface Fermi
level pinning was supposed to be pinned on all 1D ZnO interfaces.
Based on arrays of vertical ZnO NWs, the piezopotential created by a
piezoelectric PNG was found to be up to nine times greater than that
produced by the thin film [182].

o The preferential axis of ZnO growth is the c-axis, which is usually the

longitudinal direction of a 1D ZnO [139]. Due to the asymmetric

structure, 1D ZnO exhibit strong spontaneous polarization along
their longitudinal direction [139]. A strong piezopotential is gener-
ated in the direction of the polarization when mechanical stress is
applied along the c-axis [28,105]. This provides great simplification
and convenience for subsequent development of integrated devi-
ces/systems and avoids the challenging and elusive predetermina-

tion of the c-axis orientation for 1D ZnO nanostructures [25].

For closed-packed integration of device arrays for practical appli-

cations, 1D nanostructures comprise a very small area. (Ideal for

high-resolution tactile imaging)

Fabricated sensors exhibit better sensitivity as well as a wide range of

pressure/force/strain detection [139].

The large surface area offers opportunities for the creation of various

kinds of HSs and the integration of different emerging areas of

nanotechnology.

e 1D nanostructures offer a variety of morphologies by integrating
different other forms of nanomaterials [183]. Similar to HS
approach, the rational design of geometrical structures and homo-
junctions of 1D ZnO are crucial to the functionality of piezotronic
devices, particularly sensors.

e There are numerous well-established methods to fabricate high-

quality, c-axis oriented, and well-controlled 1D piezoelectric

nanostructures.

1D nanostructures incorporated into polymers are preferable for

flexible and stretchable electronics because they can resist material

delamination and/or cracking in the presence of high mechanical
strain [183-185]. Additionally, it has been demonstrated that 1D
nanostructures successfully reduce the percolation threshold of

conductive fillers [183,186].

Different aspects of ZnO in 1D form are summarized in Fig. 2, which
make this material as a superior active component of piezotronic
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Fig. 2. Various kinds of deformations of 1D ZnO nanostructure (schematics in the inner circle). Different aspects of ZnO in 1D form (outer circle), which make this
material as a superior active component of piezotronic devices. (a) Reproduced with permission [148]. Copyright 2022, Springer Nature. (b) Reproduced with
permission [211]. Copyright 2015, American Chemical Society. (¢) Reproduced with permission [131]. Copyright 2021, Springer Nature. (d) Reproduced with
permission [238]. Copyright 2011, American Chemical Society. (e) Reproduced with permission [152]. Copyright 2012, Wiley-VCH GmbH. (f) Reproduced with
permission [191]. Copyright 2015, Wiley-VCH GmbH. (g) Reproduced with permission [247]. Copyright 2020, Elsevier. (h) Reproduced with permission [212].
Copyright 2014, Royal Society of Chemistry. (i) Reproduced with permission [408]. Copyright 2017, Wiley-VCH GmbH. (j) Reproduced with permission [118].
Copyright 2013, American Association for the Advancement of Science. (k) Reproduced with permission [264]. Copyright 2008, American Chemical Society. (1)
Reproduced with permission [91]. Copyright 2016, Wiley-VCH GmbH. (m) Reproduced with permission [135]. Copyright 2015, Wiley-VCH GmbH.

devices. However, high aspect-ratio 1D nanomaterials have some
drawbacks that prevent them from being widely used in piezotronics.
For instance, it is extremely difficult to prevent a severe buckling effect
in 1D nanostructures with large aspect ratios [64,69,172,187]. The
output characteristics of the piezotronic devices may also be severely
compromised by this effect, as it significantly decreases the piezoelectric
properties by adding extra axial strain.

1.4. Why ordered array of 1D nanostructures?

Ordered arrays of vertically aligned 1D semiconductor nano-
structures are considered as viable candidates for the realization of all-
dielectric metamaterials, artificial electromagnetic materials, and
piezoelectric materials whose properties can be tailored to enable new
functions and improved performances in associated devices compared to
naturally existing materials. By utilizing the advancements in

nanofabrication and growth techniques, nanostructure assemblies can
nowadays be precisely designed in order to fully control and adjust their
material properties. A variety of approaches have been developed to
synthesize selective-area, well-ordered 1D ZnO nanostructure arrays
[57,116,117,131,147,188-192]. Various types of 1D ZnO nanostructure
arrays with control over their orientation, shape, dimension, and
spacing are shown in Fig. 3 [193-196]. Ordered nanostructure arrays
demonstrate a superior ability in regulating the piezoelectric properties
to a certain direction and range, which is beneficial for optimizing the
efficiencies and achieving a reproducible performance. When compared
to their randomly distributed counterparts, ZnO nanostructures in
regularly organized arrays are far more favorable. Here are some
important aspects of 1D nanostructures organized in an ordered array.

e Regular arrays of uniform-sized nanomaterials offer a better under-
standing of the piezotronic properties, improving the associated
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Fig. 3. Different forms of vertically aligned 1D ZnO nanostructures. (a) ZnO NWs with a random distribution. Reproduced with permission [193]. Copyright 2007,
American Chemical Society. (b) Site-specific ZnO NR arrays. Reproduced with permission [194]. Copyright 2013, Royal Society of Chemistry. (c) Castle-like 3D
architecture of ZnO NR arrays with variable diameter and interspacing. Reproduced with permission [195]. Copyright 2015, Springer Nature. (d-i) Bird’s eye SEM
images of position- and diameter-controlled ZnO NT arrays. (d-f) Hexagonal ZnO NT array, with spacings of 1.2, 1.6, and 2.4 um, respectively, having a fixed
diameter. (g-i) ZnO NT arrays of diameters 400, 600, and 800 nm, respectively, with a fixed interspacing. The scale bar is identical for (d—f) and (g-i), respectively.
The insets in (d-i) are the corresponding top-view SEM images. (j-k) The top-view and tilted-view SEM images of shape-controlled ZnO NTs grown on SiO, growth
masks with different shapes, respectively. Reproduced with permission [196]. Copyright 2009, Wiley-VCH GmbH.

device performances in terms of sensitivity, detection range, reli-
ability, longevity, and reproducibility. The dimension- and position-
controlled ZnO NTs in an ordered array offered a proper under-
standing of the effect of NT diameter, height, and tube-wall thickness
on the sensing performances of piezoelectric pressure sensor [131].
Individually addressable piezotronic sensor arrays were realized
from a selective-area, well-ordered arrays of vertical ZnO NWs
having control in dimension and array interspacing [192].

The flexible device fabricated by the ordered array of ZnO nano-
materials has better device performance and flexural modulus. As
can be seen in Fig. 4(a), G. Tian et al. demonstrated that the flexural
modulus of the ZnO NRs in the regularly ordered array was 35.74%
lower than that of the unpatterned ZnO NRs [120]. The output
voltage of the developed PNG device was increased approximately
1.62 times higher than that of the original continuous structure as a
result of the suppression of the screening effect [120]. After intro-
ducing patterned growth of ZnO NRs by replacing random growth on
indium tin oxide (ITO)-Polyethylene terephthalate (PET) substrate,
D. Yang et al. demonstrated a 6-fold improvement in output current
from a ZnO NR-based PNG [119].

Depending upon the dimension and spacing of the nanostructure
arrays, a controlled pixel array can be constructed in the case of a
pressure/strain-based tactile image sensor. The number of nano-
structures included in a pixel, its size, its array periodicity, and the
resolution of the mapped image may all be further controlled in this
way. By utilizing an ordered array of ZnO NTs on graphene (Gr), Y.
Tchoe et al. fabricated an individually addressable device matrix as
shown in Fig. 4(b) [134]. Later, addressable pixel arrays were
fabricated from the ordered array of ZnO NTs on Gr by J. B. Park
et al. for pressure mapping, where the number of ZnO NTs in each
pixel was regulated [148]. An ultra-high resolution tactile image
sensor was demonstrated by using the ZnO NWs controlled in
dimension and array interspacing [132].

Site-specific and aligned 1D nanostructures are geometrically ad-
vantageous in production of complex devices and their close-packed
integration for real-world applications. For example, the vertically
well-aligned NWs/NRs/NTs enable them to locally metalize the se-
lective parts of the nanostructures along their own axis. As a result, 3-
terminal devices can be constructed on vertical 1D ZnO
nanostructure-based heterojunction arrays, as shown in Fig. 4(c)
[125,129,197]. Fig. 4(c(i-iv)) displays the 3-terminal vertical field

effect transistor (VFET) arrays fabricated by dimension- and
position-controlled ZnO NTs on Gr [125]. A 3-terminal vertical
surround-gate FET (VSG-FET) was realized by using patterned ZnO
NW arrays in a group on SiC epilayer substrates, as shown in Fig. 4(c
(v-vi)) [197].

The real-world application of piezotronics requires close-packed
integration of devices in a tiny space with controlled integration
density. It is crucial to align 1D nanostructures in a parallel, scalable,
and highly reproducible way regardless of the particular materials in
order to incorporate them into close-packed device applications
[198]. Additionally, the well-organized 1D nanostructure arrays can
effectively reduce the parasitic impact and non-unity ideal factor
brought on by the creation of undesirable cross-connections between
close-packed devices [129].

The efficiency of energy converting/storing devices with typical
planar architectures has, up to this point, been increased to be close
to the matching theoretical values, which are difficult to improve
further without reforming the device structures. As an alternative,
organized 1D nanostructure arrays have recently been demonstrated
their potential to function as a strong building block for the con-
struction of devices that can convert or store energy more efficiently.
Individual 1D nanostructure-based devices can become fragile under
excessive pressure or strain, which can have a significant impact on
how well they work. Integrating 1D ZnO nanostructure assemblies in
the form of bundles in a patterned order is an alternative approach
that provides stiffness without substantially lowering the device
performance index [199]. By integrating high density 1D nano-
structures into bundles, device performance can also be enhanced
considerably as compared to the device made of its individual
counterpart. In reality, defects like cross-aligned nanostructures,
voids in large patterning are found which hinder the performance of
fabricated devices. Therefore, well-organized bundles can be used
more effectively in flexible piezotronics as compared to individual
1D nanostructures because of their mechanical stability, structural
quality, improved device performances, and reproducibility.
Piezotronics is driving the rapid development of multifunctional
devices, sensors, human-machine interface chips, displays, and self-
powered systems. These regularly ordered, morphology-controlled
arrays of 1D ZnO nanostructures are going to be the backbone for
this rapid development of piezotronics [57,68,116,118,131,132,191,
192,200,201]. Researchers are anticipating more compact and tiny



R. Ghosh Nano Energy 113 (2023) 108606

.. ZnO
nanotube

| Gate
electrode

ZnO nanotube ~ Graphene
layers/Cr/Au

Pl layer

, : 0! |
B 20 NRs To PEN 47, § A nanotube | i
g % ] ' 3 Pl layer

SIO,
500 nm

(iii Y e L) >
Patemed 230 NRs
- PEN Sutamact

o

Flexural Modulus (GPa)
N e
\\ d

o

00 01 _02 03 04 0%
Force (N)
\, J
r - - \
(d) High-resolution pressure
(i) piezo-memory system | P
> .
.’4’7:! ,,’ (HPPMS) (ii) = Li/Al
' y - ’4’\»"«’ ey
. P S =gy _-.:-;:;'E&Q-‘ [ ™Moo,
R S [ czno
O su8
] ¢r/Au (V)
[ Per
Store Reset Piezo-memory pixel (PMP)
I(III) Cring : J'/'"” _osus ./\luuk /.\..x LAl
LR L (I
H{ Patterned Patterned Memristor Patterned Top
: NW synthesis insulator layer insulator clectrode
. v

Fig. 4. Regularly ordered arrays of ZnO nanostructures: advantages in complex device fabrication and performances. (a) 3D structure of a patterned ZnO NRs device
with PVDF acting as a barrier layer: (i) Schematic illustration indicating different layers used for building the device. (ii) The topographies of the patterned ZnO NRs.
(iii) The flexural modulus of the substrate and different samples based on a 3-point bending test through dynamic mechanical analysis. Reproduced with permission
[120]. Copyright 2020, American Chemical Society. (b) Two-terminal ZnO NT-based vertical device array: (i) Schematic illustration of an individually addressable
device with Au and Gr/Cr/Au electrode lines contacting individual ZnO NTs. (ii) Tilted SEM images of the fabricated device. (iii) Enlarged view clearly demonstrating
precise alignment of the top electrodes with the ZnO NT device array. Reproduced with permission [134]. Copyright 2020, Elsevier. (c) Three-terminal ZnO NT-based
vertical device array: (i) SEM images of the ZnO NT arrays. (ii) Schematic illustration of a fabricated three-terminal VFET arrays. (iii) Schematic of a single VFET
indicating each layer within it. (iv) Corresponding cross-sectional SEM image [125]. (v) Vertical ZnO NW arrays on SiC epilayer substrates used for vertical
surround-gate (VSG) FET. (vi) Schematic illustration of the critical components of VSG-FET. (vii) A SEM cross-sectional image of a VSG-FET. Reproduced with
permission [197]. Copyright 2004, American Chemical Society. (d) Resistance-memristor and morphology-controlled ZnO NW-based bionic pressure piezo-memory
system: (i) The design of a high-resolution pressure piezo-memory system (HPPMS), which consists of resistive- and piezoelectric-switching NWs (right-lower). The
electrical bias resets and stimulations of the piezo-potential-NWs can be used to realize the force recording and refreshing procedures using resistance-memristor
(left-lower). (ii) The HPPMS’s multi-layer structure gives rise to useful elements like piezo-NWs and resistive memristors. (iii) The fabrication process of the
HPPMS device. (iv) The SEM images of the fabricated ZnO piezo-NW array which has a high degree of uniformity in both height and diameter. The ZnO piezo-NW
array is depicted in the inset image in a 45° tilted-view SEM image. (v) The SEM image of the piezo-memory pixel array in HPPMS (left) and corresponding enlarged
view indicating the 60 nm pixel-size and 70 nm interspacing (right). Reproduced with permission [132]. Copyright 2021, Elsevier.

devices as directed by Moore’s law. For instance, a complex neuro- The limitations associated with individual 1D nanostructures,
morphic tactile sensor with pixel size of only 60 nm is demonstrated irregular 1D ZnO arrays and their random alignment, and thin film
by C. Jiang et al. by utilizing site- and morphology-controlled ZnO structures have been overcome by incorporating well-ordered 1D ZnO
NW arrays (Fig. 4(d)) [132]. The high-resolution pressure nanostructures into piezotronics sensors. These devices now have better
piezo-memory system (HPPMS) was utilized as a competent neuro- performance, additional functionalities, reproducibility, and higher
morphic tactile sensor, that offered non-volatile force-resistive con- stability. However, the large-area device fabrication is the main draw-
version and force-tunable synaptic functions [132]. back for the implementation of regularly ordered 1D ZnO nanostructure

arrays as a building block for real-world piezotronic devices. It should be
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mentioned that it is challenging to select a specific type of materials to
satisfy all needs. For particular applications to replace large area thin-
films and NW-films, ordered arrays of 1D ZnO nanostructures still
have limitations.

1.5. HS approach

A well-known technique called the HS approach may make it
possible for nanoscale piezotronic devices to work better and more
effectively. In the HS strategy, researchers are able to modify/improve
the piezoelectric properties of the 1D wurtzite materials in accordance
with the needs by integrating novel materials with extra functionalities
and complexities. Heteroepitaxy is advantageous with 1D ZnO nano-
structures because they provide effective strain relaxation from the
lateral surfaces [181]. Different classes of HSs are introduced for 1D
ZnO-based piezotronics including (a) axial HS, (b) core-shell HSs, (c)
nanoparticles (NPs) decorated HSs, (d) branched/hierarchical HSs, and
(e) functionalized HSs [109,113-115,128,191,202-206]. Various types
of 1D ZnO nanostructure-based HSs are depicted in Fig. 5. These HSs
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were utilized further for a variety of cutting-edge nanoscale devices.
Three are several advantages of these various types of HSs and
depending on the requirements, this approach can offer the following
benefits over the bare ZnO nanostructures.

e Interface band alignment at the heterointerface can result in strong
built-in electric fields and hence can provide self-power [207].

e HS approach can offer opportunities for fabricating suitable Schottky
and p-n heterojunctions [208,209]. S. Lu et al. demonstrated a
10-fold increase in the performance of PNG composed of Au
NP-coated ZnO nanoarrays as compared to the device composed of
pristine ZnO [209]. The drastic suspension of the piezopotential
screening effect which resulted from the formation of Schottky
junctions on the ZnO surface was attributed to this improvement
[209].

e HS approach can provide more capability for large-scale processing
and integration with Si-based electronics [25,66,210].

e The HS technique can provide possibilities for device integration in a
series, which results in the enhancement of device performance. By
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Fig. 5. Different kinds of 1D ZnO nanostructure-based HSs. (a) Core-shell HS: (i) Schematic illustration. (ii) Bare ZnO NT arrays. (iii) ZnMgO-coated ZnO NT arrays.
Reproduced with permission [202]. Copyright 2009, Wiley-VCH GmbH. (iv) ZnO-NiO NWs core-shell. Reproduced with permission [72]. Copyright 2016, Elsevier.
(v) ZnO NW-Co304 core-shell. Reproduced with permission [109]. Copyright 2019, American Chemical Society. (vi) ZnO-coated Si nanopillar arrays. Reproduced
with permission [203]. Copyright 2014, Wiley-VCH GmbH. (b) Axial HS: (i) The schematic illustration. (ii) p-Si/ZnO axial NW HS. Reproduced with permission
[479]. Copyright 2022, Springer Nature. (iii) As-grown ZnO NW arrays on the flexible p-GaN film. Reproduced with permission [128]. Copyright 2019, Elsevier. (c)
Hierarchical HS: (i) Schematic illustration. (ii) Tilted SEM image of ZnO NWs (diameter: ~50 nm and aspect ratio: 20) on the PDMS MPs (diameter: ~10; height: ~10;
and pitch: ~20 um). Reproduced with permission [191]. Copyright 2015, Wiley-VCH GmbH. (d) NP-decorated HS: (i) Schematic illustration of the Pd NP-decorated
ZnO NW HS utilized as self-powered active ethanol sensor. (ii) SEM image of the Pd/ZnO NW arrays in a side view (the inset is an enlarged view of one single Pd/ZnO
NW). Reproduced with permission [204]. Copyright 2014, Royal Society of Chemistry. (e) Double-sided HS: (i) Schematic illustration of the ZnO NRs/Gr/ZnO NRs
double-sided HSs and the respective piezotronic device in which epitaxial double HS are installed. (ii) SEM image of the ZnO NRs/single-layer Gr epitaxial double HS
that are uniformly grown and distributed over the entire Gr area (yellow colors correspond to single-layer Gr in the inset image). Reproduced with permission [113].

Copyright 2015, Elsevier.
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creating a heterojunction with a Si micropillar (MP) array, M. R.
Hasan et al. showed that a ZnO NR-based PNG’s output power could
be increased by 5.6 times [211].

Incorporating additional material as a lamination can potentially
prolong the lifetime of a device. This provides support for the weak
1D ZnO nanostructures from damage during transferring from rigid
substrates to foreign substrates for flexible and wearable applications
[131,134,148].

The HS method aids in preventing the electron screening effect in 1D
ZnO [105,108,209].

Additional ligands by surface functionalization can be useful for
attaching molecules in case of piezoelectric bio-chemical as well as
gas sensors [28].

HS formed by surface passivation can also improve the crystalline
quality of the ZnO nanomaterials. After surface passivation with the
copper thiocyanate (CuSCN), N. Jalai et al. found that the density of
defects on the ZnO surface was reduced, and consequently the carrier
concentration in the ZnO [212].

