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Abstract This paper presents a review of recent advances of GaN based nanostructured materials and devices. 
GaN has gained substantial interest in the research area of wide band gap semiconductors due to its unique electrical, 
optical and structural properties. GaN nanostructured material exhibits many advantages for nanodevices due to 
its higher surface-to-volume ratio as compared to thin films. GaN nanostructured material has the ability to absorb 
ultraviolet (UV) radiation and immense in many optical applications. Recently, GaN nanostructured based devices 
have gained much attention due to their various potential applications. GaN as nanomaterial have been used in many 
devices such as UV photodetectors, light emitting diodes, solar cells and transistors. The recent aspects of GaN 
based devices are presented and discussed. The performance of several devices structures which has been 
demonstrated on GaN is reviewed. The structural, electrical, and optical properties are also reviewed. 
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1. Introduction 

The group III-Nitride semiconductor materials have 
attracted a lot of interest for new generation of optoelectronic 
devices [1]. The advantage with these materials is the 
flexible bandgap varying from 0.7 to 6 eV hence covering 
an ultra-broad spectrum, from deep ultraviolet up to near 
infrared [2], allowing the development of numerous 
applications. Solar cells based on nitride materials have 
readily been investigated for terrestrial and space-based 
applications [3]. Transistors performance for high power 
electronics, ground-based communications and biological 
agent detection devices has been enhanced [4]. Major 
efforts have been dedicated to the technological 
fabrication in order to achieve efficient emitters and 
detectors [5]. Recent progress has demonstrated cutting 
edge results in high-speed data rate connectivity and 
integrated circuits [6]. Imaging sensors on high speed 
electronics have been implemented founded on their 
sensitive applications in security screening [7]. 

GaN as a member of group III-nitride family has 
become the revolutionary material owing to its electronic 
and optical properties. The direct, flexible and wide 
bandgap makes GaN materiel a key candidate for 
achieving high frequency, large bandwidth, high power 
and efficiency devices. GaN based detectors are in 
particular suitable for full color display, high density 
information storage, and UV communication links [8]. 

GaN is a very hard, chemically and mechanically stable 
wide bandgap (3.4 eV) semiconductor material with  
high heat capacity and thermal conductivity which makes 
it suitable to be used for sensors [9], for high power 
electronic devices such as field effect transistor (FET) [10] 

and for optoelectronic devices such as light emitting diode 
(LED) [11]. The optical properties of GaN nanostructured 
are of great current interest because of the potential 
application in solid state lighting [12]. In n-type GaN, an 
UV peak at approximately 3.42 eV usually dominates the 
photoluminescence spectrum [13]. The blue luminescence 
at 2.7 to 3 eV peak energy has been extensively studied; 
this peak dominates due to optically active defects and 
impurities [14]. On the other hand, such defects can be 
destructive in a device. A well-engineered inorganic 
nanoparticle approach offers many advantages [15]. 
Meanwhile, in nanostructures having a large specific area, 
the surface states effect became significant in influencing 
the carrier recombination mechanism [16]. 

2. GaN Nanostructured Materials 
Doping 
GaN nanostructured material exhibits many advantages 

for nanodevices because of its higher surface-to-volume 
ratio as compared to thin films. The GaN nanostructured 
material has ability to absorb UV radiation and immense 
in many optical applications [17]. GaN nanostructured 
have various shapes including nanowires [18], nanoparticles 
[19], nanobelts [20], nanorings [21], nanotubes [22], 
nanodots [23], and nanorods [24]. GaN nanoparticles 
generated lot of interest among scientists as well as 
technologists during past few years. The electronic 
properties of quantum confinement of electrons of 
nanoparticles make them very useful in electronic industry 
including many GaN applications [25]. 

GaN doping is very important for different devices 
structures. Several techniques have been used in GaN 
doping. The ion implantation technique for controlling n-
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type or p-type conduction has been a significant challenge 
for GaN based high-power devices to achieve levels 
approaching their theoretical limits of performance [26]. 
Previous studies on n-type conduction of GaN through 
silicon ion implantation achieved 86% [27], and 
approximately 100% [28] of activation rate after annealing 
at 1250 and 1400 °C, respectively. Such high temperature 
annealing results in serious surface degradation of GaN 
due to decomposition [29], thereby needs a protective 
layer. However, it is difficult to make a proper choice of a 
protective layer which remains unaltered and is removable 
after annealing above 1200°C. Therefore, achieving the 
high activation rate at lower temperature is a very important 
practice. On the other hand, the Mg ion implantation for p-
type conductivity is more challenging due to the higher 
temperature annealing required for electrical activation, 
resulting in a major difficulty protecting the surface [30]. 
The formation energy of Mg on the Ga site (MgGa) near 
the valence band is about 1 eV higher than that of SiGa at 
the Fermi level near the conduction band [31], which may 
explain the difference of required annealing temperature 
for different conduction types. The efficient p-type doping 
of GaN is in general a challenging task [32]. Despite the 
achievements in realization of good quality p-type GaN, 
the activation efficiency of Mg atoms is still as low as few 
percent. The p-type doping of GaN is typically performed 
during growth, while the reports on other doping techniques 
common in semiconductor processing such as ion implantation 
[33], and diffusion [34] have been scarce. The thermal 
stability and redistribution of the implanted dopants in 
GaN revealed that implanted Mg have shown a change in 
the concentration profile after annealing temperatures. 
Indeed, post implantation annealing of GaN at high 
temperatures, typically 1100-1400°C, is necessary both for 
Mg redistribution and activation as well as lattice recovery. 
However, annealing above 800-900°C induces severe 
damages at the GaN surface due to nitrogen desorption. 
Because of this high sensitivity to post implantation thermal 
treatments, protecting the GaN surface using a cap layer is 
mandatory to prevent the nitrogen desorption [35,36]. 

