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AlGaN-based materials own direct transition energy bands and wide bandgap and thus
can be used in high-efficiency ultraviolet (UV) emitters and detectors. Over the past two
decades, AlGaN-based materials and devices experienced rapid development. Deep ul-
traviolet AlGaN-based light-emitting diodes (LEDs) with improved efficiency of 20.3%
(at 275 nm) have been produced. An electron beam (EB)-pumped AlGaN-based UV
light source at 238 nm, output power of 100 mW, and power conversion efficiency
(PCE) of 40% has also been fabricated. UV stimulated emission from AlGaN multiple-
quantum-wells laser diodes (LDs) using electrical pumping at room temperature has also
been achieved at a wavelength of 336 nm. Compared with GaN-based blue and green
LEDs and LDs, the efficiency of AlGaN-based UV LEDs and LDs is lower. Further
optimization and improvements in both structure and fabrication are required to realize
high-performance devices. In AlGaN-based UV photodetectors (PDs), gain as high as
104 orders of magnitude has been reported using the separated absorption and multipli-
cation region avalanche photodiode structure but is still far from detecting the weak
signal, and thus UV single-photon detectors with high detectivity is challenging.
Recently, there has been extensive work in the nonlinear optical properties of
AlGaN and AlGaN-based passive devices, such as waveguides and resonators.
However, how to minimize the scattering and defect-related absorption needs to be fur-
ther studied. In this review, first, approaches used to grow an AlGaN epilayer and p-type
doping are introduced. Second, progress in AlGaN-based UV LEDs, EB-pumped light
sources, LDs, PDs, passive devices, and the nonlinear optical properties are presented.
Finally, an overview of potential future trends in AlGaN-based materials and UV devices
is given. © 2018 Optical Society of America
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AlGaN photonics: recent
advances in materials and
ultraviolet devices
DABING LI, KE JIANG, XIAOJUAN SUN, AND CHUNLEI GUO

1. INTRODUCTION

UV radiation, which is an important component of solar radiation, can be divided into
three bands, comprising the UV-A band (320–400 nm), the UV-B band (280–320 nm),
and the UV-C band (100–280 nm). UV radiation affects not only the survival and
continuing development of humankind, but also has a variety of important applica-
tions, including high-resolution light sources, phototherapy, disinfection, sterilization,
deodorization, organic decomposition, photo catalysis, gas sensing, optical dialysis
dosage monitoring, and the identification of hazardous biological agents. Due to
the outstanding optoelectronic properties in the UV band and deep ultraviolet
(DUV) band, AlGaN material has received extensive attention recently.

As the ternary alloy of GaN and AlN material, AlGaN has a similar crystal structure as
GaN and AlN, namely wurtzite (WZ) structure, zinc blende (ZB) structure, and rock-
salt structure, as shown in Figs. 1(a)–1(c), respectively. At room temperature (RT) and
atmospheric pressure, WZ is the most stable AlGaN crystal structure, with hexagonal-
close-packed metal atoms and nitrogen atoms nesting to each other. The atom layers
are arranged as the sequence of ……AaBbAaBb….., as shown in Fig. 1(f). In the
structure cell, each metal atom is located at the center of a regular tetrahedron and
four nitrogen atoms are at the corresponding apexes, while each nitrogen atom is
in the same structure as the metal atoms, respectively, as shown in Figs. 1(d) and
1(e). According to crystal lattice classification, the WZ structure belongs to the
hexagonal crystal system with a space group of p63mc. There are two independent
lattice constants, namely a and c. The included angle between a axes is 120°, and that
between the a axis and c axis is 90°. Additionally, the ideal lattice constant rate c∕a
equals to 1.633. Usually, the Vergard law as Eq. (1) shows is used to estimate the
lattice constant of AlGaN material with the Al component of x [1]. The noncentro-
symmetric structure and electronegativity difference between metal atoms in AlGaN
crystal directly determine the optical, electrical, and optoelectronic properties:

aAlxGa1−xN � aAlN × x� aGaN × �1 − x�: (1)

The crystal structure and electron configuration of a semiconductor material determine
the energy band structure, and thus the optoelectronic properties and applications.
Based on the crystal structure of WZ (Al)GaN, the energy band structures are shown
in Fig. 2 [2,3]. The first Brillouin zone in reciprocal space of WZ AlGaN is displayed
in Fig. 2(a). The axes kx, ky, and kz are orthogonal to each other in reciprocal space
and the special symbols stand for the highly symmetrical positions, where the electron
behaviors like relaxation, scattering, and transition are closely related to the optoelec-
tronic properties of the semiconductor materials. The band structure along the high-
symmetry lines calculated by using the empirical pseudopotential method without
considering the crystal-field effect and the spin-orbit coupling effect in the first
Brillouin zone of GaN and AlN are exhibited in Figs. 2(b) and 2(c) [2].
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As we can see, both GaN and AlN are direct bandgap materials, and the maximum
energy of the valance band and minimum energy of the conduction band are both at
the Γ point, namely the center of the first Brillouin zone. Generally, at RT, the energy
bandgaps of GaN and AlN are 3.4 eV and 6.2 eV, respectively. In addition, Eq. (2) is
always used to calculate the energy bandgap of AlGaN material with Al component
of x,

