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GaN is an important III–V semiconductor for a variety of applications owing to its large direct band gap. GaN

nanowires (NWs) have demonstrated significant potential as critical building blocks for nanoelectronics and

nanophotonic devices, as well as integrated nanosystems. We present a comprehensive analysis of the

vapor–liquid–solid (VLS) as a general synthesis technique for NWs on a variety of substrates, the

morphological and structural characterization, and applications of GaN NWs in piezoelectric

nanogenerators, light-emitting diodes, and solar-driven water splitting. We begin by summarizing the

overall VLS growth process of GaN NWs, followed by the growth of NWs on several substrates.

Subsequently, we review the various uses of GaN NWs in depth.
1. Introduction

It is universally recognized that silicon (Si) semiconductor
devices have reached their physical limits in terms of scalability
and physical attributes.1 New materials must be investigated to
boost system performance and reliability even more. Gallium
nitride (GaN) (a wide-bandgap semiconductor material) is
a more suitable choice for this objective. Basic physical and
electrical properties of GaN materials such as temperature,
frequency, high conductivity, and power operation render this
semiconductor a unique material of choice to address the
requirements of future advanced systems in the eld of radio
frequency and power conversion applications.2–4

The technological maturity of GaN has substantially
increased in recent years; however, much research is required to
fully use the capacity of GaN devices while maintaining costs
comparable to those of silicon devices and satisfying the high
demand for reliability and robustness necessary in application
domains (automotive, consumer electronics, defense and
aerospace, healthcare, information & communication tech-
nology, and industrial & power).5–8

Silicon can be grown from a melt to make native
substrates;9–11 however, this is not possible for GaN at normal
temperatures and pressures, and as a result, the development of
GaN technology has been delayed for many years.1,12,13 Several
systems employing foreign substrates such as Si, SiC, or
sapphire have been adopted to overcome this barrier.14–17

However, growing on a foreign substrate introduces various
faults that limit device performance; hence, much research is
University, Gwangju 61186, Republic of
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being conducted to improve the material for industrial
purposes.18–20 Thick crystal growth for substrate production has
been developed using halide vapor phase epitaxy (HVPE),21 high
nitrogen pressure solution growth (HNPS),22 sodium (Na) ux,23

and the ammonothermal method,24 metalorganic chemical
vapor deposition (MOCVD), and molecular beam epitaxy (MBE)
are commonly used for device structure growth.25–29

The epitaxial growth process is used to grow GaN and
requires growing a single crystalline material on a single crys-
talline substrate by following the orientation of the planes of the
substrate.30–32 Based on the nature of the substrate material,
there are two types of epitaxial crystal growth.33 When a crystal
grows epitaxially on the same material as the substrate, this is
referred to as homoepitaxial growth, whereas crystal growth on
a foreign substrate is referred to as heteroepitaxial growth.34 The
use of epitaxial growth minimizes growth time,35 wafering costs,
and waste produced by growth, cutting, polishing, and other
processes.36 The primary benet of epitaxy is homogeneity in
composition, controlled growth parameters, and a better
knowledge of the development process itself.37 GaN is always
grown on a foreign substrate; thus, it follows a heteroepitaxial
growth.38,39 For the formation of the epilayers of III–V
compound semiconductors and other materials, several
epitaxial processes have been applied.40,41 These techniques
include liquid phase epitaxy (LPE), molecular beam epitaxy
(MBE), chemical beam epitaxy (CBE), atomic layer epitaxy (ALE),
and vapor phase epitaxy (VPE).42,43 Among the above-mentioned
epitaxial techniques, VPE is a technique that is used to grow
extremely high-quality layers with a high growth rate.44,45 In
addition, VPE provides exibility in the type and level of doping
and can be used for large-scale growth.46
Nanoscale Adv., 2023, 5, 1023–1042 | 1023
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The electrical and optical properties of the 1D nano-
structures include strong carrier mobility,47–49 a high rate of
radiative recombination,50–52 and long-term stability. Therefore,
1D semiconductor nanostructures such as nanowires (NWs),
nanorods (NRs), nanopillars, nanocolumns (NCs), and nano-
tubes (NTs) provide promising potential for the creation of
high-performance optoelectronic and electrical devices.53–56

Owing to their use in various applications substantial
research has been devoted to the growth of 1D GaN NWs.
Traditionally, GaN NWs were grown using MBE or MOCVD.
MBE on a heated substrate under an ultra-high vacuum can be
used to epitaxially grow high-purity GaN NWs.57 MOCVD growth
can be carried out on a heated substrate at a range of vacuum
levels varying from a few tens to several hundreds of torr. A
carrier gas (normally H2) is used to deliver the Ga and N
precursors to the surface of substrate, where they can react and
initiate the epitaxial growth. Because the growth rate of MOCVD
is substantially faster than that of MBE, high aspect ratio GaN
NWs can be created utilizing the former process.58,59

Despite the high growth rate of GaN NWs created by
MOCVD, there are various challenges for generating single
crystal NWs, including substrate selection, metal catalyst
nature, metal catalyst thickness, agglomeration and growth
temperature, V/III ratio, reactor pressure, and carrier gas ow.60

Although the selection of the proper substrate is challenging, it
is one of the top advantages that NWs can be grown on any
foreign substrate. Nature and control over the thickness of
metal catalyst help in dening the morphology of NWs. The
aspect ratio of NWs is critically dependent on agglomeration
conditions. Crystal quality and growth rate are controlled by
growth temperature and V/III ratio, respectively. Reactor pres-
sure and carrier gas ow also inuence the growth rate and
morphology of NWs.61,62 The challenges in terms of the reli-
ability and cost-effectiveness of GaN-based nanostructures for
photovoltaic, LED, FET, laser, photoelectrode, and nano-
generator applications are addressed by elimination of stacking
faults and threading dislocations through the growth of GaN
NWs on various substrates.63

Growing 1D GaN NWs on various substrates is challenging,
but it has a vast growth window that allows for the efficient
growth of single crystal NWs. The versatility of transporting
NWs from the substrate on which they are grown to another
material, as well as growth on multiple substrates, allows for
a broad range of applications.64

