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Group-III nitrides and their alloys feature direct bandgaps covering a broad range of the electromagnetic spectrum, making them a promising material system for various applications, such as
solid state lighting, chemical/biological sensing, water splitting, medical diagnostics, and communications. In recent years, the growth of strain and defect-free group-III nitride vertical nanowires has exploded as an area of research. These nanowires, grown on various unconventional
substrates, such as silicon and different metals, demonstrate potential advantages over their planar
counterparts, including wavelength tunability to the near infrared and reduced efﬁciency droop.
The low-proﬁle and low power consumption of such nanowires also make them viable candidates
for emerging applications, such as the Internet of things and artiﬁcial intelligence. Herein, we
present a comprehensive review on the recent achievements made in the ﬁeld of III-nitride
nanowires. We compare and discuss the growth conditions and mechanisms involved in fabricating these structures via metalorganic chemical vapor deposition and molecular beam epitaxy.
How the unique optical, electrical, and thermal properties of these nanowires are correlated with
their growth conditions on various unconventional substrates is discussed, along with their
respective applications, including light-emitting diodes, lasers, photodetectors, and photoelectrodes. Finally, we detail the remaining obstacles and challenges to fully exploit the potential
of III-nitride nanowires for such practical applications.

1. Introduction
III-nitride materials are one of the most important semiconductor systems after silicon due to their versatile properties, which enable
a large number of applications, such as solid-state lighting, light-emitting diode (LED) displays, dermatology, and photoelectrochemical
water splitting [1–3]. Wurtzite phase III-nitrides have direct bandgaps ranging from 0.7 eV for InN to 6.0 eV for AlN, making these
materials suitable as emitters from the deep ultraviolet (UV) to the near-infrared (NIR) (Fig. 1) [4,5]. Moreover, these compounds
display high chemical, mechanical, and thermal stability [6,7]. Additionally, the spontaneous and piezoelectric polarization
ﬁeld-induced high sheet charge and saturated drift velocity associated with these materials allow their use in high-power devices
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Fig. 1. The bandgap energy versus lattice constant of the (Al, In, Ga)N material system. Reproduced with permission.Ref. [4] Copyright 2006, Cambridge University Press.

capable of high-voltage and high-temperature operation using AlGaN/GaN high-electron-mobility transistors [8].
However, unlike GaAs or InP semiconductors, it is difﬁcult to obtain large-size single-crystal nitride bulk substrates for the homoepitaxial growth of nitride thin ﬁlms. Commercial planar III-nitrides are heteroepitaxially grown on conventional substrates, such as
sapphire and silicon carbide (SiC), though the quality of the materials and the performance of the resulting devices are limited for
several reasons. First, the lattice and thermal mismatch between III-nitrides and sapphire substrates results in a high-density of threading
dislocations of between 106 and 108 cm2, which act as non-radiative recombination centers [9]. The existence of spontaneous and
piezoelectric polarization ﬁelds in the c-plane nitrides [10], the related quantum-conﬁned Stark effect, and the efﬁciency droop
attributed to Auger recombination and electron leakage also contribute to the subpar properties of these heteroepitaxially grown
III-nitrides [10–15]. Moreover, studies have shown that the accumulation of strain energy in conventional planar InGaN quantum well
(QW) structures further reduces the luminescence efﬁciency of high-indium content (>25%) InGaN QWs, leading to the “green-gap”
problem in LEDs fabricated from these materials [16].
In contrast, LEDs on SiC show superior performance because of their lower defect density [17]. GaN bulk substrates have also been
developed in recent years to eliminate lattice mismatch and reduce polarization ﬁelds [18]. However, these advancements come with
the high cost of SiC and bulk GaN substrates. GaN-on-Si is a cheaper substitution, but the lattice and thermal expansion mismatch
between GaN and Si induces cracks in the nitride layers [19,20]. As a result, the development of nitride-based devices is hampered in
part by the limitation of available substrates for homoepitaxial growth.
In recent years, research on planar semiconductor ﬁlms has increasingly transitioned to the study of low-dimensional nanostructures,
such as quantum dots (QDs), quantum rings, and nanowires (sometimes also called nanorods or nanocolumns), which have emerged as
potential candidates for future electronic and optoelectronic devices [21–23]. Nanowires can be grown without catalysts using high
V/III ratio growth conditions, which enhance the diffusion of III-column adatoms along the sidewalls of the nanowires, thereby promoting vertical and limiting lateral growth [24–26], a process that avoids the formation of dislocations by relieving strain laterally, thus
ensuring the high-crystal quality of the materials.
Vertically aligned III-nitride nanowire devices have various advantages over their planar nitride counterparts. For instance, they can
be grown on low-cost dissimilar substrates, as nanowires are less prone to dislocation and strain. III-nitride nanowires feature reduced
strain due to radial relaxation, and thus also produce a smaller polarization ﬁeld to increase the electron-hole wave function overlap. The
III-group composition in nitride ternary structures can also be tuned in a wide range, making it possible to cover the entire visible range
[27]. The light extraction properties of III-nitride nanowires are also improved due to their size and morphology [23,28]. Moreover, QDs
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in the form of disks can be embedded in the nanowire for carrier conﬁnement.
In many cases nitride nanowires have shown the potential to overcome the abovementioned substrate-limiting obstacles in solidstate lighting [29]. For instance, Guo et al. reported white LEDs made using InGaN nanowires that showed a negligible
quantum-conﬁned Stark effect [30]. Meanwhile, Mi et al. demonstrated nearly droop-free phosphor-free white nanowire LEDs with an
internal quantum efﬁciency of up to 57% [31]. And Ra et al. achieved polarization-free nanowire LEDs using high-quality non-polar and
semi-polar InGaN/GaN quantum-well (QW) structures coaxially grown on n-GaN nanowires [32]. In 2014, we reported the fabrication
of an InGaN/GaN quantum-disks (Qdisks)-in-nanowire LED with a peak emission of about 830 nm and a linewidth of approximately
290 nm. Furthermore, we demonstrated the transfer of these nanowire-based LEDs onto copper substrates, paving the way for the
eventual realization of practical high-power LEDs [33]. Besides nanowire LEDs, III-nitride nanowire lasers emitting from green to NIR
wavelengths have also been demonstrated on silicon substrates [33–36].
Fig. 2 shows the number of publications per year from an ISI Web of Science search using the keywords “nitride” and “nanowires.”
Since 2000, nitride nanowire research has become increasingly popular due to the advantages of their improved light harvesting capabilities and their ability to be grown on dissimilar substrates with low strain. However, despite the high-quality materials that can be
fabricated using nanowires, their large surface areas and thus the presence of a high density of surface states can create new problems
[37]. For instance, the large speciﬁc surface areas of nanowire devices limits their quantum efﬁciency due to Shockley-Read-Hall
non-radiative recombination. Additionally, researchers have reported band bending in nanowires caused by surface Fermi level
pinning, which results in the separation of electron-hole pairs [38–40]. Nanowire arrays also have less active volume per unit area, thus
less light-emitting media than a comparable thin ﬁlm. Finally, defects along the sidewalls can be generated when coalescence occurs
during growth, which degrades the crystal quality [41].
Until now, as a research community, we lack a good resource that appropriately summarizes how the unique optical, electrical, and
thermal properties of these nanowires are correlated with their growth conditions on various unconventional substrates, along with
their respective applications, including LEDs, lasers, photodetectors, and photoelectrodes. Therefore, a comprehensive review on the
recent achievements made in the ﬁeld of III-nitride nanowires is warranted. Although the top-down approach for fabricating nanowires
has been shown effective, enabling high ﬁll factors and red-yellow-green light emission in LED devices [42], this fabrication process is
complex and involves defective materials on sapphire substrates [43]. In this review, we instead focus on the bottom-up approach to
fabricate III-nitride nanowires and discuss the broad applications made possible by the high quality materials produced with this
technique. Unlike other review papers on nitride nanowires, this review will provide an overview of III-nitride nanowires grown on
different substrates such as Si, metal, quartz. Techniques for growing III-nitride nanowires, growth mechanisms, and their fundamental
properties are summarized in Section 2. In Section 3, we examine III-nitride nanowires grown on various unconventional substrates,
investigating their unique characteristics and corresponding applications in light-emitting diodes, lasers, photodetectors, and so on. This
is followed by an elaboration on the challenges and problems within this ﬁeld in Section 4. Finally, we present a summary and future
perspective of III-nitride nanowires in Section 5.

2. Fabrication techniques and growth mechanisms of nitride nanowires
Semiconductor nanowires have been traditionally fabricated through catalyst-assisted methods [44]. In the vapor-liquid-solid
(VLS) nucleation model, the liquid catalyst adsorbs a vapor and the nanowire grows at the liquid-solid interface, with the

Fig. 2. The number of publications on nitride nanowires per year since 2000. Keyword: “nitride” and “nanowires”. Web of Science search conducted: January 24, 2018.
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catalyst droplets (e.g., Au or Ni) accelerating the chemical reaction and nitride nanowire growth [45]. While the development
of catalytic methods for direction-selective growth along a particular crystallographic axis can promote a massive increase in
the growth of nanowire semiconductor structures, this growth mechanism has its limitations. First, extra steps are required to
prepare the catalyst droplets, and subsequent nanowire growth can only occur in a limited temperature range in which the
catalyst is thermodynamically stable. Another drawback of the catalyst-assisted growth method is the potential for the incorporation of metal impurities in the nanowires, which can affect their luminescence efﬁciency [46]. Hence, catalyst-free growth
methods have become necessary for the fabrication of group III-nitride nanowires, particularly for applications of UV devices
[47].
The catalyst-free growth of nanowires has been extensively studied and reported by various groups [46,48], including our own, using
methods based on GaN seed crystals to nucleate and grow nanowires [49]. In this section, we brieﬂy summarize recent developments in
catalyst-free growth techniques and mechanisms of group III-nitride nanowires, followed by discussions on the structural and optical
properties of these materials (Fig. 3). We review various growth methods, including molecular beam epitaxy (MBE) [50,51], metalorganic chemical vapor deposition (MOCVD) [52,53], and hydride vapor phase epitaxy (HVPE) [29]. Due to its lack of growth-induced
formation of carbon impurities [54,55] and nitrogen-vacancy related defects [56], MBE has emerged as the most favorable III-nitride
nanowire catalyst-free growth method.

2.1. Molecular beam epitaxy
Invented in the 1960s by J. R. Arthur and Alfred Y. Cho at Bell Telephone Laboratories, MBE is a sophisticated physical vapor
deposition method used to grow high-quality crystalline materials [57]. In the ultra-high vacuum environment of MBE, the elements in
the atomic beam arrive on the substrates and react with each other to grow crystals. Since molecular nitrogen is inert, a radio-frequency
plasma source is used to supply nitrogen radicals for the chemical reaction [58,59]. Group III-nitride nanowires are predominantly
grown by MBE [60]. GaN nanowires grow naturally along the c-axis due to the effect of thermodynamic driving forces on the surface
sticking coefﬁcients of incoming atoms on this crystal plane [61,62]. The natural growth of c-axis GaN nanowires using MBE under
various conditions, such as the relative ﬂux of Ga and N, substrate surface orientation, and different thicknesses of the buffer layer on the
surface of the substrate, has been thoroughly studied by different groups [25,63].
It is commonly reported the nitrogen-rich conditions lead to nanowire growth [64]. Moreover, the surface energy plays an important
role in determining the initial radius of the GaN nanowires [65]. Bertness et al. hypothesized that the elongation of the nanowires during
growth is initiated by variations in the growth rates between the crystallographic planes of GaN under nitrogen-rich conditions [36,63,
66]. In other words, nitrogen-rich conditions in MBE promotes vertical growth (c-plane of GaN) and limits lateral growth. Ristic et al.
proposed that gallium diffusion along the nanowire sidewalls to their peak plays a major role in the nanowire growth mechanism [25].
They illustrated a growth process in which nanowires begin to grow from GaN islands, which are formed by diffused Ga and N atoms via
the Volmer-Weber growth mode (Fig. 4a). The growth from these GaN islands occurs once they reach a critical size and stability and
involves (1) the incorporation of gallium atoms into the crystal through direct impingement of the molecular beam to the top surface of
the nanowires, and (2) the diffusion of gallium atoms from the substrate surface toward the nanowire base to incorporate into the crystal
by climbing along the lateral sidewalls (Fig. 4b) [25].
Debnath et al. described another model for catalyst-free self-organized, diffusion-induced growth of GaN nanowires on Si(111)
substrates using plasma-assisted MBE [37], in which the adatoms diffuse to a nanowire's top surface from its lateral sides because of
the lower chemical potential there [67]. Debnath et al. showed their experimental results on the growth of GaN nanowires for a
deposition time that exceeded the nucleation time of the nanowires. By analyzing scanning electron microscopy (SEM) images, they
concluded that for thin nanowires with diameters between 10 and 80 nm, the growth process was boosted by adatom diffusion from
the nanowire sidewalls. However, in thicker nanowires, adsorption of adatoms at the tip of each wire dominated the growth
process, which resulted in short, thick nanowires in addition to long, thin ones with aspect ratios of up to 250. The researchers
conjectured that the nanowires grew on the ﬂat steps of the Si(111) surface via homogeneous nucleation, which involves two
growth stages:

Fig. 3. Classiﬁcation of growth processes for III-nitride nanowires.
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Fig. 4. (a) A schematic illustration of the nucleation of nanowires. (b) A schematic illustration demonstrating how nanowires grow from stable nuclei. Reproduced with
permission. Ref. [25] Copyright 2008, Elsevier.

1. Nucleation stage. The number of nanowires continuously increases during the nucleation stage. Debnath et al. observed that the most
frequent nucleation diameter was around 10 nm, which increased with growth time.
2. Post-nucleation stage. The nanowire diameters as a function of length consistently increased, as demonstrated from SEM images of the
nanowires at different stages of growth. This can be explained by adatom diffusion from the sides of the nanowires to the top
surfaces, in addition to direct deposition at the top.
In general, continuous nucleation of nanowires was observed for relatively low nanowire densities, whereas for relatively higher
nanowire densities the nucleation rate approached zero as the nanowires continued to grow rapidly in length and slowly in diameter.
Debnath et al. also showed how GaN nanowire diameter distributions can vary for different growth times in the nucleation regime, with
diameters increasing from 12 nm to 15 nm as the growth time was raised from 30 to 60 min. Assuming that the nucleation process was
completed after 60 min, Debnath et al. hypothesized that a small number of nanowires coalesced, forming thicker structures, while
many others continued to grow individually. The authors also examined the relationship between the length and diameter of the
nanowires over a long growth period (360 min) [68].
Debnath et al. showed that the diffusion-induced growth process proceeds in the post-nucleation stage only if the ﬂow of adatoms
from the sidewalls to the top surface is comparable to the impinging ﬂux rate. Based on the simpliﬁed mass transport model [67], the
growth of the nanowires should be subject to the following conditions in terms of the diffusion length along the side of the nanowire (δ)
and the nanowire column length (l):
1. Re-evaporation of atoms (δ < l). The rate of inﬂux of adatoms from the nearby sidewalls in addition to the impinging ﬂux at the
nanowire top surface is nearly constant with the growth time. The adatoms condensed at the base of the nanowire will desorb before
reaching the top.
2. Tapering effects (δ < < l). In the case of Debnath et al., nanowires with lengths up to 3 μm exhibited no obvious tapering effects. The
researchers therefore decided that for a diffusion length of around 40 nm, short diffusion lengths are not linked to the mechanism
limiting nanowire growth because of the underestimation caused by the simpliﬁed assumptions in Johansson et al.’s model. [67].
In summary, MBE growth conditions are dominated by diffusion-induced growth for small diameter nanowires, while direct
impingement ﬂux dominates the growth mechanism of larger diameter nanowires [48].
5
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For these self-organized GaN nanowire ensembles grown randomly on substrates, there is a fairly broad statistical distribution of the
structures. As a result, it is impossible to control the peak wavelength of emission, which depends on the size, position, and alloy
composition of the Qdisks in the nanowires [37,69]. Selective area growth (SAG) of GaN nanowires on patterned substrates has been
proposed as a way of avoiding these issues, which is accomplished by growing the nanostructures through a patterned dielectric mask
deposited on the substrate. The growth conditions are adjusted to ensure selective growth on the exposed substrate only, but not on the
dielectric mask. Commonly used mask layers for MBE and MOCVD nanowire SAG growth include Si2N3 and SiO2, while Ti can also be
used for MBE [70]. Growth conditions, such as temperature and nitrogen ﬂow rate during SAG can enhance Ga diffusion and suppress
parasitic nucleation on the masks [70,71]. However, while this technique is effective, patterning mask layers, using e-beam lithography
and other methods, is technologically demanding in comparison to statistically random self-organized growth.
2.2. Metalorganic chemical vapor deposition and hydride vapor phase epitaxy
MOCVD is a chemical vapor deposition (CVD) technique of epitaxial growth of compound semiconductor materials that relies on the
surface reaction of organic, metalorganic, and metal hydride compounds [60]. Nanowire growth using MOCVD occurs through a VLS
mechanism that takes place at relatively high temperatures (800–1000  C) at atmospheric pressure [72]. MOCVD has been widely used
for LED production and demonstrates potential for commercial applications. For example, CrayoNano AS, a leader in industrial research
of UV short-wavelength LEDs operating in the UV-C region, recently selected a Veeco MOCVD system for the development of
nanowire-on-graphene-based devices.
Wang et al. investigated the mechanism for the growth of catalyst-free self-organized GaN nanowires on sapphire substrates by
MOCVD. The authors found that the choice of carrier gas strongly inﬂuences the growth mode behavior. When nitrogen was introduced
as a carrier gas during growth, gallium droplets accumulated on top of the nanowires, and they were transformed into high-quality GaN
layers during the cool-down stage through the accompanying nitridation process. In contrast, when hydrogen was using as the carrier
gas, a substantial improvement in the optical properties of the resulting GaN nanowires was observed, as well as an enhancement in the
vertical growth rate, while no sign of gallium droplet accumulation was seen. The researchers further argued that in situ silane doping
enhanced the vertical growth in both cases [73].
Invented in 1966 at RCA Laboratories, hydride vapor phase epitaxy (HVPE) is an epitaxial growth method that can be used to grow
III-V compound semiconductors using carrier gases such as ammonia (NH3) and hydrogen (H2) [60]. HVPE is a cost-effective way of
growing nitride by using low-cost source materials and reducing NH3 consumption. Kim et al. demonstrated the advantages of this
growth technique in their report of high-quality GaN nanorods on sapphire substrates, which were grown without the use of a catalyst or
template layer [74,75]. Fig. 5a and b shows vertically aligned nanorods with homogeneous lengths and diameter grown by HVPE. Fig. 5c
shows the schematic of the LED structures using these multiple quantum well (MQW) nanorods, which demonstrate high-brightness and
high-efﬁciency blue light with enhanced internal and extraction efﬁciencies (Fig. 5d) [29]. HVPE can also be coupled with MOCVD
growth, as demonstrated by Avit et al. who fabricated 15-μm-long c-axis InGaN/GaN MQW core/shell nanowires. The authors
demonstrated that the InGaN/GaN MQW nanowires feature an abrupt interface as a result of the high aspect ratio GaN core rods grown
by SAG-HVPE on a patterned nitrogen-polar AlN buffer on silicon and a InGaN/GaN shell grown by MOCVD [76].
3. III-nitride nanowires on unconventional substrates
In this section, we provide a detailed overview of recent developments in growing III-nitride nanowires on unconventional substrates, including Si, metal/foil, diamond, two-dimensional layered materials, and quartz. The structural and optical properties of