Eg�AlxGa1−xN� � Eg�AlN� × x� Eg�GaN� × �1 − x� − b × x × �1 − x�; (2)

where Eg�AlxGa1−xN�, Eg�AlN� and Eg�GaN� stand for the energy bandgap of
AlGaN, AlN, and GaN, and the bowing parameter b is experimentally determined
[4]. Except for Γ valley, there are also minimal values such as A and M-L valleys
in GaN and K and M-L valleys in AlN, respectively, between which the electron re-
laxation and scattering will significantly impact the electrical properties of (Al)GaN.
Furthermore, as the noncentrosymmetry of the WZ (Al)GaN structure, there exists
strong spontaneous and piezoelectric polarization, which induces a crystal-
field split-off subband near the Γ point in the first Brillouin zone, as shown in
Fig. 2(d) [3]. The symbol Δcr stands for the crystal-field split-off energy. As we
can see, with increasing Al content from GaN to AlN, the Δcr changes from a positive
value to a negative one. Additionally, when considering both crystal-field and spin-
orbit coupling effects, the valance bands maximum of GaN and AlN split into three
subbands, namely the heavy hole (HH), light hole (LH), and crystal-field split-off hole
(CH) bands, as shown in Fig. 2(e) [3]. The symbol Δso stands for the spin-orbit cou-
pling energy, namely the energy difference between the HH and LH bands.
Conclusively, as shown in Fig. 2(f), when the centrosymmetric ZB structure changes
into a noncentrosymmetric WZ structure within AlGaN, at the center of the first
Brillouin zone, the triplet state Γ15 splits into a doublet state Γ6 and a singlet state
Γ1, corresponding to HH, LH subbands and CH subband, respectively. Further, as the
Al component increases, the CH subband shifts up while the HH and LH subbands
shift down, relatively, and the corresponding Δcr changes from a positive value to
a negative one, respectively. Later, it will be found that this subband structure can

Figure 1

(a) Wurtzite structure, (b) zinc blende structure, and (c) rock-salt structure of AlGaN.
(d) Metal atoms locate at the center of a regular tetrahedron, and four nitrogen atoms
are at the corresponding apexes. (e) Nitrogen atoms locate at the center of a regular
tetrahedron, and four metal atoms are at the corresponding apexes. (f) The arrange-
ment of atoms along the [0001] direction.
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considerably influence the AlGaN-based light-emitting devices. Some physical con-
stants of GaN and AlN are listed in the following Table 1; the counterparts of AlGaN
materials can refer to the values in the table to some degree.

Taking the advantages of AlGaN materials of the direct wide bandgap character, great
progress has been made in UV optoelectronic active devices, such as LEDs, EB-
pumped light sources, LDs, and PDs, using AlGaN materials. Additionally, based
on the noncentrosymmetric crystal structure of WZ AlGaN, passive nonlinear optical
devices, such as optical limiters [10], ultrafast nonlinear autocorrelation systems [11],
and all-optical switchings [12], also attract much more attention. Compared with tradi-
tional solid-state light sources, AlGaN-based UV-LEDs have numerous advantages,
including short wavelength operation, small size, compact structure, operational sta-
bility, high efficiency, low power consumption, low operating voltage, environmental

Figure 2

(a) First Brillouin zone in reciprocal space for the WZ AlGaN structure. (b) and (c) are
the band structure along high-symmetry lines calculated by using the empirical pseu-
dopotential method (EMP) without considering the crystal-field effect and the spin-
orbit coupling effect in the first Brillouin zone of GaN and AlN. Figure 5 reprinted
with permission from Fritsch et al., Phys. Rev. B 67, 235205 (2003). Copyright 2003
by the American Physical Society. (d) The valence band maximum of GaN and AlN
without considering spin-orbit coupling effects. (e) The valence band maximum of
GaN and AlN considering both the crystal-field and spin-orbit coupling effects.
Figure 6 adapted with permission from Suzuki et al., Phys. Rev. B 52, 8132–
8139 (1995). Copyright 1995 by the American Physical Society. (f) The valence band
maximum changes as the Al content increases.
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friendliness, and long lifetimes, which make them suitable for application in the UV
radiation field. EB-pumped AlGaN-based UV light sources have simple structures with-
out a p-type layer, which allows them to bypass the difficulties of p-type doping of
AlGaN. It is thus possible to realize DUV light sources with high power and high effi-
ciency because of their low resistance. AlGaN-based UV-LDs with their unique high
spatial and temporal coherence properties have many merits, including high light beam
quality, high power density, and high modulation speeds, which can be widely used in
applications of precision laser processing, high-density data storage, nanopattern-type
photolithography, medical diagnostics, disinfection, biochemical technology, gas sensing,
and materials science. AlGaN-based UV-PDs, which offer the advantages of small size,
stable operation, low operating voltages, high sensitivity, high efficiency, and the ability to
function in solar-blind regions, can be applied in both military and civilian fields like early
missile warning, non-line-of-sight communications, fingerprint identification, flame de-
tection, and environmental monitoring. The applications of nonlinear optical devices
based on AlGaN materials are still limited due to the low AlGaN quality and the com-
paratively weak nonlinear optical effects. However, as the improvement of AlGaN
crystalline quality and the UV active devices especially the light-emitting devices with
high output power, the application field of AlGaN-based nonlinear optical devices will
become wider.

Though AlGaN-based UV devices have bright prospects for use in these applications,
there are still numerous challenges in both material growth and device fabrication. First,
it is difficult to obtain high-quality AlGaN material, and the crystalline quality of the
material deteriorates with increasing Al content. The main reasons for the poor crys-
talline quality are a lack of lattice-matched substrates for growth and the presence of
pre-reactions or parasitic reactions between the trimethylaluminum (TMAl) precursors
and NH3 used in growth of the material. Second, it is difficult to achieve high p-type
conductivity in Mg-doped AlGaN because of the material’s strong self-compensation
effect, low solubility, and high activation energy [13–17]. Additionally, the difficulties
with AlGaN materials lead to poor performance in AlGaN-based UV devices.

In the following sections, as shown in Fig. 3, four main parts will be reviewed. The
approaches that have been used to improve the crystalline quality and p-type doping

Table 1. Basic Physical Constants of GaN and AlN

Physical Constants Units GaN AlN Refs.