Catalyst-free growth (CFG), selective area growth (SAG), and
vapor–liquid–solid (VLS) are well-known fabrication processes
for 1D GaN-based nanostructures.65–67 VLS is a method to create
one-dimensional nanostructures,68 such as NWs, using chem-
ical vapor phase epitaxy.69–71 In general, the formation of
a crystal via direct adsorption of a gas phase onto a solid surface
is extremely slow. The VLS method overcomes this problem by
including a catalytic liquid alloy phase that can rapidly adsorb
a vapor to supersaturation levels, allowing crystal formation to
occur from nucleated seeds at the liquid–solid interface.72,73 The
size and physical characteristics of the liquid alloy inuence the
physical properties of the nanostructure created in this
manner.74
1024 | Nanoscale Adv., 2023, 5, 1023–1042
There are several comprehensive reports on the growth
mechanisms of GaN NWs.75–77 In this review, we summarize the
VLS growth mechanism of GaN NWs grown by MOCVD on
various substrates (sapphire, silicone, copper, tungsten, glass,
gallium nitride, and beryllium oxide) for various applications
(piezoelectric nanogenerators and sensors, light-emitting
diodes, and solar-driven water splitting) by our group and,
where necessary, the results with the permission of the
publishers are included. We also highlight the prospects of
exibility in substrate selection with VLS growth of GaN NWs for
various applications.
2. VLS growth mechanism of GaN
NWs

VLS is the most recognized method, initially described by
Wagner and Ellis in 1964 based on the formation of Au nano-
particles on the top of a single-crystal silicon nanowire. Reac-
tant vapor, liquid metal catalyst, and solid nanowire product are
represented by vapor, liquid, and solid, respectively. The
essential elements of the VLS growth mechanism are thor-
oughly examined, including vapor supersaturation, liquid
selection, the liquid–substrate interface, liquid–solid interface,
and solid–substrate interface. Vapor supersaturation should be
sufficient to dissolve into liquid metal catalyst to generate
supersaturated alloys, from which nanowire seed crystals
condense. Controlling vapor supersaturation is possible by
modifying pressure, temperature, and source material. Metal
catalysts, in general, should be properly evaluated based on the
alloy phase diagram and chemical reactivity. The interface
between the liquid metal catalyst and the substrate should be
carefully examined as well. Because the wettability determines
the distribution of the liquid metal catalyst, which can be
a continuous lm, porous lm, linked network, isolated
islands, or anything else. As a result, the morphology of the
products may suffer signicantly. Fig. 1 depicts a schematic of
the mechanism for VLS growth of GaN NWs by MOCVD. All
phases are depicted in order, beginning with thin lm deposi-
tion and progressing through metal agglomeration, supersatu-
ration, and vertical growth of 1D GaN NWs.
3. Growth of 1D GaN-based
heterostructures (HS) on various
substrates

Several factors impact the shape and properties of GaN NWs
grown using VLS. Catalyst composition, growth kinetics, and
hosting substrate type are among these parameters.78 The
inuence of the hosting substrate type on the morphology of
NWs is investigated in this study.
3.1 Growth of 1D GaN/InGaN core/shell MQWs HS on Si

GaN NWs grown using the VLS approach are extremely sensitive
to the nature and/or orientation of the hosting substrate. Johar
et al. reported for the rst time the growth of GaN/InGaN MQW
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The VLS growth mechanism of 1D NWs. Reproduced with
permission from ref. 68. Copyright 2017 IOP publisher.

Fig. 2 Schematic depiction of catalyst preparation: (a) hydroxylation, (b) s
annealing. The schematic for (e) VLS development of GaN core nanowire
nanowires. SEM images of (g) GaN core NWs and (h) GaN/InGaNMQWco
Reproduced with permission from ref. 79. Copyright 2019 RSC publishe

© 2023 The Author(s). Published by the Royal Society of Chemistry
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co-axial NWs on an n-type Si (111) substrate for ultrafast carrier
dynamics studies.79 For the growth of 1D GaN-based core NWs,
Au NPs are deposited on a Si substrate to be used as a metal
catalyst. The substrates are placed into the MOCVD aer Au
colloidal particles are deposited on the Si substrate. Trimethy-
lindium (TMIn) and trimethylgallium (TMGa) are then injected
into the reactor as indium and gallium precursors. To achieve
the agglomeration of the Au/In/Ga alloy catalyst, the reactor
temperature is raised to perform annealing. The m-axial GaN
core NWs are grown from the agglomerated alloy particles.
Following the successful axial growth of non-polar GaN core
NWs using the VLS approach, the mode of growth is switched
from VLS to VS for the NWs' lateral growth. The GaN shell is
formed radially in the rst phase of radial growth. Then, seven
pairs of GaN/InGaN MQWs with the same thickness for all GaN/
InGaN pairings are grown. Schematically, the entire growth
mechanism of core GaN NWs with GaN/InGaN MQW shells is
illustrated in Fig. 2(a)–(f). The morphology of GaN core NWs is
shown in Fig. 2(g) and a magnied image in the inset demon-
strates the smooth surface of grown NWs. The SEM image of
GaN/InGaN MQW co-axial NWs is shown in Fig. 2(h). A
ilanization and AuNP deposition, (c) in situGa and In deposition, and (d)
s and (f) lateral growth of GaN/InGaNMQW shells around the GaN core
axial NWs, with insets showing high-magnification images in each case.
r.

Nanoscale Adv., 2023, 5, 1023–1042 | 1025
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Fig. 3 (a) Schematic illustration of a GaN/InGaN MQW co-axial single NW, (b) low-magnification STEM micrograph, in which the growth
direction of GaN core NWs is also shown along the m-axis, (c) cross-sectional HAADF-STEM micrograph of a single NW prepared by FIB, (d)
layer-by-layer structure of the GaN/InGaN pairs from one side of an isosceles NW, (e) high-magnification micrograph depicting the InGaN QWs,
(f) inter-planer measurement of the structure with QWs, and (g) SAED patterns of the GaN/InGaN disk. Reproduced with permission from ref. 79.
Copyright 2019 RSC publisher.
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magnied image of GaN/InGaN MQW co-axial NWs with an
equilateral triangular cross-section is shown in the inset.

