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Over the years, zinc oxide (ZnO) has become a well-studied material due its versatile properties
including both wide bandgap and large room temperature excitonic binding energy. The thermally-
stable phase of ZnO allows it to grow in various nanostructures with high surface to volume ratio. So far,
ZnO-based ultraviolet photodetectors (PD) have been a popular application in various heterostructures
(HSs), and its piezoelectric properties have been exploited for the self-powering capability of devices.
Both optical and mechanical excitations in combination provide a unique capability for the generation of
excitons with built-in potential that has currently developed a vast interest in self-powered PDs as well
as the energy storage capability in supercapacitors (SCs). This review provides a comprehensive detail of
ZnO-based HSs exploited for interface engineering to provide a zero bias photoresponse and further
being utilized for optically-activated SC applications. The self-powered photoresponse in ZnO is
achieved through bandgap engineering by combining various semiconducting interfaces for broadband
responses, fast response time, flexible devices, etc. Moreover, the ZnO interface along with electroactive
materials in SC electrodes not only provides electrochemical routes for charge generation and
separation but also the optical response, which is further attributed to self-powered voltage generation
for efficient charge separation. The review describes the fundamental structural properties of ZnO along
with its optical, electronic, and mechanical properties. The characteristics and significance of HSs in the
field of science and technology is discussed in detail with emphasis on ZnO-based HSs. Thereafter, the
optical interaction in ZnO-based HS is extended for two prominent applications targeting its self-
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powering/charging capability, i.e., PDs and SCs. Apart from the optical response, the contribution of

rsc.li/materials-advances mechanical and thermal stimuli toward these self-operating systems is also presented.

Introduction

Zinc oxide (ZnO) is an universally known semiconductor in the
field of blue and ultraviolet (UV) optical devices due to its wide
bandgap (E;) and large room temperature (RT) excitonic bind-
ing energy.' The crystal structure of ZnO is categorized into
zinc blende, wurtzite, and rocksalt, where under ambient
conditions, the thermodynamically stable phase is the wurtzite
one (ZnO properties are listed in Table 1). Importantly, the
ability to grow as a single crystal wurtzite substrate provides
ZnO several additional advantages over other semiconductor
materials.”” The wurtzite crystal structure of ZnO has a hexagonal
lattice where Zn ions are surrounded by O ions in a tetrahedral
arrangement of alternating planes and due to its crystal structure,
it has a mixed ionic and covalent nature.>® The tetrahedral
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coordination in ZnO along the hexagonal axis gives rise to a polar
symmetry, which induces spontaneous polarization for piezo-
electricity and pyroelectricity. Moreover, polarity along the pre-
ferred dimension also plays a deciding role in crystal growth and
defect generation.”

Fig. 1 depicts the details of the atomic arrangements in
wurtzite ZnO. The faces with Zn at (0001) and O at (0001) along
with (1010) have Zn and O atoms in equal number.” Fig. 1(a)
and (b) depicts the projections of both [0001] and [111] planes
in a three-dimensional view. Fig. 1(c) schematically depicts
the hexagonally closed packed sublattices of wurtzite ZnO,
where each sublattice consists of both Zn and O atoms along
the c-axis.’

ZnO, with its unique physical and chemical properties, is
obtained in various nanostructures (NSs) due to its high
chemical stability and a broad chemistry for wet chemical
etching. Therefore, these NSs with paramagnetic nature, broad
range of radiation absorption, and high electrochemical coupling
coefficient have presented a wide platform for electronic and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Properties of wurtzite zinc oxide'™”
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Material properties

Material parameters

Material type

Crystal structure and type

Zn-O distance along the c-axis
Zn-O distance along the g-axis
Lattice parameters

Unit cell volume

Density

Bandgap

Exciton binding energy/diameter
Other associated properties

(@) (b)

! :

II-VI compound semiconductor (n-type)

Hexagonal, P6;mc space group, polar and non-centrosymmetric
1.90 A

1.98 A

a =3.249 and ¢ = 5.206 A

47.63 A’
5.606 g cm
~3.37 eV at 300 K, direct
~60 meV at ~300 K/~2 nm
Piezoelectric, pyroelectric
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Fig. 1 Crystal structure of wurtzite ZnO in a view (a) normal to and (b) along the [0001] and [111] crystallographic planes. (c) Zn and O atom arrangement
in the wurtzite ZnO structure with the basal plane and direction shown by the lattice constants a and ¢, respectively. The bond length is designated by the
u parameter.® [Adapted by permission from John Wiley & Sons: Wiley Books, H. Morkoc and U. Ozgiir, 1-76° © 2009].

optoelectronic devices, and thus emerged as a key material with
the fast development of growth technologies. The next sections
further elaborates the ZnO properties associated with its electrical,
optical, and piezoelectric characteristics.

Electrical and optical characteristics of zinc oxide

The electrical characteristics of ZnO highly depend on its
structure and the doping conditions. Under undoped conditions,
ZnO shows n-type behavior with ~10" cm™® donor con-
centration.>® Further, n-type doping may induce the largest carrier
concentration of ~10*' electrons (e”s) ecm * with e~ effective
mass of 0.24m, and Hall mobility of 200 cm®> V™" s~*. On the other
hand, a concentration of ~10"® holes (h*s) em ™ is used for p-type
doping with h* effective mass of 0.59 m, and Hall mobility of
5-50 cm® V' s at RT.>”® The intrinsic n-type conductivity in
ZnO has been reported to be introduced via O vacancy or Zn
interstitials or through impurity incorporation via the creation of
shallow donors such as that of hydrogen (H,).*° These native
defects or intrinsic defects thus play a significant role in determin-
ing both the electrical and optical characteristics of ZnO."* These
defects affect various factors such as doping, optical efficiency, and
minority carrier lifetime.* During ZnO growth or annealing, the
native point defects create a situation of oxygen-deficiency, thereby
acting as a source of self-compensation upon interaction with
external stimuli.* In case of hydrogenated ZnO, the interstitial
electronic transition level of H, always lies in the conduction band
(CB). Thus, the role of H, is to always act as a donor irrespective of
whether ZnO is n or p-type.

The optical properties of ZnO are mainly attributed to its
large E,, which is due to the largest ionization energy of O and,

© 2021 The Author(s). Published by the Royal Society of Chemistry

thus, a strong interaction between the Zn-3d and O-2p orbitals.?
The doping of ZnO not only controls the carrier concentration
for modified mobility but is also widely used for tuning the
optical interactions. For example, Lotin et al. have shown that
the E; of ZnO could be tuned from 3.3 to 5.72 eV on alloying
with magnesium (Mg) and the same was redshifted to 2.51 eV
on cadmium (Cd) alloying.'® Similarly, other studies demon-
strated the tuning of the optical E, of ZnO via doping with 3d
transition metal ions (~2.1-3.5 eV), such as aluminum (Al)
(~3.15-3.20 eV), copper (Cu) (~3.1-3.18 eV), lithium (Li)
(~3.17-3.26 eV), and nickel (Ni)-tin (Sn) dual doping (~ 3.86-
4.0 eV). Fig. 2(a)-(d) depicts the E, variation for varying the
concentration of Cd, Mg, Li, Al, and transition metal ions,
respectively.''

High RT excitonic binding energy (~60 meV) makes ZnO
stand out from other UV detecting materials, for e.g., gallium
nitride (GaN). Such a high binding energy (~2.4 times higher
than that of GaN) leads to stimulated emission beyond RT, thus
making ZnO ideal for light emitting/laser diodes.>"®

Moreover, the photoconductivity of ZnO is greatly influenced
by its surface chemistry, with the NSs transport characteristics
being affected by depletion layer formation, surface band-
bending, and Fermi-level (Ey) pinning."” An additional surface
chemistry can be induced with external stimuli, for e.g., optical
illumination. The additional energy for oxygen desorption
causes the diffusion of e~ and/or h' to the surface, as depicted
schematically in Fig. 3, and thus influences the conductivity
of the ZnO NSs-based devices through band bending. Light
illumination on ZnO with the above E; results in the separation
of the generated excitons caused by the electric field in the
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Fig. 2 Eg energy dependence on the alloying/doping concentration of (a) Cd, Mg, (b) Li, (c) AL, and (d) 3d transition metal ions 1011315 [Reprinted by
permission from Springer Nature: Phys. Solid State, A. A. Lotin et al., 53, 467-471,'° © 2011, American Institute of Physics: J. Appl. Phys., S. U. Awan et al.,
116, 083510,'* © 2014, Springer Nature: Appl. Phys. A Mater. Sci. Process., A. Shah et al., 125, 1-8,*° © 2019, and Hindawi: J. At. Mol. Opt. Phys., D.P.

Joseph and C. Venkateswaran, 2011, Article ID 270540, 1-7** © 2011].

Under illumination

Under dark

Fig. 3 Surface and the desorption of adsorbed oxygen molecules in a
ZnO nanorod (NR) upon illumination is shown to have band bending.”®
[Adapted from ref. 18, Nanotechnology, E. Schlenker et al., 19, 3657078
https://doi.org/10.1088/0957-4484/19/36/365707, © 2008, with permission
from IOP Publishing, Ltd].

surface region either through external bias or induced biasing
(i.e., self-powered; no external applied bias). The photoresponse
in ZnO NSs has a much longer decay with the recombination of
the excited e -h" pairs; thus, the decay time is in the order
of seconds, minutes, and hours as opposed to that of other
semiconductors."”

Piezoelectric characteristics

Larger electromechanical coupling in ZnO is attributed to the
highest piezoelectric constants than that among the tetrahedrally-
bonded semiconductors, for e.g., GaN and AIN;>*° thus, it is greatly
desirable for use in piezotransducers with large electromechanical
coupling.

As mentioned earlier, wurtzite ZnO has a spontaneous
polarization along the c-direction due to its low symmetry.
Moreover, in addition to its piezoelectric nature, ZnO also
displays a pyroelectric behavior, where the electric displacement
gets changed due to thermal expansion arising out of strain.
Generally, pyroelectricity is shown by materials having no
central symmetry, non-zero dipole moment of their molecular

6770 | Mater. Adv, 2021, 2, 6768-6799

structure, and having either rotational symmetry on a sole axis
other than in an inversion axis or no axis of rotational
symmetry.” Fig. 4 schematically depicts the correlation between
the electrical, mechanical, and thermal energies that lead to the
occurrence of primary and secondary pyroelectric effects.

Introduction to heterostructures and its significance

ZnO has an additional advantage of being synthesized in different
forms of nanomaterials, zero-dimensional quantum dots (QDs),>**"
one-dimensional nanowires (NWs)/rods,”>** and two-dimensional
flakes (NFs).>* This extra degree of freedom bestows on it the
flexibility to form junctions with other materials and form the
so-called heterostructures (HSs). An HS is a structure characterized
by spatially varying chemical composition. Such a structure is
formed when two dissimilar semiconductors/oxides are bonded to
one another, forming interfacial junctions and thereby creating a
spatial compositional variation.>>*® The advantage of HSs
is that they empower us to control the states and the charge

Electrical

Mechanical Thermal

Fig. 4 Non-centrosymmetric materials exhibiting a connection between
the thermal, mechanical, and electrical energies for piezoelectric and
pyroelectric effects.® [Reprinted by permission from John Wiley & Sons:
Wiley Books, H. Morkog and U. Ozgir, 1-76° © 2009].