Fig. 5. (a, b) SEM images of InGaN/GaN MQWs grown on GaN nanorods. (c) Schematic of the MQW nanorod LED structures. (d) Top-view CCD image of the resulting
blue LED. Reproduced with permission.Ref. [29] Copyright 2004, American Chemical Society. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the Web version of this article.)
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nanowires grown using each medium will be brieﬂy described. A broad range of their applications, including LEDs, lasers, water
splitting, and communications, will also be discussed.
3.1. III-nitride nanowires on silicon
In this section, we will discuss recent progress made in nitride nanowires grown on Si and their applications, along with an overview
of the fabrication process, growth mechanism, and optoelectronic devices based on such nitride nanowires, such as LEDs, lasers, solar
cells, and photodetectors.
Si is one of the most commonly used substrates for microelectronics due to its abundance, low cost, commercial availability at large
scale, and its capability of integration with III-V materials. Si is also the most extensively studied semiconductor and has been
commercially available for several decades. If optoelectronic devices can be incorporated into a Si platform, the optoelectronic community will beneﬁt from the readily available and well-established fabrication tools and techniques associated with this material. Owing
to the lack of availability of bulk substrates, GaN is usually grown on sapphire or SiC, which is expensive and limits the size of the
ﬁnished product. Si substrates, by contrast, are cost-effective, larger in diameter, and thermally and electrically conductive. However,
the large lattice mismatch between Si and GaN leads to high dislocation densities and sometimes cracks in planar devices.
Fortunately, growing nanowires on Si substrates has proven less problematic, although the natural formation of SiN and light absorption from Si remains an issue. Researchers have already produced unstrained or low strain nanowires on Si substrates, which present
various advantages, such as high crystal quality, enhanced light extraction, and higher doping efﬁciency [30]. Additionally, Si substrates
would be the best of all available platforms for future high-speed computing systems, which will require the use of chip-level optical
interconnects.
3.1.1. III-nitride LEDs on silicon
Although Si cannot be used as an active region in optoelectronic devices because of its indirect band gap, it can serve as a good
substrate, which was ﬁrst demonstrated when Nakamura et al. [77] reported a Candela-class high brightness blue LED. However,
growing heterojunction semiconductors can be tricky as many parameters must be considered, such as lattice constants, thermal
conductivity, strain, and piezoelectric ﬁelds [30,78–80].
The well-established microelectronics industry based on Si has triggered interest in integrating GaN optoelectronic devices on Si
substrates. To fabricate such devices, we should ﬁrst be aware of the growth mechanism of III-nitride materials on Si. The best-known
techniques used to grow GaN planar thin ﬁlms on Si include the use of buffer layers, annealing [81–83], and wafer bonding [84,85]. In
1998, Guha et al. developed the ﬁrst planar GaN-based UV and violet LED on Si(111) using MBE [86]. However, the optical power of the
device was too low to be reported. Some of the factors that degrade the optical power of such LEDs are defects/dislocations, piezoelectric
polarization ﬁelds, and the suppression of light extraction through total internal reﬂection by the substrate itself [87,88].
The large surface-to-volume ratio of nanowires compared to their planar counterparts enable effective lateral strain relaxation,
which signiﬁcantly reduces dislocations and piezoelectric ﬁelds [30]. Some studies have even shown that nanowires grown on any
foreign substrate can be almost defect-free [33,89–92]. Fabricating GaN-based devices in the nanowire form could fully realize the
potential of GaN-based materials in optoelectronics to mitigate defects and dislocations. As a result of these advantages, a large number
of GaN nanowire-based LEDs grown on Si substrates have been demonstrated in the literature [30].
In 2004, Kikuchi et al. reported InGaN/GaN nanocolumn multiple quantum disk LEDs grown by radio-frequency plasma-assistedMBE on Si substrates [89]. The LEDs showed clear diode behavior with a typical turn-on voltage of 2.5–3.0 V. Three different colored

Fig. 6. SEM and emission images of InGaN/GaN nanocolumns with different diameters. Reproduced with permission. Ref. [93] Copyright 2010, AIP Publishing.
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LEDs were fabricated with emission peak wavelengths of 530 nm, 580 nm, and 645 nm. However, the optical power of the devices was
not reported.
In 2010, the same group reported the ability to control the emission color of InGaN nanowires from blue to red by increasing the
nanocolumn diameter (Fig. 6). The authors hypothesized that this emission color change was induced by different compositions of
indium due to the beam shadow effect and the diffusion length difference of group-III adatoms on the sidewalls for nanocolumns of
different diameters [93]. The technique of achieving different emission by tuning the nanocoloumn diameter presented in this work
makes it possible to monolithically integrate three-primary-color LEDs for color mixing.
Guo et al. demonstrated the ability to fabricate LEDs using catalyst-free grown InGaN/GaN nanowires (areal density of
1–2  1011 cm2) on a Si(001) substrate by MBE [30]. Electron diffraction demonstrated that such nanowires grown with their c-plane
normal to the growth direction display a wurtzite crystal structure and are almost defect-free. Additionally, the indium content of the
nanowires can be changed to fabricate both green and white LEDs. Controlling the gradient of indium during epitaxy can also be used to
achieve broadband emission and thus generate high-quality white light [30]. The photoluminescence and current-voltage (I–V) characteristics of the LEDs are shown in Fig. 7. The photoluminescence signal shows that the peak emission wavelength can be tuned by
varying the indium content in the nanowires, whereas the inset shows that the emission peak of the nanowires does not shift as the
temperature is varied between 10 K and 300 K. Large-scale production of such devices could lead to breakthroughs in solid-state lighting
and in silicon photonics, because of the low-cost, high material quality, and wavelength tunability over 560 nm.
Current white lighting mainly involves in blue light source and phosphor for color conversion. Unfortunately, the phosphor has low
conversion efﬁciency and will degrade with time. Also it will save cost without phosphor. Highly efﬁcient phosphor-free white lighting
devices are an interesting subject of study, because the emission wavelength can be tuned in a wide range, resulting in nanowires grown
on Si that can be used for white lighting. In 2011, Guo et al. demonstrated an LED device using an InGaN/GaN disk structure within GaN
nanowires grown on a Si substrate [94]. Utilizing this structure, the authors achieved a phosphor-free LED that could generate white
light by tuning the composition of the disks. They also found that the Auger coefﬁcient (Co) of these InGaN/GaN Qdisk-based nanowires
was approximately three orders of magnitude smaller than in conventional quantum wells and quantum dots, thereby eliminating the
droop in efﬁciency as a function of injected current density. The experimentally obtained values of Co were also found to agree with
theoretical results reported by Shen et al. [95].
Nguyen et al. reported the highest internal quantum efﬁciency of about 56.8% for a non-phosphorous white LED, which showed
almost zero drop in efﬁciency up to the current injection density of 640 A/cm2 [79]. The LEDs were based on vertically aligned InGaN
dot-in-GaN wire heterostructures grown on a Si substrate by plasma-assisted MBE. A comparative study of undoped and Mg-doped
dot-in-a-nanowire structures illustrated that the internal quantum efﬁciency for the p-doped variant was signiﬁcantly higher. The
color of the emission could be changed by varying the indium content in the InGaN dots and also by varying the growth conditions. The
essence of this device structure is that it is possible to tune all the color components required to get white light in a single InGaN
nanowire by incorporating InGaN dots with different indium composition. Nguyen et al. further developed InGaN/GaN/AlGaN
dot-in-a-wire core/shell white LEDs on a Si substrate, in order to mitigate surface recombination and break the carrier injection efﬁciency bottleneck. The structure provides three-dimensional carrier conﬁnement, leading to over 2 orders of magnitude enhancement in
the output power of the LEDs while demonstrating stable white-light emission (Fig. 8) [96].
Besides visible and white LEDs, emission from III-nitride nanowires can also extend to the UV region. In 2008, Sekiguchi et al.
demonstrated the ﬁrst ever dislocation-free AlGaN/GaN nanocolumn-based UV LEDs on Si(111), which featured a peak emission
wavelength of 354 nm [97,98]. The device showed good diode characteristics with a turn-on voltage and series resistance of approximately 4 V and 18 Ω, respectively. Three LEDs were studied, each with a different aluminum content (8.8%, 13.1%, and 25.1%), and the
electroluminescence signal for each device was recorded at 50 mA of injection current, as shown in Fig. 9. The linewidth decreased from
300 meV (~60 nm) to 200 meV (~40 nm) when the aluminum content was increased from 8.8% to 25.1% [97]. This narrowing linewidth effect is the result of the suppression of electron ﬂow reaching the p-AlGaN cladding layers used in the structure, which prevents

Fig. 7. (a) Room-temperature photoluminescence spectra of InGaN nanowires with varying indium content, in which the peak wavelength redshifts as the indium
content increases. (b) I-V characteristics of a nanowire LED at room temperature. The inset shows a schematic of the device structure. Reproduced with permission.
Ref. [30] Copyright 2010, American Chemical Society.
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Fig. 8. (a) A schematic illustrating the
InGaN/GaN dot-in-a-wire core/shell LED
heterostructure. (b) Energy band diagram
of the heterostructures. (c) Room temperature electroluminescence spectrum
of the nanowire LED. The inset shows the

Commission Internationale de l'Eclairage
chromaticity diagram of the core/shell
LED device. (d) Output power vs. injection current of the LEDs. The inset is an
optical image of the illuminated nanowire LED device. Reproduced with
permission. Ref. [96] Copyright 2013,
American Chemical Society.

Fig. 9. (a) Schematic diagram of GaN/AlGaN nanocolumn LEDs. (b) I-V characteristics of GaN/AlGaN nanocolumn LEDs. (c) Normalized electroluminescence spectra of
GaN/AlGaN nanocolumn LEDs for various Al contents for the p-AlxGaN1–x nanowires at 50 mA. Reproduced with permission. Ref. [97] Copyright 2008, John Wiley
and Sons.

the deep-level emissions described in Park et al.’s study [99]. Sekiguchi et al. also demonstrated the integrated electroluminescence
response of the LEDs to a pulse current with duty cycles of 0.5% and 5% and DC injection currents [97,98]. The heating effect of DC
injection breaks the contact of the LEDs after the current reaches 100 mA, whereas for the pulse injection (5 μs current pulse) the current
increased to over 300 mA without breaking the contact. The ratio of the integrated electroluminescence of LEDs at 100 mA for pulse
injection versus DC injection was 2.8, due to the excessive heat generated during DC injection.
Carnevale et al. [100–102] reported a UV-LED using AlGaN nanowires on Si based on a strategy of improving the conductivity of the
nitride by grading the composition of the AlGaN nanowires to produce a polarization charge rather than by impurity-doping with Mg. In
this manner, the authors were able to resolve the doping issue in wide-band-gap semiconductors caused by the large activation energy of
Mg in nitride [103]. As shown in Fig. 10a, the graded AlGaN layers that Carnevale et al. used in their device easily provides holes for
LEDs, thus the Mg concentration can be reduced to achieve low reﬂective losses. As a result of these modiﬁcations, the device with
polarization induced n-AlGaN and p-AlGaN shows rectiﬁcation behavior and electroluminescence (Fig. 10b).
In 2015, Zetian Mi's group from McGill University reported the ﬁrst 210 nm emitting nitrogen polar AlN nanowire LEDs on Si with a
low turn-on voltage of about 6 V [104]. Later, the same group reported a sub-milliwatt UV-LED emitting at 242 nm by implementing an
n þ -GaN/Al/p þ -AlGaN tunnel junction to enhance the hole injection [105]. In 2017, the output power of a UV-C LED was further
increased to 8 mW by using AlGaN core/shell nanowires [106]. Moreover, the dominant light emission direction comes from the top
9
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Fig. 10. (a) Band diagram of polarization-induced nanowire LEDs. (b) EL spectra of the UV LEDs. The inset shows the I-V curve and an image of the device collected
with an ultraviolet microscope. Reproduced with permission. Ref. [100] Copyright 2012, American Chemical Society.

surface of the nanowires, as demonstrated by angle dependent electroluminescence studies, due to the strong light scattering effect. This
behavior is completely different from conventional planar UV LEDs, in which the light is transverse magnetic polarized, and thus such
nanowires offer a way of realizing a surface emitting UV light source [107].
In 2017, we demonstrated a droop-free UV LED based on defect-free AlGaN Qdisks in nanowires on a Ti/silicon substrate. The 1D
band modeling of the structures in nextnano software showed a signiﬁcantly large overlap in the wave functions of the electrons and
holes of the Qdisks, which is associated with a reduced piezoelectric ﬁeld in such structures. More importantly, with regard to the
electrical characterization of the device, we observed no thermal rollover up to a current density of 120 A/cm2. Building on this previous
work, we further utilized a pendeo-epitaxy technique for the top p-GaN layer growth to achieve a self-planarized Qdisk UV-B LED grown
on silicon using dislocation-free AlGaN nanowires grown by plasma-assisted MBE that featured a ﬁll factor of less than 95% [49,50]. The
excellent crystal quality of the material during the growth and fabrication process was evident in the strong photoluminescence and
electroluminescence emissions, high electron-hole wave function overlap, low piezoelectric ﬁelds, and small linewidth (20 nm) with a
peak emission wavelength of 303 nm.
Different from most LEDs, which rely on the use of an alternating current (AC) to low-voltage direct current (DC) converter, Mi's

Fig. 11. (a) The two-step SAG of p-GaN up and p-GaN down AC nanowire LEDs. (b,c) Device schematics. (d) SEM images of p-GaN up (left) and p-GaN down (right)
nanowire LED structures. (e) Optical image of the illuminated LED arrays on Si under AC biasing conditions. The shadows show the probes. The sinusoidal curve shows
the alternating current injection. Reproduced with permission. Ref. [108] Copyright 2015, American Chemical Society.
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group reported AC operated nanowire LEDs on Si through the successful monolithic integration of GaN nanowire LEDs p-doped at the
top (p-GaN up) or bottom (p-GaN down) of each structure grown on the wafer by SAG [108]. The tunnel junction in these nanowire LEDs
eliminates the use of p-GaN contact layers and enables reverse polarity operation, as shown in Fig. 11.
LEDs are most typically used for lighting applications. However, free-space and optical data communications utilizing the high-speed
ON-OFF performance of III-nitride nanowire LEDs are also of signiﬁcant importance. The high-speed performance is limited by the long
electron-hole lifetimes of III-nitride materials due to spontaneous and piezoelectric polarization effects [109]. To address this issue,
Koester et al. [109] developed m-planar polarization-free core/shell InGaN/GaN nanowire LEDs grown on Si (111) substrates using
MOCVD. At room temperature, the authors determined via time-resolved electroluminescence spectra that the 90–10% rise-fall times of
these nanowires LEDs were about 220 ps and 210 ps, respectively, under GHz electrical excitation, potentially leading to an ON-OFF key
operation rate of about 1 Gbps (Fig. 12). In 2016, we also presented a white light-emitting device for optical communication, which was
based on an ultra-broad linewidth orange nanowire LED accompanied by a blue laser diode with a linewidth of less than 1 nm [110,
111]. The color-rendering index and correlated color temperature of the device were reported to be 83.1 and 4138 K, respectively. The
beauty of such device is it is phosphor-free and at the same time can transmit data at high speeds (1.06 Gbps) with a forward error
correction compliant bit-error rate of 1.93  103, which was obtained using the ON-OFF keying non-return-to-zero modulation
scheme.
Moreover, recent advances in understanding the relative poor performance of LEDs on Si point directly to surface recombination in
nanowires. The origins of surface recombination include unoccupied Ga dangling bonds and surface defects induced by the strained
InGaN active region [96,112]. Therefore, passivation of InGaN/GaN nanowire structures helps to suppress the effect of non-radiative
recombination caused by the large density of surface states [113].
We demonstrated a surface passivation process using octadecylthiol (ODT, C18H38S), which features a thiol group (C-SH) that can
bond to the surface of InGaN/GaN nanowires grown on Si(111) in order to alter the surface dynamic charge and therefore recover the
band-edge emission of these materials. The resulting devices showed a fourfold increase in the photoluminescent peak intensity, and
about a 50% increase in the peak external quantum efﬁciency (Fig. 13) [35]. Additionally, time-resolved secondary electron images of
the nanowires before and after ODT passivation demonstrated that the surface recombination velocity was signiﬁcantly reduced after
treatment [114,115]. The slow fading of the dark signal as a function of time in ODT passivated nanowires indicates the longer lifetime
of the carriers in the excited state, which can be attributed to the signiﬁcant reduction of nonradiative carrier recombination after
surface passivation.
However, ODT passivation might affect the electronic properties of the nanowires. Khan et al. reported that after ODT passivation
their InGaN nanowire arrays preserved their shape, but the researchers also observed an amorphous coating on the surface [116]. The
presence of this coating can be interpreted as severe polymeric deposition, which may have affected the photoemission properties of the
nanowires. The use of 1,2-ethanedithiol (C2H4(SH)2), an alkanethiol with a much shorter carbon chain compared to ODT, can mitigate
or prevent polymeric deposition and thus preserve the integrity of the nanowires.
Table 1 summarizes some of the developments in nanowire technology of InGaN/GaN LEDs on Si substrates. The emission of these
LEDs ranges from the UV to IR. However, far less research has been done at the device level in the IR region compared to those that
function in the UV and visible wavelengths. This lack of research might indicate that nitride-based nanowires are ill-suited for IR
applications.
3.1.2. III-nitride nanowire lasers on silicon
Typical laser diodes include edge-emitting lasers (EEL) and vertical-cavity surface emitting lasers (VCSEL). Both laser types require
mirror-facets and/or distributed Bragg reﬂectors to create resonant cavities for lasing action. EEL emits photons from mirror facets with
current injection through the top and bottom electrodes. In contrast, VCSEL emits photons from the top aperture and uses two Bragg
mirrors, the upper of which is designed to be less reﬂective than the lower.