Opportunities are opened to create organic/inorganic hetero-
junctions [141,213]. For instance, the limited biocompatibility of the
active components in a few piezotronic sensors restricts their use in
wearable medical devices. The gap can be filled by developing HS
from organic materials that are naturally biocompatible and capable
of amplifying received vital signals from the body [214]. A wide
variety of biophysical, biochemical, and environmental signals can
be measured by bio-integrated wearable piezotronic systems, which
can offer vital information about general health condition and
quantify human performance [11].

The HS approach proposes to combine piezoelectricity with other
mechano-electric properties for synergistic management [90-94].
1D ZnO nanostructure-based HSs offer a wide variety of applications
because of their additional functionality. After functionalizing a Li-
doped ZnO NW array with oleic acid, J. I. Sohn et al. showed 30
times increase in piezoelectric output voltage from the device [215].

1.6. 1D/2D combination

A particular type of HS that offers unique features is vertically
aligned and well-ordered 1D nanostructures on 2D materials. This type
of HS is beneficial for the implementation of high-density integration of
1D nanostructure-based devices and mechanical deformability as suit-
able for bendable and stretchable electronics and optoelectronics. The
material properties of the 2D material can be integrated with the
piezoelectric 1D ZnO nanostructures and thus new functionalities to
enable the 1D/2D heterojunction for versatile nanotechnology applica-
tions. Some of the key advantages of 1D/2D HSs are:

e By utilizing 2D nanomaterials as substrate (Gr, hexagonal boron
nitride (h-BN), and transition metal dichalcogenides (TMDs)) selec-
tive, catalyst-free growth of 1D ZnO nanostructure can be achieved
[125,131,134,148,216-218]. By employing -catalyst-free, direct
growth of ordered 1D ZnO nanostructures on 2D layered nano-
materials, 1D/2D HSs can be straight applicable for piezoelectric
sensors as well as different other piezotronic devices. 2D layers offer
advantages because of their mechanical flexibility and excellent
electrical and thermal properties [90,125,131,134,148,219]. Ac-
cording to M. Panth et al., the strain detection performance of ZnO
NWs grown on Gr was 7-8 times better than that of ZnO NWs grown
on polycrystalline ZnO seeds [220].

The weak van der Waals (vdW) forces between the 2D nanomaterial
with the substrate can be utilized for the efficient 1D/2D nano-
material transfer to any foreign substrates. Thus, it provides the
opportunity for the materials to be implemented as flexible and
wearable device application [107,131,134,148,221].

Gr-based substrates provide mechanical stability to the 1D ZnO
nanostructure. Additionally, 1D ZnO on 2D Gr exhibits behavior
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consistent with appropriate semiconductor/metal junctions or con-

tacts, which are crucial parts of semiconductor devices [131,134,

148,221]. Conducting Gr can act as a flexible, stretchable, and

transparent electrode for different piezotronic as well as optoelec-

tronic applications [131,134,148,221-227].

Depending on the difference in the electronic affinities and/or carrier

concentrations of the materials in contact, 1D semiconductors on 2D

semiconductors (such as TMDs) generate heterointerfaces in which

the p-n junction may also be accessible [129,174,228].

e 1D ZnO on 2D flexoelectric substrate can trigger the synergy in ap-
plications [111].

e The hybrid or composite 1D/2D materials offer a wide range of
material platforms, providing a window into novel approaches to
intriguing structures and potential uses for such assembled archi-
tectures in the future. These architectural frameworks enable the
integration of 1D nanostructures into the micro- and macro-scales
and serve as the foundation for the construction of 1D materials
into higher hierarchical domains [229].

1.7. Flexibility of 1D ZnO-based piezotronic devices

Smart sensing technologies are currently receiving a lot of interest
for health monitoring [10,67,153,230-234]. Flexible piezoelectric sen-
sors are important components of sensing technology for portable and
wearable human health monitoring devices. In addition to being crucial
for personalized signatures, conformability with a curve or rough sur-
face for the sensors is also important for touchpad technology, bio-
imaging, and human-machine interfaces. Flexible piezotronic sensors
should have a wide detection range, high resolution, high sensitivity,
fast reaction, and long-term stability in order to keep their sensing
ability unaltered with arbitrary substrate deformation. The development
of composite polymers with conductive fillers (i.e., the active phase),
such as carbon nanotubes (CNTs), metallic nanofibers, and NPs, has thus
received a significant amount of attention in the study on piezo-
electric/piezoresistive sensors [235-237]. However, when considered
from the point of view of a healthcare application, such as vital sign
monitoring, the sensing performance of these composite
elastomer-based sensors is very poor. Furthermore, their performance
easily degrades in the ambient atmosphere. When using flexible sensors
made of inorganic materials, it is necessary to assemble electronic cir-
cuits and active piezoelectric components onto flexible substrates that
enable the sensors to be stretched, compressed, bent, and twisted into
irregular shapes without compromising the piezoelectric functionalities.
Therefore, the development of piezotronic sensors based on piezoelec-
tric nanomaterials, particularly 1D ZnO nanomaterials on a flexible
substrate, has received considerable scientific attention.

1.8. Other important aspects of 1D ZnO arrays and associated piezotronic
devices

1.8.1. Alignment of the 1D ZnO arrays

The 1D ZnO-based piezotronics have drawn the greatest attention for
the NW arrays with vertical alignment. Aligning them obliquely is one of
the suggested methods for maximizing the deformation in 1D nano-
structures [28,238]. Theoretical simulations on InN NWs found that the
tilt angle of an obliquely aligned NW with respect to the substrate
directly correlated with the strain-induced piezopotential, whereas the
experimental results suggest that the tilt angle of the NW around 60°
may be the best geometry for the highest piezopotential to be applied in
DC/AC PNGs [239]. However, there are some drawbacks of these tilted
nanostructure arrays. There is a high chance of unwanted cross junctions
while fabricating closed-packed device arrays by using these tilted
nanostructures. Additionally, it is challenging for this type of structure
to establish selective contact in the vertical direction. In reality, piezo-
tronic device functionality completely determines the need for 1D
nanomaterial alignment. In this regard, horizontally aligned 1D ZnO
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nanostructures were also used in piezotronics [57,156,240-243], which
performed better than vertically aligned nanostructures in terms of de-
vice performance [240]. However, fabricating or integrating horizontal
arrays of 1D ZnO nanostructures with precise dimensions and spacings
has never been easy.

1.8.2. Shape of 1D nanostructures

Recently, researchers have discovered that incorporating unique
geometrical structures might further enhance the physical and chemical
properties of nanomaterials [244]. FEM analysis on ZnO NWs predicted
that the truncated conical-shaped NW would be more advantageous
than uniform diameter cylindrical-shaped NWs [28,152]. It also
demonstrated that the conical devices have enhanced piezopotential and
stronger depletion at the tip of the conical NW. Through experiment, K.
Y. Shin et al. suggested that the ZnO NN has a better piezoelectric per-
formance in comparison with the NR [153]. AFM nanoindentation was
used to evaluate the elastic modulus, which quantifies the resistance to
elastic deformation for the ZnO NR/polyvinylidene fluoride (PVDF) and
ZnO NN/PVDF hybrid films. The values were calculated to be approxi-
mately 25 and 3 GPa, respectively [153]. A. Araneo et al. demonstrated
how altering the piezopotential-force relation in the case of conical NWs
can result in better NGs, piezotronic, and piezophototronic devices
[152]. J. B. Park et al. demonstrated highly sensitive pressure sensor
arrays based on the tapered ZnO NT arrays on Gr and utilized them for
breath and pulse detection [131]. However, conical shaped-1D nano-
structures, which often act like ineffective functionally-graded piezo--
materials, should be avoided in piezoelectric and piezotronic devices in
favor of uniform cylindrical cross-sections because they have
piezo-performance that is more resistant to mechanical size effects
[154].

1.8.3. Doping of ZnO nanostructures

In comparison to other common piezoelectric ceramics, pristine ZnO
has a comparatively low piezoelectric coefficient [28,245]. Doping is
considered as one of the well-known strategies to enhance the piezo-
electric coefficients of 1D ZnO [30,58,246]. There are two main cate-
gories for improving the piezoelectric characteristics of ZnO through
selective doping. The first one is the change of the original crystal lat-
tice’s atoms, which includes the alternation of chemical bonds, polari-
zations, and bond lengths caused by the atomic replacement. The second
effect is the change in the carrier concentration, which plays a critical
role in reducing the internal resistance and the piezoelectric screening
effect. Substitutional doping can increase the asymmetry in structure of
the host material by replacing its atoms with dopants, which can also
contribute to the enhancement of piezoelectric properties, or even
introduce piezoelectricity into a non-polar material [245]. P-type
doping, in particular, can lower the carrier concentration and, as a
consequence, lower the piezopotential screening. In the case of n-type
doping, the dopant can lower crystal lattice strain along the ZnO crys-
tal’s polar c-axis, raise the piezoelectric coefficient, and enhance
piezoelectric output performance [30]. Sb [30,58,208,247], Li [173,
215,248-250], Tb [30,251], halogen ions [30,252], Al [253-255], and
Fe [256] are demonstrated to be suitable dopants for doping 1D ZnO
nanostructures, and the piezoelectric sensing capabilities of the corre-
sponding devices improved after doping in comparison to the undoped
one. Recently, Y. Sun et al. described a method for increasing the
piezoelectricity of ZnO by doping it with rare earth ions to suppress its
atomic-scale piezoelectric screening effect [257]. In comparison to
undoped ZnO, Y3* doping showed a 91.8% drop in carrier concentration
and an increase of 53.8% in surface piezoelectric response. The extent of
doping also has a considerable impact on the piezoelectric performance
of 1D ZnO. According to K. C. Pradel et al., high doping concentration in
Sb-doped ZnO NW samples led to an increased screen effect, which
dramatically decreased the piezoelectric output [58]. Piezopotential
measurements of a ZnO NWs incorporated with a Li dopant source
varying from 0 (undoped) to 100 mM were performed by J. I. Sohn et al
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[215]. It was observed that the output voltage was increased with Li
concentrations up to 25 mM due to a continuous decline in donor con-
centrations, whereas the output voltage was gradually reduced with
further increasing Li concentrations due to the compensation effect, such
as the formation of acceptor complexes, deep levels, and interstitials,
resulting from higher Li concentrations [215].

1.8.4. 1D nanostructure aspect ratio

ZnO nanostructures in 1D forms are favorable for bending upon
applying tiny pressure and the bending ability is greater for the longer
ZnO nanostructures with fixed lateral dimensions. Different groups have
demonstrated that the piezopotential is proportional to the aspect ratio
of the 1D ZnO nanostructures and consequently the device performances
through both experimental and theoretical modelling [28,101,131,152,
169,258-260]. By using FEM, M. Riaz et al. reported that the calculated
output electric potential of ZnO NW-based PNG increases with the
aspect ratio of the ZnO NWs and finds maxima when the aspect ratio is
80 [260]. The excessive deflection in the NW might cause charge-carrier
screening on the outer surfaces of the NWs and hence there was a drop in
output electric potential beyond the NW aspect ratio of 80. According to
R. Agrawal et al., as the diameter of [0001]-oriented ZnO NWs decreases
from 80 to 20 nm, their elastic modulus rises from 140 to 160 GPa
[101]. In the case of vertically aligned ZnO NTs, J. B. Park et al. reported
that the pressure response decreases with the increase in the tube-wall
thickness when the length and the diameter of the tube were fixed
[131]. For a ZnO NW diameter of 100 nm, when the aspect ratio was
changed from 12 to 50, the density of electrical energy generated in a
PNG and the efficiency increased up to a maximum of 241 nJ cm~> and
1.8%, respectively [259].

1.8.5. Device contact type

The Schottky contact between the metal contact and ZnO NW is a
crucial component for the current modulation as well as generation
process. Therefore, the modulation of SBH through Schottky contacts
are one of the key factor in context of piezoelectric sensors, PNGs and
other piezotronic devices [95,261-264]. PNGs were initially constructed
to establish a Schottky contact at one end and an ohmic contact at the
other end by selecting metals with appropriate work functions [144]. In
case of piezoelectric sensors, piezopotential can effectively tune/control
the charge carrier’s transport process by modulating the SBH at local
contact through strain-induced piezoelectric polarization charges that
are presented at the site of the metal-semiconductor interface. Hence,
the performances of Schottky-contact sensors are ultimately enhanced
[95]. When compared to ohmic contact devices, Schottky contact led to
an increase in the sensitivity of NW sensors by up to 4 orders of
magnitude. The sensitivity of a sensor was increased by more than 300%
by utilizing the piezotronic effect to tune the piezo-polarization char-
ge-induced SBH [95]. Comparing the performance of the
Schottky-contacted NW sensor to that of the Ohmic-contacted NW
sensor, the former offers a high performance in terms of sensitivity,
reaction time, etc [263,265,266]. An optimized SBH is necessary for the
sensor to operate at its highest level of sensitivity because an unfavor-
able SBH can prevent current from flowing through and resemble an
Ohmic-contacted device [267]. 10-fold enhancement in PNG was ob-
tained with Au NPs/ZnO nanoarrays Schottky junction as compared to
pristine ZnO [209].

1.8.6. Hybridization of mechano-electrical properties

Utilizing the synergy in performance of sensors for physiological
monitoring and health care applications, hybrid piezotronic devices can
be integrated with other mechano-electrical features [111,112,250,
268-271]. Hybrid NGs can meet the energy and power requirements of
wearable and portable electronic gadgets by enhancing the efficiency of
energy harvesting [91,93,94,96,270-275]. Y. P. Lim et al. combined
high triboelectric output voltage and piezoelectric output current in a
hybrid piezo/triboelectric NGs (H-P/TENGs) made of ZnO NR/PVA and
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obtained 17-fold improvement in electrical outputs when compared to
the pristine one [93]. Y. S. Chen et al. integrated piezoelectricity with a
capacitive pressure composed of ZnO NW/PMMA and obtained an in-
crease of capacitance change by as much as a factor of 23 over pristine
polymer devices [112]. B. C. Kang et al. obtained 6-fold enhancement in
pressure sensitivity by developing wearable pressure/touch sensors
based on hybrid ZnO NW/PDMS dielectric composites [269]. An
eco-friendly and stretchable flexoelectricity-enhanced piezoelectric NG
based on zinc-aluminum layered double hydroxide (ZnAl:LDH)
nanosheets-ZnO HS on stretchable PDMS substrates was demonstrated
by C. Yoon et al [270]. The multi-property coupling effects between
magnetic field, piezoelectricity, and photoexcitation were investigated
in ZnO NW arrays by S. Yan et al [276]. An improvement in the current
responses up to 9 times and 3 times under piezo-magnetotronic and
piezo-photomagnetotronic engagements, respectively, were obtained
from ZnO/Co304 core/shell heterojunction NW arrays. The improved
performances were attributed to the improved charge carrier separation
and transportation at the core/shell interface [276]. Coupling of pyro-
electric and piezoelectric effects was investigated by J. Liu et al. for the
photoresponse enhancement from a self-powered heterojunction
photodetector composed of glass/Mo/Cu(In,Ga)Sez/CdS/ZnO NW/ITO
[277]. By combining the ferroelectric p-type La-doped bismuth ferrite
film and n-type ZnO NW arrays in a photovoltaic system, Y. Zhang et al.
were able to take advantage of the piezo-phototronic effect and ferro-
electric polarization [278]. By simultaneously applying 2.3% compres-
sive strain and upward polarization, the short-circuit current and
open-circuit voltage improved by 54.7% and 8.4%, respectively, in
comparison to the photovoltaic performance of the heterojunction
without strain and poling.

1.8.7. Compatibility of the piezotronic devices with Si electronics

Practical application involves the interfacing of the piezotronic de-
vices with a commercial integrated circuit (IC) chip. For instance, highly
sensitive and conformable health monitoring piezoelectric sensors can
be mounted to the human body to realize signal conversion, but the
signal transmission needs multiple wires which are connected to the
laborious workstation to analyze the signal. This inconvenience may
limit the application of these piezoelectric sensors in human health
monitoring. In order to drive the mechanical action-based signals pro-
duced by a human to operate the Si-based CMOS chip, piezotronics was
developed [20]. Earlier reports demonstrated the commercial viability
of the ZnO-based sensors [25,66,210]. For instance, successful integra-
tion was made from ZnO-based piezoelectric sensors to an existing and
shipping touchscreen driver IC [210].

2. The synthesis of high-quality, 1D ZnO nanostructure arrays

Various strategies have been developed so far for synthesizing 1D
ZnO nanostructures, and it mostly depends on the vapor-liquid-solid
(VLS) growth method, vapor-solid-solid (VSS) growth method, chemi-
cal vapor deposition (CVD) method, and solution-based hydrothermal
method. However, piezoelectric properties of these ZnO nanostructures
are greatly affected by their high crystalline quality, well-alignment,
control over morphologies, and tunability in majority charge carriers.
Therefore, the piezoelectric and piezotronic device performances are
greatly influenced by the method used to create the 1D ZnO nano-
structure [65,279]. It was discovered that CVD, solution process, and
electrochemical deposition were the most commonly employed syn-
thesis techniques to grow vertically aligned, highly crystalline, 1D ZnO
nanostructures for piezotronic application [37]. Table 1 summarize the
synthesis methods of different kinds of 1D ZnO nanostructures to be
utilized for a variety of piezotronic applications.

2.1. CVD

CVD is the most extensively explored approach to the formation of
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1D semiconductor nanostructures such as whiskers, NRs, and NWs [116,
123,188,197,280-286]. Typically, metal nanoclusters are used as cata-
lysts in CVD to synthesize 1D nanomaterials via the VSS and VLS growth
processes. Often, pure Zn powder or a combination of ZnO is employed
as the Zn vapor source to create ZnO nanostructures in a horizontal tube
furnace where ZnO NRs/NWs are commonly grown. Noble metal cata-
lysts are considered to be the nucleation site for the growth of nano-
structures. ZnO NWs have been successfully grown on sapphire, GaN,
AlGaN, and ALN substrates through the VLS process [281]. By control-
ling the size, dimension, and position of the catalyst, patterned growth
approaches have developed to obtain well-organized, morphology--
controlled 1D nanostructures as shown schematically in Fig. 6(a(i-iv))
[123,188,282,283,287]. X. X. Zhang et al. successfully fabricated
site-specific ultrafine (as thin as 10 nm) ZnO NW arrays with varying
diameters by using multi-stage CVD growth (Fig. 6(a(v—viii))) [283]. By
precisely controlling the thickness of the Au catalyst, B. Kumar et al.
demonstrated a PNG that was made from vertically aligned
NW-nanowall ZnO on Gr using CVD at 900 °C [288]. The drawbacks of
the CVD approach include high operational costs and synthesis tem-
peratures (over 450 °C) that are undesirable for polymeric substrates,
which prevent the direct growth of 1D ZnO nanostructures on flexible
plastic-based substrates. In general, 1D ZnO nanostructures constructed
using high-temperature vapor phase deposition techniques have fewer
defects and enormous control in morphology for selective are growth,
making them the best prospects for piezotronics study [139].

Metal-organic chemical vapor deposition (MOCVD) is a special type
of CVD that was widely used for the 1D growth of semiconductors. A
high-purity metal-organic source is used to synthesize different ZnO
nanostructures in a 1D form including, NW, NR, NT, NN, and nanowall
[117,125,129,131,148,196,202,289-298]. G. C. Yi and coworkers
developed a catalyst-free MOCVD for growing 1D ZnO nanomaterials
[196,291,293-295]. Recently, J. B. Park et al grew
morphology-controlled ZnO NT arrays on Gr by using MOCVD [131,
148]. The methodology is schematically shown in Fig. 6(b)) along with
the scanning electron microscopy (SEM) images of the synthesized ZnO
NTs [148]. Note that, no catalyst was employed for ZnO NT formation,
which leads to the preparation of high purity ZnO nanomaterials by
excluding the possible incorporation of catalytic impurities, which is
highly beneficial of a diverse range of device applications. MOCVD en-
ables the growth of 1D ZnO nanostructures along the c-axis orientation
as single crystals [196,293,295,298], which makes it advantageous for
piezotronic applications [65,139]. Additionally, ZnO nanostructures
could be grown using catalyst-free MOCVD at temperatures as low as
400-500 °C, which is substantially lower than the normal growth tem-
perature of 900 °C needed for catalyst-assisted NW formation [292]. The
ability to grow high-purity ZnO NRs at a low temperature is expected to
greatly increase the versatility and power of these building blocks for
nanoscale photonic and electronic device applications.