Space group – C4
6VP63mc C4

6VP63mc –
Lattice constants (a) nm 3.189 3.112 [5]
Lattice constants (c) nm 5.158 4.982
Bandgaps (T � 300 K) eV 3.4 6.2
Electron effective masses m0 0.18 0.27 [3]
Hole effective masses m0 m⊥

hh 1.61 m⊥
hh 10.42

m⊥
lh 0.14 m⊥

lh 0.24

m⊥
split 1.04 m⊥

split 3.81

m∥
hh 1.76 m∥

hh 3.53

m∥
lh 1.76 m∥

lh 3.53

m∥
split 0.16 m∥

split 0.25

Δso meV 0.008 0.019 [6]
Δcr meV 10 −169 [7]
Raman shift peak E2 (high) position (T � 300 K) cm−1 567 657 [8]
Static dielectric constants 8.9 8.5 [9]
Elastic coefficients c33 GPa 398 373 [5]
Elastic coefficients c31 GPa 106 108
Spontaneous polarization coefficients C∕m2 −0.029 −0.081
Piezoelectric polarization coefficients e33 C∕m2 0.73 1.46 [9]
Piezoelectric polaroid coefficients e31 C∕m2 −0.49 −0.60
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efficiency of AlGaN materials are introduced. Subsequently, the energy band struc-
tures, optical anisotropy properties of AlGaN materials, and the current research
progress in AlGaN-based UV devices, including LEDs, EB-pumped light sources,
LDs and PDs, are presented. Moreover, as attention to nonlinear optical properties
and passive devices of AlGaN increases, the research progress in this field is involved.
Finally, an overview of the future trends in AlGaN UV devices is provided.

2. IMPROVEMENT OF ALGAN QUALITY

The first report on the properties of bulk crystalline AlN was published in 1960 [18],
and the AlN film was first demonstrated in 1964 [19]. The original techniques used for
AlN epitaxial growth included hydride vapor phase epitaxy (HVPE) and reactive sput-
tering. The substrates that were used included sapphire, Si, SiC, and quartz. In 1971,
the metalorganic compound TMAl was first used to prepare AlN by metalorganic
chemical vapor deposition (MOCVD) [20]. In 1976, the direct current (DC)
UV electroluminescence of low-resistivity n-type AlN films was first observed,
with its broad emission range extending from 215 nm into the blue end of the
spectrum [21].

AlGaN films were first grown to serve as buffer layers for the growth of GaN or AlN
epilayers [22,23]. Subsequently, the use of AlGaN was attempted in p-type doping
applications because of the difficulties of p-type doping in GaN and AlN [24]. As a
result, it became possible to achieve effective radiative recombination in the UV bands
using n- and p-type AlGaN films. Following the progress in epitaxial techniques, the
quality of the AlGaN films was improved by adopting molecular beam epitaxy (MBE)
[25] and MOCVD techniques [26]. Additionally, the quality of AlGaN films grown on

Figure 3

Diagram of the review. AlGaN growth methods, doping methods, devices, and non-
linear optical properties will be introduced. SL-D, CO-D, δ-D, PI-D, and 3D-D mean
superlattices doping, codoping, δ-doping, polarization-induced doping, and three-
dimensional doping. 2-NL-M, 3-NL-M, and EN-NL mean second-order nonlinear
coefficients measurements, third-order nonlinear coefficients measurements, and
the method of enhancing nonlinear optical effects of III-N. The surrounding pictures
depict the representative information.
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sapphire substrates by MOCVD was improved through use of AlN as a buffer layer in
1988 [27]. In 1990, GaN/AlGaN heterostructures were prepared on sapphire sub-
strates by MOCVD at atmospheric pressure, and the surface morphology of the
GaN/AlGaN heterostructure was investigated in an attempt to achieve crack-free
surfaces [28].

Dislocations usually act as the nonradiative recombination center in AlGaN-based
active devices, thus the quality of AlGaN is crucial to the device performance.
Figure 4 illustrates the relationship between the internal quantum efficiency (IQE)
and the dislocation density (DD) in AlGaN multiple quantum wells (MQWs) under
weak excitation with an excess carrier density of 1 × 1018 cm−3 [29]. According to
Fig. 4, the IQE is lower than 5% when the DD is higher than 1010 cm−2, but the IQE
exceeds 60% if the DD is lower than 108 cm−2. It is particularly difficult to obtain
high-quality AlGaN materials, and the crystalline quality tends to deteriorate with
increasing Al content [30]. On the one hand, the Al atom has a high adhesion coef-
ficient and a low surface migration velocity, which introduces three-dimensional (3D)
island-like growth modes and results in high DD levels in AlGaN epilayers. On the
other hand, the presence of pre-reactions or parasitic reactions between TMAl and
NH3 also results in high DD levels and a reduction in AlGaN quality.

AlN is a proper substrate for AlN or AlGaN growth though GaN substrate is available
in the market. The reasons are as follows: (1) GaN substrate is not so good for the
growth of AlGaN because the AlGaN will endure the tensile stress on the GaN sub-
strate; (2) AlN has a wider bandgap and lower absorption than GaN, and AlGaN
grown on AlN has an atomically flat surface without pitting [31]. However, bulk
AlN substrates with large diameters are not currently available for commercial appli-
cations. In 2013, a freestanding AlN single crystal was grown in a radio-frequency-
heated furnace by physical vapor transport (PVT), and high-quality bulk AlN was
produced with low defect densities [etch pit density (EPD) ≤ 100 cm−2 at the
center, and EPD ≈ 104 cm−2 at the edge], but the crystal size was small (10 mm×
10 mm × 12 mm) [32]. Later, various research organizations [32–38] had reported
their progress made in the growth of bulk AlN and 50 mm (2 inch) bulk AlN with
DD as low as 103 cm−2 had been obtained by HEXATECH INC using PVT [36].
Since AlN bulk substrate with large area is hard to fabricate, AlN templates attract
more attention as the substitution, which can be grown on sapphire substrates by
HVPE [39,40] and MOCVD [41,42].