© 2021 The Author(s). Published by the Royal Society of Chemistry
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carrier motion, for e.g., in a semiconductor.”® This in turn
provides ample room to tune the optical, electrical, and opto-
electrical properties of the device as a whole.?”*? In addition,
the interfacial regions of heterojunctions are regions capable of
hosting several novel states, functionalities, and phenomenon,
and are thus of immense significance for exploring fundamental
physics.**” For e.g., Ohtomo et al, and Thiel et al., demon-
strated the existence of 2D e gas at the interface of oxide
HSs.*®?° Likewise, various other demonstrations, such as the
existence of superconducting interfaces between insulating
oxides,*® high temperature interface superconductivity between
metallic and insulating oxides,*" and ferroelectricity in perovskite
oxide artificial superlattices,”> have been presented over the
years.>3374344 Moreover, it is not only the interfacial physics
but even the interfacial chemistry that plays a major role in the
thermodynamic stability and device performance of mainly two-
dimensional devices. A comprehensive review on the interfacial
chemistry of two-dimensional HSs can be found in a recent
publication by Gbadamasi et al.*®> Another important field of
research where HSs, in particular semiconductor HSs, have made
great impact, is the field of photocatalysis.*® In this field, HSs are
employed mainly to overcome two major problems: (1) limited
visible-light absorption and (2) quick charge recombination
processes or, in other words, low charge separation efficiency.*®
Recently, Zhang et al, provided theoretical insights into the
photocatalytic mechanism of covalent organic framework C,N
and molybdenum disulfide (MoS,) for the CO, reduction
reaction.”” In their study, they found that the HS exhibits a
type-II band alignment with improved mobility arising from the
reduced effective masses of h* and e~ as compared to their
respective counterparts in the C,N and MoS, monolayer. Further-
more, from the optical properties, they found that the HS
depicted a broadband visible light absorption (1.55-3.1 eV) with
comparatively higher absorption coefficient than C,N and MoS,.
The synergy of these two effects thus enabled C,N/MoS, HS to be
an efficient visible light-harvesting photocatalyst.”” In another
photocatalytic application, an HS of g-C;N,/NiTiO; has proven to
be an efficient photocatalyst for water treatment.*® Synthesized
with a one-step calcination method, the HS exhibited a larger
surface area, strong visible light absorption, and efficient e -h"
pair separation. The overall effect was that of an efficient
nitrobenzene remover with a removal rate of 0.0132 min ™, which
was higher by a factor of ~1.8 and ~1.6 times as compared to
the respective removal rates of g-C3N, and NiTiO;.** Likewise,
forming an HS of the same g-C;N, with Mo,C@C helped to tackle
the second problem (already mentioned earlier) persistent in
photocatalytic devices.*® Mo,C@C, with its exceptional e captur-
ing capability and superior conductivity, led to the capturing
along with the efficient transfer of the photogenerated (visible)
es, resulting in h" accumulation. The net result of such HS
design was an excellent HS-based photocatalytic system for H,
production.*® Thus, in a nutshell, it has been observed that over
the years, the field of HSs has attracted numerous researchers to
work and develop them toward modern solid state devices,
almost impacting 2/3 of the total semiconductor physics
community.”*>*>6593¢ HSg have played a vital role toward

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the development of modern technologies, which otherwise could
not have been achievable with a single semiconductor material.**
As an appreciation toward this scientific triumph, the Nobel
committee awarded 1/2 the total share of the 2000 Nobel prize
in physics to Late Prof. Zhores I. Alferov and Prof. Herbert Kroemer
for their outstanding contribution toward developing semi-
conductor HSs for high-speed electronics and optoelectronics.>”

Zinc oxide-based heterostructures

The wide availability of various ZnO NSs coupled with their
simple, low-cost, and well-established synthetic techniques
have resulted in a plethora of ZnO-based HSs, with applications
spanning from energy conversion to energy storage devices.**>%!
Forming a ZnO HS has proved to be an efficient way of improving
the performance of a pristine ZnO device with novel function-
alities. The main consequences of such HSs are as follows: (1)
band alignment (mostly type-I or II), resulting in strong inter-
facial built-in electric fields. This interfacial field assists in the
effective separation of the external stimuli generated charge
carriers and also providing self-powering (no applied external
field) capabilities to ZnO-based devices.>®*>™** (2) Reduction in
the optical bandgap and also the improvement of the optical
properties/characteristics.>***>% (3) Improving the energy storage
capability via synergistic contribution to device electrochemistry.®>*®
For e.g, Bhatnagar et al., reported a transparent self-powered (zero
external bias) neuromorphic device based on nickel oxide (NiO)/ZnO
HS.*® The p-n junction (p-NiO and n-ZnO) generates a built-in
electric field and helps in the spontaneous (without external bias)
separation of the photogenerated (@400 nm) charge carriers with
an open-circuit voltage of 482 mV and a short-circuit current of
838 pA cm 2. In another study, Wang et al., theoretically investi-
gated the effect of HS formation between transition metal dichalco-
genides and 2D ZnO on the structural, optical, and electronic
properties.® From their investigation, they found that the HS of
ZnO with MoS, and WS, resulted in type-II band alignment with
strong built-in electric field (Fig. 5(a)), thus providing an ideal
configuration for photovoltaic devices. On the other hand, the band
alignment with the selenium counterparts, i.e., MoSe, and WSe,,
results in a type-I alignment (Fig. 5(b)), a configuration ideal for
optical devices such as LEDs. Moreover, the HSs also exhibited
improved optical absorption in the visible and infrared (IR)
regions. Fig. 5(c) depicts the optical absorption of C,N/ZnO HS
with improved characteristics in the range of 400-760 nm,
thereby signifying the effective utilization of sunlight by the
HS.®® Furthermore, the type-II band alignment in Mo0S,/ZnO HS
has proved to be an efficient strategy toward improved photo-
catalysis, for e.g., water splitting.®* Numerous studies in the past
have shown that MoS, is an efficient photocatalytic material for
water splitting, degrading pollutants, and photosynthesis.®”~”°
However, pristine MoS, faces the problem of high recombination
rate (among many other problems) owing to the stagnation of the
photogenerated charge carriers in the same spatial regions.>®”
This problem of charge stagnation, and thus efficient separation
and collection has been achieved via the formation of an HS with
Zn0.* Fig. 5(d) schematically depicts the efficient movement of
photogenerated charge carriers (e”s and h's) at the HS interface.®>

Mater. Adv,, 2021, 2, 6768-6799 | 6771
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Fig. 5 Schematic representation of photogenerated charge carrier motion in the HS of ZnO with (a) MoS,/WS, and (b) MoSe,»/WSe,.%® (c) Comparison of
the absorption coefficient as a function of wavelength for a monolayer of C,N, ZnO, and their HS.° (d) Schematic representation of photogenerated
charge carrier motion in the HS of ZnO with MoS, during photocatalysis.®? (e) Band diagram of the ZnO/CuO HS solar cell and the (f) schematic for the
band offset for different levels of cobalt doping.>® (g) Comparison of the electrochemical behaviors (cyclic voltammetry, CV) of GO, ZnO NWs, and their
HS.6® (h) Photoluminescence spectra of ZnO NWs grown on bare glass substrate and on GO film, and (i) and the associated e~ transfer mechanism
between excited ZnO and the GO sheets.® () Piezo-polarized charge generation in ZnO for self-powering dynamic strain monitoring in an HS with
NiO.%* [Reprinted by permissions from ref. 59, 62, 64, and 65 from The Royal Society of Chemistry, Reprinted by permission from Springer Nature: Sci.

Rep., S. Wang et al., 8, 1-6%° © 2018 and Springer Nature: Nanoscale Res. Lett., H. Zeng et al.,, 8, 133-139%¢ ©) 2013].

This concept of band alignment, when applied to solar cells,
results in increased power conversion efficiency.>® A study by
Kaphle et al., showed that the intrinsic band alignhment in a p-n
junction solar cell of p-CuO/n-ZnO (Fig. 5(e)) can be effectively
tuned via Co doping.”® The result showed a transition from type-II
to type-I band alignment (Fig. 5(f)) along with an enhanced power
conversion efficiency of ~1.87% for 10% Co doping.

6772 | Mater. Adv, 2021, 2, 6768-6799

The range of advantages that ZnO HSs offer also extend to
the field of electrochemical systems, such as that of super-
capacitors (SC).°"°® Zeng et al., depicted the synergistic effect of
ZnO HS on the electrochemical performance by growing ZnO
NWs on thin graphene (Gr) oxide (GO) films.®® The increased
specific capacitance in the ZnO/GO HS device (Fig. 5(g)) was a
result of the three-dimensional structure, which resulted in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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rapid e~ transfer between the active materials and the charge
collector. The other synergistic effects were contributed by the
one-dimensional architecture of the NWs. In addition, an
increased UV emission and subdued visible emission (defect-
related) was observed in the HS, as depicted in Fig. 5(h). Enhanced
UV emission in the HS could arise from the high crystallinity of the
NWs grown on GO, while the subdued visible emission could be
from e transfer between the two NSs (Fig. 5(i)). At the other end of
the spectrum, an HS with a p-n junction has also proved to be an
efficient self-powered vibrational sensor with application in the
field of flexible electronics.** Upon application of a horizontal
tensile strain, the intrinsic piezoelectric property of ZnO leads to
the generation of a piezopotential, and thus, a self-powering
response (Fig. 5(j)). This intrinsic piezopotential, however, is
revamped to reduce the interfacial leakage current by the p-NiO.
The overall result is an enhanced piezopotential, and thus,
increased self-powering response in the HS.**

The field of ZnO HSs has thus touched every aspect of
science and technology, resulting in new discoveries and techno-
logical advancements. This review, however, focuses on the con-
tribution of ZnO HSs toward next-generation devices that can
operate independently and wirelessly, ie.,, the so-called self-
powered devices.”"”* In particular, the focus of this review article
is to present the gradual progress in ZnO HSs from self-powering
PDs to self-charging electrochemical capacitors. An emphasis is
provided on analyzing the underlying mechanisms of the self-
powering capability of ZnO along with its constituent interfaces in
the PDs and electrochemical capacitors in the next two sections.
Readers are also encouraged to read the very recent reviews
covering the different aspects of self-powering technology.”* "¢

Self-powered zinc oxide heterostructure photodetector

Introduction and principle of operation. Self-powered systems
(operating without any applied external bias’") rely upon a built-in
electric field generated between two materials developed due to
asymmetric interfaces. In general, self-powered ZnO PDs fall in the
category of either Schottky type, p-n junction type, or the photo-
electrochemical cell (PECC) type.

Schottky junction type. This type of self-powered PDs works
on the mechanism of photovoltaic effect, where the generated
built-in electric field helps in the effective separation of the
photogenerated charge carriers. The role of the Schottky barrier

Zero Bias
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E\' Si

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic representation of the self-powering working mechanism of (a) Schottky type,”” (b) p—n junction type,®% and (c) PECC type®® PDs.
[Reprinted by permissions from ref. 77 and 82 from The Royal Society of Chemistry and Reprinted from, J. Alloys Compd., Z. Bai and Y. Zhang, 675, 325—
330,85 © 2016, with permission from Elsevier].
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in this kind of PDs is to increase the lifetime of the photogenerated
carriers, thereby resulting in their quick movement.””*" The
working mechanism of one such PD (Gr/silicon Schottky junction)
is depicted in Fig. 6(a). Due to work function mismatch, under
thermal equilibrium, the E; of Si and Gr align to attain equilibrium,
thereby resulting in band-bending (Si bands bending upward) with
an accumulation of positively charged states in the Si depletion
region (Dg). The cumulative result of such electronic/electronic state
dynamics result in a built-in electric field at the HS interface, and
thus, the self-powering response.””

p-n junction type. Self-powered PDs of this type detect the
incident light with the help of a built-in electric field generated
at the interface of the p and n-type semiconductors. When a
p-type semiconductor is fused with an n-type semiconductor,
the interfacial diffusion of charge carriers takes place due to
carrier gradient concentration. This two-way movement of
charge carriers results in a depletion layer with negative/
positive charge accumulation in the p/n side with an electric
field (internal) directed from the n to the p side. This internal
built-in field helps in the separation of the photoexcited charge
carriers, and thus, the self-powering response.”"”*#! The energy
band diagram at zero applied bias of a p-GaN/n-ZnMgO hetero-
junction PD is depicted in Fig. 6(b).**

PECC type. This category of self-powered PDs derive their
working mechanism from the solid-liquid or with quasi solid-
state heterointerfacial interaction.®®* The components of a
PECC-type self-powered PD consist of an active anode sensitive to
light, i.e., a photoanode, an electrolyte, and the counter electrode
(CE).***> When all the cell components are assembled, band-
bending occurs at the photoanode/electrolyte interface, forming a
Schottky-like junction and thus generating a built-in electric
field.®*#*%¢ The photogenerated charge carriers (upon light
incidence on the photoanode) get separated with the already
present built-in electric field (the photovoltaic effect) and also
assist the redox reactions that occur at the electrolyte end.®**

Fig. 6(c) schematically illustrates the working mechanism of
a UV-Vis sensitive ZnO/Cu,0O NW/electrolyte heterojunction-
based self-powered PECC.*” In this work by Bai and Zhang, in
addition to the self-powering response, an additional advantage
was added to the cell by providing it a dual spectral sensitivity
(UV + visible) with improved device performance achieved from
the ZnO/Cu,0O HS.?* Below, we discuss the utilization of these

(C) FTO ZnO Cu,0 Electrolyte Pt/FTO
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different mechanisms to achieve self-powering response in ZnO
HS-based PDs.