Recently, GaN was also be doped with carbon [37]. The 
Intentional doping of carbon on GaN can be done using a 
hydrocarbon precursor technique [38]. The extrinsic 
carbon doping delivers better dynamic properties for the 
device voltage capabilities. In some devices like GaN on 
silicon (Si) devices offer an optimal solution for efficient 
dc-dc conversion. Handling high voltage operation at high 
switching frequency, also have long shown clear 
advantage over their Si counterparts [39]. Due to the need 
of high blocking voltage, carbon compensation doping is 
the most commonly used method for achieving highly 
resistive GaN buffers. However, the heterostructure field 
effect transistors grown using carbon doped GaN suffer 
from serious setbacks, such as high dynamic on- 
resistance and slowly recovering current collapse [40]. 
Carbon doping has been traditionally achieved through 
incorporation of carbon originating from the metal organic 
precursor during the growth process [41,42] in a so  
called auto doping technique. To achieve high carbon 
concentrations, growth temperature, pressure, and V/III 
ratio had to be substantially decreased. This entailed 
inferior crystal quality leading to a higher dislocation 
density yielding lower blocking voltages and electron 

mobility in the channel [43]. Lately, extrinsic carbon 
doping of GaN buffers has been gathering momentum as a 
method to incorporate carbon whilst maintaining growth 
parameters optimized for crystal quality. 

GaN can also be doped with europium (Eu). It is an 
attractive alternative to InGaN for the red light LED, as 
the InN rich alloy has disappointingly low luminescence 
efficiency [44,45]. The active lumophore in the first 
successful GaN:Eu injection device [46] is the primary 
defect, Eu2, an isolated Eu ion located on a Ga site, EuGa 
[47,48]. Association of EuGa with other defects produces 
a variety of centers; competition for excitation among the 
various rare earth related defects gives rise to ‘site 
multiplicity’ in solid state rare earth luminescence spectra [49]. 

Like wide-gap II–VI semiconductors, GaN exhibits 
self-compensation, so neutralization of acceptor doping by 
native donors, which is energetically favorable for the 
crystal. There is a clear experimental evidence that 
GaN:Mg(Zn) films and crystals have high resistivity or are 
n-type owing to the compensation of acceptor impurities 
by native defects or unintentional H and O impurities 
[50,51]. The thermodynamic analysis of the defect 
chemistry in GaN:Mg crystals [52] suggests that, under 
equilibrium growth conditions, a MgGa acceptor 
controlled p-type can only be achieved at N2 pressures 
above 104 MPa, in agreement with experimental data [53]. 
Magnesium is the only dopant capable of ensuring stable, 
reproducible p-type conduction in GaN [54]. Magnesium 
incorporation is accompanied by the formation of 
considerable amounts of intrinsic and extrinsic defects. 
Clearly, the incorporation of such centers has a significant 
effect on the electrical and luminescent properties of 
GaN:Mg [55]. Low temperature photoluminescence spectra 
of Mg-doped GaN films show broad emission bands in the 
range 2.8-3.3 eV, due to donor recombination [56,57]. 

GaN can also be doped with Manganese (Mn). The 
growth of homogeneously Mn-doped Ga1_xMnxN thin 
films have been carried out at different temperatures [58]. 
A high dopant concentration and high carrier concentration 
are inherent advantages of that doping. Mn has low 
solubility in gallium and its group V compounds. That 
phase separation occurs in the growth of GaMnAs when 
concentrations of over 5% Mn and temperatures of a few 
hundred Celsius were used during the growth process [59]. 
This proved an obstacle to obtaining the required magnetic 
semiconductor film properties for device fabrication. The 
Pulsed laser deposition (PLD) can be used to prepare thin 
films from multicomponent targets and allows Mn 
concentrations in the GaN films to be controlled easily by 
varying the quantity of Mn included in the initial target 
preparation [60]. The growth conditions can be far from 
equilibrium, which offers the possibility of reaching 
higher Mn concentrations without phase separation [60]. 

3. Comparison of GaN Based 
Nanostructured Devices 

3.1. GaN Nanostructured LEDs Devices 
GaN nanostructured based LEDs have been used 

extensively as a new energy efficient and environment 
friendly light source for their promising applications in 
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displays, backlight units, laser diodes, traffic lights, and 
solid state lightening. GaN LEDs have a greater efficiency, 
long lifespan, high reliability, and many environmental 
benefits [61,62,63]. Recently, GaN LEDs have a great 
potential in automotive, medical, and display application 
including indoor, outdoor lighting, and signals. Nowadays, 
GaN based near- ultraviolet LEDs (NUV-LEDs) have 
attracted special attention with regard to pumping sources 
of white LEDs, photo catalysis, spectrometric detector and 
biochemical sensors [64,65,66,67]. While the demands for 
efficient blue GaN LEDs are high, the performance of 
blue GaN LEDs are seriously weakened by the critical 
problem of efficiency droop which refers to the reduction 
in internal quantum efficiency at high current densities [68]. 