Fig. 12. (a) SEM micrograph of InGaN/GaN core/shell nanowires. (b) Schematic of the nanowire LED, and (c) time-resolved electroluminescence signal recorded for a
pulse width of 500 ps and a frequency of 1.1 GHz. Reproduced with permission. Ref. [109] Copyright 2015, American Chemical Society.
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Fig. 13. (a) Schematic of an InGaN/GaN Qdisk nanowire LED. (b) The InGaN photoluminescent spectra of the as-grown sample and samples with ODT passivation. (c)
The relative external quantum efﬁciency of LEDs with and without ODT passivation. Reproduced with permission. Ref. [35] Copyright 2015, The Royal Society
of Chemistry.

Table 1
Summary of LEDs (IR through UV) based on InGaN/GaN/AlGaN nanowires on Si substrates.
Operation
regime

Active region material

Peak wavelength (nm)

Institution

Reference

IR
Visible

InGaN
InGaN/GaN multiple Qdisks in nanocolumn

830 nm
530 nm
580 nm
645 nm
448 nm
456 nm
580 nm
610 nm
675 nm
580 nm
~515 nm
~569 nm
~588 nm
~545 nm
~391 nm
~420 nm
~448 nm
~488 nm
~526 nm
~569 nm
~621 nm
~667 nm
~711 nm
~448 nm
~570 nm
354 nm
354 nm
362
250–377 nm
210 nm
242 nm
275 nm
344 nm
337 nm
303 nm

KAUST
Sophia University

[33]
[89]

Harvard University

[117]

University of Michigan

[30]

McGill University

[79]

University of California,
Berkeley

[92]

University of Duisburg-Essen

[109]

Sophia University

[97]

Harvard University
Ohio State University
McGill University

[117]
[100–102]
[104]
[105]
[106]
[30]
[50]
[50]

GaN/InGaN/p-GaN core/shell/shell nanowire
GaN/InGaN/GaN
GaN/InGaN/GaN (with gradually increasing In content in
InGaN)
InGaN/GaN

InGaN

GaN/InGaN
UV

Al0.08Ga0.92N
Al0.25Ga0.75N
GaN
AlGaN
AlN
AlGaN
AlGaN
GaN
AlxGa1-xN/AlyGa1-yN
AlxGa1-xN/AlyGa1-yN

University of Michigan
KAUST
KAUST

Currently, the growth of nitride laser diodes has been demonstrated on several different substrates, including sapphire, GaN, and Si
with varying degrees of success, primarily due to the dislocation issues related to lattice and thermal mismatch between nitrides and the
substrates. Nakamura et al. broke through this impasse and demonstrated the ﬁrst blue laser on a sapphire substrate in 1996 by solving
the p-type doping issue through activated Mg acceptors [118]. Weng et al. and Mei et al. also solved the strain problem by using a InGaN
quantum dot structure on a c-plane sapphire substrate to produce a yellow-green VCSEL system [119,120].
The GaN substrate is currently the best candidate for producing an InGaN-based planar laser, owing to its low threading dislocation
density of 104 cm2. With this in mind, the Nichia and Osram Corporations fabricated their green laser diode products on c-plane GaN
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substrates [121,122]. Lin et al. also grew planar GaN on semi-polar GaN substrates, successfully fabricating a 516 nm green laser diode
[123]. Finally, Farrell et al., Holder et al., and Feezell et al. have all reported GaN epitaxy on non-polar GaN substrates to achieve
404.3 nm, 405 nm, and 411.3 nm lasers, respectively [124–126]. Note that there is an earlier review of nanowire lasers by Mi et al.
[127], in the present study, we review and compare recent work published in the interim, while focusing on nanowire devices grown on
unconventional substrates.
Silicon substrates, when compared to sapphire and GaN substrates, are cheaper and more conductive, which has motivated studies
on growing GaN materials on silicon. However, strain becomes a complicating factor as the lattice constant of silicon is very different
from that of nitride materials, which can have a large impact on the electrical-to-optical conversion efﬁciency. Sun et al. relieved tensile
strain by exploiting composition step-graded AlN/AlGaN multilayers, allowing them to achieve a silicon-based blue laser diode [128].
Furthermore, when pushing the emission wavelength toward the UV or “green-gap” regions, it is necessary to increase the compositional
ratio of aluminum or indium in the planar quantum wells, which will lead to an increase in lattice-constant and degradation in material
quality.
In recent years, many groups have adopted self-assembled nanowire structures to mitigate the challenges related to lattice strain and
facilitate 2D carrier conﬁnement. Moreover, by carefully optimizing diameter, spacing, and the ﬁll factor of the nanowires, it is possible
to obtain strong photon conﬁnement due to the Anderson localization effect. Li et al. adopted this strategy to develop a surface emitting
UV-B nanowire random laser with low threshold current density on silicon substrates [129,130]. Zhao et al. also demonstrated a random
laser in the UV-C region using AlGaN nanowires [105,131]. Fig. 14a shows the schematic of each layer of an array of AlGaN nanowire
lasers [131]. The simulation of the electric ﬁeld distribution in Fig. 14b demonstrates this structure can form a high Q optical cavity. The
device shows a very broad emission spectrum under low injection current, however, with increasing current, a sharp peak at 239 nm
emerges due to lasing (Fig. 14c).
Frost et al. successfully fabricated an edge-emitting laser with 533 nm emission using an InGaN/GaN nanowire array on silicon. The
nanowire-parylene composite cavity was formed by focused ion beam etching for polishing, followed by the deposition of a SiO2/TiO2
distributed Bragg reﬂector (Fig. 15a). The device showed a relatively low threshold current density of 1.76 kAcm1 and 3 mW output
power under 150 mA injected current [34], as shown in Table 2.
The red region presents a particular challenge for planar nitride materials, because operating in these frequencies requires even
higher indium composition and lattice strain. Currently, this challenge has been surmounted by Jahangir et al., who used a nanowire
structure on a silicon wafer to achieve a red laser with a peak wavelength of 610 nm (Fig. 15b) [132]. With strain-releasing and
carrier-conﬁning abilities, nitride nanowires have made further inroads into the IR region. For example, Hazari et al. fabricated an
In0.85Ga0.15N edge-emitting laser with a lasing wavelength of 1.2 μm on silicon by using nanowires [36], as shown in Fig. 15c. This
achievement would be impossible using planar quantum well structures or other material conﬁgurations due to the strain. Nanowire
lasers on Si have performance comparable to or surpassing those of devices grown on GaN [34]. By utilizing nanowires on large-scale
silicon substrates, it should be possible to achieve low-cost GaN laser diodes spanning the emission region from the UV to IR to address
wide-ranging applications, such as solid-state lighting, displays, and silicon photonics.
3.1.3. III-nitride nanowire solar cells on silicon
Solar cells using III-nitride materials have been a research topic of great interest for some time. This scheme is very attractive because

Fig. 14. (a) Schematic of an AlGaN nanowire random laser. (b) The simulated in-plane electric ﬁeld distribution for the random nanowire array. (c) Electroluminescence spectra of the AlGaN nanowire laser under different injection currents. Reproduced with permission. Ref. [131] Copyright 2016, AIP Publishing.
13

C. Zhao et al.

Progress in Quantum Electronics 61 (2018) 1–31

Fig. 15. (a) Schematic of a green nanowire laser. The bottom shows the in-plane optical ﬁeld distribution. (b) Schematic of a red nanowire laser. The bottom shows the
electroluminescence spectra under injection above and below the threshold of 2.9 kA/cm2 (c) L–I–V characteristics of a broad area laser (50 μm by 1 mm), the inset
shows the electroluminescence spectrum above the threshold. The bottom shows the near-ﬁeld image of the laser mode superimposed with the laser structure.
Reproduced with permission. [Ref. 34,36,132] Copyright 2014, American Chemical Society. Copyright 2015, AIP Publishing. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Table 2
Reported planar and nanowire-based nitride laser diodes from different research groups.
Substrate

Device type

Fine structure

Lasing wavelength

Threshold current density

Size (μm2)

Operating mode

Reference

Sapphire
Sapphire (0001)
Sapphire (0001)
c-plane GaN
c- plane GaN
Semi-polar GaN

–
VCSEL
VCSEL
–
–
–

411.3 nm
565.7 nm
560.4 nm
515 nm
520 nm
516 nm

3.0 kAcm2
0.83 kAcm2
0.78 kAcm2
4.4 kAcm2
125 mA
30 kAcm2

10  600
–
60  120
2.0  600
–
2.0  1200

Pulsed
CW
CW
CWa
Pulsed
CW

[118]
[120]
[119]
[121]
[122]
[123]

Non-polar GaN
m-plane GaN
Non-polar GaN
Silicon (100)
Silicon
Silicon
Silicon (100)
Silicon (100)
Silicon (100)

–
VCSEL
–
EELa
–
–
EEL
EEL
EEL

MQWs
QDs
QDsa
MQWsa
MQWs
Three-period
MQWs
Five-period MQWs
Five-period MQWs
Five-period MQWs
Three-period MQWs
Nanowires
Nanowires
Nanowires
Nanowires
Nanowires

404.3 nm
405 nm
411.3 nm
413 nm
239 nm
332.7 nm
533 nm
610 nm
1.2 μm

6.8 kAcm2
34–48 mA
3.7 kAcm2
4.7 kAcm2
0.35 mA
12 Acm2
1.76 kAcm2
2.9 kAcm2
1.24 kAcm2

1.9  600
–
15  1000
4.0  800
–
10  10
10  1000
1.0  400
50  1000

CW
CW
Pulsed
CW
CW
CW
CW
CW
Pulsed

[124]
[126]
[125]
[128]
[131]
[129]
[34]
[132]
[36]

a

EEL: edge-emitting laser; VCSEL: vertical-cavity surface emitting laser; MQWs: multiple quantum wells; QDs: quantum dots; CW: continuous wave.

Fig. 16. (a) Schematic illustration of GaN nanorods on n-Si, with PMMA as ﬁlling material for the gap between nanowires, and Ni/Au as a transparent top contact of the
cell. (b) Current density vs. voltage plot of the nanorod solar cell performance under different illumination intensities. (c) FF and power-conversion efﬁciency (η) of the
cell as a function of light intensity. Reproduced with permission. Ref. [133] Copyright 2008, American Chemical Society.
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the bandgap of the material can be tuned to cover the majority of the solar spectrum by adjusting the composition of the InGaN. Growing
nanowires, nanorods, and nanocolumns on Si substrates is comparatively cheap, and can produce a large-size product, motivating the
study of established Si-based fabrication techniques applied to nanowire-on-Si technology. However, it is crucial to optimize the growth,
substrates, nanowire size/density, materials, dopant concentration, device thickness, and electrodes, as well as other factors to achieve
high-efﬁciency.
In 2008, Tang et al. illustrated the growth of a uniform array of magnesium-doped GaN nanorods with vertical alignment on an ntype Si(111) substrate using CVD with gold nanoparticles as a catalyst [133]. Single-crystalline nanorods grown in this fashion are
directed along the (0001) plane with good antireﬂection behavior for visible light. The p-GaN nanorods on n-Si were found to be robust,
with a rectiﬁcation ratio greater than 104 at  0.5 V. Under one-sun illumination (AM 1.5G), a maximum power conversion efﬁciency of
~2.73%, high open-circuit voltage of ~0.95 V, a short-circuit current density of ~7.6 mA/cm2, and a ﬁll factor (FF) of ~0.38 was
obtained (Fig. 16).
InN is considered a strong candidate for high-efﬁciency photovoltaics due to its high absorption coefﬁcient, large drift velocity, and
high carrier mobility. The implementation of InN nanowires ensures high crystalline quality and enhanced absorption. In 2011, Nguyen
et al. performed a thorough morphological and optical characterization of high-quality MBE-grown intrinsic p-InN and n-InN nanowires
on Si(111) [134]. This project represented the ﬁrst ever InN nanowire homojunction solar cell consisting of InN:Si/i-InN/InN:Mg on
n-type Si(111) substrates, producing an energy-conversion efﬁciency of ~0.68% under one-sun illumination, breaking several distinct
barriers (such as p-type doping) to the development of InN-based nanoelectronics and nanophotonics. However, there is still room for
improvement due to the existence of a naturally formed amorphous SiNx layer and the limited density of the nanowires due to the
growth conditions. Despite these shortcomings, this work constitutes important progress for InGaN-based solar cells.
In 2012, Sarwar et al. [135] performed a simulation of InGaN/GaN nanowire solar cells on silicon using nextnano3 to see if they
could manipulate the strain, piezoelectric ﬁeld, and effective energy barrier height of the holes for better solar cell performance. In
InGaN, a higher proportion of indium is expected to result in good electrical conduction, however, it may also lead to dislocations and
fractures in the epitaxial layers. To avoid such defects without degrading the overall device performance, the authors showed that
graded heterojunctions can be incorporated, which produce only one-sixth the strain compared to abrupt heterojunctions and also boost
the electrical injection efﬁciency, reducing the effective barrier height of the holes. In this manner, a maximum overall efﬁciency of 21%
was achieved. In 2015, Mehmet et al. grew PiN solar cells using InGaN(0001) nanorods on n-Si(111) [136]. The devices showed a
short-circuit current density (JSC) of 4.6 mA/cm2 and an open circuit voltage (VOC) of 0.22 V under one-sun illumination. The distinct
high current density in the devices can be attributed to the conﬁguration of the PiN/InGaN solar cells, which feature a unique transparent layer fabricated by small angle deposition (SAD) and glancing angle deposition (GLAD) methods (Fig. 17).
Of all the work mentioned in this section, the most progress has been made in growing III-nitride solar cells on Si substrates.
Although the growth of high-quality nanowires on Si substrates has already been demonstrated, there is room for improvement in terms
of power conversion efﬁciency and the cost-effectiveness of III-nitride-based solar cells.
3.1.4. III-nitride photodetectors on Si
III-nitride is one of the most promising materials for the development of photodetectors (PDs) that cover not only the solar spectrum
but also the solar-blind region between 230 and 290 nm. The development of this technology has come a long way, but has not yet
reached fruition in terms of performance and commercialization. Among the factors that require further study include cost-effectiveness,
the size of the substrates for mass production of PDs, the practicality of such devices for high-speed communication, and their use in
future optoelectronics. Single nanowire PDs have also attracted attention in III-nitride research—not just for the sake of novelty, but also
because of their potential in making smaller, faster, and more efﬁcient devices.
In 2005, Calarco et al. studied the photocurrent in GaN nanocolumns and found a consistent size-dependent effect. This strange effect
was explained by size-dependent recombination barriers within the nanowires (Fig. 18) [137]. It is known that Fermi level pinning at
the nanowire sidewalls induces internal electric ﬁelds in the structures [138]. Calarco et al. claimed that the interplay between the
diameter of the columns and space charge extension leads to size-dependent recombination barriers within the nanowires and

Fig. 17. (a) Ni/Pt metal contact layer deposition on PiN/InGaN nanorods using SAD-GLAD, with top and side views. (b) J–V characteristics under dark and one-sun
illumination conditions. Reproduced with permission. Ref. [136] Copyright 2015, The Japan Society of Applied Physics.
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Fig. 18. (a) SEM image of a nanowire on a Si host substrate, with Ti/Au contact electrodes. (b) Photocurrent of the nanowire PD with UV illumination of approximately
15 W/cm2 vs. nanowire diameter. (c) Schematic model of electric ﬁelds in nanowires of different diameters. Reproduced with permission. Ref. [137] Copyright 2005,
American Chemical Society.

subsequently produces the observed size-dependent photoconductivity effect. For large nanowires, the spatial separation of electrons
and holes reduces the surface recombination rate, as a result the photocurrent remains relatively high (Fig. 18).
Chen et al. studied the intrinsic photoconduction efﬁciencies in GaN nanowires grown using several different methods [139]. The
authors compared both MBE and CVD grown GaN nanowires to compare the photoconduction efﬁciencies using normalized gain (Γn)
and found the efﬁciency in CVD-grown GaN nanowires superior by almost two orders of magnitude. The researchers further looked at
the temperature-dependent time-resolved photocurrent results and found the higher photoconduction efﬁciency in the CVD-grown
nanowires was due to the higher barrier height ϕB (160  20 mV) of the electrons compared to MBE-grown nanowires (20  2 mV)
due to surface band bending. However, the diameter of the nanowires grown using CVD (60 nm) and MBE (110 nm) also differed, which
might be the reason for the different barrier heights. The lower surface state density in the non-polar (c-axial) MBE-grown nanowires
compared to that of the polar (m-axial) CVD-grown nanowires is inferred to be one reason for the dramatic difference in ϕB.
Besides these c-axis GaN nanowires, in 2014 Wang et al. successfully grew nonpolar a-axial GaN nanowires on patterned Si to make
metal-semiconductor-metal (MSM) back-to-back Schottky contact PDs for high-performance UV detection [140]. The device featured
ultrafast rise and decay times of less than 26 m s under excitation by 325 nm light, which the authors claimed was the best performing
UV detector ever based on bare nanowires without any surface or composition modiﬁcation where the surface defects are modulated by
the compositions [141]. Additionally, the PD showed high spectral responsivity (R) and external quantum efﬁciency in the windows of
5.50–22.0  103 A/W and 8.00–10.1  104, respectively. More importantly, optical logic AND/OR gates were illustrated by connecting
the PDs in parallel and series. PDs fabricated in this way thus have potential for applications beyond mere light detection, including
stable optical logic, optical communication, and memory storage (Fig. 19).
There has been great improvement in nanowire growth and performance for PD applications. Though several major challenges have
been addressed, much room for improvement remains, especially in the frequency response for optical logic devices and
communication-related applications.
3.1.5. III-nitride artiﬁcial photosynthesis on Si substrates
Because of the chemical stability, large surface area, and tunable bandgap energy of InGaN nanowires (which cover nearly the entire
solar spectrum), III-nitride nanowires have been applied as photoelectrodes for artiﬁcial photosynthesis, including solar water splitting
and CO2 reduction.
Photoelectrochemical (PEC) water splitting using III-nitride photoactive materials can be a means to enhance solar hydrogen production [92]. Typically, these III-nitride nanowires are grown on single crystalline substrates, such as sapphire or Si. However, both
substrates suffer from poor interfacial charge carrier kinetics, which can be attributed to the low conductivity of sapphire or the formation of amorphous SiNx dielectric interfacial ﬁlms that limit the solar-to-hydrogen (STH) conversion efﬁciency of the resultant
III-nitride photoelectrolysis devices. For example, GaN/InGaN core/shell nanowire photoanodes were fabricated on c-plane sapphire
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Fig. 19. (a) Schematic diagram of a GaN nanowire PD. (b) Comparison of the dark current and photocurrent after the PD was illuminated by 325 nm light. (c) OR and
(d) AND logic gates illustrated using the GaN nanowire PD. Reproduced with permission. Ref. [140] Copyright 2014, The Royal Society of Chemistry.

