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Abstract

Gallium nitride (GaN) nanowires have emerged as transformative materials for optoelectronic applications,
particularly photodetection, owing to their unique combination of wide bandgap, high thermal stability, and intrinsic
ultraviolet sensitivity. This review surveys recent progress in GaN nanowire-based photodetectors, focusing on
structural design, performance optimization, and application development. GaN nanowires provide low dislocation
density, high surface-to-volume ratio, and efficient strain relaxation, thereby overcoming the limitations of
traditional planar GaN devices. Various device architectures, including photoconductive, positive-negative (p—n)
and Positive-Intrinsic-Negative (p—i—n) junction, metal-semiconductor—metal, and piezo—phototronic detectors, are
examined with respect to their performance metrics and operational principles. Integration with two-dimensional
materials, perovskites, and organic materials further enhances responsivity and enables self-powered operation.
Applications extend to imaging, sensing, logic operations, and flexible electronics. Remaining challenges include
achieving large-scale uniformity, high response speed, and good device stability. Future research should prioritize
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Abstract

Gallium nitride (GaN) nanowires have emerged as transformative materials for optoelectronic applications,
particularly photodetection, owing to their unique combination of wide bandgap, high thermal stability, and intrinsic
ultraviolet sensitivity. This review surveys recent progress in GaN nanowire-based photodetectors, focusing on
structural design, performance optimization, and application development. GaN nanowires provide low dislocation
density, high surface-to-volume ratio, and efficient strain relaxation, thereby overcoming the limitations of traditional
planar GaN devices. Various device architectures, including photoconductive, positive-negative (p—n) and Positive-
Intrinsic-Negative (p—i—n) junction, metal-semiconductor—metal, and piezo—phototronic detectors, are examined with
respect to their performance metrics and operational principles. Integration with two-dimensional materials,
perovskites, and organic materials further enhances responsivity and enables self-powered operation. Applications
extend to imaging, sensing, logic operations, and flexible electronics. Remaining challenges include achieving large-
scale uniformity, high response speed, and good device stability. Future research should prioritize improved

fabrication processes and novel heterostructure exploration to advance both performance and practical deployment.
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1 Introduction

Gallium nitride (GaN), a representative wide-bandgap semiconductor with a bandgap of ~3.4 eV at room temperature,
has been a cornerstone of optoelectronics since the first demonstration of GaN-based photodetectors (PDs) in 1992.[1]
Market research underscores the global GaN semiconductor device market as a high-growth sector, with an overall
compound annual growth rate (CAGR) of approximately 17%-30% across all product categories. Among these, the
power device segment stands out as the most promising growth driver, boasting a remarkable CAGR of 35%—42%.
In the short term (2025-2030), mainstream forecasts converge on a CAGR range of 20%-25%, while long-term
growth (post-2030) will be sustained by emerging applications such as automotive electronics and data centers,
maintaining a robust growth rate of over 15%. This explosive growth is fueled by the unique properties of GaN—
including its wide bandgap, high thermal stability, and excellent electron mobility—that address unmet needs in high-
performance optoelectronic and electronic systems.[2—4]

Over the past decade, several reviews have summarized the progress of GaN-based photodetectors, but critical

gaps remain due to rapid technological advancements and evolving application demands. Sarkar et al. (2020)[5]
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reviewed I1I-V nanowire-based photodetectors from UV to terahertz, but focused primarily on device strategies rather
than recent heterostructure innovations (e.g., GaN/perovskite or GaN/2D material hybrids) and lacked coverage of
flexible device design. Min et al. (2024)[6] conducted an extensive study on group I1I-nitride nanowires, summarizing
general growth mechanisms and conventional optoelectronic devices. However, their work lacks in-depth exploration
of cutting-edge application research and fails to provide a focused, in-depth investigation into a specific type of
nanowire (e.g., GaN-based nanowires for photodetection). Though, while Zhou et al. (2023)[7] and Abdullah et al.
(2023)[8] conducted in-depth studies on GaN nanowires, summarizing and expanding on their basic structures,
growth mechanisms, and applications in the energy sector, these studies lack a systematic summary of GaN nanowires.
Notably, none of these reviews systematically cover the latest advances in One-dimensional (1D) GaN nanowire
structural design (e.g., quantum discs, core—shell heterostructures), heterogeneous integration with emerging
materials—especially the pioneering quasi-van der Waals epitaxy technology for GaN nanowire/2D material van der
Waals heterostructures that breaks the lattice mismatch limitation of traditional heteroepitaxy[9]—including
heterogeneous integration with perovskites, organics, or frontier applications (neuromorphic vision,
photoelectrochemical detection). Additionally, the key issue of performance degradation under harsh conditions (high
temperature, humidity, explosive gas) and corresponding stability optimization—essential for practical deployment—
has been rarely discussed in previous summaries.

However, traditional bulk GaN and planar thin-film structures face significant challenges that hinder the
development of high-performance photodetectors. Planar GaN films grown via epitaxial methods (e.g., metal—organic
chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE)) typically exhibit high dislocation
densities (103-10'° cm™2) due to lattice mismatch with substrates such as sapphire or Silicon (Si). This increases non-
radiative recombination and dark current—the current flowing through the device in the absence of light—which
directly limits detectivity (D*, the figure of merit for distinguishing weak signals from noise).[10, 11] Additionally,
planar structures exhibit high surface recombination velocities (up to 10¢ cm/s for GaN), causing substantial loss of
photogenerated carriers prior to collection and thus degrading responsivity (R, the ratio of photocurrent to incident
optical power).[12, 13] Furthermore, the rigidity of planar GaN films limits their integration into flexible and
wearable electronics—an emerging field that demands devices capable of withstanding mechanical deformation (e.g.,
bending, stretching) without performance loss.[14, 15]

1D GaN nanowires—typically with diameters ranging from tens of nanometers to a few micrometers and lengths
up to tens of micrometers—address these limitations by leveraging their unique structural and electronic properties.
When grown via catalyst-free methods, such as selective area epitaxy (SAE) or plasma-assisted molecular beam
epitaxy (PAMBE), GaN nanowires exhibit greatly reduced dislocation densities (often <10® cm™2) due to efficient
strain relaxation at the free surfaces. This minimizes non-radiative recombination, suppresses dark current, and
enhances photocarrier collection efficiency.[16, 17] Their 1D geometry also yields a high surface-to-volume ratio,
boosting light absorption (especially for shallow-penetration UV photons) and providing abundant active sites for
photocarrier generation. Optimized devices have achieved responsivity values exceeding 10° A/W.[18, 19]

Surface engineering can further enhance performance. Doping these nanowires with elements such as Mg for p-
type and Si for n-type or passivating them with materials such as Aluminum Nitride (AIN) or Silicon Dioxide (SiO2)
can modulate surface band bending and suppress recombination. For instance, AIN passivation has reduced surface
recombination velocity by two orders of magnitude and increased photocurrent by 300%.[2, 20] Unlike rigid planar
films, the small diameter of nanowires endows them with mechanical flexibility, enabling seamless integration into
flexible substrates such as polydimethylsiloxane (PDMS) or polyethylene terephthalate (PET) without compromising

crystalline quality. In addition, heterostructure formation with materials such as AIN, InGaN, two-dimensional (2D)
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Molybdenum Disulfide (MoS,), or perovskites extends their spectral response beyond the UV range (e.g.,
InGaN/GaN core—shell nanowires  for visible detection and GaN/MoS, heterojunctions for self-powered
operation).[21-25]

Over the past decade, GaN nanowires-based photodetectors have evolved into diverse architectures tailored for
specific applications. Photoconductive detectors achieve high gains (up to 10%) for weak-light detection but are limited
by millisecond-scale response times.[26, 27] p—n (p—i—n) junction detectors utilize built-in electric fields at the
junction for efficient carrier separation, delivering fast response times (sub-millisecond) and low dark currents, which
is ideal for high-speed UV communication.[28, 29] Metal-semiconductor-metal (MSM) detectors, employing
interdigitated metal electrodes (e.g., Silver (Ag) or Nickel (Ni)/Gold (Au)) to form Schottky contacts with GaN
nanowires, provide ultrafast response (down to 10 ns) via efficient carrier extraction, making them ideal for high-
frequency applications.[30] Piezo—phototronic detectors combine GaN’s piezoelectric and photoconductive

properties, enabling strain-tunable responsivity enhancements of up to 40%.[31, 32]
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Fig. 1 Comprehensive analysis of GaN nanowire-based photodetectors, illustrating the mainstream device structures,

emerging research directions, and practical applications across various fields.

Recent advances have further expanded the functionality of GaN nanowire photodetectors through their integration
with other materials and systems, as illustrated in Fig 1. In the “Research Frontiers” module in Fig 1, hybrid
heterojunctions with 2D materials (e.g., graphene and MoS) enable broadband UV-visible detection, while
perovskite/GaN heterostructures achieve responsivities exceeding 550 A/W by exploiting perovskites’ strong light
absorption.[33-35] Furthermore, electrochemical photodetectors utilizing GaN nanowires in electrolyte
environments exhibit bidirectional photocurrents, enabling multifunctional operation as sensors and energy
harvesters.[36, 37]

This review comprehensively examines GaN nanowire-based PDs, starting with their structural and electronic
properties and how 1D geometry enhances photodetection. It then analyzes the operating principles and performance

metrics of major architectures (photoconductive, p—n/p—i—n junction, MSM, and piezo—phototronic), highlighting
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both key advancements and persistent challenges. Subsequent sections explore frontier research on the integration
with 2D materials, perovskites, and organic semiconductors, as well as the development of flexible and self-powered
devices. Finally, the review highlights practical applications in imaging, sensing, logic operations, and
multifunctional systems (e.g., integrated light-emitting diodes (LED)-PD devices) and outlines future directions for
enhancing performance, scalability, and commercial adoption. Together, these discussions underscore the potential
of GaN nanowires to revolutionize UV photodetection and broaden the scope of next-generation optoelectronic

applications.

2 Structures of GaN nanowire-based photodetectors

In this section, we comprehensively review the structural designs, key performance metrics, and related research
advances of GaN nanowire-based photodetectors over the past decade—with a focus on the mainstream device
structures that have emerged as research hotspots in recent years. We first elaborate on the diverse configurations of
GaN nanowires (e.g., single nanowires, quantum well-modified structures, array assemblies) and their critical
photodetection performance indicators, placing special emphasis on how the growth of nanowires with different
structures regulates the photo-to-dark current ratio, responsivity, and detectivity—core parameters that determine
device practicality. Following the analysis of single GaN nanowire devices, we extend the discussion to
photodetectors integrated with other functional materials (e.g., metal nanoparticles, 2D materials) via internal
modification or surface engineering, and their optimized performance characteristics. Finally, we cover specialized
structural designs and their derived applications, including piezoelectric modulation-enabled detectors, bias-
dependent performance regulation, flexible device configurations, and sensing-oriented structures—Ilaying the

foundation for the detailed analysis of specific device architectures in subsequent subsections.

2.1 Photoconductors

2.1.1 Single GaN Nanowire Photoconductors

GaN nanowires have garnered significant attention as active materials for next-generation PDs, largely owing to their
wide optical bandgap.[2] Several nanowire-based architectures, such as multiple quantum wells,[38] single-
crystalline nanowires,[39] and nanowire superlattices,[40] have been utilized to develop PDs with high responsivity
and rapid switching capabilities, while III-nitride nanowires also offer robustness and compatibility with advanced
heterostructuring methodologies.[3] The photoconductive characteristics of GaN were first investigated by Pankove
and Berkeyheiser in 1974.[4] Subsequently, the first GaN-based UV PD was reported by Khan and colleagues in

1992.[1] Since then, numerous research groups have studied the photoconductivity of GaN nanowires.
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Fig. 2 a Schematic of a piezotronic synapse based on a single GaN nanowire. b Scanning electron microscopy (SEM)
image of a bamboo-shaped GaN microwire. Reproduced with permission.[41] Copyright 2020, ACS Publications. ¢
Schematic of an reduced graphene oxide (rGO)/GaN nanowire array sensor. d Cross-sectional SEM image of pristine

GaN Nanorods. Reproduced with permission.[42] Copyright 2018, Elsevier.

In modern optoelectronics, pure single GaN nanowire photodetectors have garnered considerable attention because
of their unique structural features and outstanding photoelectric performance, which are well suited to the demands
of high-performance detection systems.[43] Fabrication of single- nanowire devices involves several steps, including
separation, dispersion, and electron-beam lithography for contact formation; common designs include n—i—n and
undoped nanowires with a diameter of ~50 nm. Their operation relies on electron—hole pair generation upon light
absorption, which is influenced by the incident light polarization, while the performance is affected by the surface
states and doping. These PDs achieve photocurrent gains of 10°-108, exhibit a sublinear photocurrent—excitation
power relationship, and show UV/visible contrast ratios exceeding 10°.[4] Notably, undoped structures have lower
dark current (three orders of magnitude lower than n—i—n structures) and vacuum-dependent responsivity, while n—i—
n structures display reduced environmental sensitivity. These attributes make them promising candidates for UV
detection, environmental monitoring, and optical communication.