Johar et al. furthermore performed high-angle annular dark-
eld scanning transmission electron microscopy (HAADF-
STEM), to investigate the crystallographic structure of the
samples. To evaluate the cross-sectional view of the triangular-
shaped GaN/InGaN MQW co-axial NWs, a thick slice was sliced
by focused ion beam (FIB) from a single NW, as shown in
Fig. 3(a)–(c). The shell development of the GaN/InGaN is
strongly dependent on the facet orientation of the GaN core, as
seen in Fig. 3(c). The HAADF-STEM picture in Fig. 3(c) conrms
that GaN/InGaN shells do not grow near the base of the GaN
core, which is well known.80 A high-magnication image of the
GaN/InGaN MQW grown on semi-polar facets is also presented
in Fig. 3(d), with seven pairs of GaN/InGaN MQWs with explicit
borders detected. The thickness of the InGaN QW and GaN QB
is shown in Fig. 3(e). The inter-planar spacing shown in Fig. 3(f)
and SAED pattern in Fig. 3(g) shows that the GaN core grew
along [1�100] with the basal plane of (0002�) and two inclined
planes (112�2) and (1�1�22). As a result, it can be concluded that
single crystalline GaN NWs can be successfully fabricated on Si
substrate by optimizing the growth conditions for several
applications.
Fig. 4 Depicts a schematic representation of the GaN-based NW
fabrication flow: (a) aggregation of the Au/Ga/In metal alloy catalyst,
(b) formation of the GaN core NWs, and (c) InGaN/GaN MQW coaxial
shells on the BeO substrate; the inset indicates the geometry of the
core/shell structure. Reproduced with permission from ref. 81.
Copyright 2020 ACS publisher.
3.2 Growth of 1D GaN/InGaN core/shell MQWs HS on
beryllium oxide

Beryllium oxide (BeO) is a special type of material that possesses
both high thermal conductivity and high electrical resistance.
1026 | Nanoscale Adv., 2023, 5, 1023–1042 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Scanning electronmicrographs: (a) top view of the bare BeO substrate, with an inset showing a bird's-eye view, (b-i and b-ii) low- to high-
magnification images of GaN core NWs, (c-i and c-ii) low- to high-magnification images of InGaN/GaN MQWNWs, (d-i and d-ii) images with an
emphasis on the vertical development of the NWs, and (e-i and e-ii) images of InGaN/GaN MQW NWs with a focus on the skewed growth.
Reproduced with permission from ref. 81. Copyright 2020 ACS publisher.
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The crystal structure of BeO is identical to that of GaN, and the
absolute difference in lattice constants is less than 17%. For the
rst time, the formation of GaN NWs on a polycrystalline BeO
substrate was reported by Johar et al.81 The optimal strategy for
growing single-crystalline GaN atop polycrystalline BeO is to
generate single-crystalline GaN NWs with the same crystal
orientation. The GaN NWs were synthesized on the BeO
substrate using the VLS approach employing Au as a catalyst.
The schematic illustration of agglomerated alloy NPs in Fig. 4(a)
and the SEM image of a bare BeO substrate in Fig. 5(a) show that
the BeO substrate is polycrystalline. The GaN NWs were grown
when the precursors were injected into the reactor, and their
schematics are illustrated in Fig. 4(b). The low- and high-
magnication images of the GaN core NWs are shown in
Fig. 5(b-i) and (b-ii). It is discovered that NWs grow equally on
all grains, regardless of host crystal orientation. The NWs are
round, with diameters of 19 ± 2 nm, lengths of 4.4 ± 0.1 mm,
and surface densities of (3.4 ± 0.1) ×109 cm−2.

As indicated in the schematic of Fig. 4(c), the growth mode
was switched from VLS to VS for the radial growth of InGaN/GaN
MQW shells. The GaN shell is rst formed around the GaN core
NW, which serves as a host for the formation of InGaN/GaN
MQW shells. Then, the InGaN/GaN MQW coaxial shells are
formed, and the low- to high-magnication SEM images of
these shells are shown in Fig. 5(c-i) and (c-ii). Surprisingly, GaN
© 2023 The Author(s). Published by the Royal Society of Chemistry
NWs are oriented in two directions: they are either vertically
aligned or slantingly aligned NWs. The degree of alignment is
determined by the orientation of the BeO substrate's domains.
As illustrated in Fig. 5(d-i) and (d-ii), vertically aligned NWs
cover approximately half of the domains of the BeO substrate.
Fig. 5(d-i) is a high-magnication image of vertically aligned
NWs, while Fig. 5(d-ii) depicts a very distinct boundary between
vertically and slantingly aligned NWs. Fig. 5(e-i) and (e-ii) show
low and high magnication photos of skewed NWs,
respectively.

To assess the crystal quality and growth direction of NWs
TEM is used. The low to high magnication TEM images of the
GaN core NWs in Fig. 6(a)–(c) indicate that the NWs are straight
and smooth, with a regular diameter of 19 + 2 nm. Fig. 6(d)
illustrates a high-magnication view of the planes down to the
atomic level. It can be observed in Fig. 6(e), the interplanar
distance perpendicular to the growth direction corresponds to
the m-axial interplanar spacing; hence, the GaN core NWs are
grown along the m-axis. The image with hexagonal fringes
perpendicular to the growth direction of the GaN NWs conrms
the growth of NWs along the m-axis, as corroborated by the
interplanar distance. The regular SAED patterns and obtained
with the same orientation, conrms the monocrystalline
structure of GaN NWs. The SAED patterns shown in Fig. 6(f)
have a zone axis of (0001), and their hexagonal form matches
Nanoscale Adv., 2023, 5, 1023–1042 | 1027
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Fig. 6 Transmission electron micrographs of GaN core NWs grown on a BeO substrate: (a–c) low- to high-magnification images, (d) high-
magnification image showing planes with the complete width, (e) interplanar spacing along them-axis with a very clear growth direction, and (f)
SAED patterns verifying the growth direction along the m-axis. Reproduced with permission from ref. 81. Copyright 2020 ACS publisher.
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the growth direction of GaN core NWs along the m-axis; hence,
the SAED patterns validate our interpretation based on inter-
planar spacing. It can be stated that the polycrystallinity of
Fig. 7 Growth of GaN NWs on a graphene-coated Cu foil. Illustration o
catalyst aggregation. (b-ii) SEM micrograph of catalyst agglomeration.
magnification SEM micrograph of GaN NWs, and (c-iii) high-magnificatio
55. Copyright 2020 Wiley publisher.