using MOCVD [142,143]. Although these materials were photoactive in the deep visible range with an incident-photon-to-current
conversion efﬁciency (IPCE) of up to 16%, the STH was very small due to the low electrical conductivity of the sapphire substrate,
which resists the transport of the photogenerated charge carriers.
That being said, high-density vertically aligned InGaN-based nanowire photoelectrodes have been grown by plasma-assisted MBE on
Si substrates [144–146]. Double-band InGaN/GaN core/shell nanowires grown on Si were also used for stable hydrogen production,
with an IPCE of up to ~27% measured under UV and visible light irradiation [147]. Furthermore, researchers have fabricated a
dual-photoelectrode device using an InGaN nanowire photocathode and a GaN nanowire photoanode (Fig. 20a), which demonstrated an
open circuit potential of 1.3 V and around 20-times greater power conversion efﬁciency under illumination from 400 to 600 nm than
individual photoelectrodes composed of InGaN nanowires in 1 mol/L HBr [144]. Moreover, by incorporating the tunnel junction,

Fig. 20. (a) Schematic diagram of the GaN nanowire photoanode and InGaN nanowire photocathode in a dual conﬁguration. (b) Schematic of the photocathode formed
by InGaN tunnel junction nanowires on a nþ-p Si solar cell substrate. Reproduced with permission. Ref. [144] Copyright 2015, American Chemical Society.
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p-InGaN nanowires were grown on low resistivity n-Si substrates (Fig. 20b). To enhance their PEC performance, p-InGaN/n-GaN
nanowires were monolithically integrated on a Si solar cell wafer [145]. The integrated photocathode achieved an applied bias
photon-to-current conversion efﬁciency of approximately 8.7% at 0.33 V vs. RHE and high hydrogen generation Faradaic efﬁciency in
the range of 97–105%. Although the InGaN-based photoelectrolysis system fabricated on Si-substrates showed a satisfactory PEC water
splitting performance, their STH efﬁciency, which is the benchmark for solar hydrogen generation, was extremely limited. This was
attributed to the formation of dielectric SiNx interfacial ﬁlms between the GaN and Si-substrate, which adds additional charge carrier
transport resistance, as well as a large conduction band offset, which can signiﬁcantly degrade the overall photoelectrolysis device
performance [148].
The use of surface passivation can improve the PEC performance of nanowire arrays on Si. For example, p-GaN nanowires passivated
with 1,2-ethanedithiol resulted in a high photocurrent density of 31 mA/cm2 at 0.2 V vs. RHE with an IPCE of up to 18.3% and a high
stability of more than 55 h [146]. The improved charge carrier separation and the enhanced carrier lifetime after passivation played an
important role in achieving high efﬁciency.
Besides water splitting, Mi et al. demonstrated that GaN nanowires grown on Si(111) also have application in the reduction of CO2
into CH4 and CO. Photoreduction to CH4 can be enhanced with a Rh/Cr2O3 co-catalyst on the sidewall of the nanowires for a photo1
reduction rate as high as ~14.8 μmol g1
[149]. Later, the same group also integrated GaN nanowires with a standard Si solar cell,
cat h
which allows the absorption of a large part of the solar spectrum and selective CH4 production over CO generation [150]. The same
group further demonstrated the photoreduction of CO2 into methanol using InGaN nanowires and irradiation by sunlight (Fig. 21). The
photocatalytic activity for CO2 reduction can also be enhanced by incorporating Mg into InGaN nanowires [151]. These studies
demonstrate that nitride nanowires on Si show great potential as a photocatalyst for CO2 reduction.
3.2. III-nitride Nanowires grown on metal
Despite the great success of high-quality nanowires and devices grown on low-cost, large-area Si substrates, there are a number of
unresolved issues, the foremost being the signiﬁcant visible light absorption by Si, which reduces quantum efﬁciencies and the output
power of LEDs. Another issue is the natural formation of an amorphous SiNx layer when the silicon surface is exposed to a nitrogen-rich
environment. This layer impedes carrier ﬂow and heat dissipation [152].
Furthermore, because of the small diameter and lateral discontinuity of nanowires, the injected current density and the associated
junction temperature in nanowire LEDs and lasers is higher than in conventional planar devices [127]. Additionally, the carriers and
acoustic phonons that carry heat away transport one-dimensionally along the nanowire [153,154], leading to severe junction heating
and degradation of the performance and lifetime of nanowire devices, which is only made worse when an insulating SiNx layer is found
on the substrate surface [155,156]. Effective thermal management of nanowire devices is thus critical, especially in high power
solid-state lighting applications [157]. For this reason, phosphor-free InGaN/GaN nanowire white LEDs and NIR LEDs have been
transferred to copper substrates, and have demonstrated better light-output intensity and I–V characteristics than those of nanowire
LEDs on Si [158,159]. However, this method requires complicated wafer bonding or lift-off processes. Instead, it is preferable to grow
nanowires directly on electrically and thermally conductive substrates.
Although GaN nano- and microstructures have been grown on diamond and amorphous glass substrates [160,161], these techniques
do not simultaneously address the absorption, thermal, and electrical conductivity issues of high-performance devices. Bulk transition
metals and their alloys have been used as commercial heat sinks and thermal-matching substrates for planar LEDs fabricated by
complicated processes such as wafer bonding or laser lift-off [162–164]. To ﬁx these issues, Wolz et al. demonstrated the direct growth
of GaN nanowires on Ti-coated sapphire substrates [165]. They further showed that Ti was converted to TiN upon exposure of the
surface to the nitrogen plasma and that GaN nanowires could be grown epitaxially on the TiN ﬁlm using MBE. Later, Sarwar et al.
reported the growth of nanowires on Ti- or Mo-coated Si substrates. They further demonstrated the successful fabrication of p-down GaN
nanowire LEDs on Mo due to good ohmic contact with the p-type nanowires [166]. Our group also reported a UV nanowire LED grown
on a Ti-coated Si substrate, which improved heat dissipation and current injection [50].
For practical design and facile fabrication of scalable, low-cost, high-power nanowire devices, it is necessary to have direct growth of
high-density (>1010 cm2) vertical hexagonally-shaped nanowires of high structural and optical quality on bulk-metal substrates for
effective heat dissipation. In our own work, we demonstrated for the ﬁrst time the direct growth of high quality, high-density InGaN/
GaN Qdisks-in-nanowires for high-power LEDs on commercial polycrystalline Mo substrates (Fig. 22a) [5,167]. Our results conﬁrmed

Fig. 21. (a) Schematic of a p-InGaN/GaN nanowire photocatalyst with Pt catalyst decorating the sidewalls. (b) Methanol evolution as a function of time using Ptdecorated p-InGaN/GaN nanowires. Reproduced with permission. Ref. [151] Copyright 2016, American Chemical Society.
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Fig. 22. (a) Schematic of nanowires grown on a Ti/Mo substrate. (b) I-V characteristics of the LED. The inset displays an optical microscope image of the device. (c)
Band alignment of n-GaN on Mo. (d) Light output power and wall-plug efﬁciency of LEDs during a burn-in test. Reproduced with permission. Ref. [5,167] Copyright
2016, American Chemical Society.

the nitrogen-polar nanowires grew epitaxially on the metallic TiN transition layer [168,169], which also formed an ohmic contact with
n-GaN [165,170], a good reﬂector for long wavelengths due to the high reﬂectivity of TiN [171,172], thereby signiﬁcantly simplifying
the subsequent fabrication process for high-power LEDs compared to conventional processes relying on laser-liftoff and wafer bonding.
The fabricated LEDs exhibited an ultralow turn-on voltage of ~2 V (Fig. 22b), and demonstrated droop-free efﬁciency at an unprecedentedly high-input power density of 45 kW/cm2, escaping the “valley of droop” for energy-efﬁcient lighting [5,173].

Fig. 23. (a) Photo of the Ti foil after nanowire growth. (b) Scanning electron micrograph of GaN nanowires grown on Ti foil. Reproduced with permission. Ref. [180]
Copyright 2016, AIP Publishing.
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Junction heating is the main reason for the degradation in performance and lifetimes of LEDs. To study this effect, we developed a
current-dependent confocal-Raman setup to measure nanowire temperature during operation in order to produce more reliable
nanowire-based light-emitters [5]. Our results showed that the GaN nanowire LEDs on bulk Ti/Mo substrates effectively dissipated heat
for high-power operations, which resulted in negligible junction heating due to the absence of carrier and phonon barriers (Fig. 22c).
The same nanowire LED sustained DC electrical annealing over an 8 h period in a soft burn-in test, resulting in stable light output upon
burn-in maturity without catastrophic failure (Fig. 22d).
The integration of GaN nanowires and devices on ﬂexible substrates is of special interest for the fabrication of ﬂexible optoelectronic
devices, and paves the way for roll-to-roll manufacturing [174–176]. Previously, the integration of GaN nanowires on ﬂexible substrates
was achieved by transferring epitaxially grown nanowires to polymer ﬁlms using a lift-off process [177–179]. The direct growth of GaN
nanowires on metal foils would avoid the complications of conventional transfer methods, which could signiﬁcantly increase
throughput. Based on the previous results of GaN nanowires grown on Ti/sapphire substrates, Geelhaar et al. demonstrated the growth
of vertically aligned GaN nanowires on a Ti foil, and demonstrated that the luminescence of the nanowire epitaxy did not degrade upon
bending to a small curvature radius of 4 mm (Fig. 23) [180]. May et al. similarly reported AlGaN nanowire UV-LEDs grown directly on
ﬂexible Ta foils [176].
Besides optoelectronic devices, nitrides on bulk metal substrates have also been utilized for water splitting to enhance charge
extraction and collection. The relatively low STH efﬁciency of InxGa1xN-based photoelectrodes is mainly attributed to the low conductivity of conventional sapphire and Si substrates, which slow down the charge carrier transport. With bulk metal substrates, the
photogenerated electrons can migrate to the counter-electrode to reduce the hydrogen ions with minimal carrier loss. Using this design,
Ebaid et al. reportedly achieved 3.5% STH efﬁciency for pure water splitting under one-sun illumination [181].

3.3. III-nitride Nanowires on diamond
Due to its high thermal conductivity, sound velocity, and efﬁcient p-type doping [182,183], diamond is an attractive substrate for
fabricating high-electron-mobility transistors and UV-LEDs. In recent years, substantial progress has been made in growing nitride
nanowires on diamond (Table 3), a process which was inspired by growing nitride nanowires on silicon.
In 2012, self-assembled GaN nanowires epitaxially grown on diamond were demonstrated for the ﬁrst time using MBE by Schuster
and colleagues, as shown in Fig. 24a [184]. The results demonstrated smaller tilt variation compared to similar nanowires grown on Si
due to the absence of a SiNx layer. The authors also found the nature of the substrate only has a limited impact on the nanowire growth;
the only requirement is the large lattice mismatch to ensure Volmer-Weber nucleation. In contrast, the surface orientation of a crystalline substrate deﬁnes the growth direction and the in-plane epitaxial relationship with respect to the nanowires [185]. The same
group later implemented SAG of GaN nanowires on a diamond substrate in 2015, achieving optimum results using a patterned TiN mask
at 890  C (Fig. 24b) [160]. Furthermore, it was shown that the period of the hole pattern in Fig. 24b can lead to a transition from
nanowire to nanotube growth. By comparison, the temperature window for self-assembled growth is much narrower than for
selective-area nanowire growth on diamond substrate. Hetzl et al. obtained a growth regimes diagram based on substrate temperature
and III/V ﬂux ratio by studying the SEM results after growth [182]. The result revealed that both axial and radial growth rates are
nitrogen-limited.
To study the growth mechanism, detailed cross-sectional TEM imaging of the interface between GaN nanowires and diamond
substrates has been performed, which demonstrated the absence of any intermediate layer between the two materials. Thus, c-plane GaN
nanowires have been grown epitaxially on diamond (111) substrates [184,185]. In addition, although mixed polarity occurs for GaN
nanowires grown on diamond, it is possible to control the polarity by changing the surface chemistry and the substrate temperature,
which is attributed to the interfacial bonds between the nanowires and the atomic species at the surface of the diamond [160,186]. It
was found that O termination leads to an N-polar nanowire, whereas N-terminated diamond results in Ga polarity [186].
Looking for practical applications of this technology, Hetzl et al. studied GaN nanowire doping on diamond substrates and found that
incorporating dopant atoms into GaN nanowires is much more efﬁcient than for GaN thin ﬁlms [187]. I-V characteristic from conductive
atomic force microscopy (c-AFM) also demonstrated good rectifying behavior of GaN nanowires on diamond (Fig. 25a). This result
spurred further study of the optoelectronic properties of n-type GaN on p-type diamond substrates, ﬁnding that a diode structure with
low doping produced good electrical transport properties due to its high crystal and interface quality, as shown in the I-V characteristic
in Fig. 25b [182,188]. The researchers also fabricated a nanowire LED that showed an emission peak at around 2.35 eV from the
diamond substrate, and a second one at about 3.37 eV due to the GaN nanowires (Fig. 25c) [182,188]. The inhomogeneous distribution
in the thermographic image of the LED is due to growth non-uniformity, indicating that not all nanowires in the array contribute to the
device performance (Fig. 25d).
Table 3
Reported nitride nanowires grown on diamond substrates.
Emission Wavelength

Active region material(s)

Device structure

Growth technique

Year

Reference

357 nm
–
357 nm
368 nm
–

GaN
GaN
n-GaN & p-GaN
n-GaN
GaN

–
–
–
p-diamond/n-GaN LED
–

MBE
MBE
MBE
MBE
MBE

2012
2015
2015
2015
2017

[132]
[116]
[133]
[134]
[135]
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Fig. 24. (a) Self-assembled GaN nanowires on a diamond substrate. (b) SAG nanowire arrays with the same hole diameter and different periods. Reproduced with
permission. Ref. [160,184] Copyright 2012,2015 American Chemical Society.

Fig. 25. (a) Schematic principle of c-AFM with the I-V characteristics for different doping concentrations. (b) Schematic design for the LED device with I-V curve
measurements. (c) Electroluminescence of the LED device. (d) Thermographic image of the LED operated contact area. Reproduced with permission. Ref. [182]
Copyright 2016, Elsevier.

3.4. III-nitride Nanowires on layered materials
For nitride optoelectronic devices and sensors, it is essential to grow GaN nanowires on highly conductive substrates. Compared with
the substrates mentioned previously, graphite exhibits excellent performance in terms of both electrical and thermal conductivity,
displays excellent stability at high temperatures, a smaller lattice mismatch with wurtzite GaN due to the hexagonal arrangement of the
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carbon atoms, and a low thermal expansion coefﬁcient. Moreover, because of the weak atomic bonding between the layered structure of
graphite and the underlying substrate, GaN thus grown can be easily transferred to other substrates, such as polymers, after growth.
In 2013, well-crystallized c-plane GaN nanorods on graphite were reported using CVD without a catalyst [189]. The minimizing of
the total surface free energy and electrostatic surface energy in the wurtzite-type hexagonal structure of GaN induces the appearance of
periodic repeats of Ga-terminated and N-terminated facets, leading to the corrugated morphology of the nanorods. In 2014, GaN
microrods and coaxial InxGa1–xN/GaN MQW heterostructures were grown on graphene ﬁlms on SiO2/Si substrates by MOCVD (Fig. 26).
The CVD-grown graphene was transferred to the SiO2/Si substrates, and a GaN buffer layer can be grown to improve the vertical
alignment of the micro-rods. The resultant LEDs were further transferred to a polymer substrate to form ﬂexible LEDs, which proved
highly reliable, with no signiﬁcant degradation in performance after many bending cycles [190]. The dominant electroluminescent
emission was observed at 437 nm at an injection current of 2.6 mA, with a blue shift to 407 nm observed at an injection current of 10 mA.
Graphene ﬁlms on other substrates have also been used to grow GaN nanorods and nanowires. In 2015, Heilmann et al. reported nGaN nanorods on a graphene/sapphire substrate using MOCVD [191,196]. It was found that these nanorods grew predominantly on
defective regions of graphene, which also served as a back contact for the GaN nanorods. I–V measurements were carried out on a single
GaN nanorod using a nanoprober, which proves the viability of graphene as a conductive electrode. Later, the researchers reported GaN
nanorods on graphene/silicon [194]. n-GaN nanorods on graphene/Si(111) have been used as efﬁcient UV photoconductive devices
[192,193]. The high-quality n-GaN nanorods grown on graphene exhibit extremely low carrier trap density in the photoconductive