Figure 4

IQE as a function of DD in an underlying layer under weak excitation with excess
carrier density of 1 × 1018 cm−3. Reprinted from Ban et al., Appl. Phys. Express 4,
052101 (2011). © IOP Publishing. Reproduced with permission. All rights reserved.
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HVPE with a higher growth rate than MOCVD is more appropriate for the growth of
thicker AlGaN films. However, it is more difficult to control the stress in an AlGaN
film grown by HVPE than by MOCVD. Additionally, both a precursor of hydrogen
chloride (HCl) gas and its resultants such as AlCl or AlCl3 in HVPE can react with
quartz (SiO2) in the growth chamber, which will reduce the quality and increase the
background dopant concentration in AlN [43], though the more chemically active
AlCl can be effectively controlled by proper temperature. Additionally, many other
approaches, including two-step growth [44,45], three-step growth [46–48], interlayer
[30], high-temperature (HT) growth with modulation of the V/III ratio [49–51], pulsed
atomic layer epitaxy (PALE) [52], migration-enhanced epitaxy (MEE) [53], modified
MEE [54], ammonia (NH3) pulse-flow multilayer growth [55,56], use of a superlattice
(SL) as a dislocation filter [57–59], and epitaxial lateral overgrowth (ELOG), have
been tried by MOCVD in attempts to improve the quality of the resulting AlN or
AlGaN. At present, ELOG combined with HT ex situ annealing is believed to be the
most realistic and effective approach for the growth of AlN or AlGaN layers on AlN/
sapphire templates. The progress in the growth of high-quality AlN and AlGaN made
by various research organizations in recent years is summarized in Table 2. In addi-
tion, the relative development levels of different methods can be seen in Fig. 5.

Two-step growth, also called high-low temperature, is an effective technique to
improve the quality of AlN grown on a sapphire substrate. The first step is to deposit
low-temperature (LT) AlN as a nucleation layer, and the second step is to grow a HT
AlN epilayer. The mechanism is to realize a transition from 3D growth to two-
dimensional (2D) growth, so the dislocations can be effectively reduced by bending
and annihilating during their propagation along the growth direction. The schematic of
two-step growth is shown in Fig. 6 [44].

Three-step growth is a developed technique based on two-step growth. The structure
of three-step growth includes a LT AlN nucleation layer, a middle temperature (MT)
AlN intermediate layer, and a HT epilayer. The function of the intermediate layer
grown at MT is to promote 2D growth, prevent surface pits from uncoalesced islands
and reduce edge dislocation [46,47]. Recently, Yoshikawa et al. reported a three-step

Figure 5

Progress in low DDAlN development using the techniques of HVPE, MOCVD, PVT,
and sublimation [32–41,44–47,49–65].
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growth method combining a randomly distributed nanosized concavo-convex
sapphire substrate (NCC-SS) for fabrication of high-quality AlN film. The x-ray dif-
fraction (XRD) results for their AlN films are 50 arc sec and 250 arc sec for (0002) and
(10-12) planes, respectively [48].

Many effects have been made to improve the quality of AlN and AlGaN, especially for
the AlGaN with high Al content. An interlayer is usually introduced and Fig. 7 shows
the XRD (0002) FWHM as a function of AlN molar fraction (x) in an AlxGa1−xN
epilayer with and without an interlayer [30]. It can be seen that the interlayer technique
is an effective way to reduce the defects in AlGaN. Furthermore, the technique of HT
growth with modulation of V/III ratio is adopted to improve the quality of AlN grown

Figure 6

Schematic of two-step growth. Reprinted from [44] with copyright permission.

Figure 7

XRD (0002) FWHMs as a function of AlN molar fraction (x) in AlxGa1−xN, where
closed triangles represent the structure with interlayer and closed circles represent
the structure without interlayer [30]. Reprinted from J. Cryst. Growth 223,
Kamiyama et al., “Low-temperature-deposited AlGaN interlayer for improvement of
AlGaN/GaN heterostructure,” 83–91. Copyright 2001, with permission from Elsevier.
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on a sapphire substrate by MOCVD [49–51]. The HT growth can promote Al adatom
migration and thus high-quality AlN with an atomically flat surface can be achieved.
However, the excessive HT will accelerate the dopants diffusion, and generate the
instability and thermal damage of a sapphire substrate [70]. So the HT growth with
modulation of V/III ratio is proposed to further improve AlN quality and reduce the
side effect generated at HT.

In 2006, a 9 μm AlN was grown on a sapphire substrate using the HT growth of
1400°C and modification of V/III ratio by MOCVD, and high-quality AlN with atomi-
cally flat surface and DD less than 3 × 108 cm−2 was achieved. The resulting atomic
force microscopy (AFM) images, growth flow models, and dislocation behavior of
AlN for different periods of time are shown in Figs. 8(a)–8(c) [49]. In 2007,
high-quality AlN with DD less than 106 cm−2 was achieved on a patterned SiC sub-
strate using the HT growth of 1510°C and modification of V/III ratio by MOCVD that
was capable of heating to a maximum temperature of 1800°C under nitrogen and hy-
drogen atmospheres. The dislocation evolution by changing V/III ratio was measured
by transmission electron microscopy (TEM), as shown in Fig. 9 [50]. Many screw-
type dislocations were annihilated by forming a loop structure [Fig. 9(a)], and some
edge-type dislocations were annihilated with bundles or agglomerates [Fig. 9(b)].
Nevertheless, high quality of AlN is very dependent on high growth temperature.

PALE is an epitaxy technique with a constant supply of group III source and pulsed
supply of group V source, which can promote Al adatom migration, so as to improve
epitaxial quality and surface flatness of AlN. In 2002, the Khan group reported that
ultra-high-quality AlN grown on a plane sapphire substrate by PALE was achieved,
with strong band-edge RT photoluminescence (PL) of 208 nm, and (0002) and (11-24)
FWHMs of 18 and 210 arc sec, respectively [52]. MEE is an epitaxy technique with