As illustrated in Fig 2¢, tGO/GaN nanowire array photodetectors exhibit large growth and light-receiving areas,
making them suitable for wafer-scale production. Although based on conventional nanowire growth, their
manufacturing process differs from that of single-nanowire photodetectors. For array photodetectors, growth quality
and uniformity across the entire array are crucial, as each nanowire must meet strict quality requirements to ensure
good device performance, which adds complexity to their fabrication. Meanwhile, this poses tremendous challenges
for the commercialization of single GaN nanowires.

Gonzalez-Posada et al. performed a comprehensive investigation of the photocurrent behavior of single GaN n—i—
n nanowires grown via PAMBE on Si (111) substrates.[4] These nanowires exhibited remarkable photoconductive
properties, with gains of 10°-10® and responsivity differences of more than six orders of magnitude between UV (350
nm) and visible (450 nm) light—attributed to their 1D geometry and surface-state modulation. The photocurrent
scales sublinearly with the optical power (I = P?, f < 1), with f increasing as the measurement frequency rises,
reflecting the complex interplay between carrier dynamics and surface effects.

The same group also investigated photocurrent dynamics in these n—i—n nanowires. The response was found to be

on the millisecond scale (and thus much faster than the hour-scale persistent photoconductivity (PPC) in 2D
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photoconductors) due to the full depletion of the nanowire intrinsic region, which reduces surface band bending and
prolongs carrier trapping.[4] Importantly, the photocurrent was independent of the measurement atmosphere (air or
vacuum), indicating good environmental robustness, which is essential for practical applications. This behavior is
attributed to the dominant role of the surface states and the full depletion of the intrinsic region, which together enable
efficient charge separation and collection. These findings not only clarify the mechanism of GaN nanowire

photodetection but also provide guidance for high-performance nanophotonic device development.
2.1.2 Multiple-Quantum-Well Structures (Quantum Discs, Quantum Wells, and Superlattices)

Complex heterojunction structures, such as nanowire superlattices and nanowire quantum discs, exhibit better
performance than single-nanowire PDs.[8] The internal modification of single GaN nanowires preserves their
structural consistency while changing their properties by altering the structure of electron—hole recombination
channels. Usually, such modifications involve changing the internal structure of the nanowire during the growth
process, such as by inserting a quantum well in the middle of the nanowire, introducing an unintentionally doped i-
type layer, or embedding an AIN layer. Among these, AIN-layer insertion in the middle is a common method because
this layer serves as a buffer layer in the growth process of GaN, not only ensuring the growth of high-quality epitaxial

GaN but also, due to its wide bandgap, acting as a barrier that combines with GaN to form quantum wells.
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Fig. 3 a Operation principle of a single-nanowire photodetector containing AIN/GaN quantum discs. b Left: high-
angle annular dark-field (HAADF)-Scanning Transmission Electron Microscopy (STEM) image of the GaN/AIN disc
region. Right: SEM image of a contacted nanowire. ¢ Room-temperature /-V characteristics of a nanowire under UV
illumination and in the dark. Reproduced with permission.[10] Copyright 2010, Wiley. d (Color online) Schematic
of the sensor design consisting of a GaN nanowire with AIN axial insertion. The lateral growth during the deposition
of the AIN and top GaN sections results in the formation of a GaN/AIN/GaN core—shell structure at the base of the
wire. The current flows (red arrows) drifted toward the nanowire surface. e STEM image of a contacted nanowire
and f magnified image of the AIN insertion. The AIN shell is visible in the image with a darker contrast. g Variation
of the dark current and photocurrent with the measurement atmosphere under ~0.2 W/cm? UV-light illumination (1 =

244 nm). Reproduced with permission.[10] Copyright 2013, IOP science.

The nanowire structure in Fig 3a, grown on Si (111) via PAMBE, consists of 20 cycles of GaN/AIN quantum disks
(average thickness: 2 + 0.6 nm for GaN, 3 £+ 0.3 nm for AIN) sandwiched between n-type doped GaN regions, with
Ti/Al/Ti/Au ohmic contact electrodes deposited at both ends (SEM images shown in Fig 3b); its /—V characteristic

curve in Fig 3c exhibits distinct Schottky behavior, which, unlike the ohmic behavior of the uniformly doped GaN
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nanowire reference, is attributed to the intercalated multi-layer GaN/AIN structure with correlated AIN quantum disks,
and the device achieves a maximum light-to-dark current ratio of 9 x 1072 at —1 V bias and a photoconductive gain
up to 10* at 6 V. Similarly, the nanowire in Fig 3d features a GaN/AIN/GaN core-shell structure formed by growing
a single AIN interlayer during GaN epitaxy followed by GaN regrowth (instead of multiple quantum wells), with the
discontinuity of the intermediate AIN layer clearly observed in Fig 3e and Fig 3f; the high AIN energy barrier inhibits
core current transport, so inserting an AIN layer in the middle of GaN nanowires promotes surface current transport
and enhances surface conductivity. n—i—n GaN nanowires fabricated by inserting a 1-5 nm AIN layer in the middle
of n-type GaN nanowires show a three-fold reduction in dark current density compared with AIN-free n-type GaN
nanowires, with the position of the AIN layer strongly affecting device performance as shown in Fig 3, and Fig 3g
shows increased photocurrent and dark current of these n—i—n nanowires in vacuum, confirming that AIN-mediated
surface conduction enhances the nanowire’s environmental sensitivity.

A different approach is illustrated in Fig 4, where the AIN layer is deposited externally as a shell, rather than
internally. The SEM image in Fig 4a reveals that AIN is not grown in the middle of GaN as an interlayer, but rather
as a surface layer. As illustrated in Fig 4b, the performance of the resultant photodetector depends on the thickness of
the AIN layer. Figure 4c presents the dark current characteristics of the obtained GaN nanowire PD. As the AIN layer
is deposited on the surface, a significant suppression in dark current is observed. Moreover, the photocurrent is
notably enhanced at an AIN layer thickness of 5 nm, as illustrated in Fig 4d. The incorporation of this AIN layer yields
a notable enhancement in device performance. Specifically, it effectively suppresses dark current while
simultaneously boosting photocurrent. This dual effect significantly improves responsivity ®, detectivity (D¥),
sensitivity (S), and external quantum efficiency (EQE), as illustrated in Fig 4e and f. However, it is crucial to optimize
the thickness of the AIN layer, since overly thick layers suppress both dark current and photocurrent, thereby reducing

the overall performance of the device.
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Fig. 4 a High-resolution transmission electron microscopy (HRTEM) image of the GaN/AIN interface (5 nm). b
Schematic device structure. ¢ Thickness-dependent /-V characteristics of the GaN/AIN microwire PD with a 5 V bias
in the dark and d under UV-light illumination (16 mW/cm?). e, f Variations of R;, S, D*, and EQE of the GaN/AIN
core—shell heterojunction microwire PD at 5 V bias for different thicknesses (0, 5, 20, and 35 nm). Reproduced with

permission.[11] Copyright 2021, Wiley.

The GaN nanowires are modified internally. The AIN layer can not only grow in the middle together with the GaN
layer as a quantum well but also exist alone to guide surface conduction in the nanowires. At the same time, it can
also grow on the surface of the GaN nanowires. At a thickness of 5 nm, the dark current can be suppressed, and the

photocurrent can be enhanced, demonstrating the importance of the AIN layer for GaN nanowires.
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Rigutti ef al. demonstrated the photodetection mechanism of a single GaN nanowire containing GaN/AIN quantum
discs (QDiscs), highlighting the potential of such heterostructures for high-performance UV photodetection.[12] The
nanowires were fabricated using radio-frequency PAMBE, with a length of approximately 1.2 um and diameters
ranging from 25 to 80 nm. The insertion of 20 AIN/GaN QDiscs in the middle of Si-doped GaN nanowires
significantly enhanced their photodetection capability. Photoluminescence spectroscopy revealed that the QDisc
emission energy shifted below the GaN bandgap due to the quantum-confined Stark effect, indicating localized
photogeneration within the QDiscs. Electrical characterizations showed a substantial reduction in dark current and a
notable increase in photosensitivity, with a responsivity as high as 2x10° A/W at a wavelength of 300 nm and bias of
—1 V. This study also demonstrated that photogenerated carrier extraction is thermally assisted, as evidenced by the
strong temperature dependence of the photocurrent. These findings suggest that the quantum-confined Stark effect
plays a crucial role in the sub-bandgap emission observed in the QDiscs. This research not only underscores the
potential of GaN/AIN QDiscs for high-performance UV photodetection but also opens new avenues for the further
exploration of quantum-confined structures in nanowire-based photonic devices.

Multiple-quantum-well (MQW) structures have garnered significant interest for their potential to enhance the
performance of nanowire-based photodetectors, particularly in the UV spectrum. Two recent studies have explored
the design, fabrication, and performance of GaN/AIN MQW structures in nanowire photodetectors, providing
valuable insights into how to optimize these devices.

Spies et al.[17] and Lahnemann et al.[16] systematically investigated GaN/AIN superlattice single-nanowire UV
photodetectors, clarifying their core structure-performance correlation. Spies et al. designed a superlattice-embedded
device with tailored heterostructure and doping profile, realizing bias-tunable selective response enhancement in the
UV-A (330-360 nm, positive bias) and UV-B (280-330 nm, negative bias) bands; an asymmetric doping design
(undoped stem/superlattice with heavily n-type doped cap) boosted responsivity by over two orders of magnitude,
with the sublinear photocurrent response to optical power attributed to surface effects that were more pronounced
under negative bias. Lahnemann et al. studied single nanowires with 20-period AIN/GaN:Ge axial heterostructures
and an AIN encapsulation shell, demonstrating this structure effectively reduced dark current and improved
photosensitivity. They found more active nanodisks and AIN barriers in the current path achieved lower dark current
and higher photosensitivity, while nanowire coalescence with displaced nanodisks caused dark current variation by
shortening the effective heterostructure length; a sharp 3.4-3.6 eV spectral cutoff verified the photocurrent originated
from the target nanowires. Consistent with the above work, the sublinear photocurrent dependence on incident power
was ascribed to surface states, and this study further revealed that photocurrent persistence was related to resistance
changes in the GaN stem and cap sections, rather than photogenerated carriers in the nanodisks.

In conclusion, both studies highlight the potential of GaN/AIN MQW structures for enhancing the performance of
nanowire-based photodetectors. The design of the heterostructure and doping profile strongly influences the device’s
responsivity and spectral response. For future research, we should prioritize optimizing growth conditions and
structural design to further enhance the homogeneity and performance of these nanowire-based photodetectors.
Additionally, exploring other material systems and heterostructure configurations could open new opportunities for
high-performance UV photodetection.

For the internal modification of GaN nanowire array photodetectors, the changes mainly arise from the different
growth methods of the nanowires. Similar to single GaN nanowire photodetectors, most are based on adding quantum
well barriers in the middle, and some also include inserting an i-type layer in the middle of the p—n junction to form
p—i—n nanowires. This nanowire array growth process is more complicated, and the quality requirements of the grown

materials are higher. Incorporating quantum well barriers in the middle of nanowires is the most common method of
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internal modification, and Fig 5a shows a typical photodetector fabricated through this method, namely PAMBE.
After cleaning the Si substrate and removing the surface oxide, 260 nm thick Ge-doped n-GaN nanowires were grown
on it, followed by six pairs of Ing4Gag ssN (3 nm)/GaN (12 nm) quantum barriers, and then an additional 100 nm
thick n-GaN layer was grown on top. Figure 5b shows an SEM image of the nanowire array, where the overall vertical
growth of the nanowires can be observed. Most of the nanowires exhibit good growth, but the gaps between them are
large; therefore, parylene was deposited to form a planar structure and prevent contact between the metal nanowires.
Next, Ni/Au was deposited as the top contact, followed by 230 nm of indium tin oxide (ITO), and finally Al/Au. It is
worth noting that Ni/Au served as the electrode contacting the nanowires and was made very thin. At the same time,
ITO was used as the transparent bridge between the external Al/Au electrode and the internal Ni/Au electrode,

enabling light to reach the device.
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Fig. 5 a Schematic of a photodetector with a disk nanowire array grown on silicon. b Plan-view SEM image of the
nanowires. ¢ Device responsivity variation with the bias voltage. d Device responsivity variation with temperature.