Fig. 26. (a) The GaN micro-rod growth process featuring a GaN buffer layer on a CVD grown graphene substrate on SiO2/Si. (b) The fabrication process for ﬂexible
micro-rod LEDs. (c) Optical images of the LED. (d) The injection-dependent electroluminescence spectra of the fabricated LEDs. Reproduced with permission. Ref. [190]
Copyright 2014, AIP Publishing.
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channel, leading to ten-fold enhancement in photocurrent along with increased photoresponsivity and sensitivity. To increase the
nucleation density of nanowires, Heilmann et al. further used nanometer-sized AlGaN as nucleation islands [194].
In 2016, GaN nanorods with emission at 357 nm on graphene were grown using MBE [195], which is highly selective to graphene
ﬂakes to avoid growth on the bare substrate. The researchers also observed the epitaxial relationship between the wurtzite GaN and the
carbon zigzag chains. Later, Fernandez-Garrido et al. reported the direct growth of GaN nanowires on multilayer graphene synthesized
on SiC using MBE, which nucleated preferentially at step edges and morphological defects [197].
Besides graphene and graphite, large-area MoS2 layers have also been used for nitride nanowire growth (see Table 4). In 2017, for
the ﬁrst time, InGaN/GaN nanowires on MoS2 were realized via quasi-van der Waals epitaxy (vdWE) using MBE [198]. The L–I–V curves
of the resultant LEDs displayed a turn-on voltage of ~2 V (Fig. 27a). Different emission wavelengths were obtained (470 nm and
635 nm) by changing the growth condition of the Qdisks incorporated in the nanowires (Fig. 27b). The authors also showed that the
MoS2 layer could serve as both a buffer layer for high-quality GaN epitaxy and a sacriﬁcial layer for device lift-off (Fig. 27c).
3.5. III-nitride Nanowires on quartz/silica glass
Recently, large-area quartz/silica substrates have also attracted attention by the III-nitride nanowire research community. These
low-cost, scalable, and amorphous substrates can withstand temperatures of up to 1000  C, which is high enough for nitride growth.
They also have excellent optical transparency from the visible to UV wavelength region [199].
In 2016, Kumaresan et al. reported well-controlled GaN nanowire growth on non-crystalline silica substrates using plasma-assisted
MBE [200]. Mulyo et al. further optimized the process, producing nanowires on fused silica glass that showed no threading dislocations,
stacking faults, or twinning [201]. In this process, a SixNy intermediate layer with ABC stacking order is formed at the interface with the
glass.
By combining MBE and MOCVD, Bae et al. grew high-quality GaN nanorods on quartz substrates. The MBE process was used to grow
a relatively ﬂat GaN nanograins buffer. The GaN nanorods were then grown selectively by MOCVD using a dielectric mask [202]. We
have also demonstrated the growth of InGaN/GaN nanowires on amorphous quartz substrates using MBE (Fig. 28). A TiN/Ti interlayer
was used to facilitate the growth. The fabricated LEDs based on the nanowire-on-quartz platform were applied in tunable correlated
color temperature white light generation when mixing when red, green, and blue laser as demonstrated in the paper [203].
4. Challenges and problems
Although remarkable progress in the growth, characterization, and device demonstration has been made in nitride nanowire
research, problems still remain that hinder the use of these structures in real applications. For example, to avoid metal contamination, a
Table 4
Reported III-nitride nanowires on layered materials.
Emission Wavelength

Active region material(s)

Substrate

Growth technique

Year

Reference

380 nm
437 nm
365 nm
365 nm
365 nm
365 nm
357 nm
–
357 nm
470 and 635 nm

GaN
InGaN/GaN LED
n-GaN
n-GaN
n-GaN
GaN
GaN
n-GaN
GaN
InGaN/GaN

Graphite
Graphene
Graphene
Graphene
Graphene
Graphene
Graphene
Graphene
Graphene
MoS2

CVD
MOCVD
MOCVD
MOCVD
MOCVD
MOCVD
MBE
MOCVD
MBE
MBE

2013
2014
2015
2015
2015
2016
2016
2017
2017
2017

[189]
[190]
[191]
[192]
[193]
[194]
[195]
[196]
[197]
[198]

Fig. 27. (a) Typical L–I–V characteristics of the InGaN/GaN nanowire LED on MoS2/Mo. (b) The electroluminescence spectra of the LEDs with different indium
composition. The inset shows optical microscope images of the illuminated blue and yellow LEDs. (c) Schematic of the ﬂexible LED releasing from the metal.
Reproduced with permission. Ref. [198] Copyright 2017, The Royal Society of Chemistry. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the Web version of this article.)
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Fig. 28. Method for the fabrication of InGaN/GaN nanowire LEDs on quartz. Reproduced with permission. Ref. [203] Copyright 2018, SpringerOpen.

Fig. 29. (a) Schematic of the SAG process on patterned GaN template substrates. (b) SEM image of GaN nanowires. Reproduced with permission. Ref. [211] Copyright
2016, John Wiley and Sons.

catalyst-free approach to growing III-nitride nanowires is preferable. However, this method has its drawbacks, including a lack of control
over the size, length, and position of the nanowires depending on the growth conditions [35,204]. Nanowire arrays grown in this fashion
also have a lower active volume per unit area compared to thin ﬁlms, and defects are generated along the coalesced sidewalls when the
nanowires are highly packed.
Several approaches have been proposed to circumvent these issues. Among these are self-assembly of nanowires on patterned
templates and the use of nucleation centers [205,206]. SAG is also an important fabrication technology because it provides better
control of nanowire geometry, such as diameter, height, and position. For example, a GaN buffer layer using a patterned titanium mask
was reported to selectively grow GaN nanocolumns at very high temperatures (above 900  C) and high III/V ratios [70,71,207,208].
Schumann et al. optimized their catalyst-free MBE growth conditions and mask design to obtain SAG of GaN nanowires by varying the
patterning layout, gallium ﬂux, and substrate temperature [209]. To obtain superior nanowire growth, Jung et al. employed pulse-mode
MOCVD to synthesize GaN nanowires. In their experiments, they patterned the c-plane GaN substrate with a SiO2 mask, controlled the
growth parameters, such as substrate temperature and precursor injection durations, and succeeded in obtaining uniform GaN nanowires in terms of diameter, length, and location [210]. Mi et al. successfully controlled the coalescence of AlGaN nanowires and obtained
nearly dislocation-free semi-polar AlGaN templates on a patterned c-plane sapphire substrate using e-beam lithography (Fig. 29) [211].
Although we have methods available to solve the issue of nanowire growth uniformity, they are time-consuming for practical applications because of the techniques used for patterning the substrates. Thus it is necessary to develop mask-less growth techniques for the
scalable production of uniform nanowire arrays. Additionally, more study is needed on how to change surface conditions to encourage
uniform nucleation and control nanowire growth.
Additionally, a more fundamental understanding of the growth mechanism and properties of nitride nanowires is needed. Although
some researchers report defect-free growth of these materials, others observed the formation of stacking faults [212]. We need to
understand the correlation between the formation of defects and the operation of the growth mechanism on different substrates.
Moreover, the strain status in nanowires is very important for their optical properties and device applications. Although strain can be
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relaxed through the surface, there is still no detailed study on strain for nanowires, especially in three dimensions. Answering these
questions will rely on new techniques in electron microscopy and X-ray diffraction to explore the effects of strain and defects on these
materials at the atomic scale. Although passivation has been studied to improve the efﬁciency of nanowire devices, it is necessary to
develop enhanced methods to achieve electrical and dangling bond passivation, and improve light extraction using materials with
proper refractive indexes.
Moreover, for future nanowire device applications, such as high-performance lasers, it will be necessary to combine both MBE and
MOCVD techniques to take advantage of the high growth rate for thick cladding layers of lasers using MOCVD and the high crystal
quality of the active layer produced by MBE growth. The current nanowire growth technology only guarantees single color emission
from a given nanowire array. Meanwhile, SAG and multi-step growth have been applied to achieve efﬁcient and smart light mixing to
produce multi-colored lights (Fig. 30) [213,214]. A focus for future research will be achieving multiple wavelengths from a single
growth of nanowires. Currently, most fabrication methods require complicated processes, such as ﬁlling material deposition, etching,
and top contact deposition. A simpler fabrication technique for LEDs, lasers, etc., will improve the throughput for industry while
ensuring high current injection efﬁciency with good electrical contact.
5. Summary and perspectives
To summarize, we have reviewed recent advances in III-nitride nanowire research, including different nanowire growth techniques,
growth conditions and mechanisms, the adoption of various substrates, and methods of nanowire characterization. Catalyst-free growth
techniques for GaN nanowires dominate the current growth technology, utilizing the MBE technique under nitrogen-rich conditions. To
provide a broader understanding of the ﬁeld, we have detailed various examples of MBE and MOCVD growth of nanowires. Additionally,
the growth mechanisms of these materials were discussed, from nucleation to vertical growth, both in terms of kinetic and thermodynamic effects. We have further demonstrated that III-nitride nanowires can be used to construct various device platforms when grown
on unconventional substrates, and have demonstrated their application in LEDs, photodetectors, lasers, solar cells, and photoelectrodes.
However, more research is still necessary to improve fundamental understanding and promote the device application of these novel
materials.
With further development in advanced growth and characterization, nanowire arrays will ﬁnd practical applications in high-power
optoelectronics, displays, energy conversion and green technologies, single-photon emitters, quantum computing, and high-speed
electronics. Such nanoscale devices will be essential for realizing ultra-low proﬁle displays on both ﬂexible and rigid substrates.
Fig. 30. (a) Schematic of
multi-colored nanowire LEDs.
(b) Schematic of an individual
nanowire LED. (c) Electroluminescence spectra of nanowire LED subpixels. (d) The
electroluminescence spectra of
a triple-color LED pixel injected at various continuous wave
currents. Reproduced with
permission. Ref. [213,214]
Copyright 2014, Optical Society of America. Copyright
2016, SPIE. (For interpretation
of the references to color in this
ﬁgure legend, the reader is
referred to the Web version of
this article.)
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Moving forward, there is potential for employing nanowires in multiple cross-disciplinary applications, such as visible-light communications, bio-sensing, and “wireless” solar water-splitting devices, as well as photodetection and sensing in high-temperature, harsh
environments, by leveraging the chemical stability of high-quality nitride materials, the large speciﬁc surface areas of nanowires, and
the lift-off ready nature of nanowire structures for substrate reuse.
Acknowledgements
The authors acknowledge funding support from the King Abdulaziz City for Science and Technology Technology Innovation Center
(TIC) for Solid State Lighting (KACST TIC R2-FP-008), and KAUST baseline funding (BAS/1/1614-01-01).
References
[1] S. Nakamura, G. Fasol, The Blue Laser Diode: GaN Based Light Emitters and Lasers, Springer-Verlag Berlin Heidelberg, Germany, 1997.
[2] J. Yan, J. Wang, Y. Zhang, P. Cong, L. Sun, Y. Tian, C. Zhao, J. Li, AlGaN-based deep-ultraviolet light-emitting diodes grown on High-quality AlN template using
MOVPE, J. Cryst. Growth 414 (2015) 254–257.
[3] J.C. Yan, J.X. Wang, P.P. Cong, L.L. Sun, N.X. Liu, Z. Liu, C. Zhao, J.M. Li, Improved performance of UV-LED by p-AlGaN with graded composition, Phys. Status
Solidi C: Current Topics in Solid State Physics 8 (2) (2011) 461–463, 8.
[4] E.F. Schubert, Light-emitting Diodes, Cambridge University Press, UK, 2006.
[5] C. Zhao, T.K. Ng, R.T. ElAfandy, A. Prabaswara, G.B. Consiglio, I.A. Ajia, I.S. Roqan, B. Janjua, C. Shen, J. Eid, A.Y. Alyamani, M.M. El-Desouki, B.S. Ooi, Droopfree, reliable, and high-power InGaN/GaN nanowire light-emitting diodes for monolithic metal-optoelectronics, Nano Lett. 16 (2016) 4616–4623.
[6] O. Ambacher, Growth and applications of Group III nitrides, J. Phys. D Appl. Phys. 31 (1998) 2653–2710.
[7] N. Alfaraj, M.M. Muhammed, K.-H. Li, B. Janjua, R.A. Aljefri, H. Sun, T.K. Ng, B.S. Ooi, I.S. Roqan, X. Li, Thermodynamic photoinduced disorder in AlGaN
nanowires, AIP Adv. 7 (2017) 125113.
[8] R.S. Pengelly, S.M. Wood, J.W. Milligan, S.T. Sheppard, W.L. Pribble, A review of GaN on SiC high electron-mobility power transistors and MMICs, IEEE Trans.
Microw. Theory Tech. 60 (2012) 1764–1783.
[9] J.S. Speck, S.J. Rosner, The role of threading dislocations in the physical properties of GaN and its alloys, Phys. B Condens. Matter 273–274 (1999) 24–32.
[10] U.T. Schwarz, M. Kneissl, Nitride emitters go nonpolar, Phys. Status Solidi Rapid Res. Lett. 1 (2007) A44–A46.
[11] J. Piprek, Efﬁciency droop in nitride-based light-emitting diodes, Phys. Status Solidi A-Appl. Mat. 207 (2010) 2217–2225.
[12] J.I. Shim, H. Kim, D.P. Han, D.S. Shin, K.S. Kim, Low temperature studies of the efﬁciency droop in InGaN-based light-emitting diodes, in: Gallium Nitride
Materials and Devices IX, San Francisco, California, United States, 2014.
[13] J.S. Speck, S.J. Rosner, The role of threading dislocations in the physical properties of GaN and its alloys, Phys. B Condens. Matter 273 (1999) 24–32.
[14] P.T. Barletta, E.A. Berkman, B.F. Moody, N.A. El-Masry, A.M. Emara, M.J. Reed, S.M. Bedair, Development of green, yellow, and amber light emitting diodes
using InGaN multiple quantum well structures, Appl. Phys. Lett. 90 (2007) 151109.
[15] M.-H. Kim, M.F. Schubert, Q. Dai, J.K. Kim, E.F. Schubert, J. Piprek, Y. Park, Origin of efﬁciency droop in GaN-based light-emitting diodes, Appl. Phys. Lett. 91
(2007) 183507.
[16] Y. Yang, X.A. Cao, C.H. Yan, Rapid efﬁciency roll-off in high-quality green light-emitting diodes on freestanding GaN substrates, Appl. Phys. Lett. 94 (2009),
041117.
[17] J.C.H. Carter, V.F. Tsvetkov, R.C. Glass, D. Henshall, M. Brady, S.G. Müller, O. Kordina, K. Irvine, J.A. Edmond, H.S. Kong, R. Singh, S.T. Allen, J.W. Palmour,
Progress in SiC: from material growth to commercial device development, Mater. Sci. Eng., B 61 (1999) 1–8.
[18] M.-T. Tsai, C.-M. Chu, C.-H. Huang, Y.-H. Wu, C.-H. Chiu, Z.-Y. Li, P.-M. Tu, W.-I. Lee, H.-C. Kuo, The effect of free-standing GaN substrate on carrier localization
in ultraviolet InGaN light-emitting diodes, Nanoscale Res. Lett. 9 (2014) 675.
[19] J. Cheng, X. Yang, L. Sang, L. Guo, A. Hu, F. Xu, N. Tang, X. Wang, B. Shen, High mobility AlGaN/GaN heterostructures grown on Si substrates using a large
lattice-mismatch induced stress control technology, Appl. Phys. Lett. 106 (2015) 142106.
[20] C. Mo, W. Fang, Y. Pu, H. Liu, F. Jiang, Growth and characterization of InGaN blue LED structure on Si(111) by MOCVD, J. Cryst. Growth 285 (2005) 312–317.
[21] C. Zhao, Y.H. Chen, B. Xu, C.G. Tang, Z.G. Wang, F. Ding, Study of the wetting layer of InAs∕GaAs nanorings grown by droplet epitaxy, Appl. Phys. Lett. 92
(2008), 063122.
[22] C. Zhao, Y.H. Chen, B. Xu, P. Jin, Z.G. Wang, Evolution of InAs nanostructures grown by droplet epitaxy, Appl. Phys. Lett. 91 (2007), 033112.
[23] P. Wang, Y. Yuan, C. Zhao, X. Wang, X. Zheng, X. Rong, T. Wang, B. Sheng, Q. Wang, Y. Zhang, L. Bian, X. Yang, F. Xu, Z. Qin, X. Li, X. Zhang, B. Shen, Latticepolarity-driven epitaxy of hexagonal semiconductor nanowires, Nano Lett. 16 (2016) 1328–1334.
[24] C.T. Foxon, S.V. Novikov, J.L. Hall, R.P. Campion, D. Cherns, I. Grifﬁths, S. Khongphetsak, A complementary geometric model for the growth of GaN
nanocolumns prepared by plasma-assisted molecular beam epitaxy, J. Cryst. Growth 311 (2009) 3423–3427.
[25] J. Ristic, E. Calleja, S. Fernandez-Garrido, L. Cerutti, A. Trampert, U. Jahn, K.H. Ploog, On the mechanisms of spontaneous growth of III-nitride nanocolumns by
plasma-assisted molecular beam epitaxy, J. Cryst. Growth 310 (2008) 4035–4045.
[26] M.A. Sanchez-Garcia, E. Calleja, E. Monroy, F.J. Sanchez, F. Calle, E. Mu~
noz, R. Beresford, The effect of the III/V ratio and substrate temperature on the
morphology and properties of GaN- and AlN-layers grown by molecular beam epitaxy on Si(1 1 1), J. Cryst. Growth 183 (1998) 23–30.
[27] S. Nakamura, N. Senoh, N. Iwasa, S.I. Nagahama, High-brightness ingan blue, green and yellow light-emitting-diodes with quantum-well structures, Jpn. J.
Appl. Phys. Part 2 - Lett. Express Lett. 34 (1995) L797–L799.
[28] S. Fern
andez-Garrido, J.K. Zettler, L. Geelhaar, O. Brandt, Monitoring the formation of nanowires by line-of-sight quadrupole mass spectrometry: a
comprehensive description of the temporal evolution of GaN nanowire ensembles, Nano Lett. 15 (2015) 1930–1937.
[29] H.-M. Kim, Y.-H. Cho, H. Lee, S.I. Kim, S.R. Ryu, D.Y. Kim, T.W. Kang, K.S. Chung, High-brightness light emitting diodes using dislocation-free indium gallium
nitride/gallium nitride multiquantum-well nanorod arrays, Nano Lett. 4 (2004) 1059–1062.
[30] W. Guo, M. Zhang, A. Banerjee, P. Bhattacharya, Catalyst-free InGaN/GaN nanowire light emitting diodes grown on (001) silicon by molecular beam epitaxy,
Nano Lett. 10 (2010) 3355–3359.
[31] Z. Mi, H.P.T. Nguyen, S. Zhang, K. Cui, M. Djavid (Eds.), Molecular Beam Epitaxial Growth and Characterization of InGaN/GaN Dot-in-a-wire Nanoscale
Heterostructures: toward Ultrahigh Efﬁciency Phosphor-free white Light Emitting Diodes, SPIE OPTO, San Francisco, California, United States, 2013.
[32] Y.-H. Ra, R. Navamathavan, J.-H. Park, C.-R. Lee, Coaxial InxGa1–xN/GaN multiple quantum well nanowire arrays on Si(111) substrate for high-performance
light-emitting diodes, Nano Lett. 13 (2013) 3506–3516.
[33] T.K. Ng, C. Zhao, C. Shen, S. Jahangir, B. Janjua, A.B. Slimane, C.H. Kang, A.A. Syed, J. Li, A.Y. Alyamani, M.M. El-Desouki, P.K. Bhattacharya, B.S. Ooi, Red to
near-infrared emission from InGaN/GaN quantum-disks-in-nanowires LED, in: CLEO: 2014, Optical Society of America, San Jose, California, 2014, p. SM2J.2.
[34] T. Frost, S. Jahangir, E. Stark, S. Deshpande, A. Hazari, C. Zhao, B.S. Ooi, P. Bhattacharya, Monolithic electrically injected nanowire array edge-emitting laser on
(001) silicon, Nano Lett. 14 (2014) 4535–4541.
[35] C. Zhao, T.K. Ng, A. Prabaswara, M. Conroy, S. Jahangir, T. Frost, J. O'Connell, J.D. Holmes, P.J. Parbrook, P. Bhattacharya, B.S. Ooi, An enhanced surface
passivation effect in InGaN/GaN disk-in-nanowire light emitting diodes for mitigating Shockley-Read-Hall recombination, Nanoscale 7 (2015) 16658–16665.
[36] A. Hazari, A. Aiello, T.-K. Ng, B.S. Ooi, P. Bhattacharya, III-nitride disk-in-nanowire 1.2 μm monolithic diode laser on (001)silicon, Appl. Phys. Lett. 107 (2015)
191107.
[37] S. Li, A. Waag, GaN based nanorods for solid state lighting, J. Appl. Phys. 111 (2012), 071101.
26