Figure 8

Resulting AFM images and models of growth flow and dislocation behavior of AlN
for different periods of time. (a) AFM images of AlN grown for different periods of
time. (b) Illustration of growth with time. Initially, AlN islands are formed that sub-
sequently coalesce to form larger grains as the growth progresses. Ultimately, 2D
growth results. (c) Formation of dislocations during growth. Initially, dislocations
are generated at the points of coalescence of grains. The threading dislocations formed
propagate vertically during growth and get annihilated at growth transition points [49].
Reprinted from Imura et al., Jpn. J. Appl. Phys. 45, 8639–8643 (2006). © IOP
Publishing. Reproduced with permission. All rights reserved.
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the separate supplies of group III and group V sources, which not only can promote Al
adatom migration, but also can suppress gas phase reaction between group III and V
sources by separating supplies. Modified MEE is characterized by the combination of
a MEE and a simultaneous source supply [53,54]. In 2008, AlN with low DD was
achieved by modified MEE based on MOCVD, with the FWHMs of XRD (002) and
(102) diffractions of 45 arc sec and 250 arc sec, respectively. The growth sequences
and surface morphologies of 600 nm AlN grown by the techniques of conventional
MEE, modified MEE, and simultaneous supply are shown in Figs. 10(a)–10(c) [53].
These morphological characteristics resulted in the root-mean-square roughness of
0.12 nm for modified MEE, 0.35 nm for MEE, and 0.52 nm for the simultaneous
supply. The schematics model of the initial AlN nucleation grown by the three growth
modes are shown in Fig. 11 [53]. The initial nucleation occurs mostly along the step
edges of the sapphire substrate for MEE, whereas random nucleation occurs both at

Figure 9

Dark-field cross-sectional TEM images of AlN grown by growth form modification
taken under different diffraction conditions: (a) g � �0002� and (b) g � �1–100�. The
dotted line corresponds to the interface between the top AlN layer with V/III ratio at
116 and the underlying AlN layer [50]. Reprinted from J. Cryst. Growth 300, Imura
et al., “Annihilation mechanism of threading dislocations in AlN grown by growth
form modification method using V/III ratio,” 136–140. Copyright 2007, with permis-
sion from Elsevier.

Figure 10

Growth sequences and surface morphologies of 600 nm AlN grown by the techniques
of (a) conventional MEE, (b) modified MEE, and (c) simultaneous supply. All three
images share the one scale bar, which represents 1 μm [53]. Reprinted with permission
from Banal et al., Appl. Phys. Lett. 92, 241905 (2008). Copyright 2008 AIP
Publishing, LLC.
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the step edge and onto the terrace for simultaneous supply. So it is illustrated that
modified MEE is more effective to improve AlN than MEE and simultaneous supply.

The technique of ammonia (NH3) pulse-flow multilayer growth is another way to
improve the AlN quality. High-quality AlN can be grown by the technique of
NH3 pulse-flow multilayer growth. NH3 pulse-flow growth is to promote Al adatom
migration and improve epitaxial quality and surface flatness of AlN. On the contrary,
NH3 continuous-flow growth is to keep continuous-flow for both NH3 and group III
source [55,56]. The gas flow sequence used for NH3 pulse-flow growth and the sche-
matic view of the growth control method using pulse- and continuous-flow gas feed-
ing growth are shown in Fig. 12 [55]. In 2009, low threading dislocation density AlN
template on a sapphire substrate was realized by using the NH3 pulse-flow multilayer
growth technique, and the edge-type and screw-type dislocation densities of the AlN
layer were reduced to 7.5 × 108 cm−2 and 3.8 × 107 cm−2, respectively.

Figure 11

Schematic model of initial AlN nucleation on sapphire [53]. Reprinted with permis-
sion from Banal et al., Appl. Phys. Lett. 92, 241905 (2008). Copyright 2008 AIP
Publishing, LLC.

Figure 12

Gas flow sequence used for NH3 pulse-flow growth, and schematic view of the
growth control method using pulse- and continuous-flow gas feeding growth [55].
Hirayama et al., Phys. Status Solidi A 206, 1176–1182 (2009). Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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The SL insertion is also considered to filter dislocation and release the strain [57,58].
In 2005, AlN/AlGaN SLs by PALE as th dislocation filter were adopted to grow
1.0 μm AlN on a sapphire substrate, and high quality of Al0.55Ga0.45N was achieved
with screw dislocation density and edge dislocation density of 7 × 107 cm−2 and
3 × 109 cm−2, respectively. The TEM images of revealing screw-type threading dis-
locations (TDs) for two 1.0 μm Al0.55Ga0.45N layers grown on a high-quality AlN
buffer with and without the SL insertion are shown in Fig. 13 [59].

ELOG is an effective way to reduce the DD and thus improve the epitaxial quality.
ELOG of AlN is usually performed on patterned sapphire substrates (PSSs) and pat-
terned (Al)GaN/sapphire templates. The ELOG technique promotes the development
of AlGaN-based DUV devices. In 2011, an AlN template with a thickness of 8 μmwas
grown on a PSS by the ELOG technique, with the XRD (0002) and (10-10) FWHM of
148 arc sec and 385 arc sec, respectively. Using this AlN template, a high-performance
DUV-LED was fabricated with an operating wavelength of 266 nm, output power of
5.3 Mw, and external quantum efficiency (EQE) of 1.9% at 60 mA DC [60]. In 2014,
the quality of AlN was further improved by ELOG with XRD (0002) and (10-12)
FWHM values of 69.4 arc sec and 319.1 arc sec, respectively. Based on this AlN,
a 43% improvement in the IQE was achieved at a wavelength of 283 nm according
to PL measurements [64]. In 2016, a 7.3 μm thick AlN layer was grown on nano-
patterned AlN/sapphire substrates by the ELOG technique, and obtaining the AlN
template with XRD (0002) and (10-12) FWHM values of 177 arc sec and 448 arc
sec, respectively. And thus an optically pumped DUV-LD at RT was realized with
an operating wavelength of 263.3 nm and an optical pump power threshold of
2.7 MW∕cm2 [71]. In 2016, very low dislocation of AlN was realized by ELOG
on nanopatterned sapphire substrates (NPSSs). This template owns atomically flat
surfaces with the XRD (0002) and (10-12) FWHMs of 171 arc sec and 205 arc
sec, respectively, which can improve the performance of AlGaN-based DUV devices
further. The surface of NPSSs and the cross section of AlN are shown in Fig. 14 [65].