1028 | Nanoscale Adv., 2023, 5, 1023–1042
a substrate just inuences the orientation of NWs and it has no
effect on the crystallinity of NWs grown by employing the VLS
method.
f: (a) a graphene-coated Cu metal foil and (b-i) Au/In/Ga metal-alloy
(c-i) GaN nanowires grown on a graphene-coated Cu foil, (c-ii) low-
n SEM micrograph of GaN NWs. Reproduced with permission from ref.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) High-magnification and (b) low-magnification SEM images of GaN NWs following GaN shell growth. (c) A low-magnification TEM
image of GaN core NWs, (d) a high-magnification image of the corresponding NW with an inset showing the planar order normal to the growth
direction, (e) a very-high-magnification image depicting the interplanar spacing of 2.8 Å, and (f) SAED patterns confirming the growth direction
along the m-axis. Reproduced with permission from ref. 55. Copyright 2020 Wiley publisher.
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3.3 Growth of 1D GaN nanowires on graphene-coated
monolayer Cu foil

The van der Waals (vdW) heteroepitaxial growth method was
used to grow single-crystal GaN NWs on a polycrystalline nature
metallic substrate,55 as illustrated in Fig. 7(a). Due to the low
melting temperature of the Cu substrate, the VLS method with
Au as the major catalyst is used to develop GaN NWs at low
temperatures. Low-melting-temperature metals such as In and
Ga are used to further lower the melting temperature of the
catalyst for agglomeration. Following agglomeration, the
homogeneous alloy is created by annealing, resulting in a well-
separated spherically shaped alloy catalyst. Fig. 7(b-i) and (b-ii)
show a schematic of the agglomeration as well as the related
SEM images. Because the substrate is metallic, Au/In/Ga can
interact with Cu. However, the graphene covering on the Cu foil
prevents any interaction or direct contact of the Au/In/Ga alloy
with the Cu foil. Graphene had a covering area of more than
95%,82 and the graphene coating worked as a single-crystalline
substrate. Furthermore, the use of a graphene covering is
advantageous owing to graphene's extremely high electrical
conductivity. As a result, a spherical Au/In/Ga metal-alloy cata-
lyst formed on top of graphene. Following the delivery of the
precursors, the catalyst absorbed Ga and nitrogen, and at
supersaturation of the catalyst, the precursors began to
precipitate at the substrate–catalyst interface. Fig. 7(c-i) depicts
a schematic of the NW growth, which began at the substrate–
catalyst interface and extended upward. Fig. 7(c-ii) and (c-iii)
show the scanning electron micrographs of GaN NWs grown on
Cu foil. The growth was then shied from VLS to VS mode by
© 2023 The Author(s). Published by the Royal Society of Chemistry
raising the V/III ratio to 18 000, and bird's-eye and top view SEM
images are shown in Fig. 8(a) and (b).

TEM and SAED measurements are used to assess the crystal
quality and growth direction of the GaN NWs. Fig. 8(c) and (d)
shows a low and high-magnication image with a very smooth
surface of the NWs and an inset showing smooth planes
perpendicular to the growth direction. Interplanar spacing
corresponds to the m-axial growth direction illustrated in
Fig. 8(e). SAED patterns veried the growth direction, and the
growth direction is conrmed to be the same as that observed
from the interplanar spacing illustrated in Fig. 8(f). TEM
measurements performed on many NWs depicts the NWs had
the same size, shape, crystal quality, and growth direction.
Finally, single crystalline GaN NWs can be grown on low
melting temperature substrates using the VLS approach for
a variety of applications.
3.4 Growth of 1D GaN HS on a glass substrate

A simple two-step VLS–VS growth method is used to grow highly
crystalline m-axis GaN NWs on an amorphous glass substrate,83

as shown in Fig. 9(a)–(d). A metal alloy catalyst initiated the
formation of high-quality GaN core NWs.84,85 The Au/In/Ga alloy
catalyst solidly agglomerated by in situ annealing of the samples
in an MOCVD reactor in an H2 environment to create well-
separated nanoparticles with a diameter of 42 ± 10 nm, as
illustrated in Fig. 9(g). High-aspect-ratio (∼62) NWs shown in
Fig. 9(h) are formed by means of the VLS growth mode. The size
of the metal alloy catalyst determines the diameter of the NWs.
A low V/III ratio of 25 is a critical criterion for the axial growth of
Nanoscale Adv., 2023, 5, 1023–1042 | 1029
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Fig. 9 Schematic representation of the growth sequence of: (a) GaN core NWs by VLS, (b) triangular-shaped GaN shells enclosing GaN core NWs
by VS mode, (c) InGaN/GaN triangular-shaped MQW shells around GaN shells, and (d) a bird's-eye view of the entire structure of GaN/InGaN
MQWNW. Images of the glass substrate: (e) after Au deposition and (f) following GaN/InGaNMQWgrowth. Scanning electronmicrographs of: (g)
Au/In/Ga alloy catalyst agglomeration (inset shows side view), (h) GaN core NWs (inset shows a high-magnification view of a single NW), (i) GaN
NWs following growth of GaN shell, (j) bird's-eye view of InGaN/GaN MQWNWs, (k) high-resolution image of InGaN/GaN MQW, and (l) top view
of MQW NWs. Reproduced with permission from ref. 83. Copyright 2020 Elsevier publisher.
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NWs. The GaN NWs have lengths of 3 ± 0.2 mm, diameters of 48
± 10 nm, and densities of 8 ± 0.5 108 cm−2. Because it is widely
known that the growth direction of GaN core NW can be
modied by optimizing the supply of precursors,86 the growth
direction is optimized utilizing a nely regulated supply of
gallium and nitrogen precursors. Fig. 9(b) and (i) show the
respective schematic and SEM image of the GaN NWs, respec-
tively, following the conformal growth of GaN shells. A wetting
layer can be detected at the nucleation site of the GaN NWs on
the substrate, as shown in Fig. 9(i). Following the formation of
the GaN shell, ve pairs of InGaN/GaN triangular-shaped MQW
shells were grown conformally utilizing the VS growth method.
Triangular-shaped InGaN/GaN MQW shells surrounding the
GaN NWs are depicted schematically in Fig. 9(c) and (d).
Fig. 9(e) and (f) show images of the 2-inch glass substrates
before and aer the formation of the NWs, respectively. The
low-magnication bird's-eye view SEM image of InGaN/GaN
MQW coaxial NWs evenly grown on an amorphous glass
substrate is shown in Fig. 9(j). In addition, a high-magnication
1030 | Nanoscale Adv., 2023, 5, 1023–1042
image with an inset veries the smooth surface of the NWs in
Fig. 9(k). The top view low-magnication SEM image and the
high-magnication inset in Fig. 9(i) reveal homogenous growth.
It is evident that the growth on top of the glass substrate is
homogeneous. Throughout the 2-inch substrate, the same
growth morphology was observed. Furthermore, the growth
quality was consistent from run to run and did not decline,
indicating the wide growth window of Au-catalyzed GaN NWs on
glass substrates by MOCVD.