C. Zhao et al.

Progress in Quantum Electronics 61 (2018) 1–31

[38] C. Yin, H. Yuan, X. Wang, S. Liu, S. Zhang, N. Tang, F. Xu, Z. Chen, H. Shimotani, Y. Iwasa, Y. Chen, W. Ge, B. Shen, Tunable surface electron spin splitting with
electric double-layer transistors based on InN, Nano Lett. 13 (2013) 2024–2029.
[39] H.J. Joyce, P. Parkinson, N. Jiang, C.J. Docherty, Q. Gao, H.H. Tan, C. Jagadish, L.M. Herz, M.B. Johnston, Electron mobilities approaching bulk limits in
“surface-free” GaAs nanowires, Nano Lett. 14 (2014) 5989–5994.
[40] J.P. Richters, T. Voss, D.S. Kim, R. Scholz, M. Zacharias, Enhanced surface-excitonic emission in ZnO/Al2O3 core–shell nanowires, Nanotechnology 19 (2008)
305202.
[41] S. Fan, S. Zhao, X. Liu, Z. Mi, Study on the coalescence of dislocation-free GaN nanowires on Si and SiOx, Journal of Vacuum Science & Technology B,
Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena 32 (2014), 02C114.
[42] M. Conroy, H. Li, G. Kusch, C. Zhao, B. Ooi, P.R. Edwards, R.W. Martin, J.D. Holmes, P.J. Parbrook, Site controlled red-yellow-green light emitting InGaN
quantum discs on nano-tipped GaN rods, Nanoscale 8 (2016) 11019–11026.
[43] U. Chatterjee, J.-H. Park, D.-Y. Um, C.-R. Lee, III-nitride nanowires for solar light harvesting: a review, Renew. Sustain. Energy Rev. 79 (2017) 1002–1015.
[44] T.W. George, A.A. Talin, J.W. Donald, J.R. Creighton, L. Elaine, J.A. Richard, A. Ilke, Highly aligned, template-free growth and characterization of vertical GaN
nanowires on sapphire by metal–organic chemical vapour deposition, Nanotechnology 17 (2006) 5773.
[45] S.N. Mohammad, Analysis of the vapor–liquid–solid mechanism for nanowire growth and a model for this mechanism, Nano Lett. 8 (2008) 1532–1538.
[46] K.A. Bertness, N.A. Sanford, J.M. Barker, J.B. Schlager, A. Roshko, A.V. Davydov, I. Levin, Catalyst-free growth of GaN nanowires, J. Electron. Mater. 35 (2006)
576–580.
[47] S. Zhao, X. Liu, S.Y. Woo, J. Kang, G.A. Botton, Z. Mi, An electrically injected AlGaN nanowire laser operating in the ultraviolet-C band, Appl. Phys. Lett. 107
(2015), 043101.
[48] R.K. Debnath, R. Meijers, T. Richter, T. Stoica, R. Calarco, H. Lüth, Mechanism of molecular beam epitaxy growth of GaN nanowires on Si(111), Appl. Phys. Lett.
90 (2007) 123117.
[49] B. Janjua, H. Sun, C. Zhao, D.H. Anjum, D. Priante, A.A. Alhamoud, F. Wu, X. Li, A.M. Albadri, A.Y. Alyamani, M.M. El-Desouki, T.K. Ng, B.S. Ooi, Droop-free
AlxGa1-xN/AlyGa1-yN quantum-disks-in-nanowires ultraviolet LED emitting at 337 nm on metal/silicon substrates, Optic Express 25 (2017) 1381–1390.
[50] B. Janjua, H. Sun, C. Zhao, D.H. Anjum, F. Wu, A.A. Alhamoud, X. Li, A.M. Albadri, A.Y. Alyamani, M.M. El-Desouki, T.K. Ng, B.S. Ooi, Self-planarized quantumdisks-in-nanowires ultraviolet-B emitters utilizing pendeo-epitaxy, Nanoscale 9 (2017) 7805–7813.
[51] N. Alfaraj, S. Mitra, F. Wu, I.A. Ajia, B. Janjua, A. Prabaswara, R.A. Aljefri, H. Sun, T.K. Ng, B.S. Ooi, I.S. Roqan, X. Li, Photoinduced entropy of InGaN/GaN p-i-n
double-heterostructure nanowires, Appl. Phys. Lett. 110 (2017) 161110.
[52] P. Deb, H. Kim, V. Rawat, M. Oliver, S. Kim, M. Marshall, E. Stach, T. Sands, Faceted and vertically aligned GaN nanorod arrays fabricated without catalysts or
lithography, Nano Lett. 5 (2005) 1847–1851.
[53] S.K. Lee, H.J. Choi, P. Pauzauskie, P.D. Yang, N.K. Cho, H.D. Park, E.K. Suh, K.Y. Lim, H.J. Lee, Gallium nitride nanowires with a metal initiated metal-organic
chemical vapor deposition (MOCVD) approach, Phys. Status Solidi B 241 (2004) 2775–2778.
[54] H. Sun, F. Wu, Y.J. Park, T.M.A. tahtamouni, K.-H. Li, N. Alfaraj, T. Detchprohm, R.D. Dupuis, X. Li, Inﬂuence of TMAl preﬂow on AlN epitaxy on sapphire, Appl.
Phys. Lett. 110 (2017) 192106.
[55] S. Haiding, W. Feng, T.M.A. tahtamouni, A. Nasir, L. Kuang-Hui, D. Theeradetch, D.D. Russell, L. Xiaohang, Structural properties, crystal quality and growth
modes of MOCVD-grown AlN with TMAl pretreatment of sapphire substrate, J. Phys. Appl. Phys. 50 (2017) 395101.
[56] A.T. Connie, S. Zhao, S.M. Sadaf, I. Shih, Z. Mi, X. Du, J. Lin, H. Jiang, Optical and electrical properties of Mg-doped AlN nanowires grown by molecular beam
epitaxy, Appl. Phys. Lett. 106 (2015) 213105.
[57] A.Y. Cho, Film deposition by molecular-beam techniques, J. Vac. Sci. Technol. 8 (1971) S31–S38.
[58] M.M. Oye, T.J. Mattord, G.A. Hallock, S.R. Bank, M.A. Wistey, J.M. Reifsnider, A.J. Ptak, H.B. Yuen, J.S. H Jr., A.L. H Jr., Effects of different plasma species
(atomic N, metastable N2*, and ions) on the optical properties of dilute nitride materials grown by plasma-assisted molecular-beam epitaxy, Appl. Phys. Lett. 91
(2007) 191903.
[59] A.V. Blant, O.H. Hughes, T.S. Cheng, S.V. Novikov, C.T. Foxon, Nitrogen species from radio frequency plasma sources used for molecular beam epitaxy growth
of GaN, Plasma Sources Sci. Technol. 9 (2000) 12.
[60] J. Li, D. Wang, R.R. LaPierre, Advances in III-V Semiconductor Nanowires and Nanodevices, Bentham Science Publishers, United Arab Emirates, 2011.
[61] K.A. Bertness, A. Roshko, L.M. Mansﬁeld, T.E. Harvey, N.A. Sanford, Mechanism for spontaneous growth of GaN nanowires with molecular beam epitaxy,
J. Cryst. Growth 310 (2008) 3154–3158.
[62] K. Bertness, N. Sanford, J. Schlager, Gallium Nitride Nanowires Achieve Crystalline Perfection, SPIE Newsroom, 2011.
[63] K.A. Bertness, A. Roshko, L.M. Mansﬁeld, T.E. Harvey, N.A. Sanford, Nucleation conditions for catalyst-free GaN nanowires, J. Cryst. Growth 300 (2007) 94–99.
[64] D. Wang, A. Pierre, M.G. Kibria, K. Cui, X. Han, K.H. Bevan, H. Guo, S. Paradis, A.-R. Hakima, Z. Mi, Wafer-level photocatalytic water splitting on GaN nanowire
arrays grown by molecular beam epitaxy, Nano Lett. 11 (2011) 2353–2357.
[65] V. Consonni, M. Knelangen, L. Geelhaar, A. Trampert, H. Riechert, Nucleation mechanisms of epitaxial GaN nanowires: origin of their self-induced formation
and initial radius, Phys. Rev. B 81 (2010), 085310.
[66] F. Ishikawa, I. Buyanova, Novel Compound Semiconductor Nanowires: Materials, Devices, and Applications, Pan Stanford Publishing, 2017.
[67] J. Johansson, C.P.T. Svensson, T. Mårtensson, L. Samuelson, W. Seifert, Mass transport model for semiconductor nanowire growth, J. Phys. Chem. B 109 (2005)
13567–13571.
[68] E.I. Givargizov, Fundamental aspects of VLS growth, J. Cryst. Growth 31 (1975) 20–30.
[69] C.X. Ren, F. Tang, R.A. Oliver, T. Zhu, Nanoscopic insights into the effect of silicon on core-shell InGaN/GaN nanorods: luminescence, composition, and
structure, J. Appl. Phys. 123 (2018), 045103.
[70] K. Kishino, H. Sekiguchi, A. Kikuchi, Improved Ti-mask selective-area growth (SAG) by rf-plasma-assisted molecular beam epitaxy demonstrating extremely
uniform GaN nanocolumn arrays, J. Cryst. Growth 311 (2009) 2063–2068.
[71] S. Hiroto, K. Katsumi, K. Akihiko, Ti-mask selective-area growth of GaN by rf-plasma-assisted molecular-beam epitaxy for fabricating regularly arranged InGaN/
GaN nanocolumns, Appl. Phys. Express 1 (2008) 124002.
[72] T. Kuykendall, P. Pauzauskie, S. Lee, Y. Zhang, J. Goldberger, P. Yang, Metalorganic chemical vapor deposition route to GaN nanowires with triangular cross
sections, Nano Lett. 3 (2003) 1063–1066.
[73] X. Wang, U. Jahn, J. Ledig, H.-H. Wehmann, M. Mandl, M. Straßburg, A. Waag, The MOVPE growth mechanism of catalyst-free self-organized GaN columns in
H2 and N2 Carrier gases, J. Cryst. Growth 384 (2013) 61–65.
[74] H.-M. Kim, D.S. Kim, D.Y. Kim, T.W. Kang, Y.-H. Cho, K.S. Chung, Growth and characterization of single-crystal GaN nanorods by hydride vapor phase epitaxy,
Appl. Phys. Lett. 81 (2002) 2193–2195.
[75] H.M. Kim, D.S. Kim, Y.S. Park, D.Y. Kim, T.W. Kang, K.S. Chung, Growth of GaN nanorods by a hydride vapor phase epitaxy method, Adv. Mater. 14 (2002) 991.
[76] G. Avit, Y. Andr
e, C. Bougerol, D. Castelluci, A. Dussaigne, P. Ferret, S. Gaugiran, B. Gayral, E. Gil, Y. Lee, M.R. Ramdani, E. Roche, A. Trassoudaine, GaN rods
grown on Si by SAG-HVPE toward GaN HVPE/InGaN MOVPE core/shell structures, Cryst. Growth Des. 16 (2016) 2509–2513.
[77] S. Nakamura, T. Mukai, M. Senoh, Candela-class high-brightness InGaN/AlGaN double-heterostructure blue-light-emitting diodes, Appl. Phys. Lett. 64 (1994)
1687–1689.
[78] S.D. Hersee, X. Sun, X. Wang, The controlled growth of GaN nanowires, Nano Lett. 6 (2006) 1808–1811.
[79] H.P.T. Nguyen, S. Zhang, K. Cui, X. Han, S. Fathololoumi, M. Couillard, G.A. Botton, Z. Mi, p-Type modulation doped InGaN/GaN dot-in-a-wire white-lightemitting diodes monolithically grown on Si(111), Nano Lett. 11 (2011) 1919–1924.
[80] F. Qian, Y. Li, S. Gradecak, H.-G. Park, Y. Dong, Y. Ding, Z.L. Wang, C.M. Lieber, Multi-quantum-well nanowire heterostructures for wavelength-controlled
lasers, Nat. Mater. 7 (2008) 701.
[81] P. Chen, S.Y. Xie, Z.Z. Chen, Y.G. Zhou, B. Shen, R. Zhang, Y.D. Zheng, J.M. Zhu, M. Wang, X.S. Wu, S.S. Jiang, D. Feng, Deposition and crystallization of
amorphous GaN buffer layers on Si(111) substrates, J. Cryst. Growth 213 (2000) 27–32.