2.2. Solution-based hydrothermal process

Utilizing a standard flexible substrate with a low melting tempera-
ture is challenging in CVD due to the high growth temperatures. Tech-
niques for solution route synthesis make it possible to create 1D ZnO
nanostructures on flexible substrates. Due to its relatively low synthesis
temperature (<100 °C), the majority of existing research concentrated
on a solution-based hydrothermal approach to produce ZnO NRs on
flexible (polymeric) substrates [37]. Preparing a ZnO seed layer and
hydrothermal growth of nanostructures are the two primary steps in a
conventional hydrothermal process. The schematic representation of the
construction of 1D ZnO nanostructure arrays by this process is shown in
Fig. 7(a). Dimension- and position-controlled growth was included in a
subsequent stage involving electron beam lithography. Large-scale ar-
rays of highly ordered ZnO NRs grown by hydrothermal method on
various pre-patterned ZnO seed layers were demonstrated by S. B. Kim et
al [299]. Moreover, researchers have demonstrated the epitaxial
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Summary of 1D ZnO nanostructures including its different shapes, structure of active materials used in the associated piezotronic devices, 1D ZnO synthesis methods,
fundamental function of the device, and relevant applications.

Active materials for 1D ZnO synthesis Fundamental function of Sensitivity Applications Ref.
piezotronic devices method the device
ZnO NW VLS Force, strain PNG [373]
ZnO NW/MW Thermal evaporation Strain Gauge factor 1250 Piezoelectric modulation [170]
ZnO NW Thermal evaporation Strain PNG [453]
ZnO NW/Gr CVD Force, strain PNG [288]
ZnO NW Hydrothermal Strain, piezopotential- 2.1uS Tactile image sensor [118]
gated FET
ZnO NW CVD/PVD Strain Sound-driven PNG [379]
ZnO NT/Gr MOCVD Pressure 4.4kpa! Breath and pulse monitor [131]
ZnO NT/Gr MOCVD Pressure 1.95 x 10 3 kpa! Pressure-based image sensor [148]
ZnO NW (oblique) Hydrothermal Strain PNG [238]
ZnO NW/Gr/ZnO NW Hydrothermal Pressure PNG [113]
CuSCN-passivated ZnO NR Solution Strain PNG [212]
ZnO NW Solution Strain PNG [241]
ZnO NW/Gr Solution Strain PNG [221]
ZnO NW Solution Force, strain PNG, wireless data transmission [4371
ZnO NR Solution Force, strain PNG [454]
ZnO NR Solution Strain PNG [455]
ZnO NW/Gr Solution Pressure 1.7 nA kPa~! Photosensor [224]
ZnO NW/GaN Solution Strain Self-powered photodetector [456]
Au NP/ZnO MW CVD Strain Light-induced piezopotential-gated FET, [368]
logic computation
ZnO NW/MW CVD Strain Photonic synapse [171]
ZNO NR/textile Hydrothermal Strain PNG, human energy harvester [457]
ZnO NW Solution Strain PNG, detection of human face wrinkling [406]
ZnO NW Solution Strain PNG, active skin sensor, eye-ball motion [407]
detector
ZnO NN/PVDF Solution Strain Heart rate monitoring [153]
ZnO NW homojunction Solution Strain Gesture recognition [208]
ZnO NR Hydrothermal Strain Wound healing [408]
ZnO NT Hydrothermal Strain PNG [149]
ZnO NT Solution Strain PNG [151]
Pt/ZnO NN Thermal evaporation Force PNG [155]
ZnO NR Solution Pressure 0.62 VkPa! Human motion sensor [59]
Hierarchical PVDF/ZnO NW Solution Strain Gait recognition, pulse, and muscle [428]
core-shell nanofibers movement monitor
ZnO NW/MW Solution Strain Detection of protein kinases [429]
Sb-doped ZnO NW Solution Strain Gesture recognition [247]
Li-doped ZnO NW Hydrothermal Strain PNG [248]
ZnO NR, AZO NR Solution Pressure ZnO: — 0.768 kPa!, AZO: e-skin, pulse monitor [254]
—0.223 kPa~?
MoOs3/ZnO NW Hydrothermal Force, pressure Neuromorphic tactile sensor [132]
ZnO NR Hydrothermal Pressure 403 mV MPa ™! Self-powered e-skin [400]
MoO3/CBP/TAZ/ZnO NW Hydrothermal Pressure, Piezo-OLED- 61.2 uS Image sensor [130]
gated transistor
ZnO NW Solution Pressure Self-powered e-skin [336]
WO3/Zn0 NW Solution Pressure Pressure visualization and recording [200]
system
ZnO NW Solution Pressure Enhanced UV detection, image sensor [127]
ZnO NW/GaN Hydrothermal Pressure 12.88 x 10 ® kPa™! Electroluminescent imaging of pressure [136]
distribution
ZnO NW/Si MW Hydrothermal Pressure Light emission enhancement, image [201]
sensor
ZnO NW/PDMS MP Hydrothermal Pressure — 6.8kpPa! e-skin [191]
ZnO NW/Organic Hydrothermal Pressure Light emission enhancement, image [334]
sensor
ZnO NW Hydrothermal Pressure PNG, vehicle sensor [439]
ZnO NR Solution Pressure 0.25% kPa~! FET [458]
ZnO NW/GaN Solution Pressure Pressure image sensor [128]
ZnO NW/PEDOT: PSS Hydrothermal Pressure Light emission enhancement, image [135]
sensor
ZnO NR CVD Pressure PNG [459]
ZnO NW CVD Strain Sound-driven PNG [460]
ZnO NW/Gr CVD Strain High-performance photosensor [77]
ZnO NW/Gr Sputtering Strain High-performance photosensor [461]
ZnO NW CVD Strain Lateral piezopotential-gated FET [26]
Vertical and lateral array of ZnO Physical vapor strain Self-powered LED [240]
NW deposition
ZnO NW/MW CVD Strain Flammable/toxic (Hz, H2S) gas sensor [176]
ZnO NW Electrodeposition on Strain Vibration-induced PNG [323]
templet
ZnO NR Electrodeposition Pressure PNG [320]
Core-shell ZnO/NiO NR Electrodeposition Strain Piezoelectric modulation [324]
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Active materials for 1D ZnO synthesis Fundamental function of Sensitivity Applications Ref.
piezotronic devices method the device
ZnO NW Electrodeposition on Strain Piezoelectric modulation [325]
templet

ZnO NR Electrodeposition Strain Piezoelectric modulation [462]
ZnO NW/PMMA VSS Pressure, force 9.95 x 107% cm? gf ! Hybrid piezo/capacitive pressure sensor [112]
ZnO NW/PDMS VSS Pressure 8.77 x 10* pa~! Hybrid piezo/capacitive touch sensor [269]
ZnO NW/PVA, Hydrothermal Pressure Hybrid piezo/triboelectric NGs [93]

ZnO NR/PVA,

ZnO NR/PVA hierarchical
ZnO NR Hydrothermal Pressure Hybrid piezo/triboelectric NGs [91]
ZnO NR Hydrothermal Force, pressure Hybrid piezo/MOS capacitor NGs [272]
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Fig. 6. 1D ZnO nanostructure arrays by CVD method. (a) Multi-stage CVD for site-specific growth of ZnO NRs: (i-iv) Schematic illustration of steps. (v) Tilted-view
SEM images of ZnO NR arrays after the two-stage CVD. (vi) The details of the junction produced by the two-stage growth procedure. (vii, viii) Two different types of
NR tips confirming ultra-flat top and truncated-pyramidal top structure, respectively (the scale bar is same as in (vi)). Reproduced with permission [283]. Copyright
2011, Institute of Physics. (b) Dimension- and position-controlled growth of ZnO NTs on Gr by MOCVD process: (i-iv) Schematic illustration of steps. (v) 30°
tilted-view SEM images of ZnO NT arrays on Gr. (vi) 30° tilted-view SEM image of a single ZnO NT. (vii, viii) Top-view SEM images confirming two different
cross-sections of ZnO NTs. Reproduced with permission [148]. Copyright 2022, Springer Nature.
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Fig. 7. 1D ZnO nanostructure arrays by hydrothermal method. (a) Schematic diagrams: (i-vi) Steps involved in a typical hydrothermal process for the fabrication of
site-controlled ZnO NR arrays. (b) Seeded growth: (i) Top-view and (ii) tilted-view SEM images of ZnO NR arrays grown by hydrothermal process on patterned ZnO
seed layer. Reproduced with permission [299]. Copyright 2012, American Chemical Society. (iii-iv) The top- and 45°tilted-view SEM images of vertically aligned
homoepitaxially grown ZnO NW arrays on a Si substrate with a textured ZnO seed layer. Reproduced with permission [301]. Copyright 2010, American Chemical
Society. (c) Heteroepitaxial growth of vertically aligned ZnO NW arrays: (i) Top and (ii) 45° tiled views of aligned ZnO NW arrays with uniform diameter, height, and
2 um period spanning centimeter-scale area (insets are the enlarged images with scale bar size 1 pm). Reproduced with permission [190]. Copyright 2010, Wiley-VCH
GmbH. (iii) Top-view and (iv) 45°-tilted-view SEM images of vertically aligned ZnO NW arrays on GaN substrate in large-scale uniform pattern (insets show the
corresponding enlarged views). Reproduced with permission [301]. Copyright 2010, American Chemical Society.
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patterned growth of vertically aligned and site-specific periodically
distributed ZnO nanostructures by hydrothermal method and explored
their piezotronic as well as piezo-phototronic properties [128,136,190,
300]. Z. L. Wang and his co-workers explored the hydrothermal process
for the wafer-level production of high-quality ZnO NWs [301]. S. Xu
et al. demonstrated both epitaxial as well as non-epitaxial approaches
for the e-beam lithography-patterned aligned growth of ZnO NWs at a
low temperature (<100 °C) on general inorganic substrates such as GaN
and Si, without using catalyst [300]. Y. Wei et al. utilized the homo-
epitaxy as well as the heteroepitaxy for the site-controlled, well-aligned
growth of ZnO NWs as shown in Fig. 7(b(iii, iv)) and Fig. 7(c(iii, iv)),
respectively [301]. In case of a seeded growth of ordered arrays on 1D
ZnO in different substrates, the seed window and the growth conditions
were found to define the geometry of the 1D ZnO and their relative
alignment in the array, whereas the crystalline characteristics of the ZnO
seed layer determined their alignment and crystal properties [302]. M.
Parmar et al. fabricated a selective-area, well-ordered arrays of vertical
ZnO NWs which were individually contacted at their base [192]. They
revealed that each NW in the array could produce an electrical response
to strain without the need for external biassing to take advantage of the
piezotronic effect. The geometry of the solution-processed 1D ZnO
nanostructures can be tuned to exhibit a wide range of morphologies,
well-defined edges, and improved surface profiles. H. Liu et al.
demonstrated a “windmill” pattern of size 300 um x 500 um containing
more than 300 000 ZnO nanostructure units with various diameters and
pitch lengths [303]. Hydrothermal method is utilized for large-scale
production of patterned ID ZnO nanostructures in both vertically
[118,140,190,300,301,304-307] as well horizontally [308,309] align-
ment. Additionally, for certain purposes, this approach allows the
fabrication of 1D ZnO nanostructures on any substrate [309] and for any
length [118,304,310] (even exceptionally long). A solution-based
chemical bath deposition (CBD) approach was also employed to create
selective-area, well-ordered ZnO NW arrays with adjustable polarity
[311-314]. Through a polarity transfer from the nucleation surface
[311], the CBD method provides the option of choosing the O- or
Zn-polarity of 1D ZnO nanostructures [315,316], which has significant
implications for piezotronic and piezoelectric devices. The solution
process, however, also has a few drawbacks. For instance, because of the
low growth temperature, crystal defects in the created nanostructures
are unavoidable. Despite having high concentrations of different kinds
of defects, 1D ZnO nanostructures made using a low-temperature wet
chemical method are widely utilized in PNGs [139].

2.3. Electrodeposition process

Electrochemical deposition is another well-established method for
growing 1D ZnO nanostructures for its utilization in piezotronics [37,
317-326]. Similar to hydrothermal, it is also a two-step process in which
ZnO seed layers are typically used for growing well-aligned 1D ZnO
nanostructures on flexible as well as conducting substrates [37,320,
321]. Growing time, precursor concentration, and externally applied
voltage were the parameters in an electrochemical deposition that
influenced ZnO nanostructures alignment, length, and diameter. Low
setup costs, ease of use, a limitless selection of substrate possibilities,
and a rapid synthesis process are all benefits of this approach. The pri-
mary issues, however, which restrict its use in piezotronics are the
fabrication of good crystal quality 1D ZnO nanostructures, inadequate
control in the site-specific controlled growth of 1D ZnO array,
non-uniform distribution of nanostructures, etc.

Precisely designed and controlled arrays of 1D ZnO nanostructures
are currently receiving significant scientific attention because of the
advancement of nanofabrication and synthesis techniques. Numerous
nano/microfabrication approaches have been developed for the reali-
zation of ordered arrays of 1D ZnO nanostructures. This nano/micro-
fabrication involves a sophisticated patterning technology which
includes mostly the porous templet methods [116,285,327] and various
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types of lithographic techniques such as colloidal/nanosphere lithog-
raphy [282,299,328-331], e-beam lithography [57,130,192,196,202,
295,300,311-314,332,333], photolithography [117-120,126-128,132,
136,188,191,200,201,334-342], laser interference lithography [189,
190,194,301,343-345], nano-imprinting [346-350], and focused ion
beam lithography [351,352]. Porous template-directed approaches
provide a type of powerful and universal way for generating 1D nano-
structure arrays on a large scale at a relatively low cost, in contrast to
cleanroom-based conventional lithography procedures. Pattern defects,
lacking close-packed integration of nanostructures, reproducibility,
improper shape and directionality during the nanostructure growth, and
undesirable functionality issues are the main drawbacks of this process
[149,319,323,353-355]. Similar to the porous templet, the colloi-
dal/nanosphere lithography is also a simple, low-cost and time-effective
method for the fabrication of well-controlled 1D ZnO nanostructure
arrays [282,299,328-331]. However, there are a few limitations to
colloidal lithography, such as the surface impurity, presence of voids in
the pattern, limited control in the array interspacing, undesired irreg-
ularity of the array, etc [356,357]. However, a particular approach may
stand out due to concerns linked to the device shape, functionality, and
the type of the desired end-product or the application. In this regard,
cleanroom-based sophisticated lithography techniques come out as the
most appropriate technique for the fabrication of dimension- and
position-controlled regular array of 1D ZnO nanostructures [57,117,
118,120,311,343-345,351,352]. Excellent precision, high-resolution,
flexibility in pattern size, enormous control in design parameters,
highly reliable and reproducible patterns are the main advantages of
these techniques. It can be noted that these pattering techniques can
only be utilized to produce small-scale, well-ordered, close-packed
nanostructures with excellent resolution. A summary of regularly or-
dered arrays of 1D ZnO nanostructures as well as nanostructure as-
semblies, smallest features of the patterned ZnO along with the
associated patterning method, and relevant piezotronic utilizations are
provided in Table 2. However, the majority of real-world applications
for piezotronic technology require very homogeneous and reproducible
active material manufacturing in large quantities. There may be a wide
variety of other inventive approaches in addition to the ones that have
been previously published. With excellent material and substrate
compatibility, there is a considerable chance that more complex and
desired patterns can be created on a large surface. It is possible to ach-
ieve both structural and functional complexity with smart patterning
process design. Therefore, to accomplish on-demand large-area syn-
thesis of well-ordered 1D ZnO nanostructures, the collaboration of
scholars from various domains would be quite significant.

3. Design and fabrication of piezotronic devices and their arrays

The application of piezotronic sensors depends on the thoughtful
novel design and fabrication of devices for sensing various mechanical
forces. Typically, piezotronic sensors are fabricated by forming elec-
trodes on either side of the active piezoelectric materials. In the case of
1D ZnO nanostructure-based devices, the fabrication process entails
three crucial steps: synthesis of active materials, formation of the top
(free ends of the 1D nanostructures), and the bottom (substrate side of
the active materials) contacts. Usually, top contacts are formed by
directly deposition of conducting materials (metals, conducting poly-
mers, etc.). Two distinct methods are employed to create the bottom
contacts. The first one deals with active material growing directly on a
predefined conducting substrate. The other involves transferring the
active component from the parent substrate, which is followed by the
formation of the bottom contact. The procedures used to construct a
device using the first technique outlined by Y. Peng et al. are schemat-
ically shown in Fig. 8(a(i-iv)) [128]. The scanning electron microscopy
(SEM) images of the fabricated device are shown in Fig. 8(a(v, vi))
[128]. This kind of fabrication method is well-researched, approved by
scientists, and used for a variety of piezotronic applications [118,135,
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Summary of regularly ordered arrays of 1D ZnO nanostructures as well as nanostructure assemblies, smallest features of the patterned ZnO along with the associated
patterning method, and relevant piezotronic utilizations.