GaN based LED structures consist of thin p- (Al)GaN/active 
layer/n-GaN epitaxial films on sapphire substrates [69]. 
However, the electrically injected mid- and deep-UV 
lasers based on conventional AlGaN quantum wells (QWs) 
remain challenging because of valence sub bands 
crossover, difficult in p-type doping and material epitaxy 
growth. The requirements regarding the p-(Al)GaN layer 
are very diverse, including the high hole injection 
efficiency from the p-layer to the active layer, good 
electron blocking from the active layer to the p-layer, 
small bulk electrical resistance, good ohmic contact for 
the metal, and negligible optical loss [66-72]. 

The InGaN/GaN based LEDs have recently attracted 
great attention as efficient light sources for various 
applications [73,74]. They have found widespread commercial 
applications such as full color display, automotive headlights, 
mobile platforms and white solid state lamps and high 
light output power applications [75,76]. However, even in 
the case one achieves a higher light output power; it is 
often not clear what has caused the improvement. To 
understand how each experimental parameter influences 
optoelectronic performances of GaN based LEDs, a 
method of systematic analysis that assesses the interrelations 
independently and quantitatively is an absolute necessity. 
Some possible reasons responsible for efficiency droop 
which include Auger recombination [77], electron leakage 
from active region [77], poor hole injection in the device 
[78], polarization effect [79], and an inhomogeneous 
carrier distribution in active region [80]. Among them 
inefficient electron blocking, lower hole injection and an 
inhomogeneous carrier distribution in active region are 
recognized as primary causes for efficiency droop. 

The actual mechanism of efficiency droop in InGaN/GaN 
LEDs still remains debatable, good crystal quality of the 
p-layer, high activation ratio of Mg for hole carriers. Also, 
little Mg diffusion from p- GaN into the InGaN QW 
during the high temperature epitaxial growth are considered 
to be the key technical issues [81,82]. Typically,  
such technical hurdles have been solved heuristically 
rather than analytically by changing various experimental 
parameters including epitaxial layer structures, epitaxial 
growth conditions (e.g., temperature, pressure, and growth 
speed), and annealing conditions of the p-layer (e.g., 
temperature and ambient gas), with a final goal of 
achieving higher light output power [83,84]. 

The vertically integrated group-III nitride based 
nanostructured LEDs have been designed and fabricated 
by Mikulics et al. [85]. For operation in the telecommunication 
wavelength range in the (p- GaN/InGaN/n-GaN/sapphire) 

material system. The band edge luminescence energy of 
the nanostructured LEDs could be engineered by tuning 
the composition and size of the InGaN mesoscopic 
structures. Narrow band edge photoluminescence and 
electroluminescence was observed [85]. The InGaN 
structures feature a very low power consumption between 
2 nW and 30 nW. The technological suitability process for 
the long term operation of LEDs was demonstrated by 
reliability measurements. The optical and the electrical 
characterization showed strong potential for the future low 
energy consumption optoelectronics [85]. The principal 
schematic of the integration technology of a single  
p-GaN/InGaN/n- GaN nanopyramid is shown in Figure 1 
[85]. The E-beam lithography and RIE hole pattern 
transfer in SiO2 layer/mask is shown in Figure 1(a). The 
selective area growth of InGaN nanopyramids is shown in 
Figure 1(b). The selective p-type GaN overgrowth by 
MOVPE is shown Figure 1(c). The recessed ohmic bottom 
contacts were processed by various lithography, dry 
etching, and annealing steps is shown in Figure 1(d) [85]. 
The dependence of the PL emission wavelength for InGaN 
nanopyramids on the calculated and the measured In 
composition is shown in Figure 2 [85]. The emission 
wavelength can be tuned from the UV range (GaN-365 
nm) through the visible up to the near infrared range by 
controlling the trimethyl indium to total group III molar 
flow ratio. When using an In composition of close to 90%, 
emission is achieved in the technologically important 
telecommunication wavelength range [85]. 

 

Figure 1. Principal schematics of the integration technology of a single 
p-GaN/InGaN/n-GaN nanopyramid: (a) E-beam lithography and RIE 
hole pattern transfer in SiO2 layer/mask, (b) selective area growth of 
InGaN nanopyramids, (c) selective p-GaN overgrowth, (d) recessed 
ohmic bottom contacts [85] 

The device concept for a hybrid nanocrystal/III- nitride 
based nanostructured LED was proposed by Gao et al. 
[86]. The approach was based on the direct electro-optical 
pumping of nanocrystals by electrically driven InGaN/GaN 
nanostructured LEDs as the primary excitation source. A 
universal hybrid optoelectronic platform was developed 
for a large range of optically active nano and mesoscopic 
structures. The advantage of the approach was that the 
emission of the nanocrystals can be electrically induced 
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without the need of contacting them [86]. The principal 
proof was demonstrated for the electro-optical pumping of 
CdSe nanocrystals. The nanostructured LEDs with a 
diameter of 100 nm exhibited a very low current of 8 nA 
at 5 V bias which is several orders of magnitude smaller 
than for those conventionally used. The leakage currents 
in the device layout were typically in the range of 8 to 20 
pA/cm2 at 5 V bias [86]. The principal schematics of the 
hybrid nanocrystal/III-nitride based nanostructured LED is 
shown in Figure 3 [86]. The fabrication schematics of the 
hybrid nanocrystal/III nitride based nano LED is shown in 
Figure 4 [86]. The micro PL intensity of nano LEDs with 
100 (pink circles), 150 (blue circles), and 200 (red circles) 
nm diameter as a function of Ar-IBE accelerating voltage 
(Va) is shown in Figure 5. The highest intensity was 
observed for 200V accelerating voltage which was 
optimal for nano LED etching [86]. 