Although nanopatterns can effectively improve AlN quality, it is extremely difficult to
fabricate nanopatterned substrates. In addition, a nanorough surface is an alternative
for ELOG of AlN. A nanorough surface can be fabricated by ex situ annealing at HT.
So, ELOG of AlN can be grown on a nanorough AlN template, which is annealed in a
carbon-saturated N2–CO gas at extremely HT between 1500°C and 1800°C. AlN at
HT suffers from recrystallization, which will provide a driving force to bend or an-
nihilate the dislocations. Improved AlN quality was achieved by thermal annealing in

Figure 13

Cross-section TEM micrographs [g � �0002�] showing screw-type TDs in
n-Al0.55Ga0.45N (a) with and (b) without SLs insertion [59]. Reprinted with permission
from Sun et al., Appl. Phys. Lett. 87, 211915 (2005). Copyright 2005 AIP Publishing
LLC.
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a carbon-saturated N2–CO gas at 1700°C for 1 h, with XRD (0002) and (10-12)
FWHMs from 532 arc sec to 49 arc sec and 6031 arc sec to 287 arc sec, respectively,
for 170 nm AlN grown by sputtering [61], and from 180 arc sec to 68 arc sec and
1300 arc sec to 421 arc sec, respectively, for 300 nm AlN grown by MOCVD [41].
Figure 15 shows the AFM images of the surface morphologies of AlN with different
annealing temperatures. Based on an annealed AlN template extremely high-quality
AlN was obtained, with XRD (0002) and (10-12) FWHMs of 16 arc sec and 154 arc
sec, respectively, which is the best result for AlN [41]. The improvement of AlN qual-
ity with thermal annealing can be explained that γ-AlON layer forms through the
solid-state reaction between AlN and sapphire during the annealing. The schematic
is shown in Fig. 16 [72].

3. ACHIEVEMENT OF HIGH-EFFICIENCY DOPING OF ALGAN

High-conductivity AlGaN is required to realize high performance AlGaN-based UV
devices. However, it is difficult to achieve high-efficiency doping, particularly p-type

Figure 14

(a) AFM image of a typical NPSS (3 μm × 3 μm). (b) The cross-sectional STEM
image for this chosen sample fabricated by focused ion beam. (c) A typical AFM
image of the surface morphology of the AlN sample on NPSS with 650 nm holes
patterns (3 μm × 3 μm) [65]. Reproduced from [65] under the terms of the
Creative Commons Attribution 4.0 License. With copyright permission.

Figure 15

AFM images of 300 nm AlN grown at 1150°C before and after annealing. The scan-
ning area in the AFM is 5 μm × 5 μm [41]. Reproduced from [41] under the terms of
the Creative Commons Attribution 4.0 License. With copyright permission.

58 Vol. 10, No. 1 / March 2018 / Advances in Optics and Photonics Review

Creative Commons Attribution 4.0 License
Creative Commons Attribution 4.0 License
Creative Commons Attribution 4.0 License
Creative Commons Attribution 4.0 License


doping, which limits the application of DUV devices. It is therefore crucial to improve
both the n-type and p-type doping efficiencies in AlGaN.

Realization of n-type doping is comparatively easier than p-type doping. The diffi-
culty of n-type doping is mainly caused by scattering and self-compensation from
defects. High-efficiency n-type doping can be achieved by improving the initial
AlGaN quality and suppressing the self-compensation from the defects. Silicon is
always chosen as the n-type dopant for III-nitrides. When silicon uniform doping
is used, the electron concentration can usually reach the magnitude of 1018 cm−3
when Al content is low. However, once Al content is higher than 85%, the electron
concentration is hard to reach to 1018 cm−3. Some effects have been made to improve
the n-doping of AlGaN, such as indium–silicon codoping, introducing interlayers and
SLs [73–76]. By adopting the indium–silicon codoping technique, a n-type
Al0.65Ga0.35N with an electron density as high as 2.5 × 1019 cm−3, an electron mobil-
ity of 22 cm2∕V · s, and a resistivity of 1.1 × 10−4 Ω · cm was achieved [73]. For
higher Al content of 0.75, the electron density and the electron mobility can also reach
to 9.5 × 1018 cm−3 and 21.1 cm2∕V · s, respectively [74]. In addition, delta-doping
processes can not only improve the doping efficiency but can also reduce the DD
[77]. It is believed that the reduction in the DD is caused by growth interruption during
delta-doping, which partially terminates the propagation of dislocations in the epitax-
ial direction, and thus the impurity self-compensation process is suppressed and the
n-type doping efficiency is improved. Polarization-induced doping is an effective
technique for AlGaN n-type doping. Based on the polarization-induced doping
method, the electron concentration as high as 1020 cm−3 has been reported [78].
In this case, the electron concentration, mobility, and resistivity have less been
affected by temperature variation.

Compared with the n-type doping, it is particularly difficult to achieve p-type doping
of AlGaN with high Al content. In III-nitrides, the elements Be, Mg, and Zn are usu-
ally taken as the p-type dopants. The activation energies for these three elements in
GaN are about 60 meV, 160 meV, and 370 meV, respectively. However, the activation
energies for all the three dopants increase with the increase of Al content [79–81].
Additionally, although the Be element has lower activation energy than the others,
it is a poisonous metal and it will easily introduce interstitial atoms to compensate
the acceptors [79], so Mg is the most commonly used acceptor impurity for p-type

Figure 16

Plan-view anionic atomic arrangements of (a) γ-AlON and AlN and (b) γ-AlON and
sapphire. These atomic arrangements were constructed along the [0001] AlN, [0001]
sapphire, and [111] γ-AlON axes [72]. Reprinted from Fukuyama et al., Jpn. J. Appl.
Phys. 55, 05FL02 (2016). © IOP Publishing. Reproduced with permission. All rights
reserved.
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doping of AlGaN. The difficulties in performing p-type doping using Mg dopant are
largely caused by the following factors.

(1) Strong self-compensation arising from the presence of donor-like native defects.
As shown in Figs. 17(a) and 17(b), the formation energies of donor-like native
defects such as nitride vacancies (denoted by VN) and oxygen incorporation are
very low when the fermi level is close to valence band maximum [82], which
indicates that the self-compensation effect is strong when Mg is used as an
acceptor for p-type AlGaN doping. The self-compensation effect can be
suppressed by optimization of the growth conditions and reduction of the defect
density, which improves the Mg doping efficiency in AlGaN.