Reproduced with permission.[18] Copyright 2019, ACS Publications.

Figure 5c and d depict the responsivity of the device at different bias voltages and at different temperatures. It is
noted that under a bias voltage of —3 V, the responsivity of this device reaches a maximum value of ~1450 A/W at
around 360 nm. However, the responsivity also varies with temperature, with the maximum observed at 308 K. From
the maximum, the responsivity decreases to some extent regardless of whether the device is heated or cooled. This
dependence on temperature and bias is mainly attributed to the role of InGaN in the quantum well barrier. Similar to
the internal modification of a single GaN nanowire, nitride-related materials and GaN are used to form quantum
barriers. When Ga is replaced by Al, the bandgap becomes wider than that of GaN, while replacing Ga with In yields
a quantum barrier. When Ga is replaced by In, the bandgap becomes narrower than that of GaN. Thus, both materials
can form quantum barriers with GaN, but their specific effects differ.

The evolution of GaN nanowire photoconductors from simple single-nanowire structures to complex radial or axial
heterostructures (e.g., quantum discs and superlattices) reflects a fundamental shift in device design philosophy—
from passive reliance on surface state modulation to active band engineering. Pristine single nanowires offer
exceptional gain (as high as 108) through surface effect-dominated long carrier lifetimes, yet this is often achieved at

the expense of response speed and spectral selectivity; in contrast, heterostructure designs effectively suppress dark
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current and enable spectral tuning via the quantum confinement effect, but impose extremely high requirements on
epitaxial precision to avoid interface defects. The ultimate practical value of such photoconductors thus depends on
the precise tailoring of internal energy barriers. Future progress must go beyond mere structural complexity and
instead focus on optimizing carrier dynamics at heterointerfaces, ensuring the advantage of ultrahigh gain is not offset

by sluggish recovery times or manufacturing instability.

2.2 p—n and p-i—n Junction Structure

2.2.1 Intrinsic p—n and p—i—n Junction Nanowires

One of the most common nanowire structures is the GaN nanowire with a p—n junction. Due to the built-in electric
field generated at the p—n junction, the p—n junction nanowire enhances electron—hole recombination, allowing the
device to produce a large photocurrent under illumination. Such a large photocurrent improves the responsivity of the
device. Compared with pure single GaN nanowires, p—n junction GaN nanowires are more complicated. How to
reliably grow GaN nanowires with p—n junctions is essential for fabricating high-performance photodetectors.

Since the growth of p-type GaN is more difficult than the growth of n-type GaN, the fabrication of p—n-type GaN
nanowires follows a process similar to that of GaN films: n-type GaN is first grown, followed by the p-type layer on
top of it. As a result, the p-type layer always grows after the n-type GaN nanowires. There are two possible growth
directions: vertical and horizontal.

In Fig 6a, the structure corresponds to p-type GaN grown vertically on n-type GaN nanowires. These nanowires
were grown using PAMBE, first depositing the n-type layer on the Si substrate, followed by the i-type and p-type
layers in the unintentionally doped region, and finally a p*/n* capping layer on top of the p-type layer. This cap layer
primarily serves as the contact electrode. The band difference between n* and p* enables electrons to pass easily via
tunneling, as indicated by the red circle in the energy band diagram. Overall, this nanowire structure is characterized
by a p-type layer grown vertically on an n-type layer. Figure 6b and ¢ depict the /-V characteristics of two samples,

nanowirel (low leakage current) and nanowire2 (high leakage current), under different bias voltages.
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Fig. 6 a Schematic of the GaN p—n junction nanowire. b, ¢ Variation of the photocurrent (/,;) as a function of the
optical power (P) at 325 nm for samples b nanowirel and ¢ nanowire2, measured at —3, 0, and +3 V bias. The solid
lines are fits to the power law I, ~ P’. The gray dashed line illustrates the slope corresponding to = 1, that is, the
photocurrent scales linearly with the optical power. Reproduced with permission.[2] Copyright 2019, ACS

Publications.

When the quality of the p—n junctions in the two nanowires differs significantly, their photoresponse behaviors are
markedly different. At zero bias, nanowirel with a high-quality p—n junction exhibits a nearly linear relationship
between photocurrent and optical power, whereas nanowire2 with a low-quality p—n junction shows a strongly

sublinear response. Under +£3 V bias, nanowirel displays a strictly linear increase in photocurrent with optical power
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at a reverse bias of —3 V, without any saturation, while nanowire2 remains sublinear even under reverse bias. At a
forward bias of +3 V, the sublinearity of nanowirel becomes more pronounced, and the response amplitude of
nanowire2 is further reduced, with a slight saturation. These results indicate that for axial p—n junction nanowire
detectors, the quality of the p—n junction (e.g., the leakage current amplitude) is a key factor affecting the linearity,
response speed, and sensitivity of the device.
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Fig. 7 a Cross-sectional SEM image of the as-grown nanowires. b 45°-tilted SEM image of a mesa photodetector. ¢
Schematic of a mesa photodetector. d Dark current—voltage characteristics at Room Temperature (RT). Inset:
Evolution of dark current at —1 V with temperature (black squares: measurements; red curve: bi-exponential fit). The
low temperature offset of 3.95 x 1077 A has been subtracted from the data. e Solid line: -V curves under UV-light
irradiation at different temperatures; dotted line: photo-dark current under 500 nm light at room temperature. f
Temporal photocurrent response of a p—i—n-type GaN nanowire array photodetector. Reproduced with permission.[20]

Copyright 2010, IOP Science.

Another typical method involves growing an additional layer of material in the middle of the p—n junction, such as
an AIN layer. Here, an i-type layer is inserted between the nanowires of the GaN nanowire array, forming a p—i—n
GaN microwire structure. Figure 7a shows the cross-sectional view of the grown nanowires. The nanowires are
relatively dense, with an average height of approximately 0.9 pm. The gaps between the nanowires are filled with a
glass coating (hydrogen silsesquioxane (HSQ)). After a series of treatments, HSQ is converted into Silicon Oxide
(Si0,) to prevent short-circuiting. Figure 7b shows the SEM image of the device, while Fig 7c provides a schematic
for clearer visualization of the structure. ITO was deposited to contact the top of the nanowires, followed by Ti/Au
around the Si substrate and mesa. The central region was left open for illumination. Figure 7d shows the dark current
I-V curves at room temperature. The device exhibits clear rectification when a turn-on voltage of about 1 V. The
reverse leakage current is 8x1077 A at —1 V. The primary cause of the reverse leakage current is the absence of
dislocation structures in the nanowires and the incomplete passivation of the nanowire surface by the HSQ
encapsulation. Figure 7e presents the /-V curves under dark conditions and UV-light irradiation (356 nm). The Fig7
also includes the I~V curves at different temperatures and under irradiation with visible light (500 nm). Under UV-
light irradiation, the current increases by nearly two orders of magnitude, and the current also increases with
decreasing temperature. By contrast, the /-V curve remains almost unchanged under visible-light illumination, with
only a slight current increase observed under forward bias. Figure 7f illustrates the impulse response of the device.
The rise time and fall time are 2.5 and 22 ms, respectively. The slow photocurrent decay is attributed to the surface
passivation of the nanowires.

In the internal modification of the two common nanowire array photodetectors described above, the nanowires

grow vertically, and quantum wells are inserted in the middle part or an i-type layer is added. However, the
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performance of the nanowire array photodetector depends on the interaction between the nanowires. Since the density
of vertically grown nanowires is not very high, their surface must be passivated with a specific material to form a
planar structure. At the same time, the choice of the top electrode is also very important. Transparent electrodes should

be selected so that the nanowires can receive sufficient light under appropriate conditions.

2.2.2 Surface-Modified Single GaN Nanowire-Based Photodetector

After the growth of GaN nanowires, various methods have been developed to further improve the performance of
GaN nanowire detectors. These approaches usually involve modifying the overall structure of the nanowires (pure
GaN nanowires) or the p—n junction structure without altering the basic configuration. Under specific circumstances,
additional structures may be inserted in the middle to improve the electron—hole recombination efficiency of the
nanowires, or other materials may be grown on the surface to reduce the loss of photogenerated carriers. Line
combination is also a possible modification approach for photodetectors.

The difference between external and internal modification is that internal modification involves inserting other
materials during the growth of GaN nanowires to influence device performance, while external modification refers
to combining GaN nanowires with other materials after growth to affect performance. Usually, GaN nanowires are
combined with p-type materials to form p—n junctions, or metal plasmons are introduced by annealing outside the
GaN nanowires.

Figure 8a and b illustrate the schematic structures of the two types of devices, where Platinum (Pt) nanoparticles
are uniformly distributed on the surface of GaN nanowires, forming a unique metal-semiconductor heterojunction
structure. This design not only acts as a subwavelength scattering source to enhance light absorption but also promotes
the separation of photogenerated carriers through the localized surface plasmon resonance (LSPR) effect.

Figure 8c and d compare the /-V characteristics of the two devices under illumination at different wavelengths. In
the dark, both devices exhibit typical semiconductor rectifying characteristics. When illuminated with 500 nm visible
light, the IV curves of both devices are almost identical to those in the dark, showing no response to visible light. As
the wavelength decreases to 400 nm, a slight increase in photocurrent is observed; however, when the wavelength is
further reduced to 380 nm, the photocurrent of the Pt—GaN device increases abruptly, reaching 3.08 nA under a bias
of 5V, which is 126 times higher than that of the pure GaN device (26.96 pA).

Figure 8e presents the /-V curves of the two devices under 380 nm illumination in logarithmic coordinates, clearly
demonstrating the significant enhancement in device performance due to Pt decoration. Figure 8f and g systematically
investigate the photocurrent response characteristics of the devices over the wavelength range of 200—700 nm. The
results show that both devices exhibit peak responses at 380 nm, indicating that Pt decoration does not alter the
intrinsic bandgap characteristics of GaN. Notably, the photocurrent response of the Pt—GaN device is significantly
superior to that of the pure GaN device across the entire wavelength range, with the maximum response achieved at

380 nm, reflecting the selective enhancement effect of Pt nanoparticles on UV light.
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Fig. 8 a GaN nanowire and b Pt—-GaN nanowire photodetectors. ¢, d /-V curves of the GaN and Pt-GaN nanowire
devices at different wavelengths and under dark conditions. e Logarithmic plot of the /- curves for both
photodetectors excited with 380 nm light. f, g Photocurrent of the GaN and Pt—GaN nanowire photodetectors as a
function of wavelength (200-700 nm), measured at a bias of 5 V. Reproduced with permission.[21] Copyright 2017,
Royal society of chemistry.

Whether through internal or external modification of GaN nanowire-based photodetectors, the regulation of band
structures and surface states serves as a core means to break through the performance limits of pristine nanowires.
Meanwhile, there exists a distinct performance trade-off between the two modification approaches: internal
modifications (e.g., p—n/p—i—n junctions) utilize built-in electric fields to achieve efficient carrier separation, which
is crucial for the high-speed operation of devices; in contrast, external modifications (e.g., Pt nanoparticle decoration)
enhance light absorption efficiency through surface effects such as plasmonic enhancement without altering the bulk
crystal structure. For such functionalized devices, the synergistic compatibility between the modifier and the GaN
host is of paramount importance. When selecting a modification method, priority should be given to matching specific
application requirements—striking a balance between the excellent rectification characteristics and high-speed
response of high-quality internal junctions, and the high gain and fabrication flexibility of external surface
engineering. Simultaneously, strict control of interface defects is necessary to avoid inducing performance

degradation.

2.3 Metal-Semiconductor—Metal-Type (Schottky Junction-Type)
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Fig. 9 a Cross-sectional SEM image of an as-grown nanowire array (scale bar: 3 um). b Cross-sectional magnified
STEM image of a single GaN nanowire (scale bar: 300 nm). ¢ Schematic of a single GaN nanowire photodetector
with a Schottky contact using Ag as the electrode. d Photon-response spectrum of the device under modulated
illumination (200-800 nm) at a bias of 1 V (red); room-temperature micro-Photoluminescence spectra of a single
GaN nanowire (black). e I~V characteristics of the fabricated GaN nanowire PD both in the dark (black curve) and
under 325 nm UV-light illumination with a power density of 1 mW/cm? (red curve); inset: microscopy image of the
GaN nanowire UV PD device. f Magnified image of the rising and falling edges of the current response curve.

Reproduced with permission.[23] Copyright 2014, Royal society of chemistry.