Schottky junction-type self-powered zinc oxide heterostructure
photodetector

Among several research groups, Prof. Abha Misra’s group has a
substantial contribution toward the progress in the research on
ZnO-based self-powered PDs.*°° Her group reported a
Schottky junction-type self-powered UV PD with the HS of Gr
and ZnO NWs.?® The self-powered assembly was fabricated by
sandwiching the NWs in between two Gr layers (Fig. 7(a)); the
HS optical image is depicted in Fig. 7(b). The role of ZnO is to
act as the photosensitive layer, while the Gr layers act as the
transparent electrode with the additional contribution of
providing high mobility to the photogenerated charge carriers.
A built-in electric field is generated at the interface of Gr and
ZnO, which in turn provides the self-powering response. Gr was
grown using atmospheric chemical vapor deposition (CVD @
980 °C) in an inert atmosphere (Ar) with the decomposition of
methane gas (20 standard cubic centimeter per minute (sccm)
for 3 min) on copper (Cu) substrate. ZnO NWs were then grown
directly on top of graphene (transferred on SiO,/(1 pm)/Si
substrate) in a resistive thermal evaporator by evaporating Zn
with the introduction of O, gas under appropriate conditions.”®
Fig. 7(c) portrays an asymmetric current-voltage (I-V) characteristic
of the device (Gr/ZnO/Gr) under both dark and UV conditions,
with the inset depicting the same in the low bias region. Such a

(a)

UV illumination

Adhesive tape
(non conducting)

View Article Online
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behavior is attributed to back-to-back Schottky barrier for-
mation in the Gr/ZnO/Gr device configuration. The formed
Schottky barrier owes its origin to the difference in the work
function of graphene and the electron affinity of Zn0.”°

The device self-powering response for different incident UV
illumination intensities (0.5-1.3 mW cm ?) is depicted in
Fig. 7(d). For the illumination intensity of 1.3 mW cm 2, the
device exhibits a maximum self-powering photoresponse, with
a response current of ~6.7 nA. The increase in the response
current with the incident intensity is a result of the proportionate
relationship between the photogenerated carriers and the
incident/absorbed photon flux.”® The other device parameters,
such as the external quantum efficiency and R;, as a function of
the illumination intensities, are presented in Fig. 7(e). Under
the self-powering response, a maximum R; of ~0.54 mA W™
and an external quantum efficiency of ~0.185% was achieved
for the PD under 0.9 mW cm ™ of UV.

A Schottky junction-based self-powered UV PD was reported
by Chen et al. with Gr and modified ZnO.”" Ideally, in accordance
with the Mott-Schottky theory, undoped Gr (work function of
4.6 eV) and undoped ZnO (work function of 4.4 eV) form a
Schottky barrier upon contact.”> However, many existing reports
show that in a practical scenario, the contact is rather ohmic or
quasi-ohmic.”**°* The occurrence of this non-ideal behavior
arises from the surface defect states in the ZnO E,, thereby
resulting in the pinning of the E.°" To overcome this problem,
the surface modification of ZnO is suggested, which in the work
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(a) Pictorial representation of the self-powered PD. (b) Optical image of the HS. (c) Device /-V characteristics both under dark (no illumination)

and under UV (365 nm). (d) Self-powering temporal response (/-t) of the PD under varying illumination intensities. (e) External quantum efficiency and
current responsivity (R) as a function of the illumination intensities.’° [Reproduced from ref. 90, Nanotechnology. B. D. Boruah et al., 27, 095205,%°
https://doi.org/10.1088/0957-4484/27/9/095205, © 2016, with permission from |OP Publishing, Ltd].
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of Chen et al., was achieved via RT surface treatment of the ZnO
film using H,0,. A similar idea for stabilizing the Schottky barrier
was also proposed and depicted by Duan et al, in a surface-
treated Gr/ZnO:Al NR-array-film structure.’® The self-powered PD
architecture of Chen et al., with the configuration as Gr/ZnO/AZO
(Al doped ZnO) is presented in Fig. 8(a). Both ZnO as well as the
AZO films were grown on sapphire substrates via pulsed laser
deposition. The deposition was carried out using a 248 nm
krypton fluoride excimer laser with a pulse power of 300 mJ and
a repetition rate of 4 Hz. The surface modification of the
as-grown ZnO/AZO film was then carried out by immersing in
30% H,0, at RT (H-ZnO/AZO) for 15 min. The overall thickness
of the film was ~300 nm, with ~200 nm of ZnO and ~ 100 nm
of AZO with the H-ZnO/AZO film, on the other hand, depicting
a rugged surface. Gr, grown on Cu foil by CVD, was then
transferred on top of this surface-modified ZnO film via the
wet-transfer route. The device was then finally completed with
Ag as one of the metal contacts in Gr and indium as the other
one on AZO.

The I-V characteristics (both under dark and UV) depicted a
quasi-ohmic/ohmic behavior for Gr/ZnO (Fig. 8(b)), ZnO/AZO,
and Gr/Ag contact devices (inset of (Fig. 8(c))). On the other
hand, the Gr/H-ZnO/AZO device showed a rectifying behavior
(Fig. 8(c)), and thus, a self-powering response (Fig. 8(d)). The I-¢
graph in Fig. 8(d) presents a cyclic response with contributions
from both the built-in electric field as well the pyroelectric
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potential (the sharp peaks), the so-called pyro-phototronic
effect, an effect arising from light-induced rapid temperature
increase of Zn0.”*® An R; of 50 pA W' with a response (¢;) of
recovery times (¢f) each of 32 ms was obtained for the self-
powered PD.”!

Another promising material for forming an HS with ZnO for
self-powering response is GaN, which has properties closer to
ZnO. Both ZnO and GaN have a lot in common as both are
wurtzite semiconductors with nearly the same direct E, (~3.37 eV
and 3.41 eV), high cohesive energy (1.89 eV> and 9.16 eV?), lower
lattice mismatch (1.9%), large exciton binding energy (60 meV
and 24 meV), and spontaneous polarization (0.047 cm™> and
0.029 cm™?), respectively, as provided by Mishra et al.”” A ZnO/
GaN HS UV detector was reported by Mishra et al., as shown in
the schematic of Fig. 9(a).

The HS forms a Schottky junction with the interfacial
properties and thus the photosensitivity is dependent on the
thickness of the deposited ZnO film. The interfaces were fabricated
by growing varied thicknesses of ZnO films on a highly crystalline
3.5 um-thick GaN layer (as substrate) at 300 °C. The device
schematic and the corresponding I-V characteristics are depicted
respectively in Fig. 9(a) and (b), portraying the Schottky behavior
for an optimum ZnO film thickness (named as 8-Zn0).*” Upon
UV illumination, the measured self-powered R; of the device was
95.8 mA W' with a visible-blind photosensitivity. The dynamic
photoresponse of the self-powered PD is depicted for various

Current/mA
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(a) PD device configuration. /-V characteristics of (b) Gr/ZnO/AZO and (c) Gr/H-ZnO/AZO device (inset is for ZnO/AZO and Gr/Ag contact

devices) under dark and UV. (d) Self-powering response of the Gr/H-ZnO/AZO device.®* [Reprinted by permission from Elsevier: Appl. Surf. Sci., D. Chen

et al., 529, 147087°* © 2020].
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(a) ZnO/GaN self-powered PD schematic. (b) The /-V curve of the HS device for an optimized ZnO thickness. (c) Photoresponse at zero-bias for

different devices at 350 nm illumination. (d) Schematic representation of ZnO/GaN interfacial band bending.97 [Reprinted from ref. 97, Appl. Surf. Sci.,

M. Mishra et al., 478, 1081-1089,°” © 2019, with permission from Elsevier].

thicknesses of the ZnO film (Fig. 9(c)) at a wavelength of 350 nm
with the 8-ZnO device depicting the highest response. Moreover,
due to nearly the same E; of GaN and ZnO (as mentioned
earlier), the highest device self-powering R; was obtained in the
range of 360-380 nm.”” Fig. 9(d) schematically shows the
interfacial band bending/offset in the HS.%”

In addition to self-powering, a report by Benyahia et al. also
presented a multispectral broadband self-powering response
based on a ZnO/ZnS microstructure composite (MC), as depicted
in Fig. 10(a).”®

The composite was first grown by the thermal evaporation of
ZnS on a glass substrate and then subsequently annealing the
film in air at 500 °C for 1 h to form the top layer ZnO. The final
device in a metal-semiconductor-metal configuration (Schottky
type) was then fabricated with gold (Au) contact deposition via
e-beam evaporation (Fig. 10(a)).”® Upon optical characterization
of the MC film, it was observed that the film depicted an
enhanced optical absorption. Such enhanced absorption was
due to light trapping and thereby optical confinement effects
arising from the surface granulation, together with the
presence of void spaces. The electrical characteristics, on the
other hand, displayed a different picture with a voltage offset of
0.15 V under the illumination condition (Fig. 10(b)), thereby
prompting the self-powering operation. Such an offset was a
result of the built-in electric field in the ZnO/ZnS HS. The opto-
electrical behavior upon light switching is depicted in Fig. 10(c),

6776 | Mater. Adv, 2021, 2, 6768-6799

where under zero-bias, the t,/t; were 22.5/45.2 s, 22.3/40.1 s, and
25.2/15.6 s, respectively, for the detection of UV, visible, and near
IR, respectively. Fig. 10(d) compares the device parameters for all
the illumination wavelengths, and it is observed that the FoM is
the highest for UV illumination as it corresponds to the E; of ZnO.

In another study, ZnO/Au/Al,0; PDs with increased UV
detection for self-powering response was reported. The surface
of Au nanoparticle (NP)-decorated ZnO NRs was covered with a
thin layer of Al,O3, utilizing atomic layer deposition to form the
ZnO/Au/Al,O; core-shell NRs. The schematic of the as-fabricated
PD is presented in Fig. 11(a). From the high-resolution transmis-
sion electron microscopy (HRTEM) images, adjacent lattice
fringes of 0.28 and 0.235 nm were observed, which corresponded
respectively to the (110) and (111) plane of ZnO and Au.”>'*
Fig. 11(b) depicts the I-V of both ZnO/Al,0; and ZnO/Au/Al,O5
devices measured both under dark and 365 nm illumination.
A rectifying behavior is depicted by the ZnO/Au/Al,O; PD (under
both dark and UV conditions) with enhanced current in
the illumination (365 nm) state. The I-¢ curve at different
incident power intensities is depicted in Fig. 11(c), where the
response of the ZnO/Au/Al,O; device is higher compared to that
of only the ZnO/Al,O; device. The ZnO/Au/Al,O5-based self-
powered PD showed a R; of 6.8 mA W' and a detectivity of
1.7 x 10° Jones, which were respectively 8.6 and 8.5 times
that of the ZnO/Al,0;-based PD (Fig. 11(d)) at a light intensity of
0.6 mW cm .

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the device. (d) Figure of merit (FoM) comparison of the device for all the incident wavelengths.®® [Reprinted from ref. 98, J. Alloys Compd., K. Benyahia

et al., 859, 158242,°% © 2020 with permission from Elsevier].