In situ post-growth annealing in an NH3 environment, known
as nitridation, is used to smoothen the surface up to the atomic
level. In this regard, Fig. 10 depicts two series of TEM images,
namely series (a) and series (b). Fig. 10(a-i) and (a-ii) show TEM
images of the NWs at low and highmagnications without post-
growth nitridation, in which the surface is not smooth. The
NWs have a triangular cross-section, and one of the edges is
highlighted in Fig. 10(a-iii); the crystal planes of the edge are not
aligned with the crystal planes of the inner part of the NW.
Furthermore, the interplanar spacing of the lattice planes is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Transmission electron micrographs of a GaN NW after GaN shell growth: (a-i and a-ii) low- and high-magnification images (inset of (a-i)
shows the interplanar spacing), (a-iii) high-magnification image focused on the termination of the side planes of a GaN shell, (b-i and b-ii) low-
and high-magnification images (inset of (b-i) shows the inter planner spacing) (b-iii) high-magnification image focusing on the termination of the
GaN shell side planes with a very clean surface termination at the atomic level. Reproducedwith permission from ref. 83. Copyright 2020 Elsevier
publisher.
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0.28 nm, as can be observed in the inset of Fig. 10(a-i). The
interplanar space corresponds to the m-axial growth direction.
The low and high magnication TEM images of the NWs aer
smoothening the edge of the triangular cross-section by adding
the in situ post-growth nitridation process are shown in
Fig. 10(b-i)–(b-iii). The images in Fig. 10(b-ii) and (b-iii) show
high-magnication images focused on the lateral edge of
a triangular NW, and the orderly termination of atomic layers is
illustrated. The interatomic spacing is depicted in the inset of
Fig. 10(b-i), and the measurement is depicted in Fig. 10(b-iii)
with a value of 0.28 nm, which is ascribed to the core NWs' m-
axial development direction. Thus, the TEM data show that the
growth direction of the GaN core NWs is along the m-axis.

Aer growing highly crystalline triangular-cross-section GaN
shells around them-axis GaN core NWs, ve pairs of InGaN/GaN
MQW shells are grown on sides of a triangle-shaped geometry,
as shown schematically in Fig. 11(a). The cross-sectional view
schematic is shown in Fig. 11(b), elucidating the growth facets
of InGaN QW on the semipolar planes. Fig. 11(c) shows the TEM
(HAADF-STEM) image of a full cross-sectional view of a NW. The
inset displays a high-magnication image with an interplanar
distance assigned to the c-plane; hence, the basal plane is (000
2). Fig. 11(d), (e) and (f) show high-resolution micrographs of
the top cone, right side, and le side of the cross-sectional view,
respectively. Between the InGaN QW and the GaN barrier, a very
clear boundary can be observed. Fig. 11(g) depicts an InGaN QW
thickness of 1.6 nm and a GaN barrier thickness of 10 nm.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 11(h) shows the SAED patterns that were obtained with the
zone axis of m-plane. An EDS line scan performed for the entire
InGaN/GaN MQW structure to examine indium incorporation,
and the scanned area is marked with a yellow line in Fig. 11(i);
the variation in the gallium and indium elements over the
measurement length is depicted in the overlapping graphs of
Fig. 11(i). EDS elemental mapping to study the overall picture of
indium incorporation in a wide range, and the laid-out image of
indium, gallium, and nitrogen is shown in Fig. 11(j). The
elemental mapping for indium, gallium, and nitrogen sepa-
rately are shown in Fig. 11(k), (l) and (m), respectively. The TEM
investigation revealed the formation of monocrystalline high-
quality triangular-shaped InGaN/GaN MQW shells
surrounding the GaN NWs. The above-mentioned growth
procedures and characterizations lead to the conclusion that
single crystalline GaN NWs can be synthesized on an amor-
phous substrate using the VLS methodology.
3.5 Growth of 1D GaN HS on GaN thin lm

Pristine and coaxial GaN NWs on GaN thin lm were grown by
MOCVD. VLS and VS growth modes are utilized for the growth
of core and shell, respectively.87 To create pure GaN NWs, 3 mm-
thick c-plane GaN thin lms (grown on sapphire) are utilized as
the substrate, which was then coated with Au thin lm. The Au-
coated GaN substrates are placed into the MOCVD reactor for
the VLS growth of core GaN NWs. The growth was conducted in
an H2 atmosphere. The p-GaN shell was grown by injecting
Nanoscale Adv., 2023, 5, 1023–1042 | 1031
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Fig. 11 (a) Schematic of InGaN/GaN MQW triangular shells with side view of NWs; (b) cross-sectional view of InGaN/GaN MQW triangular shells
with N-facet [000 �2] orientation of basal plane and semipolar (112�2) planes. InGaN/GaN triangular-shaped MQW structural characterizations: (c)
HAADF-STEM cross-sectional image of InGaN/GaN triangular-shaped MQW NW (inset shows atomic-resolved high-resolution STEM image
showing interplanar spacing). High-magnification images of: (d) upper part, (e) right side, and (f) left side of the cross-section of InGaN/GaN
MQW triangular shells. The scale bar for (d)–(g) is 10 m. (h) SAED patterns measured from the zone axis of them-plane [1 100]. STEM EDS (i) line
profile analysis/scan of InGaN/GaN MQW triangular-shaped shells (the stacked graphs show the composition of gallium and indium along the
lateral direction of the cross-section as a function of distance). EDS elemental mapping of the whole structure: (j) gallium, indium, and nitrogen;
(k) indium; (l) gallium; and (m) nitrogen. Reproduced with permission from ref. 83. Copyright 2020 Elsevier publisher.