Material Individual nanostructures/ Features of the smallest Patterning method Piezotronic utilization Ref.
nanostructure assemblies structure
ZnO NT/Gr Individual nanostructure NT diameter: 200 nm e-beam lithography Breath and pulse monitor [131]
pitch: 4 um
NT wall thickness: 30 nm
ZnO NT/Gr Individual nanostructure NT diameter: 200 nm e-beam lithography Pressure-based image sensor [148]
pitch: 4 um
NT wall thickness: 12 nm
ZnO NWs Individual nanostructure NW diameter: 150 nm Combination of photo- and e- 2D mapping of force [192]
pitch: 2 ym beam lithography
MoO3/ZnO NW Individual nanostructure NW diameter: 60 nm Photolithography Neuromorphic tactile sensor [132]
pitch: 70 nm
ZnO MR/GaN Individual nanostructure MR diameter: 2 pm e-beam lithography Piezo-phototronic LED [57]
pitch: 3 um
ZnO-nanofilm/ Individual nanostructure MW diameter: 2 ym Photolithography Piezo-phototronic LED, image sensor [126]
PDMS/Si MW pitch: 5.2 pm
ZnO NW/GaN Individual nanostructure NW diameter: 2 pm Photolithography Piezo-phototronic LED [128]
pitch: 5 um
ZnO NW/GaN Individual nanostructure NW diameter: 1.5 ym Photolithography Piezo-phototronic image sensor [136]
pitch: 4 ym
ZnO NR Individual nanostructure NW diameter: 750 nm Laser interference lithography Fine transport tuning with coupled [344]
pitch: 1 ym piezotronic effect and photoexcitation
ZnO-nanofilm/Si Individual nanostructure MP diameter: top 1.7 um, Photolithography Piezo-phototronic LED, image sensor [335]
MP bottom 4.1 ym
pitch: 5 ym
ZnO NP Individual nanostructure NP diameter: 300 nm Metal nanotube membrane- Piezoelectric modulation [116]
pitch: 500 nm based templet
ZnO NR Individual nanostructure NR diameter: 200 nm Nanoimprint lithography Robotic skin [346]
pitch: 500 nm
ZnO NW Individual nanostructure NW diameter: 500 nm e-beam lithography Piezoelectric modulation [463]
pitch: 5 um
Single-layer Individual nanostructure NW diameter: variable e-beam lithography Strain-engineering [464]
MoS>/ZnO NR diameter
pitch: 4 um
ZnO NR Individual nanostructure NR diameter: 90-170 nm  e-beam lithography Piezoelectric modulation [465]
pitch: variable
ZnO NW Individual nanostructure NW diameter: 500 nm nanolithography Fingerprint sensor [466]
pitch: 8 ym
ZnO NW Nanostructure assembly Pattern size: 20 pm Photolithography Piezopotential-gated transistor, tactile [118]
pitch: 100 pm image sensor
ZnO NR Nanostructure assembly Pattern size: 10 x 10 pm? Photolithography Piezoelectric modulation [120]
ZnO NW Nanostructure assembly Pattern size: 8 x 8 pm? Photolithography Piezoelectric modulation [467]
NW diameter: 300 —
500 nm
ZnO NW Nanostructure assembly Pattern size: 500 nm e-beam lithography Piezoelectric modulation [302]
pitch: 2 pm
ZnO NW Nanostructure assembly Pattern size: ~500 nm e-beam lithography Piezoelectric modulation [468]
pitch: 10 pm
ZnO NW Nanostructure assembly Pattern size: 1 x 1 mm? Photolithography Piezoelectric modulation [119]
MoO3/CBP/TAZ/ Nanostructure assembly Pattern size: 2 um e-beam lithography Piezo-OLED-gated transistor, image sensor [130]
ZnO NW pitch: 3 um
ZnO NW Nanostructure assembly Pattern size: 20 um Photolithography Piezophototronic UV sensor [127]
pitch: 100 ym
ZnO NW/ PEDOT: Nanostructure assembly Pattern size: 5.8 um Photolithography Piezo-phototronic image sensor [135]
PSS pitch: 1.2 ym
WO3/ZnO NW Nanostructure assembly Pattern size: 20 x 20 um?®  Photolithography Pressure visualization and recording system  [200]
pitch: 480 ym
ZnO NW/Si MW Nanostructure assembly Pattern size: 2.5 ym Photolithography Light emission enhancement, piezo- [201]
pitch: 2.5 ym phototronic image sensor
ZnO NW/PDMS Nanostructure assembly Pattern size: 10 um Photolithography Static and dynamic pressure-sensitive e- [191]
MP pitch: 10 um skins
Organic/ZnO NW Nanostructure assembly Pattern size: 3 um Photolithography Piezo-phototronic LED, image sensor [334]
pitch: 8 ym
ZnO NW Nanostructure assembly Pattern size: 20 um Photolithography Self-powered flexible vision e-skin [336]
ZnO NW Nanostructure assembly Pattern size: 8 x 8 pm?> Photolithography Energy harvester [199]
NW diameter 150 nm
ZnO NR, AZO NR Nanostructure assembly Pattern size: 2 x 2 mm? Photolithography e-skin [254]
ZnO NR Nanostructure assembly Pattern size: 1 x 1 cm? Photolithography e-skin [400]
ZnO NW/Si MP Nanostructure assembly Pattern size: 1.02 ym Photolithography Piezoelectric modulation of PNG [211]
pitch: ~2 ym
ZnO NW Nanostructure assembly Pattern size: 50 um Photolithography Piezo-phototronic solar cell [138]
pitch: 100 um
Zn0O NW/Al,03/ Nanostructure assembly Pattern size: 20 ym Photolithography Piezopotential-gated transistor as [342]
Cds pitch: 300 ym optoelectronic synapses
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Fig. 8. Different methods of flexible device fabrication. (a) Fabrication of devices by direct growth of active material on a predefined electrode arrays on a flexible
substrate: (i-iv) Schematic fabrication process of the flexible ZnO NW-based device array. (v) SEM image of the as-grown ZnO NW arrays on the flexible p-GaN film,
with an average diameter of 2 ym, and length of 4 um. (vi) SEM images corresponding to ITO layer deposited onto the wrapped and etched ZnO NWs as a top common
electrode. Reproduced with permission [128]. Copyright 2019, Elsevier. (b) Fabrication of devices by the transfer of active material to a flexible substrate: (i-vii)

Schematic illustration of steps for the fabrication of the ZnO NT-based pressure
(viii) 30° tilted-view SEM images of (left) ZnO NT arrays on Gr along with a (ri
sensor arrays on Gr along with a (right) single ZnO NT-based pressure sensor.

136,192,200,358]. The steps in the second approach of device fabrica-
tion, as reported by J. B. Park et al., are schematically shown in 8(b
(i-vii)) [148]. Fig. 8(b(viii, ix)) depicts the SEM images of the fabri-
cated device [148]. They used the ZnO NTs on Gr as an active material to
construct pressure sensors. Utilizing the weak vdW force between the
bottom Gr and the SiO substrate, an efficient lift-off technique was used
for the ZnO NT/Gr. For effective material transfer, the free-standing ZnO
NTs were supported by a polyimide layer. Following the lift-off pro-
cedure, Schottky junctions were made on the exposed tips of the ZnO
NTs by depositing a 100 nm Au layer. To produce ohmic connections
between ZnO, Gr, Cr, and Au, the freestanding NT arrays were then
turned over, and a 10/90 nm Cr/Au layer was created on the bottom
side. In order to investigate their pressure response characteristics, the
freestanding pressure sensing devices were finally transferred to the
necessary foreign substrates.

Vertical 1D nanostructures have demonstrated to be very difficult to
construct high-density independently operated two- or three-terminal
device array architectures from them [134]. A two-terminal crossbar
electrode array was developed for fabrication high-density, individually
addressable device arrays to avoid extreme device complexity [118,
134]. By addressing the crossbar array electrode nanodevices, J. B. Park
et al. demonstrated two-terminal piezoelectric tactile sensor arrays with
a very high resolution [148]. Dimension- and position-controlled,
vertically aligned ZnO NTs on Gr were used as an active piezoelectric
material for the tactile sensor matrix. The electrode arrays on the top
and bottom ends of the ZnO NTs were defined via e-beam lithography.
The step-by-step process of the 8 x 8 matrices for the device is sche-
matically shown in Fig. 9(a(i-v)) along with a single pixel in Fig. 9(a(vi))
containing 5 x 5 ZnO NTs. SEM images at different stages of the fabri-
cation process were also shown in Fig. 9(a(vii—xi)). A magnified view of
the completed device as a SEM image is shown in Fig. 9(a(xii)) [148]. Y.
Tchoe et al. fabricated cross-bar arrays of electrodes in a similar way
where each ZnO NTs can be addressed individually by ultra-violet (UV)
light illumination [134]. Piezo-phototronic devices were created using
vertically aligned ZnO NWs by X. Han et al [127]. They demonstrated a

sensors. (vii) The schematic cross-section of a device indicating each layer within it.
ght) single ZnO NT. (ix) 30° tilted-view SEM images of (left) ZnO NT-based pressure
Reproduced with permission [148]. Copyright 2022, Springer Nature.

UV sensor array of 32 x 40 pixels, each of which had a
Schottky-contacted UV photodetector made of ZnO NWs and Au nano-
patterns. Fig. 9(b(i-v)) and 9(b(vi-x)) provide the schematic represen-
tation and associated optical pictures of the fabrication processes,
respectively. The schematic representation of the entire ZnO NW-based
UV sensor array is shown in Fig. 9(b(xi)), and the corresponding SEM
image is shown in Fig. 9(b(xii)). The spatial resolution of 100 um (254
dpi) was achieved by designing the ZnO NWs pattern with 20 pm
x 20 ym in dimension and 80 pm in spacing [127].

In order to create an active taxel-addressable pressure/force sensor
matrix for tactile imaging, W. Wu et al. proposed large-array three-
dimensional (3D) circuitry integration of piezotronic transistors based
on vertical ZnO NWs [118]. The schematic drawing, optical and SEM
images, and topological profile image of the assembled 3D SGVPT array
are all displayed in Fig. 9(c). The fundamental building block of the
nanoarray device was a cluster of vertically grown ZnO NWs with a
height of 30pum (Fig. 9(c(iv))), which were synthesized by a
low-temperature hydrothermal method. Crossbar electrodes joined the
two ends of each element, enabling each unit addressable individually.
The actual nanoarray device featured a pixel density of 92 x 92 per
square centimeter and a spatial resolution of 234 dpi [118].

X. Han et al. successfully integrated WO3 electrochromic devices by
the integration of a ZnO-NW-matrix pressure sensor which was efficient
enough to realize simultaneously the spatial pressure visualization and
recording [200]. Fig. 9(d) illustrates the structure and fabrication pro-
cess of the pressure visualization and recording system along with the
associated SEM images [200]. Through an Au electrode layer, each pixel
was connected to a particular group of ZnO NWs on top of the NWs. The
ZnO NW sensors used the piezotronic effect to record the distribution of
external pressures, and the electrochromic device directly expressed this
information by changing the color. Furthermore, this device was effi-
cient for independently recording the external pressure distribution
through the color memory effect of the WO3 material. Such systems have
promise for use in smart robots, military applications, and
human-electronic interfaces [200].
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4. Integration of 1D ZnO nanostructures on a substrate/
supported matrix for flexible and wearable application

Flexible piezotronic sensors have recently drawn a great deal of
research attention due to their numerous applications in robotics,
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prosthetics, human-machine interfaces, and the monitoring of human
activity and health [10,67,147,153,230-234,359,360]. For instance,
piezotronic pressure sensors that can detect pressures produced by in-
ternal or external bodily processes are crucial for assessing physiological
health and preventing injuries. The successful integration of 1D ZnO
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Fig. 9. Different types of ordered arrays of 1D ZnO nanostructure-based devices. (a) Addressable pressure sensors by using ZnO NTs on Gr: (i—v) Schematic illus-
tration of the steps for the fabrication of cross-bar array electrodes, and (vi) enlarged view of an addressable device containing 5 x 5 ZnO NTs. (vii—xi) SEM images at
different stages of the fabrication of individually addressable device arrays. (xii) SEM image of a complete device. SEM images in (vii—xii) are 30° tilted. Reproduced
with permission [148]. Copyright 2022, Springer Nature. (b) ZnO NW-based piezo-phototronic device array for UV sensing: (i-v) Schematic illustration and (vi—x) the
corresponding optical images of the device fabrication process. (xi) schematic illustration of the complete structures of the ZnO NW-based UV sensor array (inset is an
optical image of the as-fabricated device with a scale bar of 1 mm). (xii) SEM image of the as-fabricated device before spin-coating a layer of SU-8, the scale bar is
100 pm. ZnO NW (xiii) before and (xiv) after spin-coating a layer of SU-8, the scale bar is 5 um. Reproduced with permission [127]. Copyright 2015, Wiley-VCH
GmbH. (c) Taxel-Addressable matrix of piezopotential-gated vertical-NW piezotronic transistors (SGVPT): (i) Comparison between three-terminal voltage-gated
NW FET (left) and two-terminal piezopotential-gated vertical piezotronic transistor (right). The color gradient in the strained SGVPT represents the strain-induced
piezopotential field. Red and blue colors indicate positive and negative piezopotential, respectively. ZnO NWs in SGVPT were grown along the c-axis (red arrow). (ii)
Schematic illustration of a 3D SGVPT array with taxel density of 92 x 92 and scheme for spatial profile imaging of the local stress (indicated by the downward blue
arrow). The zoom-in schematic shows the corresponding enlarged view. (iii) Equivalent circuit diagram of the 3D SGVPT array. (iv) SEM of SGVPT array taken after
etching back the SU-8 layer and exposing top portions (~20 pm) of the ZnO NWs. The inset shows a 30° tilted-view of the exposed ZnO NWs for a single taxel. (v)
Topological profile image of the SGVPT array (top-view). At right, a 3D perspective view of the topological profile image reveals the vertical hierarchy of the SGVPT
assembly; the color gradient represents different heights, as indicated. (vi) Optical image of the transparent 3D SGVPT array on a flexible substrate. The peripherals
are the pads of the device, and the central region highlighted by black dashed lines is the active array of 3D SGVPTs. Reproduced with permission [118]. Copyright
2013, American Association for the Advancement of Science. (d) Pressure visualization and recording (PVR) system from ZnO NW arrays: (i) Schematic illustration of
the structure of the PVR system. (ii) Schematic of the fabrication steps. (iii) SEM image of the as-fabricated ZnO NW matrix before spin-coating a layer of SU-8
photoresist. The scale bar is 200 ym. Enlarged images of the ZnO NWs (iv) before and (v) after spin-coating the SU-8 layer. The scale bars are 5 um. (vi) SEM
image of the as-fabricated middle Au electrode and WO3 film array. The scale bar is 200 um. (vii) The WO3 film deposited on the ITO electrode and (viii) its magnified
\A/iew, The scale bars are 20 ym and 200 nm, respectively. Reproduced with permission [200]. Copyright 2017, Wiley-VCH GmbH.

nanostructure into a flexible platform depends on a few key factors. chemicals [131,240]. A common issue in the transfer process is polymer
These are, the properties of the flexible substrate, the selection of the contamination, damage, or folding of layered materials, which may
insulating material, the flexibility of the host matrix, and the method of significantly reduce their electrical properties and hinder the quality of
integration or embedding. the interface along with the associated devices.

One of the essential components of flexible piezotronic devices is a
flexible substrate. High stretchability, superior mechanical strength, 5. Performance of piezotronic devices
light-weight, transparency, and low cost are all desirable qualities for
flexible substrates. Additionally, it must be also thermally and electri- In the past two decades, researchers have devoted a great deal of
cally insulated in normal and stretched conditions. PET [128,200,334], attention to the implementation of piezoelectric 1D ZnO nanostructure

Polydimethylsiloxane (PDMS) [191], SU-8 [118,128,200], polyimide and its arrays into piezotronic devices. Pressure/force sensing, strain
[131,134,148], polymethyl methacrylate (PMMA) [136,334], and PVDF sensing/modulation, and the piezopotential-gated transistors are the

[120] are well-accepted by the researchers as a flexible and stretchable three main principles upon which piezotronic devices, particularly
substrate for the flexible piezotronic devices. In general, the flexibility of sensors, operate. To sustain the significant performance of the 1D ZnO-
1D ZnO nanostructure-based piezotronic devices is achieved by gener- based piezotronic devices, major focus is therefore needed for exploring
ating a flexible/bendable active material that can be bonded to a flexible these fundamental functions. This section will discuss about the per-
substrate. The flexible active material is typically prepared to occupy the formances of the above-mentioned functions on various types of piezo-
1D ZnO’s intermediate space, which acts as a filler. With characteristics tronic devices, emphasizing the device performances, its controlling and
resembling those of the flexible substrate, the filler would need to serve improvement strategies, the role of various 1D architectures in device
as a host material. Additionally, it also needs to be chemically stable and performances, multifunctional natures, flexible and portable character-
unable of influencing the piezoelectric characteristics of 1D ZnO nano- istics, and commercial viability. Table 1 summarize the different 1D ZnO
materials. It might also serve as a channel of insulation between the nanostructured-based piezotronic devices and their dependence on the
counter electrodes. Sometimes the filler is selected in a way that results above-mentioned fundamental functionalities.

in HSs with the ZnO structures for additional functionality.

The integration of the 1D ZnO nanostructures into the flexible sub- 5.1. Pressure sensors

strates comes next, and this has been considered to be a very challenging
task from a fabrication point of view. By directly manufacturing ZnO
nanostructures on a flexible substrate, a group of researchers has created
1D ZnO-based flexible piezotronic sensors [128,200,305]. These are
some drawbacks of adopting this technique. For example, high-quality
ZnO requires high growth temperature which can affect the substrate
enormously. High temperature growth can also induce additional im-

ZnO has excellent piezoelectric properties, which make it extremely
responsive to impulses caused by pressure. Thus, numerous pressure
sensors based on various ZnO nano-architectures, particularly 1D
nanostructures, have been studied in recent years. High-stability ZnO
film was initially introduced as a piezoelectric pressure sensor because
of the large area and easy fabrication process [362]. The advantages of

purities to the ZnO nanostructures. Post-annealing, surface modifica- 1D ZnO nanostructures over bulk or thin film forms make them more
tion, and HSs formation with ZnO nanostructures are also a challenge. appealing to researchers. In 2006, Z. L. Wang group unveiled a single
Furthermore, the creation of patterns is difficult to generate dimension- ZnO NW-based pressure sensor [165]. Since then pressure sensors based
and position-controlled ZnO nanostructures. on ZnO nanomaterials have undergone rapid development from single

Transferring the sensor or active material from a rigid substrate to a NW to bundle of NWs, NW/NR/NT arrays and their different forms of
flexible foreign substrate is an alternative strategy. Polyimide [131,134, HSs. K. C. Pradel et al. fabricated a pressure sensor based on an
148] PDMS [240] and PMMA [361] are widely used to transfer the ultra-long Sb-doped p-type single ZnO NW, which was up to 60 pym in
active materials. Wide range of substrate selection and ability to fabri- length [58]. Piezoelectric pressure sensors were fabricated by using
cate high-quality/close-packed sensors are the major advantages for this vertically aligned and position- and dimension-controlled ZnO NT arrays

case. The transfer process has also the potential to control the alignment, grown on Gr layers [131,148]. The device fabrication steps are shown
for example vertically aligned array to its horizontal array [240].

previously in Fig. 8(b(i-vii)). Schematic representations of the devices
Additionally, the flexible polymers employed in the transfer process can

’ P ! ! ) are shown in Fig. 10(a(i-iii) along with a cross-section of such a typical
support the Packagmg of the respective devices, which can lmprove device revealing the layers that are present and the measurement system
their mechanical robustness and shield them from harmful invasive that was utilized to assess the performance of the ZnO NT-based pressure
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sensors [131]. Fig. 10(a(iv)) displays the real-time current response of a
prototype from one of these devices at a fixed bias of 0.4 V and various
applied pressures. These sensors demonstrated great sensitivity (—4.4
kPa~1) due to the ultrathin walls and high aspect ratios of the ZnO NTs,
as illustrated in Fig. 10(a(v)). In addition, they demonstrated a fast
response time, a stable response with enormous durability, and me-
chanical flexibility [131]. The effect of NT wall thickness and the aspect
ratio on the pressure sensing performances were investigated and
revealed that the relatively low wall thickness and large length of the
ZnO NTs suggest a relatively high sensitivity to external pressures [131].
Furthermore, J. B. Park et al. demonstrated how pressure sensing ca-
pabilities may be controlled by altering the quantity of ZnO NTs used in
a tiny sensor [148]. Schematic representation in Fig. 10(b(i)) shows the
measurement system for applying ultra-low pressures, while Fig. 10(b
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different no. of ZnO NTs. The investigation revealed that the sensitivity
was unaltered by reducing the no. of ZnO NTs while the detection range
was reduced [148]. M. Ha et al. developed a highly-sensitive pressure
sensor for static and dynamic pressure sensing based on ZnO NWs arrays
on the PDMS MP arrays [191]. The hierarchical and interlocked struc-
tures of the sensor showed a high sensitivity of — 6.8 kPa™!, an ultrafast
response time of < 5 ms, a low pressure detection limit of 0.6 Pa, as well
as a high vibration frequency of 250 Hz for sound detection [191]. A
long-range textile piezoelectric pressure sensor (T-PEPS) based on ZnO
NR arrays was developed by Y. Tan et al. for wearable applications [59].
Such sensors displayed remarkable performance, including a low
detection limit of 8.71 Pa, high output voltage of 11.47 V, and good
mechanical stability. The schematic design of the prototype T-PEPS
illustrating the various layers is shown in Fig. 10(c(i)), and the piezo-