In the report, it was suggested that after the excitation of the
e s from the VB to the CB (due to UV), few energetic e”s have a
large probability to transfer to the ITO Ef, while others may
recombine with the h's in the ZnO VB without actually passing
through the Al,O; layer. The photocurrent was obtained from
the h's tunnelling through the Al,O; layer and finally reach Ag
electrode without combination.'® However, with the Au
NP-decorated PD, an enhanced light absorption was obtained,
arising from the surface plasmon resonance along with hot
e s.'°2 Hence, more e~ s are transferred to the ITO electrode via
the ZnO CB. The Au NP decoration resulted in a charge
transport to enhance the photodetection performance of the
device.'® Fig. 11(e) and (f) schematically depicts the energy
band diagram and the proposed operating mechanism of the
self-powered PDs discussed in this work.

Technological advances have also been proposed in this
direction, with the introduction of flexible self-powered PD.'**
In a work by Sinha et al., they fabricated a self-powered UV PD
with carbon dot (CD)-enhanced ZnO/graphite HS on a flexible
cellulose paper (Fig. 12(a)).'®® The ZnO NRs were directly
grown on graphite-coated cellulose paper via a hydrothermal
technique. They first started with pencil sketching a cellulose
paper for forming a layer of graphite, which was then sequentially
dipped (in a ZnO precursor solution) and dried (100 °C for 15 min).
The precursor solution was prepared by dissolving (along with
stirring) 0.01 M of zinc acetate dihydrate in 50 mL isopropyl
alcohol (65 °C for 1 h) along with 0.02 M diethanolamine.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The dried cellulose paper was then subjected to hydrothermal
treatment (90 °C for 6 h) in a solution made by mixing
hexamethylenetetramine (0.05 M) and zinc nitrate hexahydrate
(0.05 M). Finally, the NRs grown on cellulose paper were heated
overnight at 50 °C for getting better crystalline rods. For the
final device, the CDs, synthesized via the microwave-assisted
hydrothermal method of tobacco, were anchored to the NRs by
dipping the NRs for 2 h in the CD solution.'®® The electrical
behavior (I-V) of the device portrays diode-like characteristics
(both under dark and light) along with the photovoltaic effect
(Fig. 12(b)). A current offset of 19 nA under dark (which
increased under UV) was observed, thus prompting the self-
powering response (Fig. 12(c)).

Temporal characteristics (I-t) of the device under zero-bias
condition depicted ¢, and ¢ of ~2 and ~ 3.2 s, respectively. The
self-powering mechanism of the PDs is attributed to the
Schottky junction formation between ZnO and graphite, with
each having respective work functions of 4.4 and 5 eV.'® The
band diagram of the HS under zero-bias condition is depicted
in Fig. 12(d). This work, in addition to exploring the self-
powering response of the HS (ZnO and graphite), also intro-
duces the effect of an additional HS, i.e., CD with ZnO, to
achieve enhanced photoresponse.'® According to the authors,
the anchored CDs are also UV responsive, and thus upon UV
incidence, generate additional e -h" pairs that further contribute
to the total photocurrent. The proposed mechanism of photo-
current generation in the final device with CDs under zero-bias

Mater. Adv, 2021, 2, 6768-6799 | 6777
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(a) Device schematic and (b) /-V characteristics at a fixed intensity and (c) /-t curves of the self-powered ZnO/Al,O3 and ZnO/Au/Al,O3 PDs

under 365 nm light illumination with different light intensities. (d) R; and detectivity of the self-powered ZnO/Al,O3 and ZnO/Au/Al,O5 PDs. Self-powering
working mechanism of (e) ZnO/Al,Oz and (f) ZnO/Au/Al,Os devices under the illumination condition.X°° [Reprinted by permission from Springer Nature:
J. Mater. Sci. Mater. Electron., F. Cao and X. Ji, 31, 2657-2665'° © 2020].

condition is depicted in Fig. 12(e). The photogenerated e”s in the
CD jump to the CB of ZnO while the remaining h's get trapped in
the trapping sites of ZnO, thus resulting in an overall reduction of
e -h" recombination. The overall result was an increased photo-
current. The other possibility of the CD h' dynamics that the
authors point to is the increase in O, desorption (in ZnO) by the
photogenerated h' in the CD. In addition, the authors also
attribute the self-powering response of the PD to the associated
pyro-phototronic effect in the NRs.'®® The claim on the device
flexibility, and thus its robustness toward mechanical deformation,
was supported by presenting the variation of the ON/OFF
current ratio (Ion/lorr) under different bending cycles. It was
observed that even after 50 cycles of bending, the photodiode
preserved more than 90% of Ion/Iorr as compared to the first
cycle. This observation thus supported the claim of the authors

6778 | Mater. Adv, 2021, 2, 6768-6799

on the design and demonstration of a ZnO HS-based self-
powered flexible UV PD.'®

p-n junction-type self-powered zinc oxide heterostructure
photodetector

The second type of HS architecture that has the ability to exhibit
self-powering response is the p—n junction type with ZnO acting
as the n counterpart of the junction.®® Recently, Lin et al.
demonstrated p-type Cu,O/ZnO NRs in a stack for self-powered
photoresponse in the range of UV to visible (570 nm).'* Both the
semiconducting materials provide a good energy level align-
ment necessary to generate the built-in electric field (the E; of
Cu,O is 1.9-2.2 eV). The stack consists of a Cu,O film of
~430 nm thickness, a ZnO seed layer of 20 nm thickness,
and vertically aligned ZnO NRs of ~2.5 um length. The I-V

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PD.1%% [Reprinted with permission from R. Sinha et al., ACS Appl. Mater. Interfaces, 12, 33428-33438'%% ©) 2020 American Chemical Society].

plots of the p-Cu,O/n-ZnO PD within a bias sweep of —1to +1V
under dark and illumination (UV and visible) conditions depict
a rectifying behavior. The self-powered R; of the PD was
0.24 AW " and 0.06 A W' at 380 and 450 nm, respectively.
Furthermore, at zero bias, the ¢, and ¢ under 370 nm illumination
were reported to be 0.02 s and 0.03 s, respectively. From the energy
band diagram at no bias voltage, it was observed that under UV
illumination, e ~h" pairs are generated in the depletion layer, which
then quickly get separated by the built-in electric field. Due to the
built-in electric field, the e”s and h's are respectively transported
toward n-ZnO and p-type Cu,O, thereby leading to photocurrent
generation."™ Further, a nanoscale interface fabricated with n-type
ZnO NW on p-type GaN film was studied for a self-powered UV
detector.®” The nanoscale heterojunction is shown in Fig. 13(a).
The self-powered, visible-blind UV PD exhibited a ¢, and ¢ of
~20 and ~219 ps, respectively, with faster response than ZnO
alone by two orders of magnitude. Under dark, a rectification
characteristic was observed with a threshold voltage of ~3 V
(Fig. 13(b)) and a current of <1 pA, whereas in the presence of
light, the photocurrent was ~2 pA. The temporal response of
the output voltage on a logarithmical scale is presented in
Fig. 13(c). From the response, a decay time (t4) of 219 ps was
obtained. The obtained time was smaller than that already
reported for photoconductive’®® and Schottky junction UV
detectors.'°>'*” In a NW PD, the surface modification strongly
enabled prolonged photoresponse, and thus, improved the PD
performance, while surface passivation is desirable.®'

© 2021 The Author(s). Published by the Royal Society of Chemistry

Further development on ZnO/GaN-based self-powered PDs
was reported by Tsay et al. by co-doping ZnO with gallium (Ga)
and indium (I). The hydrothermal method was used to fabricate
Ga-In co-doped ZnO (GIZO)-based self-powered PD on sapphire/
p-GaN at low temperature, as presented in the schematic of
Fig. 13(d). All the devices (undoped, single doped, as well
co-doped) showed rectifying I-V characteristics under both dark
and light (Fig. 13(e) and (f)). However, under light (UV), a
degradation in the rectifying nature was observed with an offset
at 0 V (Fig. 13(f)). Thus, it was observed that the self-powered
response of the p-GaN/n-GIZO heterojunction exhibited superior
performance compared to other devices with an R; of 5.29 mAW .
The self-powering response is due to the induced built-in electric
field by the p-n junction (Fig. 13(g)).'*® Apart from exploring this HS
(ZnO/GaN) for self-powering UV PD, researchers have also demon-
strated techniques to further improve its self-powering response via
the insertion of the CdS layer.'® The idea here is to introduce a
p-i-n type heterojunction, where the role of CdS is to act as an
“i-type” layer, and thus further reduce the interfacial charge recom-
bination along with assistance in charge transport.'*

Another self-powered PD based on the HS array of metal
oxide, NiO/ZnO-NR, is studied for the UV detection perfor-
mance under zero bias condition. Both n-type ZnO NR array
and p-type NiO film were synthesized via chemical method. The
device schematic is presented in Fig. 14(a), where the ZnO NR
arrays were grown hydrothermally on NiO thin films via the
nucleation sites from the ZnO seed coated on top of the NiO

Mater. Adv.,, 2021, 2, 6768-6799 | 6779
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Tsay et al., Mater. Sci. Semicond. Process., 121, 105295,1°% © 2020, with permission from Elsevier].
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Fig. 14 (a) Depiction of the p-NiO/n-ZnO NRs array PD device configuration along with its (b) cross-sectional morphology using SEM. (c) The /-V curve both
under dark and UV. (d) Heterojunction band-diagram depicting the detection mechanism. (e) Microstructure of ZnO NRs with the CuSCN layer on the top. (f) -V
curve for both dark and UV illumination conditions. (g) Energy-band diagram of the ZnO/CuSCN HS device.'*™* [Reproduced with permission from ref. 110
from The Royal Society of Chemistry and Reprinted by permission from John Wiley and Sons: Adv. Mater., S. M. Hatch et al., 25, 867871 © 2013].

film. The metal contacts were made from Au and silver (Ag),
with Au being deposited onto the NiO film and Ag paste on the
ZnO NRs array side.

The cross-sectional morphology of the p-NiO/n-ZnO NR
array is depicted by the SEM image in Fig. 14(b). The -V
characteristics of the device both under dark and illumination
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(355 nm UV, intensity ~3.2 mW cm ™ ?) is shown in Fig. 14(c).
Under UV, an offset in the current is observed due to the
photovoltaic effect; this thus contributes to the self-powering
performance of the detector. The origin of such zero bias
response is attributed to the generated built-in electric field
from the interfacial interaction of ZnO and NiO arising from
the energy band alignment (Fig. 14(d)). This band alignment
helps in the separation of the e -h" pairs photogenerated in
ZnO to the respective electrodes for photocurrent generation.'*°
The same HS was also further explored by Bhatnagar et al., for
photovoltaic memory with application in a transparent neuro-
morphic device.’® Along with transparency, the device exhibited
additional features of self-powering toward light detection and
memristive operation as well.>®

The n-type ZnO NRs array was further utilized for self-powered
PD in conjunction with p-type copper thiocyanate (CuSCN)
to form a p-n heterojunction. Under an UV irradiance of
6.0 mW cm 2, the self-powering photocurrent was 4.5 pA. The
observed photoresponse was much higher than that of most
reported ZnO HSs. ZnO NRs with a diameter in the range of
~70-100 nm and height ~2-3 pm was coated with a thin film
of CuSCN, as can be seen from the device’s cross-sectional
microstructure in Fig. 14(e). The -V plot in Fig. 14(f) shows a
rectification behavior, with a ~0 V turn-on voltage under UV,
arising from the photovoltaic effect. The well-aligned band
structure from fluorine-doped tin oxide (FTO) to Au (Fig. 14(g))
results in the observed self-powering response. This intrinsic align-
ment prevents the photoexcited e s in ZnO from recombining
with h's at the junction, thereby allowing efficient interfacial
charge-carrier separation.'