Fig. 12 Growth schematics of pristine and coaxial GaN NWs on a GaN thin film. Reproduced with permission from ref. 87. Copyright 2021
Elsevier publisher.
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Fig. 13 (a and b) SEM images of agglomerated Ga–In–Au alloy at different scales. (c and d) SEM photos of pristine GaN NWs at different scales. (e
and f) SEM images of p–n junction coaxial GaN NWs at different scales. Reproducedwith permission from ref. 87. Copyright 2021 Elsevier publisher.
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Cp2Mg for p-type doping and altering the growth mode from
VLS to VS by increasing the V/III ratio. Fig. 12 depicts a sche-
matic representation of the NW growth sequence.

SEM characterization reveals the morphology of pristine and
coaxial GaN NWs. Fig. 13 show the agglomeration of the well-
separated spherical droplets of homogenous alloy catalyst.
The formation of pure GaN NWs commenced aer the
agglomeration stage by injecting the precursors is shown in
Fig. 13(c) and (d). Following the formation of pure GaN NWs,
the p-GaN shell is epitaxially formed on the NWs, as illustrated
in Fig. 13(e); the surface morphology of the NWs is shown by
magnied image in Fig. 13(f). The tip of the coaxial NW has
a trigonal pyramidal form, as can be observed in the inset of
Fig. 13(f).

The crystallographic orientation of the pristine and coaxial
GaN NWs is validated by TEM characterization. TEM images of
a single pure GaN NW and its enlarged lattice fringes (inset of
Fig. 14(a)) indicate a D-spacing of 0.26 nm, which is consistent
with c-axis GaN NWs. It is proven by SAED pattern (taken along
the [1�210] zone axis) that the GaN NW grows along the c-axis
© 2023 The Author(s). Published by the Royal Society of Chemistry
(Fig. 14(b)). Similarly, Fig. 14(c) depicts a TEM image of a single
coaxial GaN NW with a triangular cross-section; its enlarged
lattice fringes validate the 0.26 nm D-spacing (Fig. 14(d)). The
SAED pattern (taken along the [1�100] zone axis) shown in
Fig. 14(e) demonstrates that the crystallographic orientation of
the GaN coaxial NW is along the c-axis. The SAED diffraction
pattern of the coaxial NW identies a wurtzite crystal structure
orientated along the c-axis (Fig. 14(f)). According to the TEM
results, pristine and coaxial GaN NWs formed along the c-axis.
Characterization results demonstrate that GaN NWs with good
crystal quality can be effectively grown on GaN thin lms using
the VLS approach for a variety of applications such as energy
conversion and LED.
4. Applications of 1D GaN-based
heterostructures

Because of their excellent mechanical characteristics, structural
perfection due to their defect-free structure, improved strain
connement, high elastic limit of deformation without plastic
Nanoscale Adv., 2023, 5, 1023–1042 | 1033
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Fig. 14 (a) TEM image of pristine GaNNWs, in which inset showsmagnified lattice fringes, (b) SAED pattern of pristine GaNNWs, (c) TEM image of
coaxial GaN NW, (d) magnified fringes of a coaxial GaN NW, (e) SAED pattern of coaxial GaN NWs, and (f) model of wurtzite GaN crystal structure
oriented along the c-axis. Reproduced with permission from ref. 87. Copyright 2021 Elsevier publisher.
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deformation, high radiative recombination rate, strong electron
mobility, variable energy band gap ranging from near-infrared
(InN, 0.64 eV) to ultraviolet (AlN, 6.2 eV), increase in reactive
surface area, and improved charge separation, GaN NWs are the
most attractive choices for piezoelectric nanogenerators
(PENGs),88 light-emitting diodes (LEDs),89 and solar-driven
water splitting.90
4.1 Piezoelectric properties of 1D GaN-based
heterostructures

In recent years, ambient energy harvesting technologies for
powering wearable electronics, multipurpose portable elec-
tronic devices, and implantable devices have advanced rapidly.
One of the most signicant methods for harvesting the energy
1034 | Nanoscale Adv., 2023, 5, 1023–1042
of microscale ambient mechanical sources is the conversion of
mechanical energy into electrical energy utilizing PENGs.91–93

Ambient actuation sources such as vibrations, bending, vehicle
movement, air ow, uid ow, muscle action, running, and
walking are the most prevalent actuation sources for PENGs
among the various energy sources in nature.94,95

GaN has a non-centrosymmetric crystal structure, which
implies that when stressed, the centers of the cations and
anions become out of balance, causing a tiny dipole moment in
each unit cell, and the superposition of such dipole moments
results in a piezoelectric potential throughout GaN.55

Fig. 15(a) represents a schematic of the device fabrication
aer it was hardened by annealing at 120 °C for 40 min. The
NWs grown on the Cu foil are implanted in PDMS by covering
the top of the device with PDMS, as illustrated in Fig. 15(b), and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Transfer of GaN NWs grown on a graphene-coated Cu foil onto a PDMS-coated PET substrate. (b) PDMS deposition to build a GaN
NW-PDMS matrix on the substrate. (c) Au evaporation onto the PENG. (d) Image of the full device's corresponding structure. Reproduced with
permission from ref. 55. Copyright 2020 Wiley publisher.
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the image of the matching device is shown in Fig. 15(c). Finally,
the top and bottom contacts are made, as indicated schemati-
cally in Fig. 15(d).