(ii) compares the pressure sensing performances from sensors containing
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Fig. 10. Piezoelectric pressure sensors. (a) A pressure sensor fabricated by using ZnO NT arrays heteroepitaxially grown on Gr: (i) Schematic representation of a
complete pressure sensor. (ii) A schematic cross-section of a prototype indicating each layer within it. (iii) Schematic diagram of the measurement system used to
characterize the performance of the ZnO NT pressure sensors. The pressure was applied by a voice coil motor (VCM). (iv) Real-time current response of ZnO NT
pressure sensors under a fixed bias of 0.4 V with different applied pressures. (v) Current varying ratio (Al/Io = (I-Ip)/Io) of ZnO NT pressure sensors under different
applied pressures. The linear fit indicates a sensitivity of — 4.4 kPa~!. (vi) SEM images of ZnO NTs with different wall thicknesses, which are 30, 210, and 300 nm
having the same length of 18 um. The top and bottom panels show tilted and cross-sectional views, respectively. The scale bars in the top and bottom panels are of
1 um and 500 nm, respectively. (vii) Comparison of the pressure responses of the corresponding devices as a function of the applied gas flow rate. Reproduced with
permission [131]. Copyright 2021, Springer Nature. (b) Comparison of pressure responses by the variation of sensor size: (i) Schematic representation of the
experimental setup when the pressure was imparted by a constant flow of inert gas. (ii) Characteristics of pressure sensors containing single, 3 x 3, 5 x 5, and
250 x 250 ZnO NTs, respectively which compares the real-time pressure responses with different argon gas flow rates ranging from 5 to 140 SCCM. The upper panel
shows the schematics of single, 3 x 3, and 5 x 5 ZnO NTs, respectively, involved in those tiny pressure sensors. The bottom panel shows the responses as a function of
argon flow rate from pressure sensors containing different number of ZnO NTs. Reproduced with permission [148]. Copyright 2022, Springer Nature. (c) A
piezoelectric sensing mechanism of the T-PEPS. (ii) Output voltage of T-PEPS under different states. (iii) Output voltage response under different pressures. The
sensitivity of T-PEPS was 0.62 V-kPa~! in the pressure range of 0 — 2.25 kPa. Reproduced with permission [59]. Copyright 2021, Springer. (d) Piezotronic effect on
pressure sensing by a PVR: (i) I-V characteristics of a single ZnO NW pixel under various applied pressures. The inset shows the schematic of a PVR upon applying a
pressure on a single pixel. (ii) I-t characteristics of the ZnO NW pixel under various pressures to illustrate the stability and sensitivity at + 1 V. The inset displays the
current changes under external pressures at + 1 V. Reproduced with permission [200]. Copyright 2017, Wiley-VCH GmbH.
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The sensitivity of the sensor was 0.62 VkPa™! in the pressure range of
0-2.25 kPa [59]. X. Han et al. introduced a WOs-film electrochromic
device array (10 x 10 pixels) and a ZnO-NW-matrix pressure sensor for
dynamic pressure visualization and recording (PVR) system with a
spatial resolution of 500 um [200]. The I-V and I-t characteristics of a
PVR device are shown in Fig. 10(d(i)) and (d(ii)), respectively. Each PVR
pixel was used as a pressure sensor to accurately and satisfactorily
measure dynamic pressure in the range of 0-70.42 MPa. By adopting a
ZnO NN/PVDF hybrid structure, K. U. Shin et al. demonstrated a highly
sensitive, wearable, and wireless pressure sensor based on the
organic-inorganic heterojunction [153]. Notably, the hybrid nano-
materials had a minimum detectable pressure of only 4 Pa. Heart rate
monitoring was another application of the gadget. Through the use of
ZnO and Al-doped ZnO (AZO) NRs on a flexible PDMS substrate, M. S.
Suen et al. demonstrated a flexible, and highly sensitive pressure sensor
[254]. Under static and dynamic pressure, the high-aspect-ratio inter-
locked ZnO NR structures demonstrated good sensitivity (ZnO: —0.768
kPa’l, AZO: —0.223 kPa’l). The devices were also used for various
strain sensing applications [254].

According to recent research on multifunctional pressure sensors, the
overall performance of 1D ZnO nanostructure-based pressure sensors
can be enhanced by the effective coupling of piezoelectric, semi-
conducting, and optical properties. A high-performance pressure sensor
was developed by J. Sun and co-workers by exploiting the piezo-
phototronic effect of the n-ZnO NW array/p-Cu0 film structure [73].
The switch ratio and sensitivity were improved by applying pressure
(from 0 to 8 Py, where Py was the initial pressure) and light illumination
(0-11.7 mW cm™~2), reaching values of 376% and 918%, respectively
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[73]. Based on piezotronic and piezo-phototronic phenomena, B. Yin
et al. demonstrated a high-performance pressure sensor from a ZnO/NiO
core/shell NR array [72]. The switch ratio and sensitivity of the pressure
sensor were improved by around 353% and 445%, respectively, under
UV (365 nm) illumination [72]. The enhancement of the performance of
pressure sensors based on 1D ZnO nanostructures was explained by
modulating the generation, separation, and recombination of
photo-generated electron-hole pairs during optoelectronic processes in
piezoelectric-semiconductor materials [72,121]. B. C. Kang et al.
developed wearable pressure/touch sensors based on hybrid ZnO
NW/PDMS dielectric composites. Investigation into the impact of ZnO
NW incorporation on the performance of pressure sensors led to an
improvement in sensitivity of 8.77 x 104 Palin low-pressure regions
compared to pristine PDMS (1.32 x 1074 Pa~!). The combination of the
hybrid dielectric composites’ piezoelectric characteristics and increased
effective dielectric constant was attributed to this improvement [269].

5.2. Strain sensors

In the case of 1D ZnO nanostructures, a strain sensor can provide the
quantitative deformations of the active material under various types of
strains caused by its stretching, compressing, sheering and twisting, etc.
A strain sensor based on a single ZnO piezoelectric fine wire (PFW)
(Fig. 11(a)) was first introduced by J. Zhou et al. in 2008 [170]. Thermal
evaporation was used to create ZnO MWs with lengths ranging from
hundreds of microns to millimeters and diameters between 2 and 6 ym.
A single ZnO MW was transferred to a flexible polystyrene substrate at
first. As schematically depicted in Fig. 11(a(i)), each end of the MW was
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Fig. 11. Piezoelectric strain sensors. (a) A single ZnO PFW-based strain sensing device: (i) Schematic of the strain sensor. (ii) I-V characteristics of a prototype
device under different strains. Inset is In I (in a unit of ampere) as a function of the applied strain. (iii) GFs derived from (ii) as a function of strain. Reproduced with
permission [170]. Copyright 2008, American Chemical Society. (b) A ZnO NWs/Gr nanohybrid strain sensor: (i) Schematic description of the sensor passivated with
PMMA layer. (ii) Dynamic strain response at different forces of 0.37, 0.43, and 0.50 N. The inset shows a schematic of the spring apparatus for applying force. (iii)
Strain response (Ac/cp) as a function of gas pressure measured from ZnO NWs/Gr (red) and ZnO film/Gr (black) devices. Reproduced with permission [220].
Copyright 2020, American Chemical Society. (c) A strain sensor from dimension- and site-controlled ZnO NR arrays on a photoresist templet: (i) SEM images on the
ZnO NR arrays. (ii) Schematic of conductive-AFM setup for transport measurement. (i) Measured I-V curves of Zn-terminated ZnO NR under compressive force. (j)
Calculated SBH change as a function of force. Reproduced with permission [344]. Copyright 2017, Wiley-VCH GmbH. (d) A ZnO bridging NR strain sensor: (i)
Schematic diagram of the fabricated ZnO device. (ii) Current response of the strain sensing device grown with nutrient solution concentration of 25 mM to different
stretch strains. (iii) [-V characteristics of a strain sensing device with ultrahigh “on” — “off” ratio at different stretch strain and their corresponding fitting using the
thermionic emission-diffusion theory. The red lines are the theoretical fit of In I-V'/4, Reproduced with permission [365]. Copyright 2011, American Chemi-

cal Society.
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then connected to the substrate using Ag paste. For protection, the de-
vice was encapsulated with a PDMS layer. The strain sensor displayed a
great sensitivity, high stability, and a fast response with a gauge factor
(GF) of up to 1250. The ZnO PFW strain sensor on a flexible substrate
was triggering its fascinating prospective applications in biomedical
sciences and cell biology [170]. A flexible strain sensor with vertically
aligned ZnO NWs arrays was reported by W. Zhang et al [363]. This
strain sensor outperformed the strain sensing device based on a single
ZnO NW, yielding GF of up to 1813 [363]. M. Panth et al. demonstrated
a ZnO NW/Gr/PET-based high sensitive strain sensors (Fig. 11(b(i-iii))
with a high sensitivity of up to 3.15 x 1072 kPa’, at lower pressures of
1.1 x 107 —11 Torr, together with a fast response time of ~0.10s
[220]. As compared to strain sensors with a similar structure but a
polycrystalline ZnO seed layer on Gr during the growth of vertically
aligned ZnO NWs, they demonstrated 7 times enhanced sensitivity for
the seedless growth of ZnO NWs on Gr [220]. ZnO NR’s transport
property variation with strain and light was described by P. Lin et al
[344]. Large-scale patterned and polarity-controlled ZnO NR arrays with
uniform morphology (Fig. 11(c(i))) were utilized for manipulating the
surface polarity-dependent electrical transport at Pt/Ir-ZnO hetero-
interface under various amount of strain. By altering the deflection
voltage with the atomic force microscopy (AFM) tip as illustrated in
Fig. 11 (c(ii)), when different vertical compressive forces were applied.
By increasing the applied force gradually, they revealed that the turn-on
voltage of Pt/Ir-ZnO Schottky contact was increased from 68 to 543 nN
(Fig. 11(c(iii))). Furthermore, they estimated the change in SBH with the
variation in compressive force as shown in Fig. 11(c(iv)) [344].
Recently, Q. Yu et al. introduced a strain sensor based on piezotronic
tunneling junction with structure of Ag/HfO2/n-ZnO NW/MW at device
scale [364]. The piezotronic tunnelling strain sensor outperformed
conventional Schottky-barrier-based ZnO NW strain sensors, having a
high on/off ratio of 478.4 and a high GF of 4.8 x 10° at the strain of
0.10% [364]. N. Liu et al. have demonstrated a novel, fully packaged
strain sensor based on ZnO bridging NRs [365]. The sensors were con-
structed using a single hydrothermal reaction to grow ZnO NRs on a
flexible Kapton substrate. A PDMS layer was then used to completely
package the sensors. Fig. 10(d(i)), 10(d(ii)), and 10(d(iii)) show the
schematic diagram of the fabricated ZnO device, the strain sensor’s
current responses at various strains, and their I-V characteristics,
respectively. The ZnO bridging NR strain sensors feature large GFs (up to
6.7 x 10®), ultrahigh scale (10”) scale "on"/"off" ratios, good stability,
and a fast response time [365].

With the rapid development of fabrication technologies, various
kinds of high-quality 1D ZnO materials, newly introduced hetero-
interfaces, development of piezotronics properties and their improve-
ment strategies, and the advancements of flexible platform have helped
the 1D ZnO-based strain sensors to undergo significant progress in
flexible and stretchable electronics for their wide range of applications
ranging from e-skins, human-machine interfaces, novel wearable/
implantable human-health monitoring devices to disease diagnosis. The
potential applications of 1D ZnO-based strain/pressure sensors are
summarized in Table 1 and further discussed in Section 6. Signal
interference from atmospheric disturbances such as sound, light, tem-
perature, weather, humidity, wind, and other factors, as well as external
sources like capacitive, resistive, and photon-induced responses, is one
of the primary drawbacks for strain/pressure sensors. Plenty of ap-
proaches, including material engineering, HS/functionalization,
encapsulation of the devices, decoupling of outputs, etc., have been
implemented by researchers to address this issue, and in the years to
come, research on these topics will continue to be one of the frontier
topics.

5.3. Piezopotential-gated transistors

In 2006, X. Wang et al. introduced a ZnO NW-based piezoelectric FET
(PE-FET), in which the source to drain current was controlled by the
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strain-induced piezopotential [165]. A ZnO NW (or NB) that bridged
across two ohmic contacts was the basic building block of a PE-FET. SEM
images of the ZnO NW under various bending conditions are presented
in Fig. 12(a(i)), and the corresponding I-V characteristics are displayed
in Fig. 12(a(ii)). The schematic diagrams representing the mechanisms
responsible for the current modulation, which were computed from FEM
analysis, are shown in Fig. 12(a(iii-v)). The carrier trapping effect and
the generation of a charge depletion zone during elastic deformation
were considered as the possible mechanisms for the PE-FET. Thereafter,
1D ZnO-based piezopotential-gated FETs have been the subject of
extensive research over the past years [105,150,163,167,366].
Piezo-gated transistors based on vertical ZnO NWs were integrated into
a substantial number of 3D circuits by W. Z. Wu et al. as an active
taxel-addressable pressure/force sensor matrix for tactile imaging
[118]. Using the vertically aligned ZnO NWs topped with Au droplets
fabricated on GaN/sapphire substrates using a VLS method,
piezopotential-gated piezotronic transistors had also been realized
[175]. When Ag paste placed over the as-formed ZnO conductive layer
served as the source and Au droplets at the tips of the NWs as the drains,
each NW functioned as a single transistor. Through the use of a
conductive AFM probe, the drain-source voltage was applied. The gate
voltage was the inner crystal piezoelectric potential generated along the
NWs by the stress applied using the AFM probe (Fig. 12(b(i)).
Strain-dependent I-V characteristics were observed in the ZnO NW
transistors which showed typical rectifying behavior under different
applied forces (Fig. 12(b(ii))) [175]. The transistor operated in both
forward and reverse bias states to satisfy a variety of applications,
including forward biased transistors as LEDs and reverse biased tran-
sistors for photodetectors [175].

Based on an ultralong Sb-doped p-type ZnO NW, K. C. Pradel et al.
constructed piezopotential-gated piezotronic transistors [58]. The
piezoelectric outputs of various concentrations of Sb-doped ZnO NWs
were realized using conductive AFM measurements (Fig. 12(c(i-iii))).
Undoped n-type ZnO NW samples displayed a negative output voltage,
whereas Sb-doped NW samples exhibited a positive one. A schematic
representation is shown in Fig. 12(c(iv)) demonstrating the difference in
the screening of piezo-polarization charges, and the opposite polarity of
piezoelectric outputs between transversely bent n- and p-type NWs.
Because of the larger screening effect of the free charge carriers, a
significantly reduced piezoelectric output was also noted for the sample
that was more heavily doped. For positive drain bias, the current
through the device increased under tensile strain and decreased with
compressive strain (Fig. 12(c(v))). On the other hand, the reverse
pattern was observed when the drain bias was negative, with the current
rising under compressive strain and falling with increasing tension.
Suitable band diagrams (Fig. 12(c(vi-viii)) were used to demonstrate the
mechanism of the piezotronic effect [58].

Recently, X. Han et al. demonstrated a two-terminal ZnO NW/Al;03/
CdS heterojunction-based optoelectronic synapses (ZAC-OS) array with
strain-modulated synaptic weight (Fig. 12(d(i-vi)) [342]. The ZAC-OS
device could react to light stimuli in a neuromorphic way because of
the strong UV and green light absorption, as well as the persistent
photoconductivity (PPC) effect of ZnO NWs and CdS film. Through the
piezo-phototronic effect, the device’s synaptic weight was flexibly
manipulated by external strain-induced piezopotential, demonstrating a
controllable change of the excitatory postsynaptic current (EPSC) in
multilevel, strengthened memorization of the EPSC, and improvement
in the rate and efficiency of image recognition. The ZAC-OSs device’s
features indicate that it could find use in robotic vision, neuromorphic
computing, adaptive visual-perception systems, etc [342].

Piezopotential-gated FET was also realized for a MoSy/ZnO 2D/1D
hybrid structure, where a few-layer MoS; flake acted as a conductive
channel and piezoelectric ZnO NWs acted as a gate triggered by local
pressure [174]. The source-drain current can be tuned for 25% at a
6.25 MPa applied stimulus on a packaged device, which is equivalent to
the effects of adding an additional 5V to the back gate voltage. This
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Fig. 12. Piezopotential-gated transistors. (a) Piezopotential-gated transistor realized by bending of single ZnO NW: (i) SEM images with the same magnification
showing the five typical bending cases (1—5) of the ZnO NW; the scale bar represents 10 um. (ii) Corresponding I-V characteristics of the ZnO NW for each of the five
different bending conditions. (iii-v) Schematics showing the mechanisms responsible for the current modulation. (iii) A FEM of the strain distribution along the ZnO
NW when it was bent. (iv) The carrier trapping effect. (v) The creation of a charge depletion zone. Reproduced with permission [165]. Copyright 2007, Wiley-VCH
GmbH. (b) Piezopotential-gated piezotronic transistors using the vertically aligned ZnO NWs capped with Au droplets grown on GaN/sapphire substrates: (i)
Schematic of the conductive AFM system used for nanoscale positioning and electrical measurement. (ii) Typical I-V characteristics of a sample with double-Schottky
junctions under various compressive forces. (iii) Current response to a force pulse from 3 to 6 pN. The blue line represents the applied force, while the red is the
resulting current. (iv) Plots of In(—I) as a function of =Y 4, by using the data from the negatively biased region in part (ii). Reproduced with permission [175].
Copyright 2012, American Chemical Society. (c) Piezopotential-gated piezotronic transistors based on an ultra-long Sb-doped p-type ZnO NW: Conductive AFM
measurements of the piezoelectric outputs of (i) 0, (ii) 0.2, and (iii) 1% Sb-doped ZnO NWs. The percentage of observed peaks for each output range is represented in
a histogram. (iv) Schematic demonstrating the difference in the screening of piezo-polarization charges, and the opposite polarity of piezoelectric outputs between
transversely bent n- and p-type NWs. Piezopotential distribution is shown by a color gradient, with positive piezopotential denoted by red and negative piezopo-
tential indicated by blue. Observation of the piezotronic effect was made in 0.2% Sb-doped NWs. (v) I-V curves of the NW under different levels of strain. Inset
displays the measured current and calculated change in SBH as a function of strain at two fixed drain biases. (vi—viii) The suitable band diagrams at the Schottky
junction explaining the piezotronic effect. Reproduced with permission [58]. Copyright 2013, American Chemical Society. (d) Piezopotential-gated ZnO NW/A-
1,03/CdS heterojunction-based optoelectronic synapses (ZAC-OS) array: (i) Schematic illustration of the device structure. (ii) SEM image of the ZnO NWs array
aligned with bottom ITO electrodes. Inset: SEM image of a ZnO NWs pixel (upper) along with its enlarged view (lower). (iii) Illustration in schematic form of an
organic neuromodulator. (iv) Schematic representation of the ZAC-OSs device demonstrating the modulation of the excitatory postsynaptic current while subjected to
compressive pressure. (v) Paired-pulse facilitation index under various compressive pressure circumstances as a function of the time interval of paired UV light. (vi)
Under different strain conditions, the photoresponse behavior with a single UV light stimulation. Reproduced with permission [342]. Copyright 2023,
Wiley-VCH GmbH.
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research laid the groundwork for the use of 2D TMD material-based
hybrid piezopotential-gated FETs in the artificial intelligence industry.
The piezoelectric potential produced by ZnO under external force can
also substitute the gate voltage regulation sensing properties of tran-
sistors, which was realized in a 1D/2D hybrid piezopotential-gated FET
composed of ZnO NR array and 2D indium selenide (InSe) [367].