Cao et al., in their previous work demonstrated a Schottky
type self-powered UV PD based on ZnO/Au/Al,O3, which was

View Article Online
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further extended to a p-n type one based on an HS of n-ZnO/
p-Cul/Au (Fig. 15(a)).""? The rationale behind using this parti-
cular device architecture is to explore the HS property for the
self-powering response along with the synergy of Au plasmonic
response to enhance the overall obtained photoresponse.
Fig. 15(b) shows the cross-sectional view of the HS, with the
grain dimensions and thickness of respectively 50-60 nm
(Zn0)/400-500 nm (Cul) and ~150 nm (ZnO)/~ 350 nm (Cul),
respectively. The presence of Au was confirmed using different
characterization techniques such as X-ray diffraction and
energy-dispersive X-ray spectroscopy.'*?

The I-V characteristics of the devices (ZnO/Cul and ZnO/
Cul/Au, Fig. 15(c)) depict the rectifying behavior under both
dark and UV (365 nm). The self-powering I-t shows a good
stability and periodicity for both the HS devices with the HS,
with Au depicting ~3.44 times higher response compared to
that without Au (Fig. 15(d))."** The ¢, and ¢ are respectively
0.41 s (ZnO/Cul)/0.41 s (ZnO/Cul/Au) and 0.24 s (ZnO/Cul)/
0.08 s (ZnO/Cul/Au). The energy band alignment in ZnO/Cul
and the consecutive enhancement in the photoresponse after
the incorporation of Au are respectively depicted in Fig. 15(e)
and (f). A built-in electric field was generated when ZnO is
brought in contact with Cul, thus helping in the self-powering
response upon UV illumination. On the other hand, when Au is
incorporated in the HS, the plasmonic effect comes into the
picture with the excitation of hot e s to the Cul CB. The excited
hot e”s transport toward the ZnO CB and in turn leads to an
increase in the photocurrent. The adopted technique in this
work thus provides additional insights into the field of ZnO
HS-based self-powered PDs by coupling with plasmonics.""

A further extension in the direction of these p—n junction
type ZnO HS-based self-powered UV detectors was to realize a
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(a) Device schematic and (b) the HS cross-sectional view. (c) -V characteristics of the devices both in dark and UV. (d) Self-powering /-t of the

ZnO/Cul and ZnO/Cul/Au PDs. (e) HS (ZnO/Cul) energy band diagram and the principle of operation in the (f) ZnO/Cul/Au HS under UV.1? [Reprinted
from ref. 112, F. Cao et al., J. Alloys Compd., 859, 15838312 © 2020, with permission from Elsevier].
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broadband self-powering capability, and was demonstrated in a
core-shell NW system of ZnO-Co;0, by Ghamgosar et al.'*®

Co30, was chosen because of its two direct bandgaps
(1.5 and 2.2 eV) for light absorption in a single p-n junction
photovoltaic device.'''"® In addition, the electronic band
structure of CozO, matched well with the position of ZnO CB
at the heterojunction interface.'*®"'® The ZnO NWs (Fig. 16(a))
were prepared by the hydrothermal technique and a reactive dc
magnetron sputtering (applied constant power of 70 W) was
used for depositing the Co;0, layer on the NWs (Fig. 16(b)). The
deposition gas was made from a mixture of highly pure argon
(95%) and oxygen (5%) at a flow rate of 25 sccm. The I-V curve
in Fig. 16(c) portrays a rectifying behavior (asymmetrical I-V
shape) under dark due to the p-n junction formation at the
interface of ZnO and Co30,. Fig. 16(d) shows the self-powering
photoresponse of the core-shell for varying the Co;0, thickness
(1, 8, 10, and 15 nm). Among all the devices, the device with
1 nm coating (the thinnest one) showed the highest response to
light. On the other hand, increasing the thickness of the Co;0,
layer led to a decrease in the photoresponse. Photocurrent
increase was due to the increased temperature and decrease
in the surface depletion depth arising from light illumination.
Moreover, in this work, in addition, a system of ZnO-Al,0;-
Co;0, was also studied where Al,O; acted as the passivation
layer. Under zero bias, the ZnO-Al,0;-C0;0, system depicted a
photoresponse that was six times higher compared to the
pristine core-shell (ZnO-Co;0,4).'"

A facile, low-cost, and greener fabrication technique was
recently demonstrated by Zhang et al. for paper-based self-
powered UV detector.'™® The HS explored in this study was that
of p-tellurium (Te) and n-ZnO, which formed a type-II hetero-
junction, and the device was fabricated by brushing the nano-
materials onto a paper. Te NWs (Fig. 17(a)) were synthesized via
a hydrothermal technique using TeO,, KOH, glycol, PVP, and
ascorbic acid while the ZnO nanoparticles (NPs) were commer-
cially purchased (Fig. 17(b)). The microstructure of the wires,
with a mean diameter of 30-60 nm and a length >10 pm, is
depicted in Fig. 17(a), while cuboid ZnO NPs with sizes in the
range of 200-300 nm are presented in Fig. 17(b). For Te NWs
synthesis, TeO, (0.165 g), KOH (0.167 g), and glycol (30 mL)
were added and heated under stirring at 85 °C. PVP (0.1 g) was
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then added to the transparent solution under constant stirring
with the further addition of ascorbic acid (1.5 mL) till the whole
solution turned yellow. The final yellow solution was then
subjected to hydrothermal process by transferring it into an
autoclave at 150 °C for 6 h. After the process completion, the
autoclave could cool down to the RT by itself, and the NWs were
then obtained using centrifugation and cleaning. The as-obtained
NWs were then dispersed in alcohol along with the ZnO NPs to
form the HS.'*

The I-V characteristics of the HS are presented in Fig. 17(c),
which depicts a self-powering response, as portrayed by the
current offset at zero voltage under UV. On exploring this
property, the device I-¢ curve presents stable cyclic response,
with an ON/OFF ratio of ~100 (Fig. 17(d)) and ¢,/¢; of 2.46/1.75 s.
The self-powering spectral response shows that the PD exhibits
a maximum R; of 387 mA W' (Fig. 17(e)) and detectivity of 4 x
10" Jones (Fig. 17(f)) at a wavelength of 300 nm. The self-
powering mechanism of the device is depicted in the inset of
Fig. 17(e), where a type-II heterojunction was formed between Te
and ZnO, thus leading to the generation of a built-in electric
field that assists the transport of the photogenerated charge
carriers in the absence of any external bias.""

Till now, we discussed the heterojunctions between inorganic
semiconductors; nevertheless, similar ideas can be extended for HSs
formed by inorganic and organic semiconductors, as demonstrated
by Misra’s group.®”® One such example is the junction formed
between n-type ZnO and p-type poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS) semiconductors.

In one of their works,®® they doped ZnO NRs with chlorine
(ClZnO) to enhance the free charge carrier density and thus
effectively improved the self-powering response (~333% improve-
ment). The doping of Cl atoms via the hydrothermal route
(Fig. 18(a)) results in increased charge carrier density and thus
improved pyro-phototronic effect for self-powering response.®®
Cl:ZnO was synthesized hydrothermally on ITO-coated glass,
thereafter spin-coating 10 pL of PEDOT:PSS on top of that with
the final metal contact of Ag on PEDOT:PSS (Fig. 18(b)). There-
after, illuminating the device with 365 nm UV radiation resulted in
a pyro-phototronic assisted self-powering response (Fig. 18(c)) with
an R; of 2.33 mA W ! at zero bias. Furthermore, the response
current increased with the increase in the UV illumination
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Fig. 16 SEM image of (a) bare ZnO NWs and (b) ZnO NWs-Cos0O4 core—shell. (c) /-V characteristics of the core—shell under dark (dashed lines) and
illumination (solid lines) with varying CozO4 thickness (inset depicts zoomed-in curves). (d) Zero bias temporal response (/-t) response of the structure for
varying CozO, thicknesses (inset shows the zoomed-in image within the current interval of 0 to —1.5 nA).**® [Reprinted with permission from P.
Ghamgosar et al., ACS Appl. Mater. Interfaces, 11, 23454-23462"° © 2019 American Chemical Society].
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variation as a function of the wavelength at zero-bias. Inset of (e) depicts the energy band diagram of Te—ZnO HS under the illumination condition.*°
[Reproduced with permission from ref. 119 from The Royal Society of Chemistry].
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Fig. 18 (a) SEM of CL:ZnO NRs. Self-powered (b) device schematic along with (c) self-powered /-t response of the PD after UV illumination (365 nm,
3 mW cm™2). Stage-wise (A, B, and C) photoresponse mechanism as observed in the temporal response (c). (d) Response current variation with varying
illumination intensities. (e) The tabulation of t, and t; under self-powering condition. (f) Spectral response characteristics of the device.®® [Reproduced
with permission from ref. 88 from The Royal Society of Chemistry].

intensity (Fig. 18(d)) with a major contribution from pyrocurrent Moreover, a flexible self-powered UV PD was reported by
(~1.6 times higher than photocurrent at 3 mW cm™ ). The PD  Ghorbani et al, with n-ZnO and p-type polyaniline (PANI)
also displayed an outstanding fast self-powering with ¢, and t;of nanocomposite.'*® The hydrothermal technique was utilized
28 and 23 ms, respectively (Fig. 18(e)). Finally, from the spectral to grow ZnO NRs in the composite. In their technique, initially,
response, it was observed that the device was visible-blind and sodium hydroxide (3.84 g) and cetyltrimethylammonium bro-
was responsive only to UV, as shown in Fig. 18(f).% mide (0.146 g) were dissolved in 50 mL distilled (DI) water and
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mixed for 3 h at RT. To the resultant mixture, zinc nitrate
hexahydrate (4.64 g) and stirred similarly at RT to obtain a
colloidal solution. The hydrothermal process was then carried
out by transferring the colloid into an autoclave (Teflon lined)
and subjected to 110 °C for 12 h."*° The sample obtained at the
end of the process was then cleaned, dried (120 °C), and
calcinated (600 °C) to finally obtain the ZnO NRs. A series of
chemical routes was then adopted for the synthesis of the
nanocomposite. The as-synthesized ZnO NRs (1 g) was then
treated with aniline (0.1 M, double-distilled) at RT to which
ammonium peroxide sulfate (0.1 M) was added and stirred at
0 °C under ice. The resultant solution was then rotated (3 h)
and aged (12 h) at RT, then cleansed with HCI solution (1 M).
The cleaned sample was then dried at 70 °C (dark green color)
and finally un-doped with ammonia (0.1 M) to form the ZnO/
polyaniline nanocomposite base at RT."*° The final steps then
involved RT fusing of the nanocomposite base with 10-camphor
sulfonic acid (CSA) and further mixing with chloroform under
fast rotation. The final self-powered UV detector was then

(b)
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fabricated by spin coating 5-7 drops of the nanocomposite on
a flexible polyethylene terephthalate with Cu as the contact
electrodes."’