To maintain an optimum balance between photoconductive gain and response speed, Wang ef al. first used nonpolar
a-axis GaN nanowires to construct a symmetric MSM Schottky contact device for use as a visible-blind UV
detector.[23] GaN nanowires were grown in grooves patterned on an Si-based substrate. As shown in Fig 9b, the GaN
nanowire was grown on Si-based patterned substrates via MOCVD. The nanowires grown in this way have one end
face exposed and are surrounded by five sidewalls. The three sidewalls of the polar {0001} plane, the semipolar
{1101} plane, and the {1101} plane are naturally formed during the nanowire growth process, while the other two
sides {0001} and {1101} are in contact with the patterned Si-based substrate.

Figure 9c shows the structure of an MSM photodetector device with back-to-back Schottky contacts composed of
nanowires. The main body consists of GaN nanowires and two Ag metal electrodes, with an Si substrate at the bottom
and an SiO; insulation layer on Si. Due to the wide bandgap of GaN materials, GaN-based photodetectors are
particularly sensitive to the UV band. Figure 9d illustrates this point. The red line in the Fig 9 represents the spectral
response of the photodetector at wavelengths from 200 to 800 nm. It was found that beyond 400 nm, the detector
response dropped sharply, and the peak spectral response was concentrated around 350—375 nm, which is also
confirmed by the micro-PL spectrum shown by the black line. Figure 9¢ shows the photo-dark current of this
photodetector. Under 1 mW/cm? illumination, the photocurrent reaches the order of 10°°, while the dark current
remains on the order of 1073, The response speed of this device structure is shown in Fig 9f, from which it can be
seen that both the rise and fall times are less than 26 ms, indicating a relatively fast response.

Different from the nanowires mentioned above, the GaN nanowires in the array detector shown in Fig 10a grow in
a regular manner, without variation in growth directions. They are grown on a patterned Si substrate via MOCVD,
and Si is doped during the growth process to increase the carrier concentration. It is worth noting that the two
nanowires grown in the middle of the groove are in contact with each other, which ensures that the use of Ni/Au
electrodes does not result in leakage. Figure 10b provides a diagram of the overall structure and testing of the GaN
nanowire array photodetector. Under UV-laser excitation at 325 nm, the output photocurrent increases with the
increase in UV-light intensity (Fig 10c), confirming the back-to-back MSM Schottky contact between the GaN
nanowires and metal. The inset shows the dark current curve of the device. At 4 V, the on—off ratio of the device is
5620.30. From the enlarged view of the device’s impulse response (Fig 10d), both the rise and fall times are less than
10 ms. For photodetectors, the responsivity (R;), sensitivity (S), detection degree (D*), and linear dynamic range
(LDR) can directly reflect performance. At a bias voltage corresponding to 0.14 mW/cm?, R reaches a maximum of
2.4 x 10> A/W, S increases linearly, and a high sensitivity of 5.62 x 103 % is obtained. D* is about 1.97 x 10'? Jones
under weak illumination (0.14 mW/cm?), further demonstrating the excellent performance of the device in low light.

Additionally, the LDR can be as high as about 75 dB.
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Fig. 10 a Schematic of the synthesized GaN microwire array on a patterned Si(100) substrate. b Schematic of the
photocurrent measurement. ¢ /-V curves of the devices at different light intensities. Inset: (top) dark current in semilog
scale at a bias voltage of 4.0 V. d Time-fitting photoresponse for the rise and decay processes of the PD. e Deduced
responsivity and sensitivity as a function of light intensity. f Detectivity and linear dynamic range-dependent light

intensity curves of the PD. Reproduced with permission.[24] Copyright 2019, ACS Publications.

For Metal-Semiconductor—Metal (MSM) photodetectors, the formation of back-to-back Schottky contacts enables
ultrafast carrier extraction, making them an excellent choice for high-frequency applications requiring sub-
millisecond response times. At the same time, while single-nanowire devices—such as nonpolar a-axis structures—
allow for the precise balancing of gain and speed through orientation control , nanowire arrays offer the necessary
scalability and large light-receiving areas for wafer-level production. For these array-based Schottky detectors, the
critical factor is the collective uniformity of the nanowire array and the consistency of the metal-semiconductor
interface. Unlike single-nanowire devices where individual selection is possible, the performance of an array is
limited by the statistical distribution of nanowire quality; defects in even a minority of nanowires can
disproportionately degrade the overall leakage current and detectivity via parallel shunting paths, thereby imposing

stringent requirements on epitaxial homogeneity.

2.4 Piezoelectricity-Enhanced Photodetector

The photoresponse can be enhanced by the piezo—phototronic effect, as has been demonstrated.[25]
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Fig. 11 a Schematic of the hybrid photosensor device. b I~V curves of the photosensor at different light intensities.
Insets: (top) photocurrents extracted at a bias voltage of 3 V as a function of light intensity and (bottom) dark current
in semilog scale. ¢ Piezo—phototronic effect on the output currents under (al—a3) compressive strain and (b1-b3)
tensile strain, with UV-light intensities of (al, bl) 0.14 mW/cm?, (a2, b2) 0.61 mW/cm?, and (a3, b3) 1.1 mW/cm?.
Reproduced with permission.[26] Copyright 2017, ScienceDirect.

Because nanowires have the characteristics of peelability, transferability, and elasticity, and since their intrinsic
properties change under external stress, they are often used to fabricate flexible and piezoelectric devices.

Figure 11a shows a diagram of the photosensor device. In this structure, a single GaN nanowire is first transferred
to PET and immobilized with epoxy resin. poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) is
then deposited on one end of the nanowire, while the other end is fixed with silver paste. Finally, the device is
encapsulated with PDMS to prevent damage and contamination. The /- characteristic curve of the photosensor with
this structure is shown in Fig 11b. It can be seen that with the increase in UV-light power, the output photocurrent
also increases. The top inset shows that the photocurrent varies with light intensity under an applied voltage of 3 V.
When the light intensity increases from 0.14 to 1.1 mW, the current increases from 0.8 to 2.8 pA without saturation.
The bottom inset also shows that the device exhibits obvious rectification characteristics in the absence of light.
Figure 11c¢ shows the variation of the photocurrent with strain when compressive and tensile strains are applied, at
fixed light intensities of 0.14, 0.61, and 1.1 mW/cm?. Under compressive strain, the photocurrent gradually increases
as the strain varies from 0% to —0.32%, reaching a maximum at —0.32%. When the compressive strain increases
further to —0.42%, the photocurrent decreases. Under tensile strain, the photocurrent gradually decreases with
increasing strain, showing that the maximum photocurrent is obtained in the unstretched state. These results
demonstrate that the photocurrent of GaN nanowire optoelectronic devices is strongly affected by external stress,

highlighting the importance of GaN nanowires in piezoelectric applications.
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3 GaN Nanowire-Based PDs

Currently, research on PDs based on GaN nanowires primarily focuses on performance enhancement and the
exploration of novel applications. In the area of performance optimization, significant efforts are devoted to
improving photoelectric conversion efficiency and carrier mobility through integration with other materials and novel
structure designs. In the pursuit of new applications, GaN nanowires are being actively explored for their potential in
photoelectrochemical (PEC) detection and flexible devices, thereby broadening the research prospects of nanodevices,

as discussed in the following subsections.

3.1 Integration of GaN Nanowires

In today’s scientific and technological landscape, as electronic devices move toward miniaturization,
multifunctionality, and high performance, the integration of nanomaterials has become a key research hotspot. GaN
nanowires have attracted significant attention in this field because of their unique and excellent properties.[30]

As an emerging technology, vertical heterostructures of 1D nanorod arrays (NRAs) assembled on 2D materials
provide a promising route for developing self-powered photodetector arrays with excellent light-response ability,
which can be attributed to the strong light absorption of nanoarray structures with a large surface area-to-volume
ratio.[44, 45] On the one hand, vertical 1D/2D heterostructures integrated into photodetectors have the following
advantages: (i) the strong light absorption of GaN NRAs with large surface-to-volume ratios can improve the
photogenerated current density; (ii) the 1D/2D quantum confinement of the depletion layer reduces the transit time
of photogenerated carriers.[30] GaN nanowires are expected to be used in PEC UV PDs. Although they are the key
parameters of PDs,[46, 47] the responsivity and response speed of GaN-based PDs remain very limited, which
seriously hinders their development.[48-50] On the other hand, inorganic perovskites are ideal materials for solar
cells and PDs because of their strong light absorption and high carrier mobility.[46, 51, 52] Nanoscale
organic/inorganic hybrid heterostructures are particularly promising as hybrid materials can combine the easy
fabrication and high flexibility of organic components with the advantages of inorganic semiconductors in electrical
and optical properties, thus providing improved functionality for nano-optoelectronic devices.[53-55]

By adjusting the size, shape, and distribution of metal nanomaterials, light scattering can be enhanced, while
photoexcited hot carriers can be effectively captured and converted into photocurrent. At the same time, the
photoelectric conversion of hot carriers competes with carrier relaxation and recombination processes, and the
ultrafast transmission speed (10—100 fs) is sufficient to reduce energy loss and accelerate response time.[56] By
wrapping nanowires in different working environments, this strong surface interaction enhancement effect can be
modulated. For example, nanowires can be embedded in a water electrolyte to form a new PEC device.[36, 57-61]
Nanomaterials have also been widely studied for UV sensing as a means of achieving high sensitivity, with the added
potential for integration into self-powered fabrics.[62, 63] Based on these advantages, integration research of GaN
nanowires is of great significance for advancing optoelectronics, microelectronics, flexible electronics, and other

fields, and is expected to yield innovative, high-performance devices.

3.1.1 Integration with 2D Materials

Van der Waals (vdW) heterojunctions of 2D materials have attracted extensive attention due to their unique physical
properties and potential applications in high-efficiency electronic and optoelectronic devices.[64—66] As an emerging

technology, the vertical heterostructure of 1D NRAs assembled on 2D materials provides a promising route to develop
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self-powered photodetector arrays with excellent light-response ability, which can be attributed to the strong light
absorption of nanoarray structures with a large surface area-to-volume ratio.[44, 45] In recent research, we studied
the vdW epitaxy of GaN NRAs on 2D materials (such as graphene,[67] Transition Metal
Carbides/Nitrides/Carbonitrides (MXene),[68] and transition metal dichalcogenides (TMDs) (such as MoS,, WS,,
and MoSe»)[29] for optoelectronic devices.[30]
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Fig. 12 Photodetection performance of the GaN/MoS,/PEDOT:PSS heterojunction modulated by the piezo—
phototronic effect. a Schematic and actual photograph of the photodetector under tensile and compressive strain.
Strain-dependent /¥ characteristics of the device b in the dark and ¢ under 365 nm illumination at a power density
of 1.12 mW/cm?. The inset shows the relationship between the output current and strain at biases of +2 and —2 V. d
Extracted Short-Circuit Current (i), Open-Circuit Voltage (Voc), and e response time, as well as f time-dependent
photoresponse of the strained device without bias. Variations in g photocurrent, h responsivity, and i relative
responsivity change (R/R) for strained photodetectors under increasing illumination power densities. Reproduced

with permission.[30] Copyright 2024, Springer Nature.

Tang et al. prepared wafer-level GaN NRAs/MoS,/PEDOT:PSS heterojunctions for self-powered flexible
photodetectors via vdW epitaxy and Poly(methyl Methacrylate) PMMA -assisted dewet transfer.[30] Figure 12a
shows a schematic and real photograph of the 1D/2D device under compressive and tensile strain. The I~V
characteristics in the dark were investigated under strains ranging from —0.78% to 0.45%, as depicted in Fig 12b and
its inset. At +2 V forward bias, the current increases with compressive strain, whereas it decreases with tensile strain.
Notably, the output current of 0.78 x 10™* A in the strain-free state can be enhanced to 0.88x107* A under —0.78%
strain. Accordingly, the calculated rectification ratio of the heterojunction increases from 105.4 to 120.5, which is
attributed to strain-induced piezopotential modulation of the junction barrier. Furthermore, the piezo—phototronic
effect was demonstrated in the strained device under 365 nm illumination at a power density of 1.12 mW/cm?, as
shown in Fig 12¢. At +2 V bias, the maximum photocurrent (2.81 x 10 A) under —0.78% strain is increased by 58.6%
compared with the strain-free case (Fig 12d). Furthermore, the time-dependent photoresponse without bias was also
investigated (Fig 12e). The response time decreases with increasing compressive strain, but it slows down under

increasing tensile strain. At —0.78% strain, the device exhibits impressive response times of 7. = 40 us and 7q =45 ps.
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Consistent on—off switching cycles, shown in Fig 12f, reveal excellent reproducibility of the 1D/2D device, even in
the bent state. The photocurrent under various power densities and strains at zero bias is summarized in Fig 12g. It
can be observed that the photocurrent increases more rapidly at higher power densities, confirming significant
performance improvement by the piezo—phototronic effect.[25, 69] Both R and D* gradually increase with
compressive strain across all power densities. Consequently, the 1D/2D device exhibits the highest R and D*, namely
2.47 A/W and 2.6 x 10'! Jones, respectively. The relative responsivity changes are shown in Fig 12i, defined as
(R—Ro)/Ro, where R and R, represent the responsivities with and without applied strain, respectively. The responsivity
enhancement reaches 68.2% under 0.56 mW/cm? illumination and —0.78% strain. As the light power density increases,
the enhancement factor gradually decreases, which may be attributed to the saturation and trapping of photogenerated
carriers.[67]

Han et al. reported highly efficient, flexible photosensors with GaN nanowires horizontally embedded in a

graphene sandwich structure fabricated on PET.[28]
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Fig. 13 a I-V characteristics of the device at room temperature in the dark. The inset shows the H—/ curve used to
estimate ¢p at the graphene/GaN heterojunction. b Spectral response of the detector at a bias of =5 V. ¢ Peak
responsivities of the detector under different bias voltages at different wavelengths. d Dark current and output

photocurrent versus bias at 360 and 1540 nm. Reproduced with permission.[70] Copyright 2020, Chinese Optics
Letters.