(2) Mg, as the acceptor dopant, having low solubility in III-nitride materials. When
used as a substitute for Ga or Al in AlGaN, Mg has low solubility in AlGaN
because of large formation enthalpy. The relationship between the formation
enthalpy (ΔHf ) and the equilibrium Mg solubility (C) is given by the following
formula,

C � N sitese
−ΔHf ∕KBT : (3)

Here, N sites is the number of sites in AlGaN on which Mg can be incorporated,
KB is the Boltzmann constant, and T is the temperature. According to this for-
mula, the equilibrium Mg solubility decreases with increasing ΔHf . As seen in
Fig. 17(c), with regard to the increase in ΔHf resulting from the increase of Al
composition, the Mg solubility decreases, and thus Mg incorporation is particu-
larly difficult in Al-rich AlGaN. However, the negative surface ΔHf as shown in

Figure 17

(a) and (b) are the formation energies and ionization levels for the studied defects in
GaN and AlN for the Ga-rich/Al-rich case. The experimental bandgap values 3.3 eV
for GaN and 5.0 eV for AlN are used to give the upper limit for the electron chemical
potential. The dashed lines correspond to isolated point defects [82]. Reproduced from
[82] under the terms of the Creative Commons Attribution 2.0 License. With copy-
right permission. (c) and (e) are the formation enthalpies of MgGa/MgAl in the bulk
AlGaN and the surface of AlGaN as a function of Al content under N-rich condition
]15 ]. Reproduced from [15] under the terms of the Creative Commons Attribution 2.0

License. With copyright permission. (d) The Mg activation energy in AlGaN as a
function of Al content [17,80,83–85].
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Fig. 17(e) indicates that enhancing the Mg incorporation by using the surface
effect should be practically feasible [15]. Additionally, Mg solubility increases
with increasing growth temperature according to the formula above. Meanwhile,
the Mg acceptors are increasingly compensated by N vacancies at higher temper-
atures because of the escape of N from AlGaN, and thus suppression of the com-
pensation becomes a main concern. AlGaN grown under HT conditions is
beneficial for improving Mg solubility, and N-rich growth conditions are benefi-
cial in suppressing the compensation from nitrogen vacancies.

(3) The activation energy of Mg dopant in AlGaN is very high. Mg acceptors having
high activation energies that range from 160 meV to 510 meV with Al compo-
sitions ranging from 0 to 1 [17,80,83–85], are shown in Fig. 17(d). The ionization
efficiency of Mg for high Al content AlGaN is even lower than millionth under
the RT of 300 K. The high activation energy of the Mg acceptors results in low
p-type doping efficiency in AlGaN.

To overcome the difficulties of p-type doping in AlGaN, various approaches have
been adopted to suppress the self-compensation processes, improve Mg solubility,
and reduce the Mg activation energy in AlGaN. In terms of dopant distributions
in AlGaN, these approaches can be divided into uniform doping, delta-doping, modu-
lation doping, SLs doping, and codoping processes. In addition, polarization-induced
doping and so-called multidimensional doping also take some positive effects on
AlGaN p-type doping.

For optimized and uniform Mg doping, use of an appropriate level of Mg doping in
AlGaN can obtain relatively low resistivity and high material quality. However,
excessive Mg doping of AlGaN will not only result in increased resistivity but will
also reduce the material quality. It is believed that this reduction in quality is caused by
the high density of stacking faults [86], and the increased resistivity is a result of
structural defect generation due to excessive Mg incorporation [87]. Delta-doping
can improve the Mg solubility by increasing the incorporation of Mg into AlGaN.
Delta-doping maintains a constant group V source supply (NH3) and offers an alter-
nating source supply between group III (Al and Ga) and the dopant (Mg). The Mg
sources are supplied under NH3 atmospheres, and Mg has a high probability of com-
bining with the Al or Ga vacancies as a result of the interruption of the Al and Ga
supply, which thus increases Mg incorporation into AlGaN [83]. HT AlGaN growth
with modulation of the V/III ratio can not only improve the AlGaN quality [49], but
also improve the Mg solubility [88]. Modified surface engineering is a growth tech-
nique that uses periodic interruptions in an extremely N-rich atmosphere to enhance
Mg incorporation in Al-rich AlGaN. Additionally, the presence of hydrogen is
beneficial for doping and can improve the Mg solubility [89].

During growth of Mg-doped AlGaN, hydrogen originating from both ammonia (NH3)
decomposition and the H2 carrier gas will combine with the Mg dopant to form Mg-H
complexes, which can suppress escape of Mg from AlGaN and improve the Mg solu-
bility. However, use of hydrogen as a donor in AlGaN can compensate for the Mg
acceptors, which results in Mg passivation. Thermal annealing of Mg-doped AlGaN in
N2 or O2 atmospheres can produce Mg activation by dissociating the hydrogen from
the Mg-H complexes and can thus improve hole concentration. Mg activation is typ-
ically accomplished through a rapid thermal annealing process at 850°C for 10 min in
a N2 atmosphere [90].

The SL doping method is an effective way to improve Mg doping efficiency in
AlGaN. The polarization that is induced by lattice mismatch in the heterostructure
and noncentrosymmetric for III-nitrides will generate polarization charges and induce
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the bending of the energy bands near the interface, as shown in Fig. 18(a) [91],
which results in a reduction of the dopant activation energy [91,92], as shown in
Fig. 18(b). Mg modulation-doped SLs can form multiple two-dimensional hole
gases, which can improve the vertical conductivity on the basis of a single hetero-
structure [93].

Codoping is a very useful method for AlGaN p-type doping, and many good results
had been achieved by this method. According to first principles calculations, codoping
with p-type and n-type dopants will generate hybridization of the dopant energy lev-
els, resulting in a rise in the number of donor levels acting as anti-bonding states and a
fall in the number of acceptor levels acting as bonding states, and can thus be used as a
way to reduce the acceptor activation energy [94]. Indium-surfactant-assistance
doping, Mg–O codoping [95], Mg–Zn codoping, and Mg–Si codoping or their com-
binations with other doping methods have been studied in recent years.