 

Figure 2. Dependence of the PL emission wavelength for InGaN 
nanopyramids on the In composition [85] 

 

Figure 3. Principal schematics of the hybrid nanocrystal/III-nitride based 
nanostructured LED structure [86] 

 

Figure 4. Fabrication schematics of the hybrid nanocrystal/III  
nitride based nano LED: (a) after Ar ion beam etching, (b) after 
encompassing the nanostructures in HSQ/SiO2 for device insulation,  
(c) after removal of the protective Ni masking cap (d) after formation of 
transparent top metal contact and nanocrystal integration [86] 

 

Figure 5. Micro PL intensity of nano LEDs with 100 (pink circles), 150 
(blue circles), and 200 (red circles) nm diameter as a function of Ar-IBE 
Va [86] 

The GaN based flip chip LED (FC LED) with an output 
power enhancement featuring conical structures was 
proposed by Liu et al. [87]. The GaN FCLED was 
fabricated by etching a self assembled monolayer SiO2 

spheres as the hard mask [87]. The roughening of the 
surface of FC LED components was found to increase the 
structural size of the components and elevates the light 
extraction efficiency of FC LED. 

 

Figure 6. FC LED structure: (a) Schematic representation (b) 300 nm (c) 
600 nm and (d) 1200 nm SiO2 spheres single layer arrayed on the surface 
of sapphire (e) A full 4 in. FC LED wafer coated with 1200 nm SiO2 

sphere [87] 

At a constant current of 400 mA, the output power of 
the FC LED with 1200 nm conical structures was 638.1 
mW and enhanced by 6.1 % compared with the FC LED 
without surface roughening. In that study, SiO2 spheres 
measuring 1200 nm in length were used to fabricate nano 
patterned sapphire flip chip (NPSFC) LED with a conical 
structure and a surface pattern of 1200 nm. The LED of 
the NPSFC was approximately 6.1 % higher than that of 
FC, verifying the feasibility of using nanosphere etching 
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techniques on improving FC LED efficiency [87]. The 
schematic representation of the FC LED structure is 
shown in Figure 6 (a). 

Different scales of the SiO2 spheres single layer arrayed 
on the surface of sapphire are shown in Figure 6 (b), (c), 
and (d) respectively [87]. The full 4 in FC LED wafer 
coated with 1200 nm SiO2 sphere is shown in Figure 6 (e) 
[87]. The used SiO2 spheres measuring at different scales 
as the etch stop layer and controlled etching times to 
produce NPSFC LED SEM results is shown in Figure 7 (a) 
300 nm, and (b) 600 nm trapezoidal structure [87]. 

 

Figure 7. SEM of NPSFC LED: (a) 300 nm, and (b) 600 nm 
trapezoidal structure [87] 

The designing and fabrication of n-ZnO/p-GaN heterojunction 
LEDs emitting diodes with a p-GaN/Al0.1Ga0.9N/n+-GaN 
polarization induced tunneling junction (PITJ) were 
reported by Li et al. [88]. An intense and sharp ultraviolet 
emission centered at 396 nm was observed under forward 
bias. Compared with the n-ZnO/p-GaN reference diode 
without PITJ, the light intensity of the proposed diode was 
increased by 1.4 folds due to the improved current 
spreading. More importantly, the studied diode operates 
continuously for eight hours with the decay of only 3.5% 
under 20 mA, suggesting a remarkable operating stability 
[88]. The study's results demonstrated the feasibility of 
using PITJ as hole injection layer for high performance 
ZnO based light emitting devices [88]. The schematic 
diagram of the PITJ device is shown Figure 8 (a) [88]. The 
I-V characteristics of Au on n-ZnO, Ni/Au on p-GaN and 
In on n-GaN is shown in Figure 8 (b) [88]. The three 
linear curves shown in the figure reveal the good ohmic 
contacts of Au on ZnO, Au/Ni on p-GaN and In on n-GaN, 
which indicates the rectification behaviors arise from the 
heterojunctions [88]. The EL spectra of LED-1 under 
various forward bias voltages ranging from 10 V to 50V is 
shown in Figure 9 (a). Gaussian deconvolution of a 
representative EL spectrum from LED measured at 50 V 
is shown in Figure 9 (b). The EL spectra of LED-2 under 

various forward bias voltages ranging from 10 V to 50 V 
is shown in Figure 9 (c). The relationship between the 
integrated EL intensity and voltage of two LEDs is shown 
in Figure 9 (d) [88]. 

 

Figure 8. PITJ device: (a) Schematic diagram (b) I-V characteristics of Au 
on n-ZnO, Ni/Au on p-GaN and In on n-GaN [88] 

 

Figure 9. (a) EL spectra of LED under various forward bias voltages 
ranging from 10 V to 50 V (b) Gaussian deconvolution of a 
representative EL spectrum from LED measured at 50 V (c) EL 
spectra of LED under forward bias voltages ranging from 10 V to 50 V 
(d) Relationship between the integrated EL intensity and voltage of 
two LEDs [88] 