To convert mechanical input from the devices into electrical con-
trolling signals, a logic circuit using piezopotential-gated transistors has
also been developed [368-371]. Initially, a single ZnO NW-based pie-
zopotential-gated transistor was employed to demonstrate the universal
logic operations such as NAND, NOR and XOR gates [369]. Later, flex-
ible ZnO bridging NR array-based piezotronic devices were utilized to
demonstrate several logic operations including inverter, NAND, and
NOR with good rectifying behaviors [371]. Highly enhanced piezotronic
and piezo-phototronic effect-based logic computations were achieved by
H. Li et al. by coupling localized Schottky barriers in Au NP-decorated
ZnO MW with piezopotential produced upon straining [368]. They
have fabricated two series logic devices such as inverter, NAND, AND,
NOR, OR, XOR and 2:1 multiplexer gates with good rectifying behaviors
and obtained a high Inax/Imin current ratio of 9.3 x 10*. Piezotronic
logic circuits may process the encoded data and generate electronic
output signals that can be implemented to drive embedded electronics
and sensors in micro/nanoelectromechanical systems, human-machine
interfaces, adaptive computing, and communications.

Flexible and stretchable human-integrated electronics with superior
spatial and temporal resolution are now partly owing to the benefits of
piezopotential-gated FETs in achieving micro/nanofabrication and
integration of sensor arrays with excellent electric signal amplification
function [372]. Working with a commercial chip based on two-electrode
piezotronic FET configurations results in a significant reduction in the
chip’s functional size due to the absence of because of the absence of the
third electrode, which covers up a significant portion of the overall chip
surface. Introducing these piezopotential-gated FETs into piezotronic
sensors can directly modulate the output reading upon applying external
stimuli and reduce the power consumption of the FET by supplying the
piezoelectric power directly to the gate electrode. Over the conventional
3-terminal VFETS, the piezopotential-gated VFETs have a significant
advantage as they can retain effective control over individual devices
while greatly simplifying the device structure and circuitry fabrication.
In the case of close-packed device arrays, piezopotential-gated VFETSs
also eliminate the possibility of unintended cross-talks between the
adjacent devices. In addition to serving as strain-induced current
modulator, piezotronic transistors also function as signal comparators
and amplifiers [372]. These features may enable the development of
new piezotronic analogue-to-digital translators (ADCs). However, there
are a few limitations on using piezopotential-gated FET in every area of
the semiconductor industry. For example, carrier injection in
piezopotential-gated FET is closely related to the interface contact mode
between the electrodes as well as to the work function of the electrodes
and the band gap of the active materials. Furthermore, the selection of
materials in piezopotential-gated FET is constrained by the piezoelectric
properties, whereas a broad range of semiconductor materials can be
used in conventional FETs.

6. Application of piezotronic devices

With the advancement of suitable nanostructured materials in an
appropriate form and alignment, flexible substrates, facile and control-
lable fabrication methods, and multifunctionality of flexible piezotronic
devices have demonstrated their potential applications in advanced
nanotechnology, including PNGs/self-powered sensors, strain/pressure
mapping-based image sensor, and human activity and health
monitoring.
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6.1. PNGs/self-powered sensors

Small-scale energy harvesting technologies, particularly piezoelec-
tric energy harvesting, have gained popularity during the past 20 years.
The fundamental principle of PNG is the generation of deformation-
induced piezopotential in a piezoelectric semiconducting crystal upon
applying dynamic stress, which serve as a driving force for the transient
flow of charge carries in the external load. The generated output voltage
across the external load can supply of energy of a small-powered pie-
zotronic devices. Furthermore, the tuning of it can be a crucial compo-
nent for piezoelectric sensors. The need for self-powered sensor nodes
was driven by the rapid development of the piezotronic sensor networks.
PNGs based on 1D ZnO nanostructure arrays have been found to be the
best candidate for replacing the requirement for external power sources
in small-powered devices [37]. A summary of self-powered sensors
composed of 1D ZnO nanostructure-based PNGs are presented in
Table 3. Initially, vertical ZnO NW-based PNG was proposed in 2006 by
Z. L. Wang and coworkers [373]. The current flow and subsequent
power generation through an external circuit were expected to be driven
by the piezopotential generated inside ZnO upon deformation. The ef-
ficiency of the NW-based piezoelectric power generator was estimated to
be 17-30%. The output power density was ~10 pW mm 2 when the
density of NWs per unit area on the substrate was 20 um 2. They
assumed that the generated power might be sufficient to operate a single
1D nanostructure-based device. By selecting a NW array with di-
mensions of 10 pm x 10 um, they predicted that the generated power
might be enough to drive a single NW/NB/NT-based device [373]. Later,
PNGs using ZnO NT arrays were also demonstrated. By forming a
Schottky contact between the metal tip and the NT, the piezoelectric
potential was estimated, and the PNG produced an output voltage of up
to 35mV [151].

In the area of PNG, increasing device flexibility and voltage/current
output is the primary future objective [374]. The performance of 1D
ZnO-based PNGs can be enhanced using a variety of conventional
techniques. Examples include using HSs of various piezoelectric mate-
rials, appropriate doping, manipulation of morphologies, choosing the
right surfaces, and integrating various mechano-electrical properties. S.
Lu introduced a novel strategy to weaken the piezopotential screening
effect by forming Schottky junctions on the ZnO surface through the
introduction of Au NPs onto the surface [209]. With this approach, the
piezoelectric-energy conversion performance was greatly enhanced. The
output voltage and current density of the Au/ZnO nanoarray-based PNG
reached 2V and 1 pA cm™2, respectively, 10 times higher than the
output of pristine ZnO nanoarray-based PNGs [209].

G. Tian et al. introduced a discretely structured design for under-
standing the potential screening behavior of ZnO NRs into NG perfor-
mances [120]. Piezoresponse force microscopy (as shown schematically
in Fig. 13(a(i))) and FEM were employed to carefully reveal the elec-
tron’s dynamic characteristic and the mechanism of potential screening
effect. As can be seen from the PNG performances in Fig. 13(a(ii-iv)), the
developed PNG device output voltage was enhanced about 1.62 times
higher than that of the original continuous structure [120]. D. Yang et al.
further compared the performance of PNGs fabricated from patterned
and unpatterned ZnO NWs on ITO-PET substrate (Fig. 13(b)) [119].
When compared to the device made from unpatterned ZnO NWs, the
patterned ZnO-based PNGs demonstrated a 6-fold increase in output
current. About 150 nA of maximum output current was observed, which
was sufficient to power up a few micro- and nanoelectronic devices. The
improved output performance in PNGs was mainly attributed to the
patterned growth mode, which might significantly reduce the piezo-
electric potential screening effect caused by free electrons in ZnO [119].
In a ZnO-PVDF-based PNG, A. Anand et al. investigated the impact of
random and vertically oriented ZnO NR [375]. They reported that PNG
performance was improved 7 times with such a vertically aligned
ZnO-PVDF device. Because of the direction of the molecular dipoles, the
alignment of ZnO NRs enhances remanent polarization, resulting in a
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Table 3
Summary of 1D ZnO-based PNGs for self-powered sensors.
Active materials for self-powered 1D ZnO alignment PNG performances Applications Ref.
sensors
Voc Isc
ZnO NW Vertical array 50 mV 200 nA Deformation sensor, detection of human [406]
face wrinkling
ZnO NW Single NW 0.23V 6.9 pA pH, glucose, and photon sensors [378]
ZnO NW Vertical array 0.11V 0.6 pA Active skin sensor, eye-ball motion detector ~ [407]
ZnO NW Vertical array 58V 138 A Induce innervation of the nerve of a frog [469]
ZnO NW Lateral NWs 0.49V Blood glucose level monitor [413]
ZnO NW Vertical array 0.16 V Detection and rapidly control of blood [412]
glucose concentration
ZnO NW Vertical array ~50 mV 500 pA Breath and heartbeat [384]
ZnO NW Vertical array ~1V 1.12nA Photosensor [470]
ZnO NW Vertical array, lateral array 1.26 Vfor LING, 26 nA for LING, 18 nA UV and pH sensor [241]
0.243 V for for VING
VING
ZnO NW Vertical array 58 mV Sound-driven humidity sensor [471]
parylene C/ZnO NW Vertical array v 0.11 pA Body movement sensor [213]
ZnO NW homojunction Vertical array 284 mV 10.6 nA Gesture recognition [208]
ZnO NW Vertical array 0oV 0.6 pA Photon detection [437]
ZnO NR Bidirectional 1.8V 85 nA Wound healing [408]
Fe-doped ZnO NW Vertical array 0.85V 0.6 pA Humidity sensor [256]
ZnO NW, Vertical array 0.58 V ZnO, Humidity sensor [426]
SnO,/Zn0O NW, 0.55 V for
Ce03/Zn0O NW Sn0O,/ZnO,
1.17 V for
Ce0y/Zn0O
ZnO NW Vertical array 0.45V 4 nA Gas sensor [435]
ZnO NW Bi-axial NWs 0.63V 33 nA Smart skin [472]
ZnO NW Vertical array 21V 105 nA ngJr detection [3771
Hierarchical PVDF/ZnO NW core- Vertical NWs 2.23V ~12nA Gait recognition, pulse, and muscle [428]
shell nanofibers movement monitor
Sb-doped ZnO NW Vertical NWs 140 mV 100 pA Gesture recognition [247]
Sn0,/ZnO NW core/shell Vertical array 0.8V 172.5nA H, sensor [386]
Pd/ZnO NW Vertical array 0.52V Ethanol sensor [204]
ZnO NR Vertical array 125V 0.04 pA Artificial skin [382]
Enzyme/ZnO NW Vertical array 0.3V Lactate, glucose, uric acid, and urea sensor [410]
ZnO NW Vertical array 0.54V Kidney-disease diagnosis [419]
ZnO NW Vertical array 148 mV Glucose sensing in the body fluid (tear, [411]
saliva, urine, and blood)
ZnO NW/PVDF Vertical array 1V 1uA Footstep sensor [431]
ZnO NW Vertical array 8V 0.6 pA Vehicle sensor [432]
ZnSn03/ZnO NW Vertical array 0.533V Liquefied petroleum gas (LPG) sensor [433]
ZnO NR Vertical array 3V Human motion sensor [59]
PVDF/ZnO NW/reduced graphene Composite NW 6.06 V 3.46 pA Cardiac pacemaker [473]
oxide
ZnO NR Vertical array 0.35V 1.2nA Self-powered e-skin [400]
ZnO NW Vertical array 0.079 V Self-powered e-skin, image sensor [336]
ZnO NW Vertical array 1.5V 30 nA Vehicle sensor [439]
Cu/ZnO NW Vertical array 0.552'V H,S sensor [474]
Iny03/Zn0O NW Vertical array 0.902V H,S sensor [475]
a-Fe;03/Zn0O NW Vertical array 0.589 vV Ethanol sensor [476]
ZnO NW Helix-shaped substrate with NW 0.23V 5nA Spring balance [477]

pointing outward

stronger electric field. A PNG based on a hierarchical HS composed of
ZnO NWs on a highly ordered Si MP array was demonstrated by M. R.
Hasan et al. (Fig. 13(c(i-iv)) [211]. When compared to the device for
ZnO NWs on a flat substrate, they noticed that the peak output voltage
from the hierarchical HS array-based PNGs was significantly higher by
about 5.7 times, from 0.7 to 4.0 V. The explanation for the enhanced
mechanism was based on the heterojunction formed on the Si MP arrays
by connecting the ZnO NRs in series, which are thought of as a single
source of piezoelectric potential [211].

Not only the vertical array of ZnO nanostructures but its horizontal
array was also used for fabricating high-output PNG [156,240-242]. G.
Zhu used a two-step method named scalable sweeping-printing-method,
for fabricating flexible, high-output NG (HONG) from ZnO NWs in
horizontally aligned arrays [240]. The ZnO NWs were transferred to a
receiving substrate in the first phase to create horizontally aligned ar-
rays. After that, electrodes of the parallel stripe type were deposited to
connect all the NWs. Fig. 13(d(i-iv)) displayed the schematic

24

illustration, the SEM image, as well as the HONG’s performances. An
open-circuit voltage of up to 2.03 V and a peak output power density of
about 11 mW cm™> were obtained using a single layer of the HONG
structure. A significant step toward the development of self-powered
devices that harvest energy from the environment was made when the
generated electric energy was successfully stored using capacitors and
then utilized to light up a commercial LED [240]. S. Xu et al. demon-
strated both vertical NW array integrated PNG (VING) as well as a
multiple lateral-NW-array integrated PNG (LING) by combining a
rational chemical growth of ZnO NWs with novel nanofabrication pro-
cess [241]. When 700 rows of lateral ZnO NW arrays were integrated
into LING, a maximum voltage output of 1.26 V. was produced,
compared to 0.243 V for VING. A unique "self-powered" nanosystem
made entirely of ZnO NWs had been used to demonstrate the integration
of a PNG with a pH or UV nanosensor [241].

In contrast to those of a single HS composed of ZnO NR/Gr, D. M.
Shin et al. developed epitaxial double-HS of ZnO NRs in NR/Gr/NR
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Fig. 13. PNGs. (a) PNG from discretely patterned ZnO NRs: (i) Schematic illustration of the PNG from discretely patterned ZnO NRs along with the piezoresponse
force microscopy and the adoptive testing approach. (ii) The piezoelectric voltage response of the different samples under 2 MPa pressure. The output voltage (iii)
and current (iv) of patterned and unpatterned ZnO NRs at various pressures and active regions. Reproduced with permission [120]. Copyright 2020, American
Chemical Society. (b) Flexible PNGs from patterned ZnO NWs on flexible substrates: Schematic illustration of the PNGs fabricated by using (i) without patterned
(NGA), and (ii) patterned (NGB) ZnO NWs. Current outputs generated from NGA (iii) and NGB (iv). Reproduced with permission [119]. Copyright 2017, Royal
Society of Chemistry. (c) Hierarchical ZnO NRs on Si MP arrays for performance enhancement of PNGs: (i) Schematic of device structure. (ii) Cross-sectional SEM
image of ZnO NRs grown on Si MP arrays with a length of length 10 pm. Output voltage measured from ZnO NRs on (iii) a flat Si-substrate, and (iv) Si MP arrays of
length 20 pm and a strain frequency of 2.2 Hz. Reproduced with permission [211]. Copyright 2015, American Chemical Society. (d) Flexible high-output NGs based
on lateral ZnO NW array: (i) Schematic of NG structure, in which Au was used to form Schottky contacts with the ZnO NW arrays. (ii) SEM image of ZnO NW arrays
bonded by Au electrodes. Inset is the demonstration of an as-fabricated NG. The arrowhead denotes the NG’s actual working region. (iii, iv) Open circuit voltages of
the HONG at a fixed deformation frequency of 0.33 Hz when the increasing strain rates were 5% s~ and 0.1% s, respectively. Reproduced with permission [240].
Copyright 2010, American Chemical Society. (e) Freestanding ZnO NR/Gr/ZnO NR epitaxial double HS for PNGs: (i) Photograph of the fabricated NG. (ii) Schematic
of the device with epitaxial double HSs. (iii) Piezoelectric output voltages and (iv) current densities from the just upwardly, downwardly and the double-sided grown
NRs. Reproduced with permission [113]. Copyright 2015, Elsevier. (f) Sound-driven PNG with piezoelectric ZnO NWs: (i) Schematic of an integrated PNG in which
the flexible PdAu-coated PES substrate was acting as both a top electrode and a vibration plate was installed above the ZnO NW arrays. (ii) SEM image of an ZnO NW
array on a GaN/sapphire substrate. (iii) The input signal for the generation of a sound wave and the output voltage from the piezoelectric ZnO NW arrays as a result
of the sound wave. (iv) Output voltage vs. the input power of the applied sound wave at a fixed frequency of 100 Hz. Reproduced with permission [379]. Copyright
2010, Wiley-VCH GmbH. (g) The effect of ZnO growth structures on the performance of a hybrid piezo/triboelectric NG: (i) A schematic diagram illustrates how ZnO
with various orientations including unoriented, oriented, and hierarchical structures experiencing a different degree of deformations in response to vertical
compression forces. The deformed nanostructures are shown by the dashed line. The polarization generated by ZnO nanostructures in response to external pressures
is represented by the arrow. The SEM images of the unoriented, oriented, and hierarchical ZnO structures are also shown. (ii) The comparison of open-circuit voltage
(Voo), short-circuit current density (Js.) and short-circuit charge density (Qs.) of the fabricated NGs for the reference (PVA only), unoriented, oriented, and hier-
archical growth structures at constant applied force of 50 N. (iii) Corresponding electric potential distributions versus silicon rubber simulated by using COMSOL
Il/Iultiphysics. Reproduced with permission [93]. Copyright 2022, Wiley-VCH GmbH.

configuration and demonstrated a 2-fold improvement in total output PNG when sound with an intensity of 100 dB was delivered to it [379].
voltage and current density [113]. The digital photograph, schematic of Tuning fork-shaped NG was developed by W. Deng et al. to enhance
double-HS and the PNG performances are shown in Fig. 13(e(i-iv)). The energy conversion performance at a lower frequency [380]. The
coupling of the piezoelectric effects from both upward- and designed PNG showed that the peak values of the open-circuit voltage
downward-grown NRs was thought to be the cause of the improved and the short-circuit current as 160 mV and 11 nA, respectively at
device performance in double-HS [113]. Y. Sun et al. demonstrated a 13 Hz. Additionally, a maximum instantaneous peak power of 0.92 pW
two-layer ZnO NR arrays with equal c-axis orientation for PNG [376]. cm 3 across a matched load of 9 MQ was obtained [380].