By bending the PENG with a cyclic stretching-releasing
agitation mechanism powered by a linear motor, the piezo-
electric output is investigated. The arrangement includes a xed
plate and a moving plate, and the PENG is attached to the plates
by sandwiching it between the plates, as illustrated in Fig. 16(a-
ii). Fig. 16(a-i) depicts the bending, whereas Fig. 16(a-ii) shows
the photograph of the arrangement. As the sliding plate moves
forward, the PENG begins to bend, as indicated in the sche-
matic in Fig. 16(b-i), and the bending phases are depicted in the
images of Fig. 16(b-ii) and (b-iii). A detailed cross-sectional
drawing of the PENG is shown in Fig. 16(c) to illustrate the
stress distribution in the active media of the PENG owing to
bending. The PENG faces compressive stress at the bottom and
tensile tension at the top as it bends. Because the NWsmatrix is
embedded in the top half of the device, NWs encounter tensile
stress laterally, resulting in the formation of radial compressive
stress, as seen in Fig. 16(d). As a result, the bending angle
species the PENG's degree of strain. Fig. 4(d) shows a NW with
no stress on the le and a NW with compressive stress due to
bending on the right. The piezoelectric output voltage is 19.7
volts, as shown in Fig. 16(e), with an inset of a magnied image
of the output waveform. Fig. 16(f)–(h) show the piezoelectric
output current measured at various bending angles, and it can
be observed that the degree of bending impacts the magnitude
of the stress encountered by the PENG. The current output
ranged from 30 mA cm−2 to 1.97 mA cm−2 while the actuation
frequency was kept constant at 8 Hz for both the chro-
noamperometry and chronopotentiometry studies. Over 4
© 2023 The Author(s). Published by the Royal Society of Chemistry
million cycles stability test showed no substantial deterioration
in the performance of the device. Based on the results obtained
from PENG fabricated using GaN NWs, it is inferred that
abundant electrical energy might be harvested by employing
GaN NWs for the construction of PENGs.
4.2 Light-emitting properties of 1D GaN-based
heterostructures

The III-nitride semiconductor-based epitaxial nanowires (NWs)
demonstrate novel properties such as a high radiative recom-
bination rate, a small Auger effect, high electron mobility, and
a variable energy band gap ranging from near infrared to
ultraviolet. Because of these properties, III-nitride NWs may be
considered a possible contender for LED applications.83,96,97

Fig. 17 shows an electrically driven InGaN/GaN QD-QW NW-
based hybrid LED. A p-GaN shell grown with a reduced growth
rate to cover NWs conformally, followed by a high growth rate to
accomplish the coalescence of p-GaN solely around the top of
the NWs for the electrical pumping of carriers. Fig. 7(a) and (b)
show the schematic drawing and SEM micrograph of the whole
structure. Because of the different rotational orientations of the
m-plane NWs, the coalesced p-GaN has a polycrystalline
morphology; nonetheless, we believe that this has no effect on
LED functioning. The device's light-emitting efficiency is prin-
cipally governed by the single-crystalline and defect-free InGaN/
GaN MQWs. The role of p-GaN is to transfer holes to the active
layer, and it is independent of the GaN quality. The bottom
wetting layer is utilized to pump electrons into the active area;
however, due to its thinness, it cannot tolerate extremely strong
current injection. The p-type contacts consisted of Ni/Au, and
the n-type contacts are soldered with an indium bottom wetting
Nanoscale Adv., 2023, 5, 1023–1042 | 1035
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Fig. 16 (a-i) Schematic illustration of the cyclic stretching-releasing agitation setup when the PENG is not bent, (a-ii) photograph of the PENG in
the same configuration, (b-i) schematic illustration of the agitation setup when bent, (b-ii) photograph of the setup as bending begins, and (b-iii)
photograph of the setup when full bending is achieved. (c) Schematic illustration of the NWs undergoing tensile stress applied laterally upon
bending of the PENG, (d) demonstration of the NWs' lateral tensile stress being converted into compressive axial stress, (e) piezoelectric output
voltages, piezoelectric output current upon: (f) maximum bending, (g) medium bending, and (h) minor bending. Reproduced with permission
from ref. 55. Copyright 2020 Wiley publisher.
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layer. Fig. 7(c) depicts the current–voltage curve with an inset
image of the LED. Interestingly, a p–n junction is developed on
a c-lateral facet with no QWs that could result in source loss,
although the loss should be extremely modest owing to the very
thin p-GaN layer on the c-lateral facet due to the very low growth
rate of the c-lateral facet compared with that of semipolar fac-
ets. As a result, for the rst time, Johar et al. demonstrated LED
operation using conformally grown triangular-shaped InGaN/
GaN MQW NWs, which have low dimensions, suppressed
QCSE, excellent IQE, and an ultrashort carrier lifetime. It is
concluded that GaN NWs have ample potential for the
1036 | Nanoscale Adv., 2023, 5, 1023–1042
fabrication of LEDs utilizing different kinds of nanostructures
on various substrates.
4.3 PEC water-splitting properties of 1D GaN-based
heterostructures

Global energy consumption is quickly expanding, and reliance
on nonrenewable energy supplies is quickly increasing CO2

content in the atmosphere, resulting in global warming.
Renewable energy resources have piqued the interest of experts
all around the world to address this issue. Hydrogen has the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) Schematic representation of the whole structure of a NW-based LED, (b) SEM micrograph of the developed structure, and (c) LED IV
measurement (inset shows an image of an LED). Reproduced with permission from ref. 83. Copyright 2020 Elsevier publisher.
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potential to be a viable alternative energy source since it is
ecologically benign, has a high energy density, and can be
created from a large amount of water and solar energy. The
photoelectrochemical (PEC) technique for splitting water is
a potential approach for creating hydrogen fromwater and solar
energy.98–100

Metal nitrides have received much interest due to their
structural stability and electrical conductivity, and III–V semi-
conductors have emerged as a viable option for PEC water
splitting. The dening qualities that make III–V semi-
conductors attractive candidates for PEC water splitting include
band gap tunability, prolonged carrier lifetime, and improved
crystal quality. GaN is a III–V semiconductor with a straight
band gap and conduction and valence bands that span the
water redox level; hence, no external bias is required.52,101,102

There are several strategies to enhance PEC water splitting.
Nano-structuring is one of the key strategies to signicantly
improve PEC water splitting. In recent years, 1D nanostructures
have been extensively explored for PEC water splitting. In 1D
nanostructures, lattice-incompatibility limitations are relaxed,
© 2023 The Author(s). Published by the Royal Society of Chemistry
leading to decreased dislocation development and a low
piezoelectric polarization eld. In addition, 1D nanostructures
increase the reactive surface area and improve charge
separation.103–105 When a semiconductor comes into contact
with an electrolyte, effective charge transport via the interface is
crucial. Passivation/overlayers enhance the charge transfer rates
by providing a convenient path for charge transfer from active
sites, lowering surface state density, and limiting chemical
corrosion.