Zeng et al. reported a monolithic integrated UV—infrared (IR) dual-color photodetector based on a graphene/GaN
heterojunction fabricated by vertically integrating a GaN nanowire array on a silicon substrate with monolayer
graphene.[70] The barrier height ¢g, obtained by linear fitting of the data in Fig 13a, was estimated to be 0.82 eV.
Figure 13b shows the photoelectric response spectra of the detector at —5 V bias, with a maximum responsivity of
6.93 A/W at 360 nm. Figure 13c¢ shows the responsivity at 360 and 1540 nm under different reverse bias voltages,
showing that the responsivity increases with the bias voltage in both bands. Figure 13d shows the photocurrent
measurements under 360 and 1540 nm xenon lamp irradiation. The results indicate that the photocurrent is much
greater than the dark current at high bias voltages, fully demonstrating the dual-color UV-IR detection capability of
the device.

The integration of GaN nanowire s with 2D materials has broad prospects. In optoelectronic devices, efforts will

continue to improve performance, achieve more efficient photoelectric conversion, and expand operation to broader
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spectral ranges. In flexible electronics, this integration will promote the development of wearable devices, offering
thinner and more comfortable devices. In the future, it may also play an important role in emerging fields, such as

biomedical monitoring and intelligent sensor networks, becoming a key driver of technological progress.
3.1.2 Integration with Perovskites

Organic—inorganic perovskites have attracted extensive attention due to their excellent photoelectric properties, such
as broadband optical absorption,[71-73] low exciton binding energy,[74] low trap density,[75—77] and high carrier
mobility.[78, 79] These properties make them suitable materials for the preparation of high-performance
optoelectronic devices.[80-83] The integration of GaN and perovskites can achieve complementary advantages, open

a new path for the development of high-performance optoelectronic devices, and is expected to meet the increasingly

stringent requirements of such devices in many fields.
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Fig. 14 a Schematic of the perovskite/GaN microwire array heterostructure photodetector. b Cross-sectional SEM
image of the hybrid perovskite/GaN microwire array. ¢ /-V curves with or without a perovskite layer measured in the
dark and under 325 nm light irradiation (9 mW/cm?). d Absorption spectra of Methylammonium Lead Iodide-
Chloride (CH3NH;3PbIs-(Cl,), GaN, and CH3NH3Pbl3-.Cl,/GaN. e PL spectra of samples using a 325 nm laser as the
excitation source. (F) Enlarged and normalized photoresponse for rise and decay time estimation of the photodetector.

Reproduced with permission.[34] Copyright 2021, Elsevier B.V.

Liu et al. reported a hybrid heterojunction photodetector combining a GaN nanowire array with a perovskite.[34]
Compared with perovskite-only and GaN nanowire array photodetectors, CH;NH3PbI;-,Cl,/GaN composite nanowire
array photodetectors exhibit superior optoelectronic performance in the UV-to-visible range.

Figure 14a shows a schematic of the hybrid perovskite/GaN nanowire array heterojunction photodetector. GaN
nanowire arrays were grown on the (111) surface of Si substrate trapezoidal grooves; then, 150 nm patterned, well-
arranged Ni/Au electrodes were deposited at both ends of the pre-fabricated GaN microfilament array. The perovskite
precursor solution was spin-coated onto the GaN microfilament array, followed by deposition of metal electrodes,
annealing, and passivation. Figure 14b shows a cross-sectional SEM image of the hybrid perovskite/GaN nanowire
array. The GaN microfilament array and perovskite layer can be clearly distinguished, and the spin-coated perovskite
layer has a thickness of about 470 nm. By adjusting the growth parameters, the two GaN triangular microfilaments
in the trapezoidal groove were brought closer to each other, preventing the perovskite solution from penetrating into

the gaps between the microfilaments during spin coating. To further investigate the photoresponse performance of
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GaN nanowire array photodetectors, the /-V characteristics were measured for devices with and without the
CH;NH;Pbl;-,Cl, layer under dark conditions and 325 nm laser irradiation at an optical density of 9 mW/cm?, as
shown in Fig 14c. The nonlinear and symmetric /-V curves indicate the formation of Schottky contacts between the
semiconductors and metals. After adding the perovskite layer, the dark current did not change significantly under
negative bias but slightly decreased under positive bias, while the photocurrent increased from 0.32 to 10.4 pA under
a 5V bias. The on—off ratios of the GaN-based microfilament array photodetectors were 104 and 473, respectively.
After integration with the perovskite layer, the switching ratio increased more than 32 fold. These results indicate that
the optoelectronic performance of hybrid heterojunction photodetectors is significantly better than that of GaN
nanowire array photodetectors without the CH3NH3PbI3-Cl, layer. Figure 14d shows the absorption spectra of
CH3NH3Pbl;3-.Cly, GaN, and CH3NH;3Pbl;-,Cl,/GaN. The perovskite thin films exhibit a wide absorption range from
300 to 800 nm. Figure 14e shows the PL spectrum of the sample using a 325 nm laser as the excitation source. The
GaN array exhibits a single peak at 365 nm, which is consistent with the bandgap of hexagonal GaN. The perovskite
film exhibits a single peak at 768 nm, which is shorter than that of Methylammonium Lead Iodide (CH3NH;3Pbls).
Figure 14f shows an enlarged image of a single light-response cycle. The rise time was defined as 90% of the
maximum value, and the decay time was defined as 10% of the maximum value. The rise and decay times of the
hybrid heterojunction photodetector were 0.66 and 0.71 ms, respectively.

Zhang et al. fabricated a GaN/Cesium Lead Bromide (CsPbBr3) core—shell nanowire heterojunction by introducing
cubic CsPbBr; quantum dots (QDs) on the surface of the GaN nanowires.[32] In PEC-PDs, CsPbBr3; QDs can serve
as both light collectors and hole conductors. Appropriate energy-level alignment may be a key factor in effectively
improving carrier separation and transport. Lee ef al. investigated the bandgap shift characteristics of n-type GaN
nanowires as electron transport layers in methylammonium lead iodide (MAPbI3) optoelectronic devices.[33] Using
PAMBE, they grew n-GaN nanowires on ITO-coated glass, forming a “GaN nanowire on glass” platform. Then, they
spin-coated MAPDI; thin films on the GaN nanowires.

The integration of GaN nanowires with perovskite materials has a promising future. In coming years, it is expected
to yield further breakthroughs in optoelectronic device performance, enabling higher photoelectric conversion
efficiency and faster response times. It may also be extended to applications in fields such as biomedical testing and

intelligent sensing, thereby promoting the intelligent and miniaturized development of related industries.[32—34]
3.1.3 Integration with Organic Materials

In the ongoing development of optoelectronic devices, the performance limitations of single materials have prompted
researchers to explore composite material integration. Among these approaches, the integration of GaN nanowires
with organic materials has attracted considerable attention. GaN nanowires possess high carrier mobility, a wide
bandgap, good chemical stability, and unique optical properties, giving them significant potential in optoelectronics.
Organic materials, on the other hand, offer advantages such as good flexibility, low cost, and solution processability.
Some organic materials also have unique optoelectronic properties. Integrating the two materials is expected to
combine their respective advantages, overcome the shortcomings of single-material systems, improve device
performance, and meet the demand for high-performance, multifunctional optoelectronic devices in fields such as

wearable electronics and flexible displays.
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Fig. 15 a I-V curve of a GaN/polyaniline (PANI) hybrid PD in the dark. The inset shows a schematic of the
photocurrent measurement of the single GaN microwires (MW)/PANI UV PD. b -V characteristics of the detector
under different light intensities at 325 nm. ¢ Time-dependent photocurrent response at different light intensities at 0

V bias. Reproduced with permission.[84] Copyright 2020, American Chemical Society.

Sun et al. prepared high-performance, self-driven organic—inorganic heterojunction UV PDs via in situ
polymerization of PANI on GaN microfilaments.[84] High-crystalline-quality GaN microfilaments were grown on
patterned silicon substrates using MOCVD. A simple in situ chemical polymerization method was then used to
conformally coat PANI onto the surface of the GaN microfilaments. Figure 15a shows the typical rectification
characteristics of the /-V curve of the PANI/GaN heterojunction in the dark. The observed diode effect may originate
from both electrode contacts and heterojunction properties. Figure 15b shows the /- characteristics of the PANI (67
nm)/GaN heterojunction under incident UV light with intensities ranging from 0.2 to 1.4 mW/cm?. With the increase
in light intensity, the photocurrent output gradually increases, showing a significant light response. Figure 15¢ shows
the time-dependent photocurrent (/—¢) response of the PANI/GaN MW PD. As the light intensity increases, the output
photocurrent correspondingly increases. Within a certain power density range, the efficiency of photogenerated
charge carriers is directly proportional to the absorbed photon flux. Han ef al. combined GaN nanowires with
PDPP3T:PCsBM-based bulk heterojunctions (BHJs) to construct a high-performance transverse inorganic—organic
hybrid photodetector.[85] Song et al. investigated the photoresponse characteristics of an a-axis GaN
microfilament/p-polymer inorganic—organic hybrid optical sensor using the piezoelectric—photoelectric effect.[26]
Zheng et al. proposed a self-powered UV photodetector with ultra-high light response based on a vertically oriented,
high-quality crystalline n-type GaN nanorod array:polymethyl methacrylate/p-Si heterojunction.[86]
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Fig. 16 a Time-resolved photoresponse of n-GaN NRAs:PMMA/p-Si heterojunction self-powered UV detector
recorded at 0 V bias under 100 Hz pulsed UV light (355 nm). The inset shows a diagram of the device’s response to
pulsed UV light. b Magnified curve of a single cycle showing the rising and falling edges. Reproduced with
permission.[86] Copyright 2020, Optical Society of America.

Figure 16a shows the temporal optical response performance of the device under a bias of 0 V. The incident pulsed
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UV light was modulated using an optical chopper, with the frequency set to 100 Hz. The n-GaN NRAs: PMMA /p-Si
heterojunction self-powered UV detector demonstrates good reliability, indicating that it can respond quickly and
stably to dynamic signals. According to the magnified time-response curve in Fig 16b, the measured rise time (z,) and
fall time (zy) are 0.29 and 3.07 ms, respectively.

The integration of GaN nanowires with organic materials shows great promise. In the field of light detection,
performance optimization is expected to yield higher sensitivity, shorter response times, an expanded spectral
response range, and the ability to meet the needs of multi-scenario applications. In flexible electronics, this integration
can promote the development of wearable devices with thinner profiles, better conformity to the human body, and
excellent performance. In the future, as research progresses, GaN—organic integration is expected to make
breakthroughs in emerging fields such as biomedical monitoring and environmental sensing, enabling real-time and
accurate monitoring. It may also play a key role in the Internet of Things, contributing to the development of efficient

and intelligent sensing networks and bringing innovation to related industries.

3.1.4 Metal and Metal Oxides

To further improve the performance of GaN nanowires for diverse applications, the integration of GaN nanowires
with metals and metal oxides has attracted significant attention. On the one hand, metal nanoparticles such as Pt and
Au can exploit local surface plasmon resonance (LSPR) to enhance light absorption and scattering, promote charge
separation, and significantly improve photodetector performance. On the other hand, heterostructures formed between
GaN nanowires and metal oxides such as Tungsten Trioxide (WO3), Molybdenum Oxide (MoO3-), and Zinc Gallium
Oxide (ZnGayOs) can effectively modulate electron transport, improve gas sensing performance, and enhance optical
response characteristics. This integration strategy opens new directions for the development of high-performance

optoelectronic devices.
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Fig. 17 a—c Current—time (/—f) characteristics of PIN GaN microwire UV photodetectors on a sapphire substrate, PSS,

and modified with Au nanoparticles on PSS at 0 V under 15 mW/cm? UV illumination. Reproduced with
permission.[87] Copyright 2022, Elsevier Ltd.