The output voltage and current of the A. S. Dahiya et al. demonstrated a flexible, high-performance me-
Au/ZnO-Polyacrylonitrile/ZnO-Cu PNG (1.6 V, 16.4 A) were more than chanically robust NG on PDMS substrate based on inorganic/organic
5 and 2.3 times, respectively, that of the Au/ZnO/Cu device. It is obvious HSs by using ZnO NWs (inorganic) and parylene C (organic) matrix
that the hybrid PNG’s from two-layer ZnO NR arrays with equal c-axis [213]. The NG devices exhibited excellent performances with a high
orientation were crucial in controlling electrical impulses and enhancing open-circuit voltage ~ 10V, short-circuit current density
electrical output performance. A layer-by-layer stacking was introduced ~0.11 pA cm ™2, and peak power ~ 3 pW under a vertical compressive
by S. Xu et al. in a multilayer PNG, where pyramid-shaped metal-coated force applied by a mechanical shaker [213]. A flexible PNG based on
ZnO nanotip (NTP) arrays and hexagonal-prism-shaped ZnO NW arrays ZnO NTs hosted in a polycarbonate (PC) membrane with variable pore
were integrated [60]. A high output power density of 0.11 pW/cm 2 at diameter was designed by S. Stassi et al [149]. A maximum output

62 mV is achieved for a four-layer integrated PNG. A. Mahmud et al. voltage of 1.15 V, a maximum current of 100 pA, and a maximum output
demonstrated a PNG based on the hybrid nanostructures of 1D/2D ZnO power density of 287.5 mW cm > were achieved using the PC mem-
to combine the advantages of PNGs based on ZnO NWs/NRs with high brane of pore size 100 nm. These outstanding outcomes demonstrated
electromechanical coupling and PNGs based on 2D ZnO nanosheets the nanostructured ZnO-PC composite’s potential as a material for
having good mechanical stability [111]. The average peak-to-peak energy-harvesting applications [149].
output open circuit voltage and short circuit current at a force of 5N N. Cui et al. exploited ZnO NW/Fe304 to demonstrate magnetic
and a frequency of 5 Hz were up to 10.18 V and 15.9 pA, respectively. force-driven contactless NGs and utilized them as a noncontact energy
This supports the idea that the gadget could be used to self-power an harvester and sensor [381]. The output voltage and current of the PNG
array of sensors in an aircraft structural health monitoring system. A were measured to be as high as 3.2 V and 50 nA, respectively, which was
completely stand-alone, self-powered environmental sensor composed sufficient to power up a liquid crystal display. To harvest the electrical
of a single-wall carbon nanotube-based FET and a ZnO NW PNG was energy from biomechanical motion, a biocompatible, biodegradable,
implemented by M. Lee et al. for the detection of Hg?" ions and evalu- and stretchable silk hydrogel was designed as an artificial piezoelectric
ation of their concentration in water [377]. Additionally, PNG could use energy-generating skin (EG-skin). In this skin, the addition of ZnO NR
glucose oxidase and laccase as catalysts to transform chemical energy increased the piezoelectricity eight times over that of the original silk
from biofluids like blood and glucose into electrical energy. After being hydrogel, improved the electrical responsiveness by two times, and
integrated with a number of NW-based sensors, a prototype biofuel cell produced 1 mW cm ™2 of power [382].
made of a single ZnO NW was able to produce an output power of up to In order to overcome the limitations of a single component-based
0.5-3pW and function as a self-powered pH, glucose, and photon sensor NG, hybrid piezo/triboelectric NGs (H-P/TENGs) made of ZnO NR/
[378]. PVA were designed by Y. P. Lim et al [93]. These devices combined high
The vibration of 1D ZnO nanostructures can also produce sufficient triboelectric output voltage and piezoelectric output current during
strain to generate power [379,380]. S. N. Cha et al. demonstrated a continuous contact-separation cycles. H-P/TENG’s performances were
sound-driven PNG based on ZnO NWs (Fig. 13(f)) [379]. In the direct investigated by altering the various 1D ZnO nanostructures, including
compression mode, as illustrated schematically in Fig. 13(f(i)), the unoriented, oriented, and hierarchical structures and an improvement in
sound wave was employed to vibrate the top contact electrode, which NG output was obtained by 6-17 times. The effect of ZnO growth
generated electric potential through the vertically well-aligned ZnO structure on the performance of a hybrid piezo/triboelectric NG

NWs. An AC output voltage of roughly 50 mV was obtained from the composed of ZnO/PVA are shown in Fig. 13(g). Particularly, ZnO NR
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with well-aligned structures along the c-axis exhibited the highest
improvement in electrical outputs when compared to the pristine one,
and its power density reached up to 15.9 Wm 2 (almost a 17-fold
increment) [93].

PNGs from 1D ZnO nanostructures are not only limited to produce
power from external strain/pressure, but researchers also have demon-
strated small-scale power PNGs by using a variety of biological stimuli,
including biomotions, muscle stretching, and many more [19,30,34-36,
43-48,54,55,60,70,71,78,79,96,144,205,208,242,247,273,382-391].
This demonstrates the enormous potential of PNGs for effective sensing
of a variety of environmental stimuli, such as intensive healthcare and
human activity monitoring.

6.2. Strain/pressure mapping-based image sensor

Tactile sensing has gained significant attention as a result of the rapid
development of flexible electronics, artificial intelligence (AI), robotics,
and e-skin as it serves as a key component in human-machine in-
teractions. A functional tactile sensing device for next-generation ro-
botics and human-machine interfaces requires large-scale integration of
pressure sensor arrays with high spatial resolution, high sensitivity,
wide detection range, fast response, and good substrate flexibility [10,
148,172,173,191,232,236,372,392-394]. A variety of flexible and
stretchable tactile sensors with different pressure sensing mechanisms
have been studied, including resistive, capacitive, triboelectric, and
piezoelectric types [10,148,172,173,191,232,233,236,392,393,
395-399]. Due to its promising performance, which includes high
sensitivity, quick response times, and the capacity to detect dynamic
pressures, piezoelectric tactile sensors are extensively explored [10,118,
133,148,173,232]. In an effort to address the issues still present in the
field of tactile image sensors, 1D ZnO nanostructures on flexible sub-
strates have received a significant amount of attention among the
various piezoelectric materials and nanostructure types [10,133,135,
148,232]. Table 4 shows a summary of 1D ZnO-based piezotronic image
sensors and their performance parameters. W. Wu et al. demonstrated
vertical ZnO NW-based large-area, integrated piezotronic transistor ar-
rays as an active taxel-addressable matrix for tactile imaging with a
device density of 92 x 92 (Fig. 14(a(i-v))) [118]. A high special reso-
lution of 233 dpi was achieved for mapping pressure including enor-
mous device flexibility, good reliability, and stability over 1000 cycles.
In the electrical design of image sensors, this type of piezotronic matrix
could potentially replace conventional FETs and function as an active,
self-powered touch sensor [118]. J. B. Park et al. demonstrated

Nano Energy 113 (2023) 108606

individually addressable, high-density, dimension- and
position-controlled, vertical, and freestanding piezoelectric sensor ar-
rays by using ZnO NT arrays on CVD-grown Gr layers (Fig. 14(b(i-v)))
[148]. Fig. 14(b) shows, (i) schematic illustration of a complete device
array along with the process for pressure mapping, (ii) digital image of
the device array, (iii) SEM image of a device, (iv) SEM of a substance
used to be mapped, and (v) the contour plot demonstrating the capa-
bility of 8 x 8 addressable device arrays for imaging the spatial profile
of the applied stress [148]. A spatial resolution as high as 1058 dpi was
demonstrated for a Schottky diode-based tactile sensor composed of ZnO
NTs on a flexible substrate. Additionally, they demonstrated the
outstanding flexibility and electrical stability of the free-standing sensor
arrays for high-resolution tactile imaging [148]. M. S. Suen et al.
demonstrated a flexible, highly sensitive, tactile sensor and simulta-
neously designed a 3 x 3 sensor array on flexible PDMS substrate for
multi-touch applications [254]. An artificial e-skin was developed by
constructing high-aspect-ratio interlocked ZnO as well as Al-doped ZnO
NRs, which can induce a change in the contact area to improve the
sensor sensitivity under static and dynamic pressure [254]. For the
high-sensitivity detection and mapping of finger touch, W. Deng et al.
demonstrated a self-powered tactile sensor array based on the
field-limited ordered ZnO NRs [400]. During pressing (sensitivity ~
403 mV MPa !, external pressure ~ 0.7 MPa) and bending experiments,
the fabricated device exhibited good linearity and flexibility in response
to various external forces [400]. The pressure/strain mapping devices
based on purely piezoelectric properties of 1D ZnO nanostructures
confront challenges to achieve high spatial resolution and high inte-
gration, because of complex fabrication techniques, poor pressure
response and large signal-to-noise ratio.

By introducing the piezo-phototronic effect, mechanical energy can
be converted into electrical and optical energy. As a consequence, the
spatial resolution of the pressure mapping can be enormously enhanced
by controlling charge-carrier generation, separation, recombination,
and/or transport at the metal-semiconductor or semiconductor-
semiconductor heterojunction/interface [67,68,127,128,130,135-137,
143,200,401]. C. Jiang et al. demonstrated a dynamin range pressure
mapping interactions (DPTPMI) device with wide dynamic range and
high pressure sensitivity using a dual piezo-phototronic transistor (DPT)
pixel for location-aware detection [130]. A typical device involved a
piezo-NW (ZnO) channel and a piezo-OLED gate as one module with
dual enhancements of the piezo-phototronic effect. The fabricated DPT
demonstrated pressure sensitivity of 61.2 pS kPa~! in the effective
working zone with a spatial resolution of 5 um (5080 dpi) [130]. C. Pan

Table 4
Summary of 1D ZnO-based piezotronic image sensors and their performance parameters.

Material system Sensing method Sensitivity Device type Spatial resolution (dpi) Ref.
ZnO NW Piezotronic 2.1uS Piezopotential-gated transistor 234 [118]
ZnO NR, AZO NR Piezotronic ZnO: — 0.768 kPa’l, AZO: — 0.223 kPa ! Schottky diode 127 [254]
ZnO NR Piezotronic 403 mV MPa ! Ohmic 2.5 [400]
ZnO NT Piezotronic 1.95 x 10~ kpPa~? Schottky diode 1058 [148]
ZnO thin film Piezotronic 0.225 kpa~! Thin film transistor (TFT) 254 [393]
ZnO thin film TFT 8.5 [478]
Li-doped ZnO thin film Piezotronic TFT 85 [173]
2D ZnO nanoplatelets Piezotronic 7.82 x 1072 meV Transistor 12,700 [172]
MoO3/CBP/TAZ/ZnO NW Piezotronic 61.2 uS Piezo-OLED-gated transistor 5080 [130]
ZnO NW/Al,03/CdS Piezo-phototronic Piezopotential-gated transistor 80 [342]
ZnO NW Piezo-phototronic Schottky diode 254 [127]
WO3/ZnO NW Piezo-phototronic LED 50.8 [200]
ZnO NW Piezo-phototronic Ohmic 280 [336]
ZnO NW/GaN Piezo-phototronic 12.88 x 107 ® kPa! LED 6350 [136]
ZnO-nanofilm/Si MP Piezo-phototronic LED 4885 [335]
ZnO-nanofilm/PDMS/Si MW Piezo-phototronic LED 4300 [126]
ZnO NW/PEDOT:PSS Piezo-phototronic LED 3628 [135]
ZnO NW/GaN Piezo-phototronic LED 9769 [128]
Organic/ZnO NW Piezo-phototronic LED 3167 [334]
ZnO NW/Si MW Piezo-phototronic LED 5080 [201]
ZnO NW/MoO3 Piezotronic Schottky diode 19,500 [132]
Human Skin 508 [128,135]
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Fig. 14. Image sensor. (a) Taxel-addressable matrix of vertical ZnO NW piezopotential-gated transistors for active and adaptive tactile imaging: (i) Schematic
illustration of two-terminal SGVPT. (ii) Metrology mapping (inset) and statistical investigation of the fully integrated 92 x 92 SGVPT arrays without applying stress.
(iii) Current response contour plot demonstrating the SGVPT array’s ability to image the spatial profile of applied stress. Prior to and following the application of a
normal stress, a color scale indicates the current differences for each taxel. The white dashed lines highlight the physical shape of the applied stress. (iv) The 3D
schematic illustrating how the SGVPT array was used for shape-adaptive sensing. (v) The variations in taxel current values between the bent SGVPT array under
additional stress and the unstrained SGVPT array. The location of the additional stress is delineated by the red dashed lines. Reproduced with permission [118].
Copyright 2013, American Association for the Advancement of Science. (b) Individually addressable flexible pressure sensor matrices with ZnO NT arrays on Gr for
pressure mapping: (i) Schematic illustration of the procedure for pressure mapping. (ii) Digital photograph of a flexible, individually addressable device. (iii) A part of
an individually addressable device as shown in a SEM image. (iv) SEM image for the tip of a probe used for pressure-resolved imaging. (v) Contour plot illustrating
how an 8 x 8 addressable device arrays can image the spatial profile of applied stress. Reproduced with permission [148]. Copyright 2022, Springer Nature. (c) UV
sensing and illumination distribution imaging by the piezo-phototronic effect in ZnO NW arrays: (i) Schematic illustration of the structures of the ZnO NW-based
image sensor array. Inset is an optical image of the as-fabricated device. The scale bar is 1 mm. (ii) Experiment setup to measure the enhancements by the
piezo-phototronic effect. (iii) Current difference between strain-free and 40.38 MPa pressure conditions, with illumination intensity of 1.38 mW c¢m 2 and forward
biased voltage of 1 V on top electrode. (iv) Enhancement factor E versus the applied pressures, with the corresponding output currents to image the illumination
distributions at the illumination intensity of 1.38 mW cm~2. Reproduced with permission [127]. Copyright 2015, Wiley-VCH GmbH. (d) Flexible polymer/Si/ZnO
LED array device for image sensing via piezo-phototronic effect: (i) Schematic diagram of the transferred flexible LED array device and the Si substrate. (ii) The
reverse side of the polymer/Si MW array composite film. (iii) SEM image of Si substrate after the transfer process. (iv) An optical image of an LED array device bias
voltages of 10 V. (v) Working mechanism of the pressure distribution function of the flexible LED array device. (vi) A patterned sapphire stamp shaped to read
“NANO” with a scale bar of 150 um. (vii) Mapping of pressure distribution by using an LED array to represent the word “NANO”. (viii) Pressure distribution mapping
under different pressures by the LEDs array intensity image. Reproduced with permission [126]. Copyright 2017, American Chemical Society. (e) Tactile imaging and
memory capabilities of the 6 x 6 HPPMS. (i) Sensing and memorizing force distribution data schematics from AFM tip writing. Insets are a SEM (left top) and an AFM
topography (right bottom) image of the fabricated high-resolution HPPMS. Statistical distribution of pixel currents with the integrated 6 x 6 HPPMS under non-force
(ii) and 300 nN force (iii). ((iv) Schematic diagram of the neuromorphic tactile system composed of human skin and brain. Reproduced with permission [132].
gopyright 2021, Elsevier.

et al. demonstrated a LED-based pressure/strain sensor array that and signal storage functionalities by connecting piezo-memory pixel
offered a spatial resolution of 2.7 um for multipixel parallel mapping of arrays in series with the piezoelectric ZnO NW and MoOs
strain, corresponding to a pixel density of 6350 dpi [136]. Each pixel resistive-memristor components. Finally, the HPPMS was utilized as a

was composed of a single n-ZnO NW/p-GaN light-emitting diode, the neuromorphic tactile sensor as shown in Fig. 14(e(iv)) [132].
emission intensity of which was dependent on the local strain owing to

the piezo-phototronic effect [136]. R. Bao et al. fabricated a flexible LED 6.3. Human activity and health monitoring

array composed of PEDOT:PSS and patterned ZnO NWs with a spatial

resolution of 7 um (~3628 dpi) for mapping of spatial pressure distri- Continuous health monitoring using implantable and wearable
butions [135]. Pressure distribution was acquired by parallel-reading medical devices is attracting profound interest nowadays both from
the illumination intensities of LED arrays which was modulated by the academic researchers as well as healthcare industries. With the
strain-induced polarization charges in the vicinity of local interface advancement of biomedical sensors and low-power electronics, wireless
[135]. Y. Peng et al. demonstrated a flexible and stable p-n junction sensor networks (WSNs) which are commonly known as the IoT, are

LED-based pressure sensor array composed of p-GaN/n-ZnO NW HS rapidly expanding in the advanced healthcare sectors [1-8,10-13,16,17,
having a high spatial resolution of 2.6 ym (~9769 dpi) (much better 20-22,28-31,37,49-52,97-99,131,153,230-232,387,402-405].  Flex-

than human skin resolution of 50 pm) and a fast response time of 180 ms ible piezotronic sensors composed of 1D ZnO nanostructure arrays can
to map pressure distributions [128]. X. Han et al. demonstrated an be an ideal candidate for the active sensor in e-skins for real-time
addressable device array consisting of 32 x 40 pixels based on vertically monitoring of human health continually without interfering with daily
aligned ZnO NWs (Fig. 14(c)) [127]. Each pixel was composed of ZnO activities. These piezotronic sensors are capable of performing a variety
NWs and Au nanopatterns to form a Schottky-contacted UV photode- of health monitoring tasks, such as continuous home monitoring of
tector with spatial resolution of 100 um (254 dpi). By introducing the vulnerable patients, accurate and effective vital sign monitoring,
piezo-phototronic effect, the strain-induced piezoelectric polarization tracking of chronic diseases, maintaining personal wellness, and injury
charges substantially improved the performance of the UV photode- detection, particularly in the case of young children and the elderly
tector array by 700% in photoresponsivity, 600% in sensitivity, and people. With the rapid development of society in recent decades,
280% in detection limit [127]. Flexible polymer/Si/ZnO LED wearable piezoelectric tactile sensors have attracted attentions for mo-
pressure-distribution mapping sensors were demonstrated by X. Li et al. tion sensing-based health care and artificial intelligence. S. Lee et al.
(Fig. 14(d)) [126]. They reported p-n junction HS LEDs consisting of Si reported ZnO NW array-based super flexible PNG which had been
MP obtained by inductively coupled plasma (ICP) etching and ZnO films demonstrated as an active sensor for monitoring tiny skin deformation
through low-temperature hydrothermal method [126]. Based on (Fig. 15(a)) [406,407]. As shown in Fig. 15(a(i)), it was constructed
piezo-phototronic effect, the intensity of the flexible LED array was utilizing arrays of ZnO NWs on an ultrathin Al foil substrate that was
enhanced by more than 3 times (under 60 MPa compressive strains) only 18 um thick. The total thickness of the device was 25 um, and the
[126]. Additionally, the device was stable and energy saving. The flex- device dimension was 5 x 13 mm? [406]. A prototype sensor, mounted
ible device could still work well after 1000 bending cycles or 6 months to the eye-lids as shown in Fig. 15(a(iii)), was utilized to detect minute
placed in the atmosphere. The spatial resolution was 4300 dpi [126]. skin deformations caused by eye blinking. The device generated currents
Furthermore, they were able to achieve a resolution of 2 ym of the LED of 2 nA and easily measurably voltages of 0.2 V (Fig. 15(a(iii))) [406].
array without observing any cross-talk of the adjacent pixels which was They further developed a flexible, ultrathin, highly sensitive NG
promising for an ultra-high resolution LED array-based image sensor. C. composed of aligned ZnO NW compacted arrays that were utilized for
Jiang et al. demonstrated an e-skin from dimension- and monitoring the eye-ball motion and thus demonstrated the potentiality
position-controlled ZnO NW arrays with a pixel-size of 60 nm and ach- of intensive care of sleep pattern, tiredness and possible brain activity
ieved an ultra-high resolution of ~ 195000 dpi in tactile imaging [132]. (Fig. 15(a(iv-vi))) [407]. A vital sign monitoring system was developed
The device structure and the subsequent fabrication process are shown by J. B. Park and co-workers using flexible pressure sensor arrays made
in Fig. 4(d). The ultrahigh-resolution 6 x 6 piezo-memory pixel arrays of site-controlled ZnO NT arrays on Gr [131]. By mounting a sensor on
successfully produced the force image of 300 nN force as shown in the wrist and philtrum (Fig. 15(b(ii)) of a person, the sensors were able
Fig. 14(e(iii, iv)). The system could achieve the external pressure sensing to volunteer the individual’s breathing and pulse. As shown in Fig. 15(b
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Fig. 15. Human activity and health monitoring devices. (a) Super-flexible NG as an active sensor under skin movement: (i) Schematic illustration of the super-
flexible NG on ultrathin Al foil. An enhanced image of a device cross-section is displayed in the bottom panel. (ii) Photographs of NG mounted to the skin, ready
(on the left), wrinkled (in the middle), and unwrinkled (on the right). (iii) Output of the NG driven by blinking of one eye. Reproduced with permission [406].
Copyright 2013, Wiley-VCH GmbH. (iv) The NG attached to the right eye-lid driven by moving the eye-ball in right (R) — center (C) — left (L) or L - C - R
directions. Output voltage measured under (v) slow, and (vi) rapid eye movement. Reproduced with permission [407]. Copyright 2014, Wiley-VCH GmbH. (b) Vital
sign detection from ZnO NT-based pressure sensors: (i) Schematic representation of a pressure sensor using dimension- and position-controlled ZnO NT arrays
heteroepitaxially grown on Gr layers. (ii) Schematic illustration of constructed pressure sensor for breath detection when the sensor was directly attached to vol-
unteer’s philtrum. (iii) Real-time current response of the ZnO pressure sensor during breath monitoring. (iv) A schematic illustration of the pressure sensor that was
made to detect pulses while being directly attached to a volunteer’s wrist. (v) Real-time current response of the ZnO pressure sensor during pulse monitoring before
and after running. Reproduced with permission [131]. Copyright 2021, Springer Nature. (c) Homojunction PNG grown in the p-n configuration on Si rubber for
gesture recognition by the measurement of flexor movement: (i) Schematic illustration, and (ii) photograph of the homojunction PNG. (iii) The output of the device
calculated as a function of the variation in thumb flexion. (iv) Measured signals by the gadget when the left wrist was used to individually flex and extend each finger.
(v) The stability of the device demonstrated by making the identical gestures with the left hand repeatedly. (vi) The device’s capacity to recognize more complicated
motions demonstrated by using the multifinger gestures. In order, the patterns were thumb; middle and ring; index, middle, and ring; index, middle, ring, and little;
and all five fingers. Reproduced with permission [208]. Copyright 2014, American Chemical Society. (d) Pressure sensor using free standing ZnO/PVDF for heart rate
monitoring: (i) schematic of the pressure sensor. (i) Photograph of a wearable and wireless pressure sensor. The difference between the electrical resistance of ZnO
NN/PVDF film-based wireless pressure sensor as a function of time for measuring the pulse on the (iii) carotid artery, and the (iv) radial artery of a human object. The
heart rate was 88 bpm for 10 s during the usual pulse and 121 bpm after exercise. Reproduced with permission [153]. Copyright 2016, Elsevier. (e¢) ZnO NR-based
piezoelectric patch (PZP) for wound healing: (i) An illustration of the PZP modified with Ag electrodes to measure the piezoelectric voltage and current density
generated by mechanical bending. (ii) Photographs of the skin wound on the back of a mouse (left), and a nine-layered PZP placed on the wound by covering the PZP
with a transparent film (right). (iii) Photographs of a representative skin wound taken at 0, 3, 7, and 10 days following therapy. (iv) Wound closure rates. Reproduced
\Lvith permission [408]. Copyright 2017, Wiley-VCH GmbH.