The microstructure of the nanocomposite depicts a core-
shell like structure with the ZnO NRs (core) being covered with
the PANI shell. The NRs varied in the range of ~70-110 nm
with the outside PANI thickness of ~30-60 nm. The -V
characteristics of the nanocomposite displays an asymmetric
rectifying behavior with a higher current under UV (Fig. 19(a)).
Interestingly, under the UV illumination conditions, a short-
circuit current and an open-circuit voltage of ~0.25 mA and
0.2 V were observed, respectively (Fig. 19(a)). The self-powering
UV detection of this nanocomposite is thus a result of these
offsets. Further, a contrast ratio of ~2 times at zero bias
supports the existence of the self-powering response in the
nanocomposite (left inset of Fig. 19(a)). The inset on the right of
Fig. 19(a) shows the rectification ratio variation 5-7 (till 1 V)
and 21.7 and 28.7 at 2 V for dark and UV, respectively. The
origin of this open-circuit voltage is ascribed to the formation
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Fig. 19
rectification ratio). (b) Self-powering response of the device under varyi
illumination.*2° [Reprinted from ref. 120, L. Ghorbani and S. Nasirian, Appl.
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(a) The -V characteristics of the nanocomposite device under dark and UV (left inset represents the contrast ratio and the right represents the

ng light intensities. (c) Energy band diagram under (i) dark and (i) under
Surf. Sci., 527, 146786,%2° © 2020, with permission from Elsevier].
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of the p-n junction in between ZnO and PANI together with
ohmic-contact formation between the nanocomposite and the
Cu electrodes.'®° Cyclic self-powering I-t response of the flexible
device is shown in Fig. 19(b) for varying incident powers. A
maximum R; of 5.4 AW ™! at an incident power of 1.42 mW cm >
was obtained for the device with respective ¢, and ¢ of 3.60 s and
7.65 s. The schematic illustration of the device energy band
diagram is presented in Fig. 19(c). In Fig. 19(c), panel (i) depicts
the energy band diagram under dark with the band bending in
the equilibrium condition and the occurrence of the polaron
lattice due to CSA doping. The energy band bending under UV
illumination, on the other hand, is depicted by panel (ii). Under
UV, e -h" pairs are generated along with the accumulation
of excited photoelectrons in the conduction band of ZnO. The
in-built electric field at the interface results in e~ hopping/
transport to the polaron lattice/LUMO of PANI with additional
electron diffusion. The overall result is that the holes move in
the opposite direction with voluntary carrier transport. Further,
an additional carrier concentration is created on the Cu-PANI
interface due to the difference between the electrode Ef and the
polaron lattice (in PANI) energy level, thereby resulting in a
strong built-in electric field."*°

Photoelectrochemical cell type self-powered zinc oxide
heterostructure photodetector

The final scheme toward obtaining self-powering response is to
explore the solid-liquid or solid/quasi-solid heterointerfacial
interactions in the so-called PECC type. Zeng et al., demon-
strated a self-powered PECC type UV PD with ZnO NWs and Ag
NPs-grafted ZnO NWs as the photoanode with H,O as the
electrolyte.”®" The self-powering response is attributed to the
heterointerfacial interaction between the NWs and H,O, while
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the surface modification with Ag resulted in an enhanced response
by contributing to enhanced and directional charge transfer.
ZnO NWs of diameter in the range of ~80-120 nm and
average length of ~2 pm (Fig. 20(a)) were grown by the hydro-
thermal method, whose details can be found in their paper.'*'
The photoanode was fabricated by depositing a ZnO seed layer
(30 nm) on an FTO-coated glass substrate. The coated glass was
then subjected to hydrothermal treatment and later cleaned
with DI water and ethanol, followed by drying (60 °C) before use.
The anchoring of the Ag NPs, on the other hand, was carried out
by photoreducing Ag nitrate. In this technique, the as-grown
ZnO NWs on the FTO-coated glass substrate were dipped in a
solution of Ag nitrate and then illuminated with UV (365 nm,
100 pW cm?) for 1-2 min. The as-obtained Ag-ZnO NWs
(Fig. 20(d)) were then successively cleaned with DI water and
ethanol, and finally air dried (80 °C). Elemental mapping of Ag—
ZnO NWs (right side of Fig. 20(d)) confirms the presence of Ag,
Zn, and O on the Ag-modified ZnO NWs. For the final self-
powered device, these were used as the photoanode with Pt-
coated FTO as the counter electrode (CE) and DI H,O as the
electrolyte. The I-V characteristics of ZnO NWs/H,O PD depict a
diode-like behavior and operate in the photovoltaic mode with
higher output current at zero voltage under UV (Fig. 20(b)).
Correspondingly, the self-powering I-t characteristics of the ZnO
NWs/H,0 PD depicts stable response with an R; of 0.11 AW "
and t, and ¢ of 0.15 and 0.50 s, respectively (Fig. 20(c)). The Ag
NPs-anchored ZnO NWs, on the other hand, demonstrated
superior performance, as depicted in Fig. 20(e) and (f). The
device response was ~3.36 times higher than that of the bare
ZnO device with almost the same response time. When ZnO
is brought in contact with the electrolyte, transfer of e s
takes place from the CB of ZnO into the electrolyte until the
attainment of equilibrium. This directional e~ transfer arises
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[Reproduced with permission from ref. 121 from The Royal Society of Chemistry].
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from the difference in the E; of ZnO (higher than the electrolyte)
and the electrolyte redox potential. The result of this charge
transfer dynamics is the creation of a space charge region,
resulting in a built-in electric field across the solid-liquid
interface. Upon UV (365 nm) illumination, as expected, e -h"
pairs are generated on the ZnO side, which are then subse-
quently separated and transported by the built-in electric field,
thereby resulting in a self-powering PECC. The photoresponse
increase, on the other hand, for the Ag grafted NWs is attrib-
uted to the additional photon absorption aided through the
surface plasmon resonance. From the generated e -h" pairs,
the e”s get transported from the NWs to the external circuitry
and finally returning to the Pt layer of the CE. The Pt layers in
addition to charge conduction also assist in the redox reaction
by serving as a catalyst. The h's, on the other hand, get captured
by the OH™ anion, thereby resulting in the formation of the OH
radicals, which are then further reduced back to OH™ anions at
the CE by capturing the e”s from the external circuitry.®

With this basic fundamental idea, various other works have
also been done in this field by either playing around with the

View Article Online
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CE (replacing Pt),'** replacing the liquid electrolyte with a
quasi-solid one®** and also modifying the photoanode by incor-
porating an additional HS with ZnQ.?® Li et al., in their work,**
demonstrated a self-powered PECC type ZnO PD with Pt-free
CE. The device consisted of ZnO NRs as the photoanode,
[Co(bpy)s]**** as the electrolyte, and PEDOT/ITO as the CE. It
showed improved performance with enhanced device response,
as shown in Fig. 21(a) and (b). The PD with PEDOT/ITO as the
CE depicted an open circuit voltage of 0.5 V and a short-circuit
current of 6.2 pA with UV response times of <0.2 s. The self-
powering mechanism of the device is depicted in Fig. 21(c). The
reason behind the obtained enhanced response is the superior
catalytic activity of PEDOT as compared to that of Pt.">* The
next adopted approach toward designing a ZnO-based self-
powered PECC type PD was presented by Peng et al., utilizing
a quasi solid-state electrolyte.*® In their work, they used an
iodine-free electrolyte containing 1-methyl-3-propylimidazolium
iodide, potassium iodide (KI), and poly(ethylene oxide) (PEO).
The photoanode was that of ZnO and the CE was that of Pt-FTO.
In such a configuration, the device exhibited a high R; of
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Fig. 21 (a) /-V characteristics of ZnO NRs/[Co(bpy)s]>*/** PD under dark and UV (365 nm) with Pt/ITO and PEDOT/ITO CE. (b) Zero-bias /-t
characteristics of ZnO NRs/[Co(bpy)z]**/** under UV with ITO, Pt/ITO, and PEDOT/ITO CE. (c) Energy band diagram of the PD under UV.**? (d) I-V
characteristics of ZnO NRs/quasi solid-state electrolyte PD under dark and UV (365 nm). (e) Zero-bias /-t characteristics of the ZnO NRs/quasi solid-state
electrolyte PD. (f) Schematic for self-powering UV detection mechanism in the PD.84 (g) /-V characteristics of ZnO NWs/electrolyte and ZnO/Cu,O
branched HS/electrolyte PD under dark and UV (355 nm). (h) Zero-bias /-t characteristics of these PDs under UV and visible (Z > 425 nm). (i) Schematic
for self-powering UV and visible photodetection mechanism in the PD.85 [Reproduced with permissions from ref. 84 and 122 from The Royal Society of
Chemistry and Reprinted from, J. Alloys Compd., Z. Bai and Y. Zhang, 675, 325-330,%° © 2016, with permission from Elsevier].
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2.33 AW ' with ¢, and # of 0.09 and 0.31 s, respectively. The
device I-V under dark and with light illumination is depicted in
Fig. 21(d), with the inset showing the magnified I-V without any
illumination. The presence of the Schottky barrier is depicted in
the I-V curves under both the conditions. The obtained photo-
current at zero-bias is 1.4 x 10~* A, which is much larger than
the dark current (2.62 x 10~7 A). Further, a stable (even after
4 months), repeatable, and rapid self-powering temporal response
for varying amounts of KI is portrayed by the device, as shown in
Fig. 21(e). The as-associated self-powering mechanism is depicted
in Fig. 21(f).**

A third approach toward improving performance of these
ZnO-based self-powered PECC-type PDs has been to add an
additional heterojunction with ZnO. One of the benefits that
this additional heterojunction can provide is to extend the
range of spectral response. For e.g., Bai et al, in their work,
used the HS of ZnO and Cu,O (E; ~ 2.0 €V) as the active
photoanode, which provided sensitivity toward both the UV and
visible radiation. Apart from extending the range of wavelength
sensitivity, ZnO and Cu,O forms a type-II heterojunction, which
further helps in the efficient separation of the photogenerated
e -h" pairs. The complete device was fabricated using this HS
as the photoanode, sodium sulphate (Na,SO,) as the electrolyte,
and Pt/FTO as the CE. Rectifying the I-V characteristics of the
device (with and without Cu,O) under dark and under UV

(a)
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(355 nm) is depicted in Fig. 21(g). Moreover, a highly stable
and repeatable self-powering I-¢ response under UV and visible
(4 > 425 nm) with respective ¢, and ¢ of 0.14 s and 0.36 s is
presented by the device, as shown in Fig. 21(h). The energy
band diagram of the PD for the detection of UV and visible light
is depicted in Fig. 21(i).%

The intrinsic properties of ZnO such as piezoelectricity,
pyroelectricity,"*® and pyro-phototronic®®'?® effects can also
contribute synergistically to the performance of self-powered
photodetection. Prof. Z.L. Wang and his group have an unmatched
contribution toward exploring these different properties of ZnO
NSs and demonstrating the applications in various fields of
science and technology.'®” In one of the work by Lin et al., they
incorporated the concept of piezopolarization charges to enhance
the self-powering response of a ZnO PECC PD."*® Upon application
of 0.15% compressive strain, they could enhance the self-powered
response by 48%. In their work, the photoanode was fabricated by
the technique of radio-frequency magnetron sputtering by depos-
iting ZnO film on a flexible ITO-poly(ethyleneterephthalate) (PET)
substrate. The as-deposited film was then glued to a polystyrene
(PS) cantilever with polydimethylsiloxane (Fig. 22(a)). The micro-
structure of the deposited film (cross-sectional) with the grain size
varying in the range of 30-100 nm is depicted in Fig. 22(b), with
the inset showing the top-view. The electrolyte used for the final
device was Na,SO,.
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ref. 128 from The Royal Society of Chemistry].
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The I-V characteristics (Fig. 22(c)) depict the rectifying
behavior arising from the bend bending (Schottky barrier)
occurring at the interface of ZnO and Na,SO,. The origin of
the rectifying nature is also further verified by measuring the
I-V in the ITO-ZnO-ITO configuration (inset of Fig. 22(c)),
which depicts an ohmic behavior. The I-Vs were further
recorded in the presence of tensile and compressive strains of
0.15%, indicating a decrease/increase in the Schottky barrier
height under tensile/compressive strains. The inherent built-in
electric field was then explored for self-powering photo-
response under different strain conditions (Fig. 22(d)). From
the experiments, it was observed that the photoresponse
increased upon compressive strains while it decreased under
the tensile one (Fig. 22(d) and (e)) with response times of the
order of ~ms. The underlying self-powering photoresponse
mechanism under the conditions of strain and no strain are
pictorially presented in Fig. 22(f)-(h). Fig. 22(f) depicts the
interfacial band bending and the creation of space charge
region, and thus the built-in electric field. Now, applying a
tensile strain leads to the formation of permanent piezoelectric
charges at the ZnO/Na,SO, interface due to +c-orientation
growth of the ZnO in the sputtered film. These positive piezo-
polarization charges lower the ZnO CB (Fig. 22(g)) by attracting
the free e~ s. The ultimate effect of this is reduction of the space-
charge region, thus comparatively weakening the strength of the
built-in electric field. Similarly, upon applying compressive
strain, negative piezopolarization charges face the electrolyte
side, thus depleting more e s on the ZnO side and thus
effectively increasing the space-charge region and the height
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of the Schottky barrier. This increase results in a comparatively
enhanced built-in electric field (Fig. 22(h)) and thus more photo-
current by increasing the separation of the photogenerated charge
carriers."?® This work by Lin et al.,"*® provides another approach to
tune the strength of the built-in electric field of the HS by utilizing
the intrinsic material property of ZnO.