Chen et al. reported a hot-hole injection-enhanced self-powered UV detector based on a trapezoidal PIN GaN
microwire modified with Au nanoparticles on a patterned sapphire substrate.[87] Figure 17a—c show the /- curves
of three devices under 15 mW/cm? UV illumination at 0 V bias. The red dotted box in Fig 17a shows that the
photocurrent of the device on the sapphire substrate does not immediately saturate under light irradiation but instead
exhibits a slow rising trend. By contrast, the red dashed boxes in Fig 17b and ¢ show that, under illumination, the
current rapidly increases to a stable state and then returns to the dark state once the light is turned off. This behavior
shows that the strong diffuse reflection of AI/PSS promotes light absorption and accelerates photocurrent saturation,
while Au nanoparticle modification further increases the photocurrent. Zheng et al. introduced a self-powered UV

detector based on a core—shell GaN/MoQOs-, NRA heterojunction.[45] Uniform MoOs3-, thin films were deposited on
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the surface of the GaN NRAs via a simple one-step physical vapor deposition method. Zhang et al. fabricated GaN

nanowire photodetectors modified with Pt nanoparticles, achieving a giant UV response.[21]
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Fig. 18 a, b I-V curves of the GaN and Pt—GaN nanowire devices at different wavelengths and under dark conditions.
¢ Logarithmic plot of the I~V curves for both photodetectors excited with 380 nm light. Reproduced with
permission.[21] Copyright 2017, The Royal Society of Chemistry.

Figure 18a and b show the characteristic /- curves of two GaN nanowire photodetectors illuminated with light of
different wavelengths under dark conditions in the bias range of 0—5 V. With decreasing irradiation wavelength, both
devices show increased photocurrent. Under 500 nm excitation, the /-V curve of the GaN nanowire photodetector is
nearly identical to that in the dark, indicating no response to visible light. Figure 18c shows that, under 380 nm
illumination and a 5 V bias, the photocurrent of the Pt—GaN nanowire photodetectors is 126 times higher than that of
the bare GaN nanowire photodetectors. This large difference further confirms the significant enhancement effect of
Pt nanoparticles on device performance. Park et al. prepared GaN nanowires and GaN core/WOj3 shell nanowires via
thermal evaporation and studied their gas sensing properties.[88]

The integration of GaN nanowires with metals and metal oxides has broad prospects. In the field of optical
detection, it is expected to further improve the sensitivity and response speed, enabling precise detection of weak
optical signals. In the field of gas sensing, it can enhance selectivity and sensitivity to specific gases, broadening the
range of detectable gases. In the future, with deeper research, this integration may find wider use in self-powered
devices, energy harvesting, and other emerging fields. By optimizing the integration process and structural design,

more high-performance, multifunctional optoelectronic devices can be developed, thereby accelerating progress in

related fields.
3.2 Electrochemical Systems (PEC Photodetectors)

In the development of modern science and technology, optoelectronic devices continuously pursue higher
performance and versatility. In this context, GaN nanowire-integrated electrochemical systems have attracted
increasing attention. GaN nanowires are considered ideal materials for new optoelectronic devices due to their unique
1D structure, large specific surface area, excellent chemical and mechanical stability, and tunable bandgap. When
combined with electrochemistry, GaN nanowires enable a variety of physical and chemical phenomena, offering
opportunities for self-powered operation, bipolar optical detection, and other functions, with great application
potential in biosensing, environmental monitoring, and optical communication.

Liu et al. constructed the first photocurrent polarity-switchable PEC device using group-III nitride semiconductors,
demonstrating a positive photocurrent density of 10.54 pA/cm? under 254 nm illumination and a negative
photocurrent density of —0.08 pA/cm? under 365 nm illumination, without requiring external power.[89] Wang ef al.
combined high-crystalline-quality type-III nitride nanowires with amorphous molybdenum sulfide (a-MoS.) to
construct a IlI-nitride/a-MoS, core—shell structure.[90] Figure 19a shows the SEM image of p-Aluminum Gallium

Nitride (AlGaN)/n-GaN nanowires grown via MBE on planar n-Si (111). Figure 19b reveals a brighter contrast shell
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on the surface of the p-AlGaN/n-GaN nanowires. As shown in Fig 19c, in comparison to the highly crystalline AlGaN
core, the nanowire surface is covered with an ~4 nm thick shell lacking distinct lattice fringes, confirming the
amorphous nature of the synthesized a-MoS; shell. High-angle annular dark field STEM and bright field (BF) imaging
were used to characterize the a-MoS@p-AlGaN n-GaN nanowires and determine their atomic structure. Due to the
Z-contrast of dark-field imaging, the n-GaN segment appears significantly brighter than the p-AlGaN segment, as
depicted in Fig 19d. Figure 19¢ and f show that the surface of AlGaN is coated with an a-MoS; layer in the core—shell
structure. The amorphous shell can be clearly distinguished from the crystalline AlGaN alloy. The atoms with the
typical wurtzite structure are Al/Ga atoms, while the random atomic layer without lattice features likely corresponds

to Mo atoms bonded to the AlIGaN (1010) surface.

Growth direction

Fig. 19 a SEM image (scale bar = 500 nm), b low-magnification Transmission Electron Microscopy (TEM) image
(scale bar = 10 nm), and ¢ high-resolution TEM image (scale bar = 5 nm), where a core—shell nanostructure can be
clearly observed. The white dotted lines indicate the boundary between the crystalline p-AlGaN core and the
amorphous MoS; shell. d Low-magnification STEM image (scale bar = 100 nm), e HAADF-STEM image (scale bar
=1 nm), and f annular bright-field (ABF) STEM images of a-MoS,-decorated p-AlGaN/n-GaN nanowires (scale bar
= 2 nm), showing the polymeric nature of a-MoS,. Reproduced with permission.[90] Copyright 2022, Light: Science
& Applications.

Chen et al. first reported a novel post-epitaxy method: carbon layer modification with adjustable thickness for

continuous control of surface band bending of group-III nitride semiconductors.[91]
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Fig. 20 a /-t curves of as-grown and Nickel Hydroxide (Ni(OH),)-decorated p-AlGaN/n-GaN nanowires under 255
nm illumination. b Output current of the p-AlGaN/n-GaN/Ni(OH), nanowire-based PEC photodetectors under
different light input conditions. ¢ Truth table and logic symbol of the Exclusive OR (XOR) logic gate. Reproduced
with permission.[92] Copyright 2023, Wiley-VCH GmbH.
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Figure 20a shows that, under 255 nm light, p-AlGaN/n-GaN/Ni(OH), nanowires undergo a dynamic evolution
process, with the current gradually changing from positive to negative and continuing to increase until reaching a
stable negative value. At the same time, under 365 nm light, the current of the nanowire remains positive, realizing a
wavelength-resolved photoelectric sensor. In addition, as shown in Fig 20b, four states, namely “0, 07, 0, 17, “1, 07,
and “l, 17, are defined, corresponding to the four combinations of the off (“0”) and on (“1”) states of the two
independently controlled 255 and 365 nm irradiations. As shown in Fig 20c, the light intensities of the input 255 and
365 nm signals were carefully modulated so that when both signals are in the “1” state, the positive and negative
photocurrents in the nanowire cancel each other, resulting in a small photocurrent (output: “0”’). When both signals
are in the off state (“0, 0”), no photocurrent is generated, and the output is “0”. When only 255 nm (365 nm) light is
turned on, a negative (positive) photocurrent is generated, and the output is “1”. In summary, the logic function of
the device corresponds to an XOR gate. Fang et al. fabricated a PEC photoelectric sensor using monocrystalline
silicon p-GaN nanowires.[93] Under different illumination conditions, the sensor can clearly display either positive
or negative photocurrent.

GaN nanowire-integrated electrochemical systems show broad application prospects. Optimized material growth
and surface modification can further boost their photocurrent response, detection sensitivity and response speed; their
innovative functions including multi-band detection and real-time dynamic monitoring can meet complex cross-field
demands, with expanding applications in biomedicine, environmental monitoring and optical communications.
Nevertheless, the long-term reliability of GaN nanowire-based PEC photodetectors in polar liquid electrolytes
remains a core challenge. Performance degradation during prolonged operation mainly arises from surface photo-
corrosion and cocatalyst detachment, the latter driven by weak GaN-cocatalyst interfacial interactions during gas
evolution. Recent studies confirm that facet engineering can effectively resolve this instability: alkaline-etched GaN
nanowires with exposed semi-polar (1011) facets form strong electronic coupling with metal cocatalysts, delivering
excellent anchoring and stable operation for over 800 hours at high current densities.[94] Furthermore, combining
this facet engineering strategy with ALD passivation, which uses atomic layer deposition to grow ultrathin protective
oxides against intrinsic chemical photo-corrosion, will be essential to achieving commercial-grade durability for

future artificial photosynthesis and PEC sensing systems.
3.3 Flexibility

In terms of mechanical properties, GaN has good flexibility and stability, making it suitable for the preparation of
flexible electronic devices.[87] It can meet the strict requirements of wearable devices for material flexibility and
durability, ensuring a close fit with the human body and long-term stable operation. Beyond polymer flexible
substrates such as PDMS and PET, GaN nanowires can also be directly grown on ductile metal foil substrates to
achieve flexible device integration: Pradhan et al. systematically investigated the effect of Ta foil surface nitridation
on the growth of GaN nanorods via laser molecular beam epitaxy, and achieved precise regulation of the density, size
and vertical orientation of GaN nanorod arrays by tuning the nitridation duration, realizing high-density vertically
self-aligned GaN nanorods with excellent optical quality on bare Ta foil, which provides a facile route for the
fabrication of GaN nanowire-based flexible optoelectronic devices.[95] Cheng et al. prepared high-quality GaN PN
junction microwire arrays with different aspect ratios and large-area uniformity using a simple and repeatable

process.[96]
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Fig. 21 Schematic of the fabrication process of the flexible strain sensor: a GaN microwire arrays on sapphire
substrate; b PDMS spin-coating and top exposure; ¢ electrode and laser block layer deposition; d flexible substrate
bonding; e sapphire removal via laser lift-off; f top electrode deposition. Reproduced with permission.[96] Copyright
2020, Wiley.

As shown in Fig 21a, a spin-coated PDMS layer was first deposited on the surface of GaN microwires, and then
the top of the GaN microwires was exposed using a CF4/O; etching method. The exposed microwire tops were then
coated with a metal electrode, as shown in Fig 21c. A PET film with a bonding surface was selected as the flexible
substrate, and conductive silver adhesive was applied to the bonding area of the PET (the red region in Fig 21d). After
the metal electrode and GaN microwires were bonded to the flexible substrate, the sapphire substrate was removed

using laser lift-off (Fig 21e), and finally the top electrode was deposited (Fig 21f).
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Fig. 22 a I-V measurements of the flexible strain sensor; the inset shows a photograph of the sensor. b Human pulse
signals detected by the sensor under normal conditions and after running for 1000 m. Reproduced with permission.[96]

Copyright 2020, Wiley.

As shown in Fig 22a, /- measurements were carried out on the GaN-based flexible strain sensor. The inset in Fig
22a shows a photograph of the device. Under an applied electric field of ~2.52 V, the typical rectification behavior of
a PN junction is observed in the /-V curve. Junction current shielding caused by reverse leakage current is the main
shielding mechanism in GaN PN-junction piezoelectric devices. The reverse leakage current in the /- curve is 78
nA, indicating low junction current shielding in the flexible strain sensor. The flexible strain sensor was fixed to the
wrist using medical anti-counterfeiting fabric and tested by measuring the human pulse. Figure 22b shows the voltage
signals detected before and after a 1000 m run. Before running, the pulse voltage was 1.87 mV, and the frequency
was 78 beats per minute. After running, the peak voltage increased to 2.25 mV, and the frequency was 114 beats per
minute. The increase in voltage and frequency shows that the flexible strain sensor can accurately detect changes in
heart rate and pulse intensity.