(ii)), the sensors effectively detected a simple pause in regular breathing, wounds with PZP-1X (9 layers of PZP, the filling rate is 95.2%) were
which is symptomatic of sleep apnea. Additionally, the monitoring of almost healed completely after 10 days, which suggested that the

heartbeat rates was conducted on a volunteer, both at rest and during a designed PNG had the best effect on promoting wound closure and skin
brief workout (running). The corresponding pulse waveforms are shown regeneration [408].
in Fig. 15(b(v)). At rest, there were 13 pulses per 10 s, and after exer- One of the most serious metabolic diseases in the world has tradi-
cising, there were 16 pulses per 10 s. Due to the faster heartbeat caused tionally been regarded to be diabetes. One of the key requirements for
by running, the depth of pulse climbed up to 25%, indicating the po- diabetic patients is to constantly and everywhere check their blood
tential use of these pressure sensors as a workout partner in daily life, glucose levels [409]. Thus, a novel skin-like glucose sensor that is inte-
particularly for elderly people [131]. grated with the body, has a sustainable energy power source, is non-toxic,
By measuring flexor movement, K. C. Pradel et al. demonstrated biocompatible, and affordable would be extremely beneficial to diabetes
homojunction NG formed in the ZnO p-n configuration on Si rubber for patients [267,378,410-413]. A self-powered closed-loop brain-machine
gesture recognition (as depicted in Fig. 15(c)) [208]. The piezoelectric interface system with biosensing-piezoelectric coupling was developed
output was greatly increased in the p-n configuration as compared to a for real-time monitoring and rapid blood glucose concentration adjust-
single layer device. The improvement was ascribed to the formation of ments [412]. A flexible glucose sensor, a ZnO NW array-based energy
the depletion zone at the p-n homojunction, which significantly reduced harvester, and a micro-control unit were used to build the wearable and
the internal screening of strain-induced polarization charges by free implantable device. The real-time monitoring of the saliva glucose levels
carriers in both n-ZnO and Sb-doped p-ZnO. As a result, the PNG could and signal transmission to the micro-control unit were done using the
effectively translate the flexor tendon movements into distinct electrical flexible glucose sensor. After producing energy from bodily motion, the
signals for gesture identification [208]. Free-standing ZnO NN/PVDF piezoelectric energy harvester converted it into electrical power for the
hybrid thin film was developed by K. Y. Shin et al. to demonstrate a micro-controller and brain stimulator. The micro-control unit was used to
highly sensitive, wearable, and wireless pressure sensor for heart rate monitor the blood glucose level and, if necessary, send a stimulation
monitoring (Fig. 15(d)) [153]. The physical pulse pressure was current to the brain stimulator electrode to rapidly increase it. Based on
measured in real time after mounting the sensor directly to the wrist the piezo-enzymatic reaction coupling mechanism of the glucose oxida-
(Fig. 15(d(ii))), where the radial artery is closest to the surface and a se/ZnO NW array that can operate in liquid solution, a novel e-skin has
neck over the carotid artery. After integrating the sensor with a smart been engineered by X. Xue et al [411]. The glucose concentration in the
phone, the heart rate was monitored via smart phone screen. The sensor body fluids (tear, saliva, urine, and blood) had a substantial impact on the
was utilized to investigate the effect of exercise (cycle pedalling) on piezoelectric output voltage, which served as the device’s biosensing
heart rate. The post-exercise pulse was 121 bpm as compared to the signal and electrical power source [411]. On the basis of an enzyme/ZnO
usual pulse of 88 bpm. Due to the comparatively thin scarfskin, which nanoarray piezo-biosensing unit matrix, a self-powered wearable
could put the more intense pressure on the device, the normal and noninvasive e-skin for perspiration analysis has also been developed
post-exercise heartbeat was monitored more sensitively on the radial [410]. The sweat-based e-skin was effective at identifying lactate,
artery [153]. 1D ZnO nanostructures and their well-ordered arrays. glucose, uric acid, and urea. Such an e-skin functioned as a workout
The PNG-generated electric field, when placed to a wound, can monitor by constantly and in real-time tracking a runner’s physiological
mimic the endogenous electric field and promote in wound healing state by examining the perspiration on his skin [410].
[408]. S. H. Bhang et al. designed a piezoelectric patch (PZP) composed The von Neuman bottleneck, which restricts the performance of most
of bidirectionally grown ZnO NRs and demonstrated its therapeutic ef- contemporary computers, may be overcome by newly emerging brain-
ficacy in dermal wound healing [408]. The PZP was fabricated by inspired neuromorphic computing systems [414]. Artificial synapses
aligned ZnO NRs embedded in a PDMS matrix as shown schematically in that imitate neural transmission and physical information sensing could
the Fig. 15(e(i)). The average voltage and current density generated on be used to create extremely reliable and effective computing systems
the PZP surface upon bending it with a 5 mm bending radius were that are reminiscent of human brain. Different hybrid systems have been
~ 1.8V and 85 nA cm ™2, respectively. By Applying the PZP to an ani- researched recently in order to create artificial synapse-based neuro-
mal’s skin wound (Fig. 15(e(ii))), it generated an electric field upon morphic devices with multi-level sensory stimuli beyond light and
animal motion and piezoelectric potentials to be induced at the site of electricity [132,171,342,414-416]. Two-terminal piezo-phototronic
wound for enabling wound healing. As shown in Fig. 15(e(iii, iv)), the synapses array based on 1D ZnO nanostructures and their regularly
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ordered arrays have secured their place to fabricate artificial
synapse-based neuromorphic devices [132,171,342]. The utilization of
piezopotential-induced modulation of channel conductance in a
two-terminal device significantly reduced the complicacy of using
three-terminal devices with transistor geometry. C. Jiang et al. demon-
strated a bio-inspired e-skin structure with neuromorphic tactile sensing
and memory functions based on site- and morphology-controlled ZnO
NW arrays [132]. In addition to demonstrating functions beyond those
of conventional e-skins and human skins, the device could imitate the
neuromorphic tactile behavior of humans. It also exhibited nanoscale
force perception and signal memory [132]. G. Hu et al. demonstrated a
transparent and adaptable photonic synapse based on a single ZnO NW
that resulted in multi-level modification of synaptic plasticity behavior
and beneficial in constructing a multi-sensory neuromorphic system
[171]. Furthermore, the piezo-phototronic effect induced in the ZnO NW
allowed for efficient modulation of the synaptic weight change by
applying compressive strains. Under a UV light pulse of 4.2 mW cm 2,
the weight change was decreased from 1437.5% to 191.4% with a
compressive strain change from 0.00% to 0.28% [171]. Recently, X. Han
et al. showed a optoelectronic synapses array based on ZnO NW/A-
1503/CdS heterojunction that has potential applications in autonomous
vision, neuromorphic computing, adaptive visual-perception systems,
etc [342].

The piezotronic devices demonstrated their potential to be one of the
key elements of a fully-fledged Internet of Medical Things (IoMT) system
with the recent advances of implanted and wearable medical devices
constructed by 1D ZnO nanostructures. In order to build a [oMT paradigm
for the next generation of personalized healthcare for remote health
mentoring and disease diagnostics, W. Deng et al. designed a PNG-based
intelligent closed-loop system [1]. This smart system worked in three
steps. 1st step involved the piezoelectric response of signals from a variety
of physiological parameters such as physical motion, pulse, respiration,
temperature, sweat, bio/organic compounds in the blood, etc. The inte-
grated wireless network was used in the 2nd step to transfer directly these
physiological data to the hospital or medical facility. In the final step, the
transmitted data was examined by the experienced clinicians and doctors
who then provided feedback to the patient, and thereby the closed-loop
personalized healthcare was realized [1].

In addition to the physical health monitoring, 1D ZnO nanostructure
and its HS-based piezotronic sensors are utilized for the detection and
monitoring of different environmental phenomena, which are vital to
maintain human health, updating personalized gadgets, bringing daily
use tools for smooth life, and keeping our environment safe. These include
pH sensor;[417] ascorbic acid sensing from sweat, tears, and saliva;[402]
glucose sensor;[267,411] sweat sensor;[418] lactate, glucose, uric acid,
and urea sensor for workout monitoring;[410] urea/uric-acid sensor for
real-time kidney-disease diagnosis;[419] cancer therapy;[7,61] motion
sensor;[59,420-422] motion sensor towards the remote control of ges-
tures;[208,423,424] temperature sensor;[425] ethanol sensor;[204]
humidity sensor;[256,426,427] heart rate monitoring and critical care;
[153] muscle activity detection and gait monitoring;[428] protein
sensor;[177] sensor for detecting protein kinases activity;[429] flam-
mable/toxic gas detector;[176] Hy sensor;[386] oxygen sensor;[430]
footstep sensor;[431] transportation monitoring from vehicle motion;
[432] LPG sensor;[433] triethylamine sensor;[434] HaS sensor;[435,
436] logic computation;[368] wireless data transmission; [437] vibration
sensor;[438] photonic synapse;[171] vehicle sensor;[439] piezo-induced
photo/electrocatalysis;[440,441] piezo photo-transistor;[442] logic
nanodevices;[369] resistive switches as programmable electromechan-
ical memories;[443] photodetectors;[444-447] etc.

7. Conclusions and outlook
Herein, a detailed review on the recent developments of aligned 1D

ZnO nanostructures and its regularly ordered arrays are presented for
their applications in multifunctional piezotronic sensors. From a
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material standpoint, substantial effort is made on the fundamental
research executed on 1D ZnO nanomaterials organized in the form of a
regular array, leading to revolutionary manufacturing techniques to
construct smart and intelligent, functional units with advanced perfor-
mances in prospective piezotronic applications. In the light of piezo-
electric properties and prospective applications, well-ordered 1D ZnO
nanostructures are compared with individual 1D components, irregular
1D ZnO arrays and their random alignment, patterned bundles of
nanostructures, and thin films to determine their potentiality as one of
the most suitable active components for a multifunctional piezotronic
sensor. As an introductory part, the important aspects of 1D ZnO
nanomaterials and its arrays are explored for improving/controlling
their piezoelectric properties and associated piezotronic device perfor-
mances, which include nanostructure aspect ratio, alignment, arial
density, shape, doping, surface functionalization, integrating materials
and HS approach, 1D/2D combination of materials, device contact type,
substrate flexibility, hybridization of mechano-electric properties, inte-
gration of piezoelectricity with photonics, etc. This review covered the
well-established synthesis techniques for high-quality, controllable 1D
ZnO nanostructures, the rational design, piezoelectric performance, the
utilization of HSs for improved performance and incorporation of mul-
tifunctionalities, fabrication of piezotronic devices, and their integration
with a flexible substrate/supported matrix for flexible and wearable
applications. A detailed discussion on the pressure sensing, strain
detection, and the piezopotential-gated transistors are made which are
the main principles for piezotronic sensors. Furthermore, an overview of
the latest progress in practical applications of piezotronic sensors in
unconventional power sources, self-powered sensors, high-resolution
image sensors, and personalized healthcare devices is provided.

With the recent developments of implantable and wearable medical
devices made by 1D ZnO nanostructures, the piezotronic devices
demonstrated their promising application to be one of the core com-
ponents of a closed-loop IoMT system for the next-generation person-
alized healthcare for remote health mentoring and diagnosis of diseases.
A schematic of prospective physical/physiological sensing applications
of 1D ZnO-based piezotronic sensors are shown in Fig. 16. Despite the
intriguing developments that have been achieved for 1D ZnO-based
piezotronics, there are still a number of issues that need to be resolved.

e Large-scale production: It is generally convenient to fabricate well-
ordered nanostructures on a small scale. The majority of practical
applications for piezotronic technology, however, require the pro-
duction of active materials in large quantities with high levels of
homogeneity and reproducibility. Furthermore, the yield of high-
quality, ordered arrays of 1D ZnO nanostructures is considerably
insufficient for the fabrication and integration of scalable devices.
Therefore, the development of a low-cost, scalable, and reproducible
fabrication technique is greatly desired, especially for high aspect
ratio ZnO nanoarchitectures organized in a regular array. Apart from
the design of nano/microstructured sensing materials, the macro-
structural design of these functional materials is also crucial from the
prospect of practical applications.

o Cost-effective manufacturing: For small-powered daily-use personal-
ized gadgets, cost reduction is one of the main future goals. The need
for cost-effective personalized healthcare devices has sparked a great
deal of research interest due to the economic limits associated with
devices based on 1D ZnO nanostructure arrays. These constraints
have presented a significant challenge to both academics and
companies.

Stability of the nanoarchitectures and long lifetime of the associated de-

vices: For reliable use in various domains, the active material for the

piezotronic devices as well as the devices themselves should not be
too fragile upon mechanical stress. Consideration should be given to
maintain the stability of devices in the harsh environments,
including atmospheric conditions, humidity, heating, light exposure,
and chemical strength. To maintain consistent device performance
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Fig. 16. Schematic illustration of prospective physical/physiological sensing applications of 1D ZnO-based piezotronic sensors.

throughout time, research attention must be paid to encapsulation
technologies.

Selective and specific detection for the piezoelectric sensor: Due to signal
interference from the capacitive, resistive, and photon-induced re-
sponses, it may be difficult to recognize the piezoelectric response in
a complex matrix. It follows that the active piezoelectric matrices
should respond to mechanical stimuli without interference from
external sources, which can be achieved by creating the appropriate
heterostructure/functionalization. Such tactics can lead to the
progress of 1D ZnO nanostructures in the direction of the reliable
piezoelectric sensor.

Extension of applications through interface engineering: With the inte-
gration of various metallic, semiconducting, and other optoelec-
tronic functionalities, numerous directions in device application can
be created, opening up a wide range of opportunities for interface
engineering. For instance, 1D ZnO-based vdW HSs can offer more
novel interaction modes with external stimuli, and hence the study of
these HSs and their interface engineering will continue to be one of
the frontier subjects in the coming years [448].

Modification strategies for appropriate utilization of the active material
system: Despite the availability of large materials and structures
today, it is difficult to balance all of the critical factors that affect
sensing performance. For instance, sensors with great sensitivity
typically have lower stability or a smaller working range. However,
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the actual use of flexible piezotronic sensors calls for balanced per-
formance. Thus, the development of a reliable strategy for figuring
out the modification process of active is crucial. Over the past years,
there has been substantial research on doping, surface modification,
organic-inorganic hybrids, and the development of multiple com-
pounds or heterojunctions. Yet, an effective modification technique
would need that will take into account a number of variables,
including surface states, defects, traps, contamination caused by
catalysts (during synthesis), orientation, and polarization of 1D ZnO
nanostructures.

Doping in a controlled way: Controlled doping in ZnO at the nanoscale
level for functional nanodevices is still challenging and demands
research attention as it is regarded as one of the primary methods for
adjusting piezoelectric characteristics. Moreover, not only doping
components, levels, and processes but also all the induced electrical
and structural changes to the materials that come along with doping
need to be properly characterized and regulated for this approach.
Development of decoupling techniques in device output to avoid crosstalk
and maintain accuracy: In the case of piezoelectric sensors, it is
desirable to detect multiple stimuli by a single device, which may
cause an overlapping response. In addition to that interference in
response from a specific stimulus can originate from the surrounding
environment. A pressure sensor, for instance, may detect distur-
bances caused by sound, light, temperature, wind, and a range of
other stimuli that might cause strain in ZnO at the nanoscale.
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Decoupling the output requires significant attention in order to
prevent crosstalk and enable precise detection and pattern recogni-
tion [449-451]. Successful decomposition of the in-plane flexo-
electric contribution to electromechanical responses from a ZnO
NR-based PNG revealed that it contributed 12-20% of overall NG
output [449].

Integration of piezoelectricity with other mechano-electric qualities for
synergistic use: Along with piezoelectricity, different other effects,
including piezoresistive, triboelectric, flexoelectric, magnetoelastic
effects can also convert mechanical energy into electrical energy.
Thus, successful integration between piezoelectricity with these ef-
fects can enhance the device’s performance significantly and intro-
duce multifunctionalities. For example, the potential from a ZnO NR-
based NG that integrated triboelectric and piezoelectric effects was
enhanced by 21.8 V as compared to that of pure triboelectric effects
[91]. Thus, plenty of research opportunities are lying in this field.

o Appropriate electrode material for flexible and wearable applications:
Development of extremely flexible and wearable piezotronic devices
depends on the design and fabrication of electrodes with high con-
ductivity, low fatigue, and great stretchability. Considering the
scalability, reliability, and compatibility with the active materials
and substrates utilized for the respective devices, soft metal elec-
trodes (SMEs) can play a crucial role and serve as the foundation of
these devices [452]. SMEs offer important advantages of simplicity,
cost effectiveness, and compatibility to the mass manufacturing of
flexible piezotronic devices in contrast to traditional micro-
fabrication technologies that have migrated from silicon technology.
SME must therefore undergo significant development for their suc-
cessful implementation in piezotronics.

Environment-friendly devices: Different types of plastics and other
nonbiodegradable polymers are typically employed as a substrate,
insulating filler or host matrix for piezotronic devices in order to
fabricate flexible and wearable applications. Sometimes, soft poly-
mers are also used for lamination/encapsulation of the devices to
protect device performance from interfering substances. The wide-
spread use of these nonbiodegradable products has detrimental ef-
fects on both human and environmental health. The goal of the
future research should be to examine alternate flexible materials
those have least effect in device output while conserving the
biocompatibility as well as the environment-friendly nature of the
devices.

Implantable medical applications: The delivery of highly specific
treatments and on-organ monitoring will be made possible by
appropriate implantation of sensing and stimulating devices, without
harming the healthy operation of the surrounding organs and tissues.
As a result, this area offers a wealth of research possibilities from
both a scientific and an industrial perspective.

Piezotronics of 1D ZnO nanostructures have attracted people enor-
mously from both academia as well as industrial bodies. Based on the
multi-disciplinary perspective combining physics, materials, electronics,
biology, computer science, and other disciplines, piezotronics is going to
transform our daily life by developing next-generation smart devices, Al,
IoT, IoMT, advanced healthcare, robotics, and energy technologies.
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