The O-polar ZnO films grown on N-polar p-GaN/sapphire 
substrates and the heterojunction LEDs based O-polar  
n-ZnO/N-polar p-GaN were proposed and fabricated by 
Jiang et al. [89]. It was experimentally demonstrated  
that the interface polarization of O-polar n-ZnO/N-polar  
p-GaN heterojunction can shift the location of the 
depletion region from the interface deep into the ZnO side. 
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When a forward bias was applied to the proposed diode, a 
strong and high-purity UV emission located at 385 nm 
was observed. Compared with conventional Zn-polar  
n-ZnO/Ga-polar p-GaN heterostructure diode, the ultraviolet 
emission intensity of the proposed heterojunction diode 
was greatly enhanced due to the presence of polarization 
induced inversion layer at the ZnO side of the 
heterojunction interface. The highly efficient UV emission 
was confirmed in comparison with conventional Zn-polar 
n-ZnO/Ga- polar p-GaN heterojunction LEDs. The 
improved electroluminescence EL performance from the 
proposed diode was due the location of the depletion 
region shifts away from heterojunction interface deep into 
ZnO side due to the interface polarization [89]. The 
schematic drawing of O-polar n-ZnO/N-polar p-GaN 
heterostructure with a polarization-induced inversion layer 
(PIL) is shown in Figure 10 (a). Fixed charges induced by 
spontaneous (PSP) and piezoelectric (PPE) polarization is 
also displayed. shows the spatial distribution of fixed 
polarization charges and ionized dopants in O-polar  
n-ZnO/N-polar p-GaN heterostructure is shown in  
Figure 10 (b) [89]. The I-V characteristics curves of the 
LED are shown in Figure 11. The rectifying behavior with 
a turn-on voltage of about 3 V is observed. The linear 
curves from Au/Ni on p-GaN and Au on n-ZnO reveal 
good ohmic contacts at both electrodes, which indicates 
that the rectifying behavior of LED originated from the  
n-ZnO/p-GaN heterojunction as shown in Figure 11 [89]. 

 

Figure 10. O-polar n-ZnO/N-polar p-GaN heterostructure with PIL: (a) 
Schematic drawing, Fixed charges induced by PSP and PPE polarization 
(b) Spatial distribution of fixed polarization charges and ionized dopants 
[89] 

 

Figure 11. I-V characteristics of Au on n-ZnO, Ni/Au on p-GaN and In on 
n-GaN [89] 

3.2. GaN Nanowires Devices 
GaN nanowires have garnered much attention in recent 

years due to their attractive optical and electrical 
properties. GaN nanowires have been studied extensively 
[90]. GaN nanowires have been used as building units to 
construct different nano devices, such as nanolasers, 
detectors, and sensors [91]. Moreover, GaN nanowires 
lasers are attracting increasing research interest for ultra 
small coherent light sources [92]. GaN nanowires lasers 
are becoming key elements in a wide range of future 
applications, such as solid state lighting, spectroscopy, 
and on chip transmitters [93]. The lasing properties of 
GaN nanomaterials are very important for making useful 
practical applications. 

 

Figure 12. (a) SEM imaging of the GaN nanowires placed at the 
substrate’s edge (b) CCD images of individual nanowires in lasing mode 
[94] 

The polarization properties of GaN nanowires laser 
have been reported by Hurtado et al. [94]. The linear and 
the elliptical light polarizations were measured at different 
pumping strengths [94]. It has been observed that the 
switching between these two polarization states was also 
observed as the optical excitation was increased. This 
polarization switching was attributed to the change in the 
transverse modes due to their different cavity losses. It 
was found that the laser emission was occurring in two 
different wavelengths and with distinct light polarizations, 
linear and elliptical [94]. Furthermore, it was observed 
that the switching in the emitted light polarization from 
linear to elliptical polarization. These results offered 
promise for the design of novel polarized nanoscale lasers 
for use in polarization sensitive applications, such as all 
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optical signal processing at the nanoscale and atom 
trapping [94]. The SEM imaging of the GaN nanowires 
placed at the substrate’s edge is shown in Figure 12 (a). 
The charge coupled device (CCD) images of individual 
nanowires in lasing mode is shown in Figure 12 (b) [94]. 

 

Figure 13. SEM image of a single GaN nanowires placed between gold 
patterns on a sapphire substrate using a nanomanipulator. The inset 
shows a magnified image of the nanowires, where “A” denotes the larger 
diameter end of the nanowires and “B” denotes the smaller diameter end 
[95] 

 

Figure 14. Normalized photoinduced transmission changes in the single 
and ensemble nanowires [95] 

 

Figure 15. Polarization dependent transmission in the single GaN 
nanowires at a pump fluence of 510 µJ/cm2 and position P2 on the 
nanowires, E and P denote the pump and probe polarizations [95] 

The study of the ultrafast optical microscopy experiments 
on single GaN nanowires as a function of position, 
polarization, and pump fluence has been reported by 
Upadhya et al. [95]. The study's aim was to understand the 
carrier transport, relaxation, and recombination in these 
quasi-one-dimensional GaN based nano systems [95]. 
This is therefore important in optimizing them for various 
applications. The study's result showed that the revealing 
density- dependent carrier relaxation that could be due to 
laser- induced transformation of gallium vacancy-related 
complexes. Also, the polarization dependent anisotropy  
in the relaxation dynamics was observed, due to the 
differences in absorption for light polarized parallel and 
perpendicular to the nanowire axis. Finally, the 
measurements revealed a surprising change in the positive 
differential transmission signal as the diameter varied 
along the nanowire corresponding to state filling on the 
larger end and induced absorption on the smaller end [95]. 
The SEM image of a single GaN nanowires placed 
between gold patterns on a sapphire substrate using a 
nanomanipulator is shown in Figure 13 [95]. The 
normalized photoinduced transmission changes in the 
single and ensemble nanowires with a pump fluence of 
510 µJ/cm2 (corresponding to a carrier density of 
1.82*1020cm-3) is shown in Figure 14. Both pump and 
probe were polarized parallel to the nanowires axis in the 
single nanowires measurements. The solid lines denote 
curve fits to the measured data, with the resulting time 
constants labeled for each trace [95]. The polarization 
dependent transmission in the single GaN nanowires is 
shown in Figure 15 [95]. 