27

C. Zhao et al.

Progress in Quantum Electronics 61 (2018) 1–31

[82] A. Hashimoto, Y. Aiba, T. Motizuki, M. Ohkubo, A. Yamamoto, Initial growth stage of GaN on Si substrate by alternating source supply using dimethylhydrazine, J. Cryst. Growth 175–176 (1997) 129–133.
[83] A. Dadgar, J. Christen, T. Riemann, S. Richter, J. Bl€asing, A. Diez, A. Krost, A. Alam, M. Heuken, Bright blue electroluminescence from an InGaN/GaN
multiquantum-well diode on Si(111): impact of an AlGaN/GaN multilayer, Appl. Phys. Lett. 78 (2001) 2211–2213.
[84] W.S. Wong, A.B. Wengrow, Y. Cho, A. Salleo, N.J. Quitoriano, N.W. Cheung, T. Sands, Integration of GaN thin ﬁlms with dissimilar substrate materials by Pd-In
metal bonding and laser lift-off, J. Electron. Mater. 28 (1999) 1409–1413.
[85] M. Funato, S. Fujita, S. Fujita, Integration of GaN with Si using a AuGe-mediated wafer bonding technique, Appl. Phys. Lett. 77 (2000) 3959–3961.
[86] S. Guha, N.A. Bojarczuk, Ultraviolet and violet GaN light emitting diodes on silicon, Appl. Phys. Lett. 72 (1998) 415–417.
[87] M.T. Hardy, D.F. Feezell, S.P. DenBaars, S. Nakamura, Group III-nitride lasers: a materials perspective, Mater. Today 14 (2011) 408–415.
[88] M. Razeghi, R. McClintock, A review of III-nitride research at the center for quantum devices, J. Cryst. Growth 311 (2009) 3067–3074.
[89] K. Akihiko, K. Mizue, T. Makoto, K. Katsumi, InGaN/gan multiple quantum disk nanocolumn light-emitting diodes grown on (111) Si substrate, Jpn. J. Appl.
Phys. 43 (2004) L1524.
[90] R. Armitage, K. Tsubaki, Multicolour luminescence from InGaN quantum wells grown over GaN nanowire arrays by molecular-beam epitaxy, Nanotechnology
21 (2010) 195202.
[91] L. Cerutti, J. Ristic, S. Fernandez-Garrido, E. Calleja, A. Trampert, K.H. Ploog, S. Lazic, J.M. Calleja, Wurtzite GaN nanocolumns grown on Si(001) by molecular
beam epitaxy, Appl. Phys. Lett. 88 (2006) 213114.
[92] T. Kuykendall, P. Ulrich, S. Aloni, P. Yang, Complete composition tunability of InGaN nanowires using a combinatorial approach, Nat. Mater. 6 (2007) 951–956.
[93] H. Sekiguchi, K. Kishino, A. Kikuchi, Emission color control from blue to red with nanocolumn diameter of InGaN/GaN nanocolumn arrays grown on same
substrate, Appl. Phys. Lett. 96 (2010) 231104.
[94] W. Guo, A. Banerjee, P. Bhattacharya, B.S. Ooi, InGaN/GaN disk-in-nanowire white light emitting diodes on (001) silicon, Appl. Phys. Lett. 98 (2011) 193102.
[95] Y.C. Shen, G.O. Mueller, S. Watanabe, N.F. Gardner, A. Munkholm, M.R. Krames, Auger recombination in InGaN measured by photoluminescence, Appl. Phys.
Lett. 91 (2007) 141101.
[96] H.P.T. Nguyen, S. Zhang, A.T. Connie, M.G. Kibria, Q. Wang, I. Shih, Z. Mi, Breaking the Carrier injection bottleneck of phosphor-free nanowire white lightemitting diodes, Nano Lett. 13 (2013) 5437–5442.
[97] H. Sekiguchi, K. Kato, J. Tanaka, A. Kikuchi, K. Kishino, Ultraviolet GaN-based nanocolumn light-emitting diodes grown on n-(111) Si substrates by rf-plasmaassisted molecular beam epitaxy, Phys. Status Solidi A-Appl. Mat. 205 (2008) 1067–1069.
[98] H. Sekiguchi, K. Kishino, A. Kikuchi, GaN/A1GaN nanocolumn ultraviolet light-emitting diodes grown on n-(111) Si by RF-plasma-assisted molecular beam
epitaxy, Electron. Lett. 44 (2008) 151–152.
[99] P. Ji-Soo, W.F. Daryl, Z. Xiyao, J.R. Zachary, F.M. John, F.D. Robert, Effect of Carrier blocking layers on the emission characteristics of AlGaN-based ultraviolet
light emitting diodes, Jpn. J. Appl. Phys. 44 (2005) 7254.
[100] S.D. Carnevale, T.F. Kent, P.J. Phillips, M.J. Mills, S. Rajan, R.C. Myers, Polarization-induced pn diodes in wide-band-gap nanowires with ultraviolet
electroluminescence, Nano Lett. 12 (2012) 915–920.
[101] S.D. Carnevale, T.F. Kent, P.J. Phillips, A.T.M.G. Sarwar, C. Selcu, R.F. Klie, R.C. Myers, Mixed polarity in polarization-induced p–n junction nanowire lightemitting diodes, Nano Lett. 13 (2013) 3029–3035.
[102] F.K. Thomas, D.C. Santino, A.T.M. Sarwar, J.P. Patrick, F.K. Robert, C.M. Roberto, Deep ultraviolet emitting polarization induced nanowire light emitting diodes
with AlxGa1xN active regions, Nanotechnology 25 (2014) 455201.
[103] A. Hiroshi, K. Masahiro, H. Kazumasa, A. Isamu, P-type conduction in Mg-Doped GaN treated with low-energy electron beam irradiation (LEEBI), Jpn. J. Appl.
Phys. 28 (1989) L2112.
[104] S. Zhao, A.T. Connie, M.H.T. Dastjerdi, X.H. Kong, Q. Wang, M. Djavid, S. Sadaf, X.D. Liu, I. Shih, H. Guo, Z. Mi, Aluminum nitride nanowire light emitting
diodes: breaking the fundamental bottleneck of deep ultraviolet light sources, Sci. Rep. 5 (2015) 8332.
[105] S. Zhao, S.M. Sadaf, S. Vanka, Y. Wang, R. Rashid, Z. Mi, Sub-milliwatt AlGaN nanowire tunnel junction deep ultraviolet light emitting diodes on silicon
operating at 242 nm, Appl. Phys. Lett. 109 (2016) 201106.
[106] S.M. Sadaf, S. Zhao, Y. Wu, Y.H. Ra, X. Liu, S. Vanka, Z. Mi, An AlGaN core–shell tunnel junction nanowire light-emitting diode operating in the ultraviolet-C
band, Nano Lett. 17 (2017) 1212–1218.
[107] S. Zhao, M. Djavid, Z. Mi, Surface emitting, high efﬁciency near-vacuum ultraviolet light source with aluminum nitride nanowires monolithically grown on
silicon, Nano Lett. 15 (2015) 7006–7009.
[108] S.M. Sadaf, Y.H. Ra, H.P.T. Nguyen, M. Djavid, Z. Mi, Alternating-current InGaN/GaN tunnel junction nanowire white-light emitting diodes, Nano Lett. 15
(2015) 6696–6701.
[109] R. Koester, D. Sager, W.-A. Quitsch, O. Pﬁngsten, A. Poloczek, S. Blumenthal, G. Keller, W. Prost, G. Bacher, F.-J. Tegude, High-speed GaN/GaInN nanowire
array light-emitting diode on Silicon(111), Nano Lett. 15 (2015) 2318–2323.
[110] B. Janjua, T.K. Ng, C. Zhao, A. Prabaswara, G.B. Consiglio, D. Priante, C. Shen, R.T. Elafandy, D.H. Anjum, A.A. Alhamoud, A.A. Alatawi, Y. Yang, A.Y. Alyamani,
M.M. El-Desouki, B.S. Ooi, True yellow light-emitting diodes as phosphor for tunable color-rendering index laser-based white light, ACS Photonics 3 (2016)
2089–2095.
[111] B. Janjua, T.K. Ng, C. Zhao, H.M. Oubei, C. Shen, A. Prabaswara, M.S. Alias, A.A. Alhamoud, A.A. Alatawi, A.M. Albadri, A.Y. Alyamani, M.M. El-Desouki,
B.S. Ooi, Ultrabroad linewidth orange-emitting nanowires LED for high CRI laser-based white lighting and gigahertz communications, Optic Express 24 (2016)
19228–19236.
[112] T.K. Zywietz, J. Neugebauer, M. Schefﬂer, The adsorption of oxygen at GaN surfaces, Appl. Phys. Lett. 74 (1999) 1695–1697.
[113] H.P.T. Nguyen, R. Wang, A.T. Connie, I. Shih, Z. Mi, Color tunable phosphor-free InGaN/GaN/AlGaN core-shell nanowire light-emitting diodes on silicon, in:
2014 IEEE Photonics Society Summer Topical Meeting Series, 2014, pp. 35–36.
[114] J.I. Khan, A. Adhikari, J. Sun, D. Priante, R. Bose, B.S. Shaheen, T.K. Ng, C. Zhao, O.M. Bakr, B.S. Ooi, O.F. Mohammed, Enhanced optoelectronic performance of
a passivated nanowire-based device: key information from real-space imaging using 4D electron microscopy, Small 12 (2016) 2313–2320.
[115] R. Bose, J.Y. Sun, J.I. Khan, B.S. Shaheen, A. Adhikari, T.K. Ng, V.M. Burlakov, M.R. Parida, D. Priante, A. Goriely, B.S. Ooi, O.M. Bakr, O.F. Mohammed, Realspace visualization of energy loss and Carrier diffusion in a semiconductor nanowire array using 4D electron microscopy, Adv. Mater. 28 (2016) 5106–5111.
[116] J.I. Khan, A. Adhikari, J.Y. Sun, D. Priante, R. Bose, B.S. Shaheen, T.K. Ng, C. Zhao, O.M. Bakr, B.S. Ooi, O.F. Mohammed, Enhanced optoelectronic performance
of a passivated nanowire-based device: key information from real-space imaging using 4D electron microscopy, Small 12 (2016) 2313–2320.
[117] F. Qian, Y. Li, S. Gradecak, D. Wang, C.J. Barrelet, C.M. Lieber, Gallium nitride-based nanowire radial heterostructures for nanophotonics, Nano Lett. 4 (2004)
1975–1979.
[118] S. Nakamura, M. Senoh, S.i. Nagahama, N. Iwasa, T. Yamada, T. Matsushita, Y. Sugimoto, H. Kiyoku, Ridge-geometry InGaN multi-quantum-well-structure laser
diodes, Appl. Phys. Lett. 69 (1996) 1477–1479.
[119] G. Weng, Y. Mei, J. Liu, W. Hofmann, L. Ying, J. Zhang, Y. Bu, Z. Li, H. Yang, B. Zhang, Low threshold continuous-wave lasing of yellow-green InGaN-QD
vertical-cavity surface-emitting lasers, Optic Express 24 (2016) 15546–15553.
[120] Y. Mei, G.-E. Weng, B.-P. Zhang, J.-P. Liu, W. Hofmann, L.-Y. Ying, J.-Y. Zhang, Z.-C. Li, H. Yang, H.-C. Kuo, Quantum dot vertical-cavity surface-emitting lasers
covering the ‘green gap’, Light: Science & Applications 6 (2017), e16199.
[121] M. Takashi, M. Shingo, O. Takeshi, Y. Tomoya, K. Tokuya, N. Shin-ichi, M. Takashi, 510–515 nm InGaN-based green laser diodes on c -plane GaN substrate,
Appl. Phys. Express 2 (2009), 062201.
[122] S. Lutgen, A. Avramescu, T. Lermer, D. Queren, J. Muller, G. Bruederl, U. Strauss, True green InGaN laser diodes, Phys. Status Solidi A-Appl. Mat. 207 (2010)
1318–1322.
[123] L. You-Da, Y. Shuichiro, H. Chia-Yen, H. Chia-Lin, W. Feng, F. Kenji, O. Hiroaki, S.S. James, P.D. Steven, N. Shuji, High quality InGaN/AlGaN multiple quantum
wells for semipolar InGaN green laser diodes, Appl. Phys. Express 3 (2010), 082001.

28

C. Zhao et al.

Progress in Quantum Electronics 61 (2018) 1–31

[124] M.F. Robert, F.F. Daniel, C.S. Mathew, A.H. Daniel, M.K. Kathryn, I. Kenji, Y. Hisashi, S. Makoto, F. Kenji, A.C. Daniel, S.S. James, P.D. Steven, N. Shuji,
Continuous-wave operation of AlGaN-cladding-free nonpolar m -plane InGaN/GaN laser diodes, Jpn. J. Appl. Phys. 46 (2007) L761.
[125] F.F. Daniel, C.S. Mathew, M.F. Robert, K. Kwang-Choong, S. Makoto, F. Kenji, A.C. Daniel, S.S. James, P.D. Steven, N. Shuji, AlGaN-cladding-free nonpolar
InGaN/GaN laser diodes, Jpn. J. Appl. Phys. 46 (2007) L284.
[126] C.O. Holder, J.T. Leonard, R.M. Farrell, D.A. Cohen, B. Yonkee, J.S. Speck, S.P. DenBaars, S. Nakamura, D.F. Feezell, Nonpolar III-nitride vertical-cavity surface
emitting lasers with a polarization ratio of 100% fabricated using photoelectrochemical etching, Appl. Phys. Lett. 105 (2014), 031111.
[127] S. Araﬁn, X. Liu, Z. Mi, Review of recent progress of III-nitride nanowire lasers, J. Nanophotonics 7 (2013), 074599-074599.
[128] Y. Sun, K. Zhou, Q. Sun, J. Liu, M. Feng, Z. Li, Y. Zhou, L. Zhang, D. Li, S. Zhang, M. Ikeda, S. Liu, H. Yang, Room-temperature continuous-wave electrically
injected InGaN-based laser directly grown on Si, Nat. Photon. 10 (2016) 595.
[129] K.H. Li, X. Liu, Q. Wang, S. Zhao, Z. Mi, Ultralow-threshold electrically injected AlGaN nanowire ultraviolet lasers on Si operating at low temperature, Nat.
Nanotechnol. 10 (2015) 140.
[130] Z. Mi, S. Zhao, S.Y. Woo, M. Bugnet, M. Djavid, X. Liu, J. Kang, X. Kong, W. Ji, H. Guo, Z. Liu, G.A. Botton, Molecular beam epitaxial growth and characterization
of Al(Ga)N nanowire deep ultraviolet light emitting diodes and lasers, J. Phys. Appl. Phys. 49 (2016) 364006.
[131] S. Zhao, X. Liu, Y. Wu, Z. Mi, An electrically pumped 239 nm AlGaN nanowire laser operating at room temperature, Appl. Phys. Lett. 109 (2016) 191106.
[132] S. Jahangir, T. Frost, A. Hazari, L. Yan, E. Stark, T. LaMountain, J.M. Millunchick, B.S. Ooi, P. Bhattacharya, Small signal modulation characteristics of redemitting (λ ¼ 610 nm) III-nitride nanowire array lasers on (001) silicon, Appl. Phys. Lett. 106 (2015), 071108.
[133] Y.B. Tang, Z.H. Chen, H.S. Song, C.S. Lee, H.T. Cong, H.M. Cheng, W.J. Zhang, I. Bello, S.T. Lee, Vertically aligned p-type single-crystalline GaN nanorod arrays
on n-type Si for heterojunction photovoltaic cells, Nano Lett. 8 (2008) 4191–4195.
[134] P.T.N. Hieu, Y.L. Chang, I. Shih, Z.T. Mi, InN p-i-n nanowire solar cells on Si, IEEE J. Sel. Top. Quant. Electron. 17 (2011) 1062–1069.
[135] A.T.M.G. Sarwar, R.C. Myers, Exploiting piezoelectric charge for high performance graded InGaN nanowire solar cells, Appl. Phys. Lett. 101 (2012) 143905.
[136] F.C. Mehmet, M.H. Samir, P.N. Dever, K. Filiz, B. Emad, K. Tansel, S. Hye-Won, PiN InGaN nanorod solar cells with high short-circuit current, Appl. Phys.
Express 8 (2015), 042302.
[137] R. Calarco, M. Marso, T. Richter, A.I. Aykanat, R. Meijers, A. v.d. Hart, T. Stoica, H. Lüth, Size-dependent photoconductivity in MBE-grown GaNNanowires,
Nano Lett. 5 (2005) 981–984.
[138] R. Calarco, T. Stoica, O. Brandt, L. Geelhaar, Surface-induced effects in GaN nanowires, J. Mater. Res. 26 (2011) 2157–2168.
[139] R.S. Chen, H.Y. Tsai, Y.S. Huang, Y.T. Chen, L.C. Chen, K.H. Chen, Photoconduction efﬁciencies and dynamics in GaN nanowires grown by chemical vapor
deposition and molecular beam epitaxy: a comparison study, Appl. Phys. Lett. 101 (2012) 113109.
[140] X. Wang, Y. Zhang, X. Chen, M. He, C. Liu, Y. Yin, X. Zou, S. Li, Ultrafast, superhigh gain visible-blind UV detector and optical logic gates based on nonpolar aaxial GaN nanowire, Nanoscale 6 (2014) 12009–12017.
[141] R. Huang, J. Zhang, F.F. Wei, L. Shi, T. Kong, G.S. Cheng, Ultrahigh responsivity of ternary Sb-Bi-Se nanowire photodetectors, Adv. Funct. Mater. 24 (2014)
3581–3586.
[142] M. Ebaid, J.-H. Kang, S.-H. Lim, J.-S. Ha, J.K. Lee, Y.-H. Cho, S.-W. Ryu, Enhanced solar hydrogen generation of high density, high aspect ratio, coaxial InGaN/
GaN multi-quantum well nanowires, Nanomater. Energy 12 (2015) 215–223.
[143] M. Ebaid, J.-H. Kang, S.-H. Lim, Y.-H. Cho, S.-W. Ryu, Towards highly efﬁcient photoanodes: the role of Carrier dynamics on the photoelectrochemical
performance of InGaN/GaN multiple quantum well coaxial nanowires, RSC Adv. 5 (2015) 23303–23310.
[144] B. AlOtaibi, S. Fan, S. Vanka, M.G. Kibria, Z. Mi, A metal-nitride nanowire dual-photoelectrode device for unassisted solar-to-hydrogen conversion under parallel
illumination, Nano Lett. 15 (2015) 6821–6828.
[145] S. Fan, B. AlOtaibi, S.Y. Woo, Y. Wang, G.A. Botton, Z. Mi, High efﬁciency solar-to-hydrogen conversion on a monolithically integrated InGaN/GaN/Si adaptive
tunnel junction photocathode, Nano Lett. 15 (2015) 2721–2726.
[146] P. Varadhan, H.-C. Fu, D. Priante, J.R.D. Retamal, C. Zhao, M. Ebaid, T.K. Ng, I. Ajia, S. Mitra, I.S. Roqan, B.S. Ooi, J.-H. He, Surface passivation of GaN
nanowires for enhanced photoelectrochemical water-splitting, Nano Lett. 17 (2017) 1520–1528.
[147] B. AlOtaibi, H.P.T. Nguyen, S. Zhao, M.G. Kibria, S. Fan, Z. Mi, Highly stable photoelectrochemical water splitting and hydrogen generation using a double-band
InGaN/GaN core/shell nanowire photoanode, Nano Lett. 13 (2013) 4356–4361.
[148] S. Shetty, M. Kesaria, J. Ghatak, S.M. Shivaprasad, The origin of shape, orientation, and structure of spontaneously formed wurtzite GaN nanorods on cubic
Si(001) surface, Cryst. Growth Des. 13 (2013) 2407–2412.
[149] B. AlOtaibi, S. Fan, D. Wang, J. Ye, Z. Mi, Wafer-level artiﬁcial photosynthesis for CO2 reduction into CH4 and CO using GaN nanowires, ACS Catal. 5 (2015)
5342–5348.
[150] Y. Wang, S. Fan, B. AlOtaibi, Y. Wang, L. Li, Z. Mi, A monolithically integrated gallium nitride nanowire/silicon solar cell photocathode for selective carbon
dioxide reduction to methane, Chem. Eur J. 22 (2016) 8809–8813.
[151] B. AlOtaibi, X. Kong, S. Vanka, S.Y. Woo, A. Pofelski, F. Oudjedi, S. Fan, M.G. Kibria, G.A. Botton, W. Ji, H. Guo, Z. Mi, Photochemical carbon dioxide reduction
on Mg-Doped Ga(In)N nanowire arrays under visible light irradiation, ACS Energy Letters 1 (2016) 246–252.
[152] K. Hestroffer, C. Leclere, V. Cantelli, C. Bougerol, H. Renevier, B. Daudin, In situ study of self-assembled GaN nanowires nucleation on Si(111) by plasmaassisted molecular beam epitaxy, Appl. Phys. Lett. 100 (2012) 212107.
[153] J. Matthews, E.A. Hoffmann, C. Weber, A. Wacker, H. Linke, Heat ﬂow in InAs/InP heterostructure nanowires, Phys. Rev. B 86 (2012) 174302.
[154] J.H. Cheng, D. Seghete, S.M. George, R. Yang, Y.C. Lee, Thermal management of vertical gallium nitride nanowire arrays: cooling design and tip temperature
measurement, in: 2010 IEEE 23rd International Conference on Micro Electro Mechanical Systems (MEMS), 2010, pp. 468–471.
[155] Q. Li, K.R. Westlake, M.H. Crawford, S.R. Lee, D.D. Koleske, J.J. Figiel, K.C. Cross, S. Fathololoumi, Z. Mi, G.T. Wang, Optical performance of top-down
fabricated InGaN/GaN nanorod light emitting diode arrays, Optic Express 19 (2011) 25528–25534.
[156] B.S. Tan, S. Yuan, X.J. Kang, Performance enhancement of InGaN light-emitting diodes by laser lift-off and transfer from sapphire to copper substrate, Appl.
Phys. Lett. 84 (2004) 2757–2759.
[157] D.F. Feezell, J.S. Speck, S.P. DenBaars, S. Nakamura, Semipolar (20-2-1) InGaN/GaN light-emitting diodes for high-efﬁciency solid-state lighting, J. Disp.
Technol. 9 (2013) 190–198.
[158] N. Hieu Pham Trung, Q. Wang, Z. Mi, Phosphor-free InGaN/GaN dot-in-a-wire white light-emitting diodes on copper substrates, J. Electron. Mater. 43 (2014)
868–872.
[159] T.K. Ng, Z. Chao, S. Chao, S. Jahangir, B. Janjua, A.B. Slimane, K. Chun Hong, A.A. Syed, L. Jingqi, A.Y. Alyamani, M.M. El-Desouki, P. Bhattacharya, B.S. Ooi,
Red to near-infrared emission from InGaN/GaN quantum-disks-in-nanowires LED, in: 2014 Conference on Lasers and Electro-optics (CLEO) - Laser Science to
Photonic Applications, 2014, pp. 1–2.
[160] F. Schuster, M. Hetzl, S. Weiszer, J.A. Garrido, M. de la Mata, C. Magen, J. Arbiol, M. Stutzmann, Position-controlled growth of GaN nanowires and nanotubes on
diamond by molecular beam epitaxy, Nano Lett. 15 (2015) 1773–1779.
[161] J.H. Choi, A. Zoulkarneev, S.I. Kim, C.W. Baik, M.H. Yang, S.S. Park, H. Suh, U.J. Kim, H. Bin Son, J.S. Lee, M. Kim, J.M. Kim, K. Kim, Nearly single-crystalline
GaN light-emitting diodes on amorphous glass substrates, Nat. Photon. 5 (2011) 763–769.
[162] S. Yuan, X.J. Kang, D.K. Wu, X. Kang, D. Wu, Gallium Nitride Semiconductor Device, e.g. LEDS, Laser Diodes, or Lighting for Light Emission, Comprises Epitaxial
Layers Having Active Layer for Light Generation, n-type Layer for Light Transmission, and p-type Layer for Light Reﬂection, WO2007037762-A1, April 5, 2007.
[163] C.A. Tran, T.T. Doan, Fabricating Light-Emitting Diode Device Involves Forming Conductive Substrate; Removing Carrier Substrate; Immersing Surface of ndopedLayer in Electrolytic Solution; Applying Electrical Bias; and Illuminating Surface of the n-doped Layer, US2008293171-A1; US7629195-B2, November 27,
2008.
[164] L. Soo Hyun, K. Seung Hwan, S. Young Ho, J. Seong-Ran, Y. Jae Su, Thermal and optical properties of InGaN/GaN green vertical light-emitting diodes on
molybdenum substrate for different submounts, Jpn. J. Appl. Phys. 52 (2013) 102102.