A tabular compilation of the various kinds of ZnO HS-based
self-powered PDs is presented in Table 2.

Self-powered/charging zinc oxide heterostructure
supercapacitor

Introduction and principle of operation. The ultimate source
of inspiration in advancing science and technology has been
nature itself."**"%?

One such example is the electric eel, also known as Electro-
phorus electricus, which is a known self-powered system with
power generation from ionic gradients.'**"** It is capable of
generating an electric discharge of 100 W using the ionic flux.'*®
In order to defend itself, the eel uses transient current spikes as
the electric shock.’*""*” In biological systems, the presence of
highly selective and actuatable ion channels act as the source of
electrical power by generating large voltages and currents
(Fig. 23(a) and (b))."*”""*° Electrochemical batteries and capacitors
are close engineering examples of developing charge storage
systems similar to most natural organisms. Recently, a large
interest has arisen in developing electrochemical capacitors due
to its high power-density compared to the batteries. Two leading
mechanisms of charge storage in electrochemical capacitors are
(1) electric double charge layer formation at the interface of the

Table 2 Device performance comparison of the self-powered zinc oxide heterostructure photodetector

Self-powering Wavelength Response/ Responsivity Specific detectivity/

ZnO HS mechanism (nm) recovery time (s) Aawh detectivity (Jones)
Gr/ZnO/Gr*° Schottky-type 365 — 540 x 10~° —
Gr/H-ZnO/AZO®* Schottky-type 365 32 x 107° 50 x 10°° —
ZnO/GaN”’ Schottky-type 350 (731.6/53.1) x 10> 95.8 x 10* 2.9 x 10"
Zn0/Zns*® Schottky-type 320-365 22.5/45 3.34 x 107° 8.9 x 10"

465-475 — — —

515-525 22.3/40 1.05 x 107° 2.8 x 10"

780-950 25.2/15 0.47 x 107° 1.4 x 10"
ZnO/Au/AL,0;"° Schottky-type 365 <0.16/<0.16 6.8 x 107° 1.7 x 10°
CD-Enhanced ZnO/graphite'®® Schottky-type 330 2/3.2 9.5 x 10 4.27 x 10°
n-ZnO/p-Cu,0'* p-n junction type  370-570 0.02/0.03 @370 nm  0.24 @380 nm —

0.01/0.02 @450 nm  0.06 @450 nm —

n-ZnO/p-GaN®* p-n junction type 325 (20/219) x 10°° 132 x 10 —
n-GIZO/p-GaN'%® p-n junction type  360-400 1.5/0.8 5.29 x 10° 7.98 x 10°
n-ZnO/CdS/p-GaN'®’ p-i-n junction type 300 <0.35 176 x 103 2.5 x 102
n-ZnO/p-Ni0"*° p-n junction type 355 0.23/0.21 (@~0.1 mV) 0.44 x 10 —
n-ZnO/p-CuSCN*"! p-n junction type  355/380 0.5/6.7 x 107 7.5 x 1073 —
n-ZnO/p-Cul**? p-n junction type 365 0.41/0.24 17.7 x 1073 5 x 10°
n-ZnO/p-Cul/Au**? p-n junction type 365 0.41/0.08 61.5 x 10°° 1.7 x 10
n-ZnO/p-Co;0,'*? p—n junction type  Visible — 1312.5 x 10°° —
n-ZnO/p-Te'"’ p-n junction type 300 2.46/1.75 387 x 10°? 4 x 10"
n-Cl:ZnO/p-PEDOT:PSS** p-n junction type 365 (28/23) x 107° 2.33 x 10°° 1.54 x 10"
n-H:VZnO/p-PEDOT:PSS®’ p-n junction type 365 (23/26) x 107° 2.65 x 107° 5.25 x 10*°
n-ZnO/p-PANI"?° p-n junction type 365 3.60/7.65 5.4 —
ZnO/H,0/Pt-FTO"! PECC type 365 0.15/0.50 0.11 —
Ag-ZnO/H,0/Pt-FTO"?! PECC type 365 0.14/0.52 0.37 —
ZnO/[Co(bpy)s]****/PEDOT-ITO"*? PECC type 365 <0.2/<0.2 — —
ZnO/quasi solid-state electrolyte/Pt-FTO®* PECC type 365 0.09/0.31 2.33 —
Zn0O-Cu,0/Na,SO,/Pt-FTO®’ PECC type 355 0.14/0.36 s 19.3 x 103 —

2> 425  0.14/0.36 s 8.2 x 107° (@400 nm) —
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(a) Image of Electrophorus electricus. Inset on the top depicts the electrocytes’ arrangement within its electric organs while that at the bottom

shows the ion fluxes in their firing state. (b) Voltage generation mechanism in the electrocytes.*® [Reprinted by permission from Springer Nature: Nature,

T. B. H. Schroeder et al., 552, 214-218"° ©) 2017].

electrode and electrolyte, and some electrode materials along
with faradaic charge contribution that are attributed to (2)
pseudocapacitance. Among various existing materials, carbon-
based®®'**!*! and metal-oxide'*>'** based SCs are being widely
studied."*® Readers are encouraged to read the latest review by
Miao et al,'*® for a comprehensive understanding on carbon-
based SCs. Additional reviews by Wang et al.,'** and An et al.,"*®
are also suggested for an in-depth understanding on the field of
SCs and the recent progresses made. ZnO, in addition to being an
excellent optically sensitive material, can also be effectively used in
an electroactive system such as SC'**™*® due to the occurrence of
redox reactions'****° and increased surface-to-volume ratio,'**
especially in the NRs. This high surface-to-volume ratio also help
in hosting several electroactive systems, such as spinel nickel
cobaltite (NiCo,0,).">" Further, as seen above in Prof. Misra’s®®
and Lin et al’s'® work, the charge generation and separation in
ZnO is not only controlled by light but is also a function of
mechanical and thermal stimuli. A recent perspective by Pu and
Wang">? on self-charging power systems, i.e., systems that simulta-
neously harvest and store energy, along with power management
capabilities, have been elaborated in detail in their recent
article." The intrinsic piezoelectricity of ZnO NRs/NWs thus helps
in fabricating self-charging SC with ZnO NRs/NWs acting as the
potential generator."> Finally, coupling its optical sensitivity helps
in developing opto-electrochemical systems with self-powered
operation.”™* A few examples of electrochemical capacitors are
outlined in the following discussion that are developed for the self-
charging operation. For the sake of simplicity and generality, these
SCs will be classified based on their modes of operations, ie.,
contact or non-contact. The contact mode refers to SCs that
operate due to piezopolarization charges arising from physical
stresses, while the non-contact ones refer to the ones that self-
charge via an optical stimulus.

Contact mode

Ramadoss et al. fabricated a self-charging SC power cell
(SCSPC) with poly(vinylidene difluoride) (PVDF)-ZnO as the
separator (Fig. 24).>

© 2021 The Author(s). Published by the Royal Society of Chemistry

The SC electrodes consisted of manganese dioxide (MnO,)
as the electroactive material mixed with carbon black and
PVDF. The slurry of this mixture was then coated on aluminium
foil and finally, the SCSPC was assembled by sandwiching PVA/
H,3PO, with a separator. In this case, PVDF-ZnO plays a dual role,
first as a separator and second as a potential generator (Fig. 24(a)).
Mechanically deforming the device (on the top) creates a piezo-
electric field (potential) in the PVDF-ZnO separator film. Under
this condition of compressive strain, the as-fabricated SC could
self-charge to ~110 mV in 300 s (Fig. 24(b)). The generated
piezoelectric field results in H" ion migration through the separa-
tor (PVDF-ZnO) in the electrolyte to the negative electrode and
consequently in charging reactions at the two electrodes. Upon
releasing the compressive strain, a reverse reaction is observed,
thus directing the ions to restore their original position (Fig. 24(c)).
The system is interesting for developing a self-powered/charging
system; however, the problem is that the piezoelectric separator
hinders efficient ion transport and, moreover, this is also a contact
method for self-charging.

Another attempt toward creating a self-charging power unit
(SCPU) was made by Rasheed et al., in their work.">®

The SCPU was fabricated using a composite matrix of ZnO
NFs, rGO and PVDF as the piezo-separator film with MnO,-rGO
as the active electrode material for the solid-state SC. The
synthesis of rGO was carried out by modified Hummers’
method,'>>"® MnO, NWs by the hydrothermal method, and
ZnO NFs via a two-step chemical route.*>® For the MnO, NWs
synthesis, a solution mixture of KMnO,, DI water, (NH,),S,Os,
and HNO; mixed/prepared under optimized conditions was
transferred into an autoclave (Teflon-lined), and kept at 80 °C
for 15 h. The MnO, NWs was then finally obtained by cleaning,
centrifugation, and drying at 80 °C for 10 h. For the SC
electrode, (MnO,)-rGO HS was prepared by ultrasonication,
followed by drying the HS solution in an oven at 60 °C. Later,
the HS composite paste was mixed with PVDF and carbon black
in a solution of N-methyl-2-pyrrolidone. Finally, the paste was
drop-cast on Au-coated PET and dried at 70 °C for 4 h before
use. Crystalline ZnO NFs (<10 nm) were synthesized using
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[Zn(CH;COO0),-2H,0] as the seed layer and later precipitating
with NaOH."®> The polymer composite for the piezo-separator
film was prepared by adding an appropriate amount of ZnO,
rGO, and PVDF in dimethylformamide and mixing them under
proper temperature conditions. After synthesis, the SCPU was
fabricated by sandwiching poly(vinyl alcohol) (PVA)-H;PO, solid
electrolyte covered PVDF-ZnO-rGO film in between the MnO,-
rGO HS symmetric electrode. The device schematic is presented
in Fig. 25(a) with Au-coated PET as the current collectors. The
self-charging behavior of a SCPU single unit is presented in
Fig. 25(b). Upon applying a compressive force (using hand-tapping),
the as-fabricated SCPU was able to store 1.5 x 10> mC of charge on
its electrodes within 100 s, corresponding to the self-charging of
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~195-200 mV. Further, upon the removal of the compressive force,
the SC unit stored the charges as the voltage was constant in the
interval of 100-140 s (Fig. 25(b)). Fig. 25(c) schematically depicts
the working mechanism of the SCPU governed by the redox
reactions occurring due to the change in the electrode (MnO,—
rGO) potential arising from the relaxation and compression of
the piezo-separator (PVDF-ZnO-rGO) film. Upon applying a
compressive force on the electrodes, the internal symmetry of
the piezo-separator gets disturbed, thereby resulting in a piezo-
electric potential generation across the separator thickness.
This generated potential leads to potential distribution along
the positive and negative sides, which in turn help in driving the
electrolytic ions and thus storage the charge. The piezopotential

Compressive Force
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$ 333
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1GOMN™0, -H"  ne+1GO-Mn*++0;

(@) Schematic of SCPU. (b) Self-charging process of the SCPU under compressive force. (c) Sequential steps to depict the mechanical

deformation-driven working mechanism of the SCPU.** [Reprinted with permission from A. Rasheed et al., ACS Appl. Mater. Interfaces, 12, 20891~

20900,%%° © 2020 American Chemical Societyl.
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leads to the development of H' ion concentration gradient along
the electrodes, contributing toward the electrochemical redox
reactions and thus self-charging. On the removal of the applied
force, the separator film comes at an equilibrium with a tiny
number of ions that return to the electrolyte for compensation.
With no further redox reaction occurring, only the electron
transfer takes place.> The main hurdle in this system is its
contact mode of operation.