 

Figure 16. Atomistic structures of the GaN nanowires (a) Tri-GaN, (b) 
Hex-GaN (c) Rect-GaN [96] 

The bandgap engineering has been a powerful 
technique for manipulating the electronic and optical 
properties of semiconductors. The electronic properties of 
GaN nanowires have been studied by Ming et al. [96]. In 
that study, a systematic investigation of the electronic 
properties of GaN nanowires was carried out using the 
density functional based tight binding method (DFTB). 
The effect of geometric structure and uniaxial strain on the 
electronic properties of GaN nanowires with diameters 
ranging from 0.8 to 10 nm have also been studied [96]. 
The study's results showed that the band gap of GaN 
nanowires depends linearly on both the surface to volume 
ratio (S/V) and tensile strain. The band gap of GaN 
nanowires increased linearly with S/V, while it decreased 
linearly with increasing tensile strain. These linear 
relationships provide an effect way in designing GaN 
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nanowires for their applications in novel nano devices [96]. 
The atomistic structures of the GaN nanowires are shown 
in Figure 16 (a) for Tri-GaN nanowires, (b) Hex-GaN 
nanowires, and (c) Rect-GaN nanowires. The red dash 
lines enclose the regions for definition of transverse size, 
D and cross sectional area, A. Ga, N and H atoms are 
represented in gray, blue and pink, respectively [96]. The 
band structure for Tri-GaN nanowires with (a) D = 0.88 
nm and (b) D = 7.34 nm is shown in Figure 17 [96]. 
Figure 18 (a) shows the bandgap versus transverse 
dimension D and (b) shows the bandgap versus S/V. The 
red solid line is the best fit one with slope 0.417±0.004 
eV·nm. Inset of (b) is the bandgap versus S/V relation for 
Hex-GaN nanowires [96]. 

 

Figure 17. Band structure for Tri-GaN nanowires with (a) D = 0.88 nm 
and (b) D = 7.34 nm [96] 

 

Figure 18. (a) Bandgap versus transverse dimension D (b) Bandgap 
versus S/V [96] 

The fabrication and the characterization of GaN nanowires 
based vertical transistors have been demonstrated by Yu et 
al. [97]. The nanowires with smooth a-plane sidewalls 
have hexagonal geometry were made by top down etching. 
The nanowires transistor exhibited enhancement mode 
operation with threshold voltage of 1.2 V, on/off current 
ratio as high as 108, and subthreshold slope as small as 68 
mV/dec. Although there was a space charge limited 
current behavior at small source drain voltages, the drain 
current and transconductance reach up to 314 mA/mm  
and 125 mS/mm, respectively, when normalized with 
hexagonal nanowire circumference. The measured breakdown 

voltage was around 140 V. This vertical approach 
provided a way to next generation GaN based power 
devices [97]. The study's results showed that the nanowires 
employing a top down approach have advantages in 
reliable c-axis orientation and smooth a-plane sidewalls. 
Because of their unique vertical design, these nanowires 
transistors exhibit promising performance in enhancement 
mode operation, large current output, high gain, and 
superior subthreshold behavior. Vertical nanoarchitectures 
are therefore suggested as a promising route for next 
generation GaN based power electronics [97]. The schematic 
of a vertical GaN transistor with three electrodes formed 
by mushroom shape nanowire array is shown in Figure 19 
[97]. The SEM images of the GaN nanowires after wet 
chemical treatment is shown in Figure 20 [97]. 

 

Figure 19. Schematic of a vertical GaN transistor with three electrodes 
[97] 

 

Figure 20. SEM images of GaN nanowires after wet chemical 
treatment [97] 

The growth of GaN nanowires by molecular epitaxy on 
a Si substrate with nanoscale buffer layer of silicon 
carbide (SiC) has been reported by Reznik et al. [98]. The 
aim was to demonstrate the possibility of growing GaN 
nanowires on silicon substrates using SiC buffered layer 
and to compare the optical properties with the GaN 
nanowires grown on silicon directly without a buffered 
layer. The morphological and optical properties of the 
grown arrays were studied. It was found that the integral 
intensity of the photoluminescence of such structures is 
more than 2 times higher than the best nanowires GaN 
structures without buffer layer of silicon carbide. However, 
to extend the lifetime of GaN based optoelectronic devices 
and increase their perfection is highly desirable. The 
study's results showed that the intensity of the 
photoluminescence spectrum of the GaN nanowires on 
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SiC/Si(111) substrate integrally more than 2 times higher 
than that of the best structures of GaN nanowires without 
a buffer layer of SiC [98]. The extremely small width of 
GaN lines on Raman spectrum indicated high 
crystallographic quality GaN nanowires grown on SiC/Si 
open a new route using these structures in future 
optoelectronic applications [98]. The SEM images of the 
GaN nanowires on SiC/Si is shown in Figure 21 (a). The 
study's results can be further improved by using ZnO as a 
buffered layer due to the similar properties between GaN 
and ZnO. The PL spectra of GaN structures grown on Si 
of the GaN nanowires on SiC/Si is shown in Figure 21 (b) 
[98]. 