For flexible photodetectors, long-term environmental and mechanical reliability is crucial for practical deployment.
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Wearable devices must maintain stable performance after thousands of dynamic deformation cycles. Traditional
flexible optoelectronics, particularly those based on perovskite films, often suffer from severe performance
degradation during long-term operation due to material fatigue, micro-cracks, and sensitivity to ambient moisture. To
address these challenges, integrating 1D GaN nanowire arrays with 2D van der Waals (vdW) materials (such as MoS>)
and flexible polymer substrates (like PEDOT:PSS) has proven to be a highly effective strategy. The robust mechanical
capability and dangling-bond-free surfaces of 2D materials allow for lossless transfer and stable heterojunction
formation, which greatly enhances physicochemical stability. For instance, recent developments in wafer-scale GaN
nanorods/MoS,/PEDOT:PSS flexible photodetectors have demonstrated promising performance reliability under
repetitive mechanical stress; such devices can retain up to 93.7% and 90.6% of their initial photocurrent even after
1000 and 2000 bending cycles at a strain of ~1.2%, respectively. Therefore, designing vdW-integrated hybrid systems
provides a reliable pathway to overcome structural peeling and mechanical fatigue issues, ensuring the long-term

stability of wearable sensors under complex working conditions.

4. Applications of GaN Nanowire Photodetectors

A single GaN nanowire photodetector can be used not only for photodetection in the UV band, owing to its wide
bandgap, but also in a variety of other applications. For example, in environmental detection, changes in current under
light response caused by environmental factors allow detection of environmental variations. The change in the
nanowire itself induced by light can also be used in switching devices. At the same time, due to the existence of a
single nanowire, which can be peeled and transferred while retaining a certain degree of toughness, it also finds

related applications in flexible and piezoelectric devices.

4.1 Neuromorphic Vision and Artificial Synapses

The integration of sensing and processing capabilities into a single device, namely neuromorphic vision, serves as a
pivotal solution to the power and latency bottlenecks inherent in traditional von Neumann architectures.[97, 98] GaN
NWs, endowed with a high surface-to-volume ratio[99] and PPC, offer an ideal platform for emulating biological
synaptic plasticity with ultralow power consumption. A recent breakthrough in this field has been the development
of a light-stimulated artificial synapse based on a single GaN NW, which effectively mimics the biological visual
system.[100] As illustrated in Fig 23a, the device replicates the biological synaptic structure: incident light pulses act
as presynaptic spikes, while photogenerated carriers function as neurotransmitters to modulate the Excitatory
Postsynaptic Current (EPSC).[101] This underlying mechanism enables paired-pulse facilitation (PPF), wherein a

second light pulse elicits a stronger response due to residual carriers, as depicted in Fig 23b.[102]
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Fig. 23 a Schematic illustration of the biological synaptic simulation mechanism. b Excitatory Postsynaptic Current
(EPSC) triggered by two consecutive light pulses. ¢ Transition from Short-Term Memory (STM) to Long-Term
Memory (LTM) triggered by an increase in the number of light pulses. d Dependence of memory consolidation on
light power density. e Responsivity of the single nanowire device versus bias voltage under 365 nm illumination. f
Experimental emulation of the ’learning-forgetting-relearning’ behavior. g Recognition accuracy of the simulated
Artificial Neural Network (ANN) for MNIST digits. Reproduced with permission.[102] Copyright 2023, Optica
publishing group.

The GaN NW device exhibits robust synaptic plasticity essential for cognitive functions,[103] which can be
precisely modulated by both the number of light pulses and light intensity. As shown in Fig 23c, stimulation with a
train of consecutive light pulses (e.g., increasing from 1 to 25 pulses) leads to the accumulation of EPSC values and
a significant slowing of the decay rate, manifesting a distinct transition from Short-Term Memory (STM) to Long-
Term Memory (LTM).[104] Additionally, the memory retention time is tunable via light intensity; As presented in
Fig 23d, the decay time constant T4 doubles from 3.6 s to 7.2 s with increasing light power density, further confirming
the consolidation of memory traces. Despite its complex synaptic functionality, the NW detector maintains
exceptional sensitivity: as illustrated in Fig 23e, it achieves a remarkable responsivity of 4.67 A/W (at 5 V, 365 nm),
enabling reliable signal detection even under weak light conditions. Furthermore, the device recapitulates the bio-
realistic "learning-forgetting-relearning" process (Fig 23f), where relearning "forgotten" information requires fewer
pulses than the initial learning phase, thereby mimicking the brain's memory strengthening mechanism.[105]

Energy efficiency constitutes a critical advantage of this neuromorphic system,[ 106] with the energy consumption
per synaptic event optimized to 2.72 x 10712 J, representing a more than 92% reduction in power consumption
compared to typical GaN thin-film synaptic devices.[107] To validate its utility in hardware neural networks, a three-
layer Artificial Neural Network (ANN) was simulated using experimental Long-Term Potentiation (LTP)/Long-Term
Depression (LTD) data.[108] As shown in Fig 23g, the network achieves a recognition accuracy of 90% for the
MNIST handwritten digit dataset after merely three training epochs, eventually stabilizing at 93%. This synergistic

combination of high recognition accuracy, bio-realistic dynamic characteristics, and femtojoule-level energy
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efficiency positions GaN NWs as a leading candidate for the development of future intelligent machine vision systems.

4.2 Hazardous Gas Monitoring and Self-Heated Sensing
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Fig. 24 a Schematic illustration of the bridging GaN nanowires grown across a deep trench. b HRTEM images
revealing the uniform distribution of Pd nanoparticles on the GaN nanowire surface. ¢ Dynamic response of the sensor
to trace hydrogen concentrations (100 ppb—20 ppm) at room temperature. d The dependence of sensor response on
self-heating power. e the schematic diagram of H; sensing mechanism of Pd-GaN. Reproduced with permission.[109]
Copyright 2024, Elsevier.
Detecting explosive hydrogen (H.) leaks demands sensors integrating high sensitivity and intrinsic safety. Traditional
metal-oxide sensors typically require high-temperature heating (>200°C), which entails high power consumption and
poses ignition risks, limiting their application in hazardous environments.[110-112] GaN NWs serve as a robust
alternative, and recent studies have developed a "bridging" NW architecture enabling ultra-sensitive hydrogen
detection at room temperature (RT) with an optional low-power self-heating mode.[113] Distinct from conventional
planar films, the bridging GaN NWs are grown across a deep trench (40 um wide and 80 um deep) on a sapphire
substrate (Fig 24a).[113, 114] This suspended structure maximizes surface exposure to gas molecules and achieves
excellent thermal isolation, both of which are critical for efficient sensing operation.[113] To activate hydrogen
sensing capabilities, the NWs are functionalized with palladium nanoparticles (Pd NPs); TEM images (Fig 24b) reveal
that 10 nm Pd NPs are uniformly distributed on the NW surface, laying the structural foundation for the catalytic
spill-over effect.[109, 115-117]

The sensor exhibits exceptional performance at room temperature (~25°C) without external heaters: as shown in
Fig 24c, it can detect hydrogen concentrations as low as 100 ppb, with a calculated theoretical limit of detection

(LOD) of 42.2 ppb, alongside a wide dynamic range extending up to 10,000 ppm. Notably, the response speed is
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remarkably fast at high concentrations, achieving a response time of merely 3 s at 10,000 ppm H,. For scenarios
requiring enhanced sensitivity, the sensor leverages a tunable self-heating mode; Benefiting from the thermal isolation
of the bridging structure, a small current can locally heat the NWs.[118-121] As analyzed in Fig 24d, the response to
2000 ppm H> increases significantly with applied power (ranging from 1.9 mW to 36.1 mW). The study identifies
18.4 mW (corresponding to approximately 65°C) as the optimal operating point, balancing high response amplitude
and device stability.[109]

The sensing mechanism hinges on the modulation of the Schottky barrier and the electron depletion layer (EDL).
As depicted in Fig 24e, in an air environment, oxygen species adsorb on the NW surface, widening the EDL.[114]
Upon exposure to Hy, the Pd catalyst dissociates H, molecules into H atoms via the spill-over effect;[122-124] These
H atoms then react with adsorbed oxygen species to form water, releasing electrons back to the GaN conduction
channel and thereby drastically reducing the device resistance.[125] This integration of unique bridging architecture,
Pd catalytic functionalization, and tunable self-heating mode endows the sensor with superior safety, sensitivity, and
adaptability, providing a promising solution for reliable hydrogen leak detection in diverse industrial and energy-

related scenarios.

4.3 Near-Eye Displays and Phosphor-Free White Lighting

Based on GaN-based LED technologies featuring strain-engineered NWs and tunnel junction core-shell structures,
they exhibit irreplaceable application potential in two key fields—near-eye displays (AR/VR) and phosphor-free

white lighting—with their core advantages.
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Fig. 25 a SEM image of the fabricated ultra-dense NW array. The schematic illustrates the NW heterostructure. b
Electroluminescence (EL) spectra of [20 um]? InGaN/GaN NW puLED measured under varying injection current at
room temperature. ¢ Variations of peak wavelength position with injection current density. The inset shows
microscope EL images of a [20 um]> NW pLED under various current injection densities. Reproduced with
permission.[126] Copyright 2024, ACS Publications. d Illustration of the core—shell tunnel junction nanowire array
grown on the pattered substrate. e El spectra of the core—shell tunnel junction nanowire LED measured under different
injection currents. The inset is the optical image of the LED device showing the white-light emission. f Commission

Internationale de 1’éclairage (CIE) chromaticity diagram of the tunnel junction core—shell LED device. Reproduced
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with permission.[127] Copyright 2020, ACS Publications.

In the field of near-eye displays, AR/VR devices impose stringent requirements on micro-displays, including ultra-
high pixel density (>4,000 PPI), stable emission wavelength, and high brightness.[128-131] Conventional planar
InGaN green LEDs struggle to meet these demands due to the "Green Gap" bottleneck, characterized by low
efficiency and significant wavelength shift caused by the Quantum Confined Stark Effect (QCSE).[132, 133] The
breakthrough ultra-dense InGaN/GaN NW pixel arrays fabricated via a top-down approach perfectly addresses this
issue: SEM images in Fig 25a reveal NWs arranged in a hexagonal lattice with a 700 nm pitch, achieving an ultra-
high pixel density of ~36, 285 PPI—far surpassing that of current commercial micro-displays. EL spectra in Fig 25b
exhibit a stable primary emission peak at ~500 nm, accompanied only by a secondary shoulder peak at ~520 nm
originating from residual strain in the NW core. When the current density increases from ~3.9 A/cm? to ~1005 A/cm?,
the wavelength blue-shift is merely ~3.6 nm in Fig 25c, ensuring color consistency across different brightness levels.
These high-stability, high-density nanoscale pixels can be directly integrated into AR/VR micro-display panels to
deliver retina-level immersive visual experiences, while their wafer-scale uniformity meets the requirements of large-
scale mass production.[134]

In the field of phosphor-free white lighting, traditional white LEDs rely on rare earth-doped phosphors for
wavelength conversion, suffering from poor stability and insufficient color purity.[135-137] The core-shell tunnel
junction NW LEDs in Fig 25d achieve pure white light emission without the need for phosphors, enabled by the
monolithic integration of multicolor emission regions within a single chip: EL spectra in Fig 25¢ exhibit a broad
wavelength range spanning from blue to red under current densities of 500—2500 A/cm?, where the inset depicts bright,
uniform white light emission. The CIE chromaticity coordinates in Fig. 25f remain stable at x = 0.35-0.36 and y =
0.38-0.39, which corresponds to a correlated color temperature of ~4700 K-thus satisfying the color specifications
for general lighting. Additionally, the introduction of an Al tunnel junction eliminates the resistive p-GaN: Mg layer,
reducing voltage loss to ~3.1 V and enhancing hole injection. The device achieves high brightness output at low
currents with negligible efficiency droop (no significant attenuation even at 2700 A/cm?), making it suitable for
scenarios with strict requirements on stability and energy efficiency, such as indoor lighting and automotive light
sources.[138-140]

4.4 Artificial Photosynthesis: Integrated Zn-GaN Redox Architecture

Achieving the simultaneous conversion of CO» and H,O into high-value fuels (e.g., CHs) and chemicals (e.g., H>O»)
driven solely by sunlight represents an ultimate goal of artificial photosynthesis;[141] However, regulating product
selectivity and inhibiting the competing hydrogen evolution reaction (HER) remain formidable challenges.[142, 143]
A recent study has developed an integrated photocatalytic redox architecture based on Zn nanoparticles (Zn NPs)-
decorated GaN N'Ws grown on a silicon substrate (Zn/GaN NWs/Si), which enables efficient dual-product synthesis

without the need for external sacrificial agents.[144]
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Fig. 26 Integrated Zn NPs/GaN NW redox architecture for synchronized solar-driven fuel synthesis. a Schematic
illustration of the GaN NW band structure. b HAADF-STEM image and elemental mapping results revealing the
uniform decoration of Zn nanoparticles on the GaN NW surface. ¢ Proposed reaction mechanism for the light-driven
conversion of CO» in water to CHs4 and H2O, over the Zn/GaN NWs/Si architecture. d Effect of light intensity on the
CHs evolution rate and turnover frequency (TOF). e Long-term stability test of the system over 80 hours of continuous
operation. Reproduced with permission.[145] Copyright 2025, Elsevier.