Fig. 18 depicts the results of the PEC water-splitting
measurements for GNWs/ZnS photoanodes. The photocurrent
density is determined using linear scanning voltammetry (LSV),
and the ndings are displayed in Fig. 18(a). LSV measurements
for samples with varying ZnS shell thicknesses reveal that holes
transport effectively from the valence band of the GaN core
material to the electrolyte via the ZnS overlayer for optimum
ZnS shell thickness. At zero applied bias, Fig. 18(b) shows the
dependency of photocurrent density on the thickness of the ZnS
shell on the GaN core NW. The optimal sample's applied bias
photon-to-current conversion efficiency (ABPE%) value was
Nanoscale Adv., 2023, 5, 1023–1042 | 1037
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Fig. 18 PEC water-splitting performance of bare and GNWs with various ZnS overlayer thicknesses. (a) LSV curves, (b) photocurrent density
against ZnS overlayer thickness at zero bias under one-sun illumination, (c) ABPE%, and (d) EIS spectra. Reproduced with permission from ref. 90.
Copyright 2022 Elsevier publisher.
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1.12%, which is a meaningful value for a GaN-based photo-
anode. The ZnS overlayer inhibited surface and bulk recombi-
nation of photogenerated electron–hole pairs.

The electrochemical impedance spectra (EIS) of GNW pho-
toanodes with varying thicknesses of the ZnS overlayer are
shown in Fig. 18(d). The analogous circuit for the EIS spectra is
shown in the inset. Each spectrum's semicircle represents the
charge transfer resistance between the electrodes and electro-
lyte. Because ZnS stimulates the injection of photogenerated
holes into the electrolyte from the core GNW for the oxidation
reaction, GNW–ZnS (1.5) has the smallest-radius semicircle,
implying low charge transfer resistance.

Furthermore, Au NPs sandwiched between the core GNW
and the ZnS overlayer improve the PEC water-splitting perfor-
mance of GNWs. Fig. 19 shows the ternary sandwiched nano-
structure's PEC water-splitting properties. Under one-sun
illumination at zero bias versus the Ag/AgCl reference electrode,
the ternary sandwiched nanostructure showed a photocurrent
density of 1.15 mA cm−2. Chronoamperometry results are used
to evaluate the photostability of the ternary sandwiched nano-
structure photoanode. As shown in Fig. 5(b), the ternary sand-
wiched nanostructure photoanode retained 76% of its initial
PEC over a lengthy period (∼14 h), whereas bare GNWs retained
65% aer a short (2.2 h) stability test. The suppression of bulk
and surface recombination of photogenerated charges, as well
as the ease of transporting them from the core GaN NW and Au
1038 | Nanoscale Adv., 2023, 5, 1023–1042
NPs to the electrolyte via the ZnS overlayer, are the reasons for
this increased stability.

The mechanism behind the signicant increase in the PEC
water-splitting performance for the ternary sandwiched nano-
structure photoanode is presented in Fig. 19. Photogenerated
electrons and holes are stimulated into the conduction and
valence bands of GaN when exposed to light. Due to the exis-
tence of defects, bare GNWs have a high rate of electron–hole
recombination on the surface, dramatically limiting the PEC
water-splitting efficiency. The addition of a ZnS overlayer on the
GNWs inhibits the recombination of photogenerated charges
on the surface of the NW and speeds up the injection of pho-
togenerated holes into the electrolyte for the PEC water oxida-
tion process. The photoanode/electrolyte interfaces generated
by the Au NPs and the ZnS passivation layer contribute to the
improved PEC water-splitting performance of the ZnS/Au NPs/
GNW photoanode. This signies that the multi-interface fabri-
cation strategy paves the way for the emergence of high-
performance semiconductor photoelectrodes for efficient solar
energy conversion. GaN NWs emerge as a strong candidate for
PEC water splitting. The growth of single crystalline NWs using
the VLS method on different conductive substrates is another
great opportunity to enhance the usage of NWs in this horizon.
Nanostructures of multiple shapes and sizes can be effectively
utilized in PEC water splitting. The synthesis of shell/core
structure can aid in the improvement of light harvesting,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) LSV plots of a ternary sandwiched nanostructure photoanode, (b) chronoamperometry measurements at zero bias for comparing the
stability of bare GNWs and ternary photoanodes, and (c) schematic depiction of the proposedmechanism for increasedwater-splitting efficiency
of the ZnS/Au NPs/GNWs photoanode. Reproduced with permission from ref. 90. Copyright 2022 Elsevier publisher.

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
02

5 
09

:1
7:

45
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
charge generation, and separation. Hence, it can be stated that
GaN NWs grown using the VLS method on various substrates
have proved as an excellent choice for energy conversion and
LED applications.
5. Conclusions

This study provides a detailed explanation of the synthesis of
GaN NWs using the VLS approach, as well as the growth of
related heterostructures using MOCVD. The impact of the
hosting substrate type on the morphology of NWs is explored as
one of the various parameters that determine the morphology
and crystal quality of GaN NWs. The shape, size, orientation,
and crystal quality of 1D GaN-based HS are described using
morphological and structural characterization. In PEC water
splitting, piezoelectric nanogenerators, and light-emitting
diodes, the performance of 1D GaN-based HS is investigated.
According to the ndings, the production of HS via the VS
approach improved the performance of bare GaN NWs in all of
the aforementioned applications.
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