 

Figure 21. GaN nanowires on SiC/Si: (a) SEM images, (b) PL 
spectra of GaN structures grown on [98] 

The epitaxy process of self organized GaN/AlGaN 
nanowire heterostructures to achieve tunable emission in 
the deep UV spectral range was reported by Zhao et al. 
[99]. The self-organized AlGaN nanowires have attracted 
significant attention for deep UV optoelectronics. 
However, due to the strong compositional modulations 
under conventional nitrogen rich growth conditions, 
emission wavelengths less than 250 nm have remained 
inaccessible. It was found that the Al-rich AlGaN 
nanowires with much improved compositional uniformity 
can be achieved in a new growth paradigm, wherein a 
precise control on the optical bandgap of ternary AlGaN 
nanowires can be achieved by varying the substrate 
temperature. The study's results showed that by employing 
a GaN nanowire template and growing AlGaN nanowires 
with a low nitrogen flow rate, the Al/Ga compositional 
uniformity is significantly improved, and the optical 
bandgap (and thus the emission wavelength) of ternary 
AlGaN nanowires can be readily tuned by varying the 
substrate temperature, instead by changing the Al/Ga BEP 

ratio. These findings not only represent a critical step 
towards achieving UV LEDs and lasers below 240 nm 
with AlGaN nanowire technologies but were also 
important for the growth and synthesis of other 
semiconductor nanostructures [99]. The growth schematic 
of AlGaN nanowires segment on such GaN nanowire 
template is shown in Figure 22. The SEM image of 
GaN/AlGaN nanowires on Si is shown in Figure 23 [99]. 

 

Figure 22. Growth schematic of AlGaN nanowires segment on such GaN 
nanowire template [99] 

 

Figure 23. SEM image of GaN/AlGaN nanowires on Si [99] 

The lateral GaN nanowire gate all around transistor 
with top down process has been fabricated and characterized 
by Im et al. [100]. A triangle shaped GaN nanowire with 
56 nm width was implemented on the GaN-on-insulator 
(GaNOI) wafer by utilizing buried oxide as sacrificial 
layer and anisotropic lateral wet etching of GaN in 
tetramethylammonium hydroxide solution [100]. During 
the subsequent GaN and AlGaN epitaxy of source/drain 
planar regions, no growth occurred on the nanowire, due 
to self-limiting growth property. The study's results 
showed that the transistor exhibits normally-off operation 
with the threshold voltage of 3.5 V and promising 
performance: the maximum drain current of 0.11 mA, the 
maximum transconductance of 0.04 mS, the record off-
state leakage current of 10-13 A/mm, and a very high on/off 
ratio of 108. It also showed that the top- down device 
concept using the GaNOI wafer enables the fabrication of 
multiple parallel nanowires with positive threshold 
voltage and is advantageous compared with the bottom-up 
approach. The fabricated device with a nanowire height of 
56 nm exhibited not only high on-state performances such 
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as Id,max of 0.11 mA and gm,max of 0.04 mS with high 
threshold voltage of 3.5 V but also excellent off-state 
features such as an extremely low leakage current of  
10-13 A/mm and a very high Ion/Ioff ratio of 108. These 
attractive on/off state characteristics are the full depletion 
result of the GAA (gate all around) nanowire, without the 
parasitic influence of GaN buffer layer. The GaN 
nanowire GAA transistor is very promising for nanoscale 
integrated CMOS circuits and high performance/high 
power application [100]. Figure 24 shows the schematic 
illustration of the of GaN nanowire GAA transistor 
fabrication sequence of a GaN nanowire GAA transistor. 
The schematic illustration of the of a GaN nanowire GAA 
transistor is shown Figure 24 (a). The structure of GaNOI 
wafer, prepared by smart cut technology is shown in 
Figure 24 (b) [100]. The formation of GaN nanowire 
arrays is shown in Figure 24 (c). The reduced GaN 
nanowire arrays achieved by etching along h1- 100i 
direction, which resulted in the triangle shaped nanowire 
is shown in Figure 24 (d). The release of GaN nanowire 
arrays by removing the sacrificial SiO2 buried oxide is 
shown in Figure 24 (e). The regrowth of AlGaN/GaN 
heterostructure on the patterned GaNOI wafer is shown in 
Figure 24 (f) [100]. 

 

Figure 24. Schematic illustration of the of GaN nanowire GAA 
transistor fabrication sequence of a GaN nanowire GAA transistor:  
(a) Structure of GaNOI wafer (b) Formation of GaN nanowire arrays  
(c) Reduced GaN nanowire arrays (d) Release of GaN nanowire  
(e) Regrowth of AlGaN/GaN heterostructure on the patterned GaNOI 
wafer (f) Schematic illustration of the nanodevice [100] 

3.3. GaN Quantum Wells Devices 
In the last decade, significant progress has been made in 

nitride based semiconductor devices, especially the blue 
LEDs with the InGaN/GaN multiple quantum well 
(MQWs) structure as the active layer [101]. Based on that 

progress, high-brightness GaN based LEDs are replacing 
the conventional lighting such as incandescent light bulbs 
and fluorescent lamps owing to their low power 
consumption and high energy conversion efficiency. 
However, issues still exist with regard to carrier 
recombination, transport, and distribution in the MQWs 
utilized in blue LED devices. Consequently, the devices 
suffer from reduction in external quantum efficiency 
(EQE) at high current densities. Achieving a higher 
efficiency at high current densities is necessary to expedite 
the use of LEDs as general lighting sources [102,103]. On 
the other hand, GaN based devices with InGaN/GaN 
MQWs have attracted much interest due to their wide use 
in optoelectronics such as LED and laser diodes. However, 
the green InGaN/GaN MQW LEDs are stepping into a 
bottleneck period because of high threading dislocations 
caused by lattice constants mismatch and thermal 
expansion coefficients between GaN based materials and 
substrates [104] and strong quantum stark effect (QCSE) 
[105]. All these can cause a heavy “efficiency droop” 
especially for green GaN based LEDs. To overcome and 
understand these problems further, many studies have 
been done in terms of the photoluminescence properties 
and carrier dynamics of InGaN/GaN MQW LEDs series 
[106] grown on Si and sapphire. In contrast, the GaN 
based devices with AlGaN QWs lasers has been limited to 
320-360 nm [107], while only optically pumped deep UV 
lasers had been realized for shorter emission wavelength 
[108]. The challenges in realizing the electrically injected 
mid- and deep UV AlGaN QWs lasers are attributed to the 
difficult growths of high Al content AlGaN and p-AlN 
and the lack understanding on the physics of high Al 
content AlGaN QWs. 