29

C. Zhao et al.

Progress in Quantum Electronics 61 (2018) 1–31

[165] M. W€
olz, C. Hauswald, T. Flissikowski, T. Gotschke, S. Fernandez-Garrido, O. Brandt, H.T. Grahn, L. Geelhaar, H. Riechert, Epitaxial growth of GaN nanowires
with high structural perfection on a metallic TiN ﬁlm, Nano Lett. 15 (2015) 3743–3747.
[166] A. Sarwar, S.D. Carnevale, F. Yang, T.F. Kent, J.J. Jamison, D.W. McComb, R.C. Myers, Semiconductor nanowire light-emitting diodes grown on metal: a
direction toward large-scale fabrication of nanowire devices, Small 11 (2015) 5402–5408.
[167] C. Zhao, T.K. Ng, N. Wei, A. Prabaswara, M.S. Alias, B. Janjua, C. Shen, B.S. Ooi, Facile formation of high-quality InGaN/GaN quantum-disks-in-nanowires on
bulk-metal substrates for high-power light-emitters, Nano Lett. 16 (2016) 1056–1063.
[168] Y.-R. Lin, Y.-K. Tseng, S.-S. Yang, S.-T. Wu, C.-L. Hsu, S.-J. Chang, Buffer-facilitated epitaxial growth of ZnO nanowire, Cryst. Growth Des. 5 (2005) 579–583.
[169] Y. Uchida, K. Ito, S. Tsukimoto, Y. Ikemoto, K. Hirata, N. Shibata, M. Murakami, Epitaxial growth of GaN layers on metallic TiN buffer layers, J. Electron. Mater.
35 (2006) 1806–1811.
[170] S. Gautier, P. Komninou, P. Patsalas, T. Kehagias, S. Logothetidis, C. Dimitriadis, G. Nouet, Optical and electrical properties of TiN/n-GaN contacts in correlation
with their structural properties, Semicond. Sci. Technol. 18 (2003) 594.
[171] N.C. Chen, W.C. Lien, C.F. Shih, P.H. Chang, T.W. Wang, M.C. Wu, Nitride light-emitting diodes grown on Si (111) using a TiN template, Appl. Phys. Lett. 88
(2006) 191110.
[172] A.J. Perry, M. Georgson, C.G. Ribbing, The reﬂectance and color of titanium nitride, J. Vac. Sci. Technol.: Vacuum, Surfaces, and Films 4 (1986) 2674–2677.
[173] J.J. Wierer, J.Y. Tsao, D.S. Sizov, Comparison between blue lasers and light-emitting diodes for future solid-state lighting, Laser Photon. Rev. 7 (2013) 963–993.
[174] X. Dai, A. Messanvi, H. Zhang, C. Durand, J. Eymery, C. Bougerol, F.H. Julien, M. Tchernycheva, Flexible light-emitting diodes based on vertical nitride
nanowires, Nano Lett. 15 (2015) 6958–6964.
[175] D.-H. Kim, J. Xiao, J. Song, Y. Huang, J.A. Rogers, Stretchable, curvilinear electronics based on inorganic materials, Adv. Mater. 22 (2010) 2108–2124.
[176] B.J. May, A.T.M.G. Sarwar, R.C. Myers, Nanowire LEDs grown directly on ﬂexible metal foil, Appl. Phys. Lett. 108 (2016) 141103.
[177] Y. Park, S. Jahangir, Y. Park, P. Bhattacharya, J. Heo, InGaN/GaN nanowires grown on SiO2 and light emitting diodes with low turn on voltages, Optic Express
23 (2015) A650–A656.
[178] X. Shi, M. Peng, J. Kou, C. Liu, R. Wang, Y. Liu, J. Zhai, A ﬂexible GaN nanowire array-based Schottky-Type visible light sensor with strain-enhanced
photoresponsivity, Adv. Electronic Mater. 1 (2015) 1500169.
[179] J.B. Park, N.-J. Kim, Y.-J. Kim, S.-H. Lee, G.-C. Yi, Metal catalyst-assisted growth of GaN nanowires on graphene ﬁlms for ﬂexible photocatalyst applications,
Curr. Appl. Phys. 14 (2014) 1437–1442.
[180] G. Calabrese, P. Corfdir, G. Gao, C. Pfüller, A. Trampert, O. Brandt, L. Geelhaar, S. Fernandez-Garrido, Molecular beam epitaxy of single crystalline GaN
nanowires on a ﬂexible Ti foil, Appl. Phys. Lett. 108 (2016) 202101.
[181] M. Ebaid, D. Priante, G. Liu, C. Zhao, M. Sharizal Alias, U. Buttner, T. Khee Ng, T. Taylor Isimjan, H. Idriss, B.S. Ooi, Unbiased photocatalytic hydrogen
generation from pure water on stable Ir-treated In0.33Ga0.67N nanorods, Nanomater. Energy 37 (2017) 158–167.
[182] M. Hetzl, F. Schuster, A. Winnerl, S. Weiszer, M. Stutzmann, Reprint of: GaN nanowires on diamond, Mater. Sci. Semicond. Process. 55 (2016) 32–45.
[183] G. Braunstein, R. Kalish, Effective p-type doping of diamond by boron ion implantation, J. Appl. Phys. 54 (1983) 2106–2108.
[184] F. Schuster, F. Furtmayr, R. Zamani, C. Magen, J.R. Morante, J. Arbiol, J.A. Garrido, M. Stutzmann, Self-assembled GaN nanowires on diamond, Nano Lett. 12
(2012) 2199–2204.
[185] F. Schuster, S. Weiszer, M. Hetzl, A. Winnerl, J.A. Garrido, M. Stutzmann, Inﬂuence of substrate material, orientation, and surface termination on GaN nanowire
growth, J. Appl. Phys. 116 (2014), 054301.
[186] M. Hetzl, M. Kraut, T. Hoffmann, M. Stutzmann, Polarity control of heteroepitaxial GaN nanowires on diamond, Nano Lett. 17 (2017) 3582–3590.
[187] F. Schuster, A. Winnerl, S. Weiszer, M. Hetzl, J.A. Garrido, M. Stutzmann, Doped GaN nanowires on diamond: structural properties and charge carrier
distribution, J. Appl. Phys. 117 (2015), 044307.
[188] F. Schuster, M. Hetzl, S. Weiszer, M. Wolfer, H. Kato, C.E. Nebel, J.A. Garrido, M. Stutzmann, Optoelectronic properties of p-diamond/n-GaN nanowire
heterojunctions, J. Appl. Phys. 118 (2015) 154303.
[189] F. Yuan, B. Liu, Z. Wang, B. Yang, Y. Yin, B. Dierre, T. Sekiguchi, G. Zhang, X. Jiang, Synthesis, microstructure, and cathodoluminescence of [0001]-Oriented
GaN nanorods grown on conductive graphite substrate, ACS Appl. Mater. Interfaces 5 (2013) 12066–12072.
[190] K. Chung, H. Beak, Y. Tchoe, H. Oh, H. Yoo, M. Kim, G.-C. Yi, Growth and characterizations of GaN micro-rods on graphene ﬁlms for ﬂexible light emitting
diodes, APL Mater. 2 (2014), 092512.
[191] M. Heilmann, G. Sarau, M. G€
obelt, M. Latzel, S. Sadhujan, C. Tessarek, S. Christiansen, Growth of GaN micro- and nanorods on graphene-covered sapphire:
enabling conductivity to semiconductor nanostructures on insulating substrates, Cryst. Growth Des. 15 (2015) 2079–2086.
[192] S. Kang, A. Mandal, J.H. Chu, J.-H. Park, S.-Y. Kwon, C.-R. Lee, Ultraviolet photoconductive devices with an n-GaN nanorod-graphene hybrid structure
synthesized by metal-organic chemical vapor deposition, Sci. Rep. 5 (2015) 10808.
[193] S. Kang, A. Mandal, J.-H. Park, D.-Y. Um, J.H. Chu, S.-Y. Kwon, C.-R. Lee, Effects of growth temperatures on the characteristics of n-GaN nanorods–graphene
hybrid structures, J. Alloy. Comp. 644 (2015) 808–813.
[194] M. Heilmann, A.M. Munshi, G. Sarau, M. G€
obelt, C. Tessarek, V.T. Fauske, A.T.J. van Helvoort, J. Yang, M. Latzel, B. Hoffmann, G. Conibeer, H. Weman,
S. Christiansen, Vertically oriented growth of GaN nanorods on Si using graphene as an atomically thin buffer layer, Nano Lett. 16 (2016) 3524–3532.
[195] V. Kumaresan, L. Largeau, A. Madouri, F. Glas, H. Zhang, F. Oehler, A. Cavanna, A. Babichev, L. Travers, N. Gogneau, M. Tchernycheva, J.-C. Harmand, Epitaxy
of GaN nanowires on graphene, Nano Lett. 16 (2016) 4895–4902.
[196] G. Sarau, M. Heilmann, M. Bashouti, M. Latzel, C. Tessarek, S. Christiansen, Efﬁcient nitrogen doping of single-layer graphene accompanied by negligible defect
generation for integration into hybrid semiconductor heterostructures, Acs Appl Mater Inter 9 (2017) 10003–10011.
[197] S. Fern
andez-Garrido, M. Ramsteiner, G. Gao, L.A. Galves, B. Sharma, P. Corfdir, G. Calabrese, Z. de Souza Schiaber, C. Pfüller, A. Trampert, J.M.J. Lopes,
O. Brandt, L. Geelhaar, Molecular beam epitaxy of GaN nanowires on epitaxial graphene, Nano Lett. 17 (2017) 5213–5221.
[198] C. Zhao, T.K. Ng, C.-C. Tseng, J. Li, Y. Shi, N. Wei, D. Zhang, G.B. Consiglio, A. Prabaswara, A.A. Alhamoud, A. Albadri, A.Y. Alyamani, X.X. Zhang, L.-J. Li,
B.S. Ooi, InGaN/GaN nanowires epitaxy on large-area MoS2 for high-performance light-emitters, RSC Adv. 7 (2017) 26665–26672.
[199] Y. Zhao, X. Li, W. Wang, B. Zhou, H. Duan, T. Shi, X. Zeng, N. Li, Y. Wang, Growth and properties of GaAs nanowires on fused quartz substrate, J. Semiconduct.
35 (2014), 093002.
[200] V. Kumaresan, L. Largeau, F. Oehler, H. Zhang, O. Mauguin, F. Glas, N. Gogneau, M. Tchernycheva, J.C. Harmand, Self-induced growth of vertical GaN
nanowires on silica, Nanotechnology 27 (2016) 135602.
[201] A.L. Mulyo, Y. Konno, J.S. Nilsen, A.T.J. van Helvoort, B.-O. Fimland, H. Weman, K. Kishino, Growth study of self-assembled GaN nanocolumns on silica glass by
plasma assisted molecular beam epitaxy, J. Cryst. Growth 480 (2017) 67–73.
[202] S.-Y. Bae, J.-W. Min, H.-Y. Hwang, K. Lekhal, H.-J. Lee, Y.-D. Jho, D.-S. Lee, Y.-T. Lee, N. Ikarashi, Y. Honda, H. Amano, III-nitride core–shell nanorod array on
quartz substrates, Sci. Rep. 7 (2017) 45345.
[203] A. Prabaswara, J.-W. Min, C. Zhao, B. Janjua, D. Zhang, A.M. Albadri, A.Y. Alyamani, T.K. Ng, B.S. Ooi, Direct growth of III-nitride nanowire-based yellow lightemitting diode on amorphous quartz using thin Ti interlayer, Nanoscale Res Lett 13 (2018) 41.
[204] N. Hieu Pham Trung, D. Mehrdad, C. Kai, M. Zetian, Temperature-dependent nonradiative recombination processes in GaN-based nanowire white-light-emitting
diodes on silicon, Nanotechnology 23 (2012) 194012.
[205] S. Ishizawa, H. Sekiguchi, A. Kikuchi, K. Kishino, Selective growth of GaN nanocolumns by Al thin layer on substrate, Phys. Status Solidi B-Basic Solid State
Phys. 244 (2007) 1815–1819.
[206] I. Shunsuke, K. Katsumi, K. Akihiko, Selective-area growth of GaN nanocolumns on Si(111) substrates using nitrided Al nanopatterns by, Appl. Phys. Express 1
(2008), 015006.
[207] T. Kouno, K. Kishino, K. Yamano, A. Kikuchi, Two-dimensional light conﬁnement in periodic InGaN/GaN nanocolumn arrays and optically pumped blue
stimulated emission, Optic Express 17 (2009) 20440–20447.

30

C. Zhao et al.

Progress in Quantum Electronics 61 (2018) 1–31

[208] K. Kishino, T. Hoshino, S. Ishizawa, A. Kikuchi, Selective-area growth of GaN nanocolumns on titanium-mask-patterned silicon (111) substrates by RF-plasmaassisted molecular-beam epitaxy, Electron. Lett. 44 (2008) 819–821.
[209] T. Schumann, T. Gotschke, F. Limbach, T. Stoica, R. Calarco, Selective-area catalyst-free MBE growth of GaN nanowires using a patterned oxide layer,
Nanotechnology 22 (2011), 095603.
[210] B.O. Jung, S.-Y. Bae, Y. Kato, M. Imura, D.-S. Lee, Y. Honda, H. Amano, Morphology development of GaN nanowires using a pulsed-mode MOCVD growth
technique, CrystEngComm 16 (2014) 2273–2282.
[211] B.H. Le, S. Zhao, X. Liu, S.Y. Woo, G.A. Botton, Z. Mi, Controlled coalescence of AlGaN nanowire arrays: an architecture for nearly dislocation-free planar
ultraviolet photonic device applications, Adv. Mater. 28 (2016) 8446–8454.
[212] D. Tham, C.Y. Nam, J.E. Fischer, Defects in GaN nanowires, Adv. Funct. Mater. 16 (2006) 1197–1202.
[213] R. Wang, Y.-H. Ra, Y. Wu, S. Zhao, H.P.T. Nguyen, I. Shih, Z. Mi, Tunable, full-color nanowire light emitting diode arrays monolithically integrated on Si and
sapphire, in: SPIE OPTO, SPIE, 2016, p. 9.
[214] R. Wang, H.P.T. Nguyen, A.T. Connie, J. Lee, I. Shih, Z. Mi, Color-tunable, phosphor-free InGaN nanowire light-emitting diode arrays monolithically integrated
on silicon, Optic Express 22 (2014) A1768–A1775.

Chao Zhao is a Research Scientist working on molecular beam epitaxy (MBE) growth of III-N material and optoelectronic devices at KAUST.
He received his Ph.D. in Microelectronics and Solid-state electronics from Chinese Academy of Sciences. His Ph.D. research focused on the MBE
growth and characterization of InAs/GaAs and GaAs/AlGaAs nanostructures. He has authored, co-authored and delivered more than 90
journal articles, invited talks, and conference articles. He is a Senior Member of IEEE, serves as reviewers for various international journals,
such as Optics Express, Scientiﬁc Reports, Langmuir, and Nanotechnology. He has also been the session chair for several international
conferences.

Tien Khee Ng, a senior member of IEEE, received his Ph.D. and Masters of Engineering in Electrical and Electronic Engineering from Nanyang
Technological University (NTU), Singapore, in 2005 and 2001, respectively. He was a technical staff member at Tinggi Technologies, a high
brightness blue LED start-up company at Science-Park-I, Singapore, from 2004 to 2006, and later a research fellow at NTU until 2009. He is
currently a senior research scientist with the Ooi group at KAUST. He is also a co-principal-investigator for the King Abdulaziz City for Science
and Technology (KACST)-Technology Innovation Center (TIC) at KAUST. His research primarily focuses on the development of wide bandgap
nitride quantum-conﬁned and nanowire structures for efﬁcient light-emission, communications, and energy harvesting applications.

Boon S. Ooi is a Professor of Electrical Engineering at KAUST. He is also the Director of KACST-TIC for Solid-State Lighting. Professor Ooi
received his B.Eng. and Ph.D. degrees in Electronics and Electrical Engineering from the University of Glasgow (Scotland, U.K) in 1992 and
1994, respectively. He joined KAUST from Lehigh University (Pennsylvania, USA) where he held an Associate Professor position and headed
the Photonics and Semiconductor Nanostructure Laboratory. Dr. Ooi is a Fellow of the Optical Society of America (OSA), a Fellow of the
International Society for Optics and Photonics (SPIE), a Fellow of the Institute of Physics (London), and a Senior Member of IEEE.

31