Non-contact mode

An alternate route to this technology is utilizing the optical
sensitivity of ZnO rather than the piezoelectricity, toward
electrochemical performance. This route provides an alterna-
tive to contact mode self-charging by providing a non-contact
route.’®” The light interaction of ZnO to generate excitons can
be used to enhance the contribution of self-generated electric
double charge layer capacity in the electrochemical capacitor
and thus, self-powered electrochemical capacitor.'”"

Very recently, in 2020, Cortes et al. reported a photo-
supercapacitor based on silver sulfide (Ag,S) QDs-decorated
ZnO NRs.'® The NRs in this work were grown by the electro-
chemical method on FTO-covered glass. For the seed layer, an
alcoholic solution of Zn(CH3COO), was spin coated and then
dried (105 °C) and annealed (350 °C) under air. Thereafter,
under appropriate conditions, electrodeposition for the growth
of ZnO NRs was performed using the seed layer substrate as the
working electrode. After the successful growth of the ZnO NRs,
the Ag,S QDs were decorated using the technique of successive

View Article Online
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ionic layer adsorption and reaction, i.e., SILAR. In this technique,
the NRs array was immersed successively in solutions containing
Ag" cations and $>~ anions and later cleaned with alcohol for
removing the excess weakly bound surface ions. After nine such
SILAR, the decoration was completed with annealing (400 °C, 1 h)
under N, atmosphere.”®® The surface of this NS was then
passivated by ZnS using the same method of SILAR with Zn>*
cations and S*>~ anions. Finally, for h* transportation, a layer of
PEDOT was electrodeposited on the ZnS-passivated Ag,S
QDs-decorated ZnO NRs. The process flow schematic of the
nanocomposite synthesis is depicted in Fig. 26(a) with the
corresponding microstructures in Fig. 26(b).

Fig. 26(c) shows the photocharging (under AM1.5G simulated
sunlight of intensity 100 mW cm™?) and galvanostatic discharge
behavior (under dark) of the SC for different current densities
varying in the range of 4-400 pA cm > Upon illumination of
light, the device gets photocharged to 330 mV in 40 s, after which
it retains the same for 600 s. After charging, the device was
discharged galvanostatically with different current densities. For
a current density of 4 pA cm 2, the discharge time was 55 s
(Fig. 26(c)) and the same was 2 s and 1 s for 40 pA cm > (blue line)
and 400 pA cm™? (red line), respectively (inset of Fig. 26(c)). The
working mechanism of this photosupercapacitor is shown in
Fig. 26(d). Under light illumination, the photo-excited electrons
in the QDs (E; ~ 1.1 eV) transfer to the ZnO NRs, which get
accumulated in the PEDOT CE to effectively accumulate the
negative charges. At the same instant, the h's get transported to
PEDOT, thus accumulating positive charges. These accumulated
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(a) Diagrammatic representation of the nanocomposite synthesis. (b) Microstructure of (i) ZnO NRs, (i) Ag,S QDs-decorated ZnO NRs, (iii) ZnS-

passivated composite, and (iv) PEDOT-covered nanocomposite. (c) Photocharging and galvanostatic discharging behavior of the SC. (d) Energy band
diagram to depict the mechanism of photocharging in the SC.2°8 [Reproduced with permission from ref. 158 from The Royal Society of Chemistry].
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charges result in the movement of charges with BF*~ toward the
anode and [HemIm]" to the cathode to form a double layer. In
addition, there is also the oxidation and reduction of the per-
chlorate anion (CIO*", from the PEDOT layer) (Fig. 26(d)). This
effective nanocomposite thus results in a self-powered SC with the
stimulus of light.

Further interesting works have also been reported in this
domain by Prof. Misra’s group, for e.g., by coating NiCo,O, on
ZnO NRs (Fig. 27(a)-(d)) via a hydrothermal route using nickel
nitrate hexahydrate, cobalt nitrate hexahydrate, and urea in a
solution medium of water with ethanol. The coating of NiCo,0,
on the ZnO NRs provided a higher surface area and, in addition,
improved the movement of the e”s and ions. The other advan-
tage is that the coupled system is also sensitive to UV, which
provides photoinduced capacitive response. Upon comparison of
the electrochemical performances of each device architecture
(pristine ZnO NRs//ZnO NRs, NiC0,0,//NiC0,0,, and NiC0,0,/
ZnO NRs//NiCo,0,/ZnO NRs SCs, Fig. 27(e)) it was observed that
the NiC0,0,/ZnO NRs//NiC0,0,/ZnO NRs SC depicted the high-
est response. The area under the CV curve after UV illumination
increases ~2 times, thus providing higher capacitive response
(Fig. 27(f)). This increase in the CV is attributed to an increase in
the generated charge carriers due to UV."*"

The working mechanism of this self-powered SC is depicted
in Fig. 27(g), where, in addition to the external electric field, the
generated internal field (in presence of UV) results in increased

capacitive response.'>! Furthermore, the boost to the capacitive

response is also provided by the increased electrode conductivity

and the participation of the photogenerated charge carriers in the
151

faradaic redox reaction upon UV illumination.
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To extend the range of wavelength sensitivity, Prof. Misra’s
group extended their work further by coating ZnCo,0O, on
hydrogenated ZnO NRs (ZCZO) (Fig. 28(a)).

Hydrogenation was performed to improve the NRs conductivity.®*
The -V characteristics (both under dark and illumination) was
linear for the ZCZO device, suggesting an ohmic behavior with the
Ag contacts (Fig. 28(b)). The hybrid material was sensitive to both UV
and visible radiation with increased current upon illumination.®*
However, in contrast to previous observations, there was no zero-
voltage offset for the device under the illumination condition (inset
of Fig. 28(b)). The as-fabricated photodetector thus required an
externally applied bias, which in this case was provided by an SC
with one electrode as that of the hybrid material (Fig. 28(c) and (d)).
With the SC as the powering source (providing voltage), the I-¢
characteristics were recorded, which depicted a stable cyclic
response for both the wavelengths under a series connection
with the SC (Fig. 28(e)). This study thus revealed a very impor-
tant outcome with a single material performing both the optical
and electrochemical sensitivity, and finally acting as a single
unit with the PD being driven by its corresponding SC.%*

The further motivation of this finding pushed Prof. Misra’s
group to develop a compact system of optically-driven self-powered
SC. Thereby, in the forthcoming study, an opto-electrochemical
system was fabricated and studied using ZCZO as the active
material.">*

The HS was grown hydrothermally on ITO-coated glass,
which played the dual role of a transparent electrode as well
as assisted in the generation of built-in electric field for the self-
powering response. The microstructure of both ZnO and ZCZO
reveals vertically-aligned NRs with the diameter and height of
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Fig. 27 SEM image of (a) ZnO NRs with the cross-sectional view depicted in the inset and (b) NiCo,0O4-coated ZnO NRs. Inset in (b) depicts the energy
dispersive X-ray analysis spectrum of NiC0,04/ZnO NRs. (c) and (d) are the TEM and HRTEM images of NiC0,04/ZnO NR. (e) CV response comparison of
pristine ZnO NRs//ZnO NRs, NiC0,04//NiC0,04, and NiC0,04/ZnO NRs//NiC0,04/ZnO NRs SCs. (f) CV curves and (g) diagrammatic working
mechanism illustration of NiC0,04/ZnO NRs//NiC0,04/ZnO NRs SC in the absence and presence of UV irradiation.** [Reprinted by permission from
John Wiley and Sons: Energy Technol. (Electronic), B. D. Boruah and A. Misra, 5, 1356-1363! © 2017].
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light (UV and green light).®? [Reproduced with permission from ref. 61 from The Royal Society of Chemistry].

about 80-150 nm and 1.5 pm, and 150-500 nm and 5 um, generated in the SC due to UV (Fig. 29(c)). The as-obtained
respectively (Fig. 29(a) and (b)). Upon UV illumination, a self- self-powering voltage in this non-contact mode is ~3.2 times
charging (under application of zero-bias) voltage of 350 mV was  higher compared to that obtained by Ramadoss et al.'*® in the
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Fig. 29 (a) Respective microstructure of (a) ZnO and (b) ZCZO NRs at low magnification and insets are at high magnification. (c) Self-charging response
of the ZCZO SC under UV light and consequent discharging upon switching off the UV (inset depicting the device schematic). (d) CV comparison in both
the absence and presence of UV (scan rate of 20 mV s7%). (e) Solid-state SC working mechanism under UV illumination.*>* [Reprinted with permission
from B. D. Boruah and A. Misra, ACS Appl. Energy Mater., 2, 278—-286,">* © 2018 American Chemical Societyl.
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Table 3 Performance comparison of self-powered/charged zinc oxide heterostructure supercapacitor

Supercapacitor Role of ZnO Mode of operation Self-generated voltage (mV) Capacitance
PVDF)-ZnO'? Separator Contact 110 @300 s 455 mF g ' @0.04 mA cm >
_ P g
PVDF-ZnO-rGO)">> Separator Contact ~195-200 @100 s 76Fg @25 mvs '
p g
Ag,S QDs@ZnO NRs'*® Electrode Non-contact 330 @40 s 0.667 mF cm 2
NiC0,0,/ZnO NRs'®! Electrode Non-contact — ~244mF g ' @0.59 mAg "
ZCZO NRs®! Electrode Non-contact — 37 mF ecm > @2.5 mA cm >
13.8Fg '@1Ag!
ZCZO NRs"™* Electrode Non-contact 350 mV @~10 s ~236.6 UF cm >@1.24 pA cm >

contact mode. From the electrochemical characteristics, an
asymmetric CV profile was observed with the area under the
CV being increased by ~52% after UV illumination as compared
to that under no illumination (Fig. 29(d)). Such an asymmetric
profile could be accredited to the reactions occurring on the
surface of positive electrode and the electrical double layer
reactions on the negative electrode.” Further, in response to
UV light, the measured areal capacitance and the energy density
were 150 pF cm™ 2 and 11.8 x 10 ® uyW h em ™2 (~3 times higher
than in the absence of UV), respectively. The associated self-
charging mechanism and thus the voltage generation under UV
is elucidated vividly in Fig. 29(e). The respective band positions of
ITO, ZnO, and ZnCo,0, result in an effective separation of the
generated e s and h's, thereby creating a built-in electric field.
These free e s and h's then participate in the driving process of
the cations and anions, thereby helping in charge storage. In
addition, the photogenerated charges also effectively increase
the conductivity of the electrode material, thereby increasing the
electron transportation efficiency.">* Table 3 summarizes the
parameters relevant to the ZnO-based SC, which is attributed
to the self-powering/charging capability. So far, the area of
developing self-powered/charging SC has not been extensively
exploited; however, a deep understanding of the ZnO-based
interface engineering would allow to establish a novel paradigm
in the field of renewable energy storage systems.

Conclusion

In summary, HSs form an integral part of the semiconductor
industry and have led to discoveries and studies contributing to
the field of fundamental, applied, and technological sciences.
The material of focus in this review, ie., ZnO, is a versatile
semiconductor that can be used to harvest both optical as well
as electrochemical energy. In addition, its intrinsic n-type
behavior and piezoelectricity favor energy conversion and har-
vesting in the absence of any external stimuli. The overall result
is miniaturized self-charged and self-powered devices. The
capability of ZnO to interface with other metallic and semi-
conducting materials provides wide range of possibilities for
interface engineering focused on specific applications and
device functionalities. A large E, in ZnO facilitates the electro-
nic connection with widely variable semiconductor interfaces
for the broadband, selectively high responsivity to specific
wavelengths, and ultrahigh response from the atomically
small HSs. The clectrochemical response from the Zn-based
interfaces through the optically-active device provided voltage

6794 | Mater. Adv, 2021, 2, 6768-6799

generation to facilitate the ion movements across the electro-
des. In the current scenario, the understanding of ZnO-based
heterointerfaces can play a crucial role in printed large-scale
wearable devices, qubits for quantum computing, development
of novel on-chip platform for multifunctional devices, etc. ZnO
properties further lead to the establishment of a novel para-
digm in the field of self-powered energy storage. The compilation
of studies on both PD and SC further provides a deep insight into
the resultant charge carrier dynamics with exciton generation for
the self-powering capability of various devices.
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