 

Figure 25. Low temperature (10 K) PL and PLE spectra for the m- plane 
InGaN/GaN QW [109] 

The study of the optical properties of m-plane 
InGaN/GaN QWs was proposed Schulz et al. [109]. The 
InGaN/GaN QWs were studied by PL and by 
photoluminescence excitation (PLE) spectroscopy at low 
temperature. The measured PL and PLE spectra have been 
compared with virtual crystal approximation (VCA) and 
atomistic tight binding (TB) calculations. The VCA does 
not produce a stoke shift (SS) since it neglects the effect 
of alloy disorder, but it reproduces the main features of 
PLE spectrum, e.g., the splitting of the exciton states. 
These features were also reproduced by the fully atomistic 
treatment. Moreover, a discernible SS was observed when 
including random alloy fluctuations [109]. The Low 
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temperature (10 K) PL and PLE spectra for the m- plane 
InGaN/GaN QW is shown Figure 25 [109]. 

The large spectral tunability of nitride on silicon 
MQWs for UV to visible microlasers, over a 200 nm 
spectral range was demonstrated by Selles et al. [110]. 
The comparison of different active layers and microdisk 
diameters were an evidence of the respective roles of the 
resonant or non resonant character of the optical excitation, 
of the defect density and the related room temperature 
emission efficiency, and of the QCSE. The broad 
tunability paved the way to the development of a  
UV visible integrated photonic platform embedding 
microlasers, possibly addressing multiple wavelengths 
[110]. The PL spectra of a 4 µm microdisk in the InGaN 
as a function of the pulsed laser excitation power is shown 
in Figure 26 [110]. 

 

Figure 26. PL spectra of a 4 µm microdisk in the InGaN as a 
function of the pulsed laser excitation power [110] 

The optical and structural properties of InGaN/GaN 
MQWs with different thicknesses of low temperature 
grown GaN cap layers was investigated by Yang et al. 
[111]. The study showed that the MQW emission energy 
red shifts and the peak intensity decreases with increasing 
GaN cap layer thickness, which may be partly caused by 
increased floating indium atoms accumulated at QW 
surface. They resulted in the increased interface roughness, 
higher defect density, and even lead to a thermal 
degradation of QW layers. An extra growth interruption 
introduced before the growth of GaN cap layer helped 
with evaporating the floating indium atoms, and therefore 
is an effective method to improve the optical properties of 
high indium content InGaN/GaN MQWs. The low 
temperature grown GaN cap (LT-cap) layer can effectively 
protect InGaN from decomposition. However, it was also 
found that with the increasing of cap layer thickness, the 
PL peak intensity was decreasing. This may be attributed 
to the floating indium atoms at the InGaN QW surface 
losing chance to evaporate when the cap layer gets thicker, 
which results in increased interface roughness, higher 
defect density, and even leads to a thermal degradation of 
QW layers. Thus, an extra interruption step directly after 
the QW growth to evaporate the floating indium was 
proposed, which can improve the performance remarkably 
while the emission energy of the QWs changes a little 
[111]. The cross sectional schematic of the InGaN/GaN 
MQWs epilayer structures is shown in Figure 27 (a). The 
LT cap layers is shown in Figure 27 (b) [111]. 

 

Figure 27. (a) Cross sectional schematic of the InGaN/GaN MQWs 
epilayer structures (b) LT cap layers [111] 

4. Conclusion 

GaN offers some potential in providing electronic and 
photonic devices, and also encouraging progress has been 
made in the research phase. Despite this progress, there 
are still number of important issues that are in need of 
further investigation before this material can be 
transitioned to commercial use for the stated applications. 
The task becomes more difficult by the highly successful 
GaN which competes for similar applications. GaN 
contributes to applications in optical devices, in part due 
to ease with which GaN can be produced in the 
nanostructures form. There is still much to be understood 
in terms of the mechanism of GaN based optical devices. 

Although a number of GaN optical devices have been 
reported, there are some issues that need to be further 
investigation and study. These issues include the p-type 
doping, the lack of a credible p-type doping hampers 
widespread optical emitters in GaN. Furthermore, highly 
ionic nature of GaN with large electron photon coupling 
and low thermal conductivity does not bode well for  
GaN based electronic devices. Nanostructures seem a little 
easier to produce with GaN, but it remains to be  
checked whether nanostructures in general as hyped 
would really make inroads in the devices area. As for the 
nanostructures, GaN nanostructured including nanowires 
and nanorods provide a path to a new generation of 
devices, but a deliberate effort has to be expended for 
GaN nanostructured to be taken seriously for large scale 
device applications, and to achieve high device density 
with accessibility to individual nanodevices. Reliable 
methods for assembling and integrating building blocks 
into circuits need to be developed.  
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