This design leverages the unique band structure of GaN NWs, and as illustrated in Fig 26a, the conduction band
(CB) and valence band (VB) edges of GaN NWs naturally straddle the redox potentials required for CO, reduction
to CH4 and H>O oxidation to H>0,.[146] The vertically aligned GaN NW array provides a large specific surface area
conducive to light harvesting and charge separation,[7] while Zn NPs derived from zeolitic imidazolate framework-
8 (ZIF-8) precursors are uniformly decorated on the GaN surface (Fig 26b), functioning as crucial electron sinks to
modulate the reaction pathway rather than acting as secondary light absorbers.[147]

The core innovation of this architecture lies in the specific catalytic synergy between Zn and GaN, and combined
theoretical calculations and operando spectroscopy characterizations have revealed a dual-functional mechanism (Fig
26¢): for CO; reduction to CHa, the Zn/GaN interface significantly lowers the energy barrier of the rate-limiting
*COOH formation step to 0.27 eV, while simultaneously elevating the energy barrier of the competing HER to 0.93
eV, thereby ensuring high product selectivity;[148, 149] On the oxidation side, the introduction of Zn alleviates the
adsorption strength of *OH radicals on the GaN surface,[150] and this moderate adsorption facilitates the coupling
of *OH to form H,O, (2H,O — H»0, + 2H* + 2¢") while preventing over-oxidation to 0,.[151]

This integrated architecture exhibits exceptional catalytic performance, and under concentrated light illumination
(6 W/cm?), the device achieves a benchmark CH4 production rate of 189 mmol/(gc.'h) with a remarkable selectivity
of 93.6% (Fig 26d), accompanied by the simultaneous generation of H,O, from water oxidation at a rate of 25
mmol/(gearh). Furthermore, the system demonstrates outstanding durability, maintaining stable catalytic performance
over 80 hours of continuous operation (Fig 26e) and achieving a turnover number (TON) of 27,280 mol CH4 per mole
of Zn. This work thus establishes a scalable pathway for "zero-waste" solar refining by coupling fuel production with

liquid chemical synthesis.[152]
4.5 Integration of Solar Cells & PDs

Recently, the introduction of the GaN-on-glass platform has made it possible to grow on non-specific substrates,
which has attracted great interest. However, the application of GaN in glass-based devices has rarely been reported
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and still requires further study. Although GaN/MAPBI; heterostructures have a wide range of applications in
optoelectronic devices, detailed studies of their bandgap parameters remain limited. For example, in MAPBI;
perovskite photodetectors, the planar p-GaN layer is used as a hole transport layer (HTL) by spraying[153] on the p-
GaN template or pressing p-GaN onto the spin-coated MAPBI3.[31] In addition, perovskite solar cells (PSCs) have
been fabricated by spin-coating MAPBI3 on nanoporous n-GaN, where the latter functions as the electron transport
layer (ETL).[154] In vertical-cavity surface-emitting lasers, the integration of nanoporous GaN/GaN distributed
Bragg reflectors with perovskite-structured MAPBI; as the gain medium has also been studied.[155]

Although NWs are formed at an inclination, X-ray pole map analysis of the (002) reflection shows that axially
grown n-GaN NWs predominantly grow perpendicular to the ITO surface and strongly favor the c-plane (002)
orientation, as shown in Fig 27a. The wettability of n-GaN NWs ensembles was evaluated using fixed droplet contact
angle measurements, and it was found that the contact angle of 5 pL water droplets was 29.8°, indicating hydrophilic
surface properties well-suited for spin-coated perovskite materials (Fig 27b). The electron concentration within the
quantified ensemble was determined using Mott—Schottky measurements,[156] with the results shown in Fig 27c.
Heavily doped GaN NWs grown on glass and heated to a Si cell temperature of 1180 °C exhibited an electron
concentration of 6.0x10'® cm™. The contact behavior between n-GaN NWs and ITO was studied using conductive
atomic force microscopy (c-AFM). Achieving ohmic contacts on n-GaN/metal heterojunctions is highly challenging,
as they typically exhibit a high Schottky barrier height (SBH) of approximately 1 eV. Random sampling of 20 n-GaN
NWs yielded /-V curves, which were used to estimate SBH formation at the interfaces between the two ends of the
n-GaN NWs (Fig 27d). According to the fitting results, the average SBH values at the ITO—(n-GaN NWs) and (n-
GaN NW)-Pt/Iridium (Ir) heterointerfaces are 0.437 and 0.502 eV, respectively. In conclusion, Mott—Schottky and c-
AFM measurements confirm that n-GaN NWs are heavily doped, with an electron concentration of 6.0 x 10'8 cm™.
This favors thermal ion field emission as the dominant transport mechanism across the Schottky barriers at both ends
of the n-GaN NW.[157] Figure 27¢ shows a schematic (top) of a single n-GaN NW contacted by a Pt/Ir-coated c-
AFM tip on an ITO interlayer, along with a schematic band diagram (bottom) under sample bias of 0 V and no applied
force.[158-160] Figure 27f presents a cross-sectional bright-field STEM image of the n-GaN NWs/MAPbI;
heterostructure, used to examine the interfaces and confirm infiltration of MAPbI; into the n-GaN NWs. Preliminary
results confirm that the n-GaN wetting layer is integrated between the ITO intermediate layer and the n-GaN NWs.
In Fig 27g, the MAPbI; diffraction peak aligns well with that of the tetragonal phase. A comparative study using
steady-state PL intensity and time-resolved PL (TR-PL) measurements (Fig 27h and i) showed that GaN NWs-on-
glass had the lowest PL intensity and the shortest average decay time (15.955 ns).[161, 162] This suggests that GaN

NWs-on-glass extract photogenerated electrons from the perovskite medium more efficiently.
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Fig. 27 a X-ray pole Fig measurement for the (002) reflection. b Measurement of the water droplet contact angle. ¢
Mott—Schottky measurements at a Si K-cell temperature of 1180 °C and fitting curves of 340 nm thick fully elongated
GaN nanowires on glass. d Room-temperature /~V curves of 20 different n-GaN nanowires. The inset shows a
schematic of the GaN nanowires on glass (top) and the average SBH values of the two interfaces (bottom). e
Schematic of c-AFM measurement on single n-GaN nanowire (top) (ITO—(n-GaN nanowires)) and corresponding
band diagram showing SBH formation at the ((n-GaN nanowires)—Pt/Ir) interface, without applied voltage or force
(bottom). f Bright-field STEM image of a prototype device following the spin-coating of MAPbI3 material. g Powder
X-Ray Diffraction (XRD) patterns of n-GaN nanowires and GaN nanowires with spin-coated MAPBI; on glass. h
Steady-state PL spectra. i Normalized TR-PL decay curves for MAPbI3 on various substrates: bare glass, GaN-on-
glass, and GaN nanowires-on-glass. Reproduced with permission.[33] Copyright 2024, Wiley.

4.6 Summary of Application-Specific Performance Requirements

In summary, while the diverse applications discussed above underscore the remarkable versatility of GaN nanowires,
each scenario imposes distinctly different demands on device performance metrics. For neuromorphic vision and
artificial synapses, the paramount metrics are ultralow energy consumption (e.g., femtojoule-level per spike) and
precise, repeatable modulation of synaptic plasticity for stable "learning-forgetting" cycles. Conversely, hazardous
gas monitoring prioritizes ultrahigh sensitivity (down to the ppb level) at room temperature, rapid response/recovery
times, and structural safety to prevent ignition. In the realm of near-eye displays and solid-state lighting, the critical
requirements shift toward ultra-high pixel integration density (>4,000 PPI), strict wavelength stability against driving
current fluctuations (negligible QCSE), and exceptional luminescence efficiency. Meanwhile, artificial
photosynthesis and photoelectrochemical (PEC) systems necessitate long-term physicochemical durability in
corrosive electrolytes, large effective surface areas, and high catalytic selectivity to suppress competing reactions.

Recognizing these differentiated performance targets is crucial; future commercialization of GaN nanowire devices
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will require a paradigm shift from generic performance enhancement toward application-driven, customized

structural and interfacial engineering.
5 Conclusions and Challenges
5.1 Summary of Progress

This review has systematically summarized the structural innovations, performance optimization strategies, and
diverse applications of GaN nanowire-based photodetectors. Benefiting from the large surface-to-volume ratio and
superior stress relaxation of 1D geometries, GaN nanowires have demonstrated exceptional capabilities in
overcoming the bottlenecks of planar devices, particularly in achieving high responsiveness (up to 108 A/W) and
ultrafast response speeds (<26 ms). The successful integration with 2D materials (e.g., MoS>, Graphene) and
perovskites has further expanded their spectral response from UV to the near-infrared region, laying a solid foundation

for next-generation optoelectronics.
5.2 Critical Challenges and Technical Pathways

Despite these achievements, the transition from laboratory prototypes to industrial-grade applications faces critical

hurdles. To address these, future research must move beyond general optimization and focus on specific technical

pathways:

®  Wafer-Scale Uniformity via SAE: The inherent randomness in the position and diameter of self-assembled
nanowires hinders large-scale integration. Future fabrication should prioritize SAE combined with Nanoimprint
Lithography (NIL). This top-down control coupled with bottom-up growth can ensure precise positioning and
uniform diameter distribution (<5% variation) across wafer-scale substrates, which is a prerequisite for high-
density pixel arrays.

® Array-Level Integration and Crosstalk Management: Scaling high-performance single-nanowire devices
into ultra-dense arrays (e.g., for >4,000 PPI Micro-LEDs or massive neuromorphic networks) introduces severe
engineering bottlenecks. The primary challenges are optical and electrical crosstalk—where photon scattering
and carrier leakage between adjacent pixels severely degrade spatial resolution and signal-to-noise ratios.
Furthermore, localized Joule heating during high-frequency operation poses a critical thermal management issue,
reducing carrier lifetimes and inducing wavelength shifts. Additionally, ensuring uniform electrical
characteristics across millions of parallel devices remains a daunting statistical challenge. Future integration
must incorporate advanced optical isolation structures (e.g., inter-wire dielectric shielding) and optimized
thermal dissipation substrates to preserve device fidelity at the array level.

® Stability Enhancement via Atomic Layer Deposition (ALD): The high surface activity of nanowires, while
beneficial for sensitivity, exacerbates surface state-induced noise and chemical instability. Advanced passivation
techniques, particularly ALD of high-x dielectrics(e.g., Al,O3, HfO,), offer a viable solution. By saturating
surface dangling bonds at the atomic level, ALD can simultaneously suppress dark current and prevent photo-
corrosion in harsh environments.

® Interface Engineering for Heterogeneous Integration: To mitigate lattice mismatch-induced defects in hybrid
devices, vdW Epitaxy and Transfer Printing technologies should be adopted. These non-destructive integration
methods preserve the intrinsic properties of both GaN NWs and functional materials (2D materials, perovskites),

ensuring high-quality interfaces for efficient carrier transport.
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5.3 Emerging Frontiers: From Detection to Intelligence

The evolution of GaN nanowire photodetectors is shifting from passive signal detection to active information

processing. We identify three transformative directions:

Neuromorphic Vision and Optical Synapses: Inspired by the human visual system, GaN nanowires are ideal
candidates for constructing artificial optoelectronic synapses. By exploiting the PPC and trapping/de-trapping
dynamics of surface states, these devices can emulate key synaptic functions such as Short-Term Plasticity (STP),
Long-Term Potentiation (LTP), and Paired-Pulse Facilitation (PPF). This paves the way for in-sensor computing
hardware that performs image recognition and pre-processing at the edge, significantly reducing data
transmission latency.

Visible Light Communication (Li-Fi) Integration: With the rise of Micro-LED technology, GaN nanowire
arrays offer a unique opportunity for on-chip transceiver integration. Their ultrafast response speed and
compatibility with nitride-based LEDs enable full-duplex visible light communication (Li-Fi) systems. Future
work should focus on optimizing the gain-bandwidth product to support Gbit/s data transmission rates for 6G
and IoT applications.

In conclusion, GaN nanowire photodetectors stand at the precipice of a paradigm shift. By solving uniformity

issues through advanced lithography and unlocking new functionalities through neuromorphic and communication

integration, they are poised to become the cornerstone of future intelligent optoelectronic systems.
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