Indium-surfactant-assistance can suppress the self-compensation and improve the
p-type doping efficiency [96]. Additionally, a combined indium-surfactant-assisted
delta-doping technique was investigated and high-efficiency p-type doping was
achieved with a maximum hole concentration of 4.75 × 1018 cm−3 and sheet resis-
tivity as low as 2.46 × 104 Ω∕sq [80]. It was found that the incorporation of indium
would increase the Mg solubility, as shown in Fig. 19. In addition, the valence band
diagrams for the Mg-delta-doped AlGaN without and with In surfactant were calcu-
lated using the one-dimensional Schrodinger–Poisson equation solver, as shown in
Fig. 20. Based on the theory simulation and experimental results, the high hole con-
centration in AlxGa1−xN (x ∼ 0.4) by indium-surfactant-assisted Mg-delta-doping
could be attributed to the significant reduction of compensation ratio and acceptor
activation energy (EA) by introducing indium surfactant. Furthermore, the In surfac-
tant may induce stronger valence-band modulation, leading to the decrease of EA and
the increase of hole concentration.

Zn–Mg codoping in GaN had been experimentally studied early, and it was demon-
strated that the incorporation of Zn would improve the hole concentration and reduce

Figure 18

(a) Calculated valence band diagram for Mg-doped Al0.2Ga0.8N∕GaN SLs in which
the thickness of each layer is 30 Å, shown (A) without and (B) with the polarization
fields taken into account. In both plots, the Fermi energy is indicated by the dashed
line. (b) Temperature-dependent resistivity measurements. Values obtained on bulk
film of Mg-doped Al0.1Ga0.9N are included for comparison [91]. Reprinted with per-
mission from Kozodoy et al., Appl. Phys. Lett. 74, 3681–3683 (1999). Copyright
1999 AIP Publishing LLC.
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the resistivity. By studying the elements distribution in GaN as shown in Fig. 21, it is
speculated that the enhancement of electrical conducting characteristics in a Mg–Zn
codoping sample might be attributed to the increase of Mg activation ratio due to the
reduction of hydrogen solubility [81]. Some theoretical calculations had been per-
formed. Based on first-principles calculation, Zn–Mg codoping was designed to re-
duce the ionization energy of acceptors in (Al)GaN. The calculated ionization energy
of the Zn–Mg acceptor was only 117 meV, which was about 90 meV shallower than
that of the isolated Mg acceptor. Figure 22 shows the schematic model of the position,
hybridization, and level repulsions with Zn–Mg codoping. It was believed that the
hybridization and level repulsion between Zn t2d and N t2p states and the hybridization
and level repulsion between the p-like defect level of substantial Zn and Mg should be
responsible for the reduction of ionization energy [97].

In 2009, Kang et al. proposed the concept of Mg- and Si-delta-codoped
AlxGa1−xN∕AlyGa1−yN SLs method and did the simulation via the first principle. It
was found that the internal electric field in SL has been significantly intensified due to
the charge transferring from the Si-doped interface to the Mg-doped interface. Based
on these calculation results, p-type AlGaN was grown by metal-organic vapor phase
epitaxy (MOVPE) and DUV-LED was fabricated, and the acceptor activation energy
was reduced by 67 meV [98]. In recent years, polarization-induced doping has been
applied in p-AlGaN doping successfully. Due to the lack of centrosymmetric in WZ
crystal structure, AlGaN alloys exhibit strong spontaneous polarization. Meanwhile,
as the mismatch between heterogeneous epilayers, there exists tensile or compressive
strain which will lead to piezoelectric polarization. According to the Gauss law given
by Eqs. (4) and (5), the variation of polarization will introduce fixed charges,

σ � �~P1 − ~P2� · ~n12; (4)

ρ � −∇ · ~P: (5)

Equation (4) can be used to calculate the polarization-induced interface charges,
where σ is the density of the interface charge, P1 and P2 are the polarization strengths
in the two materials, and the n12 is the unit vector that is perpendicular to the interface
and point from material 1 to material 2. Similarly, Eq. (5) can be used to calculate the

Figure 19

Mg and In concentration depth profiles measured by SIMS for Mg-doped AlGaN
layers grown (a) without In surfactant and (b) with In surfactant. The Mg element
shows the periodic variations in both the samples [80]. Reprinted with permission
from Chen et al., Appl. Phys. Lett. 106, 162102 (2015). Copyright 2015 AIP
Publishing LLC.
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polarization-induced volume charges, where ρ stands for the volume charge density
and P is the polarization strength in the material. For AlGaN alloy, along the metal-
face (0001) direction, gradually increasing Al content within a thin film will lead to
fixed positive charges, which will induce electrons within the area due to the electrical
neutrality requirement. Contrarily, in the same direction, decreasing Al content will
lead to fixed negative charges, which will induce holes within the area. When it is
along the N-face (000-1) direction, increasing Al content will lead to fixed negative
charges while decreasing Al content will lead to fixed positive charges, thus inducing
holes and electrons, respectively. Figure 23 shows the case of increasing Al content
along the N-face (000-1) direction [99]. As it can be seen in Figs. 23(d) and 23(e), the
polarization-induced field can help to active the deep acceptor and make the valence
band smoother to enhance the vertical transport. The typical hole characterizations
including concentration, mobility, and resistivity are shown in Fig. 24. Because
the Mg acceptors are mainly activated by the polarization field other than thermal
activation, the hole concentration will not decrease with temperature. In addition,
the more the polarization-induced negative charges are, the higher the hole

Figure 20

Calculated self-consistent valance band diagrams of Mg-delta-doped p-AlGaN sam-
ples grown (a) without In surfactant and (b) with In surfactant. The solid circles show
the ionized acceptors in contrast to unionized acceptors, open circles. As compared
with other regions, there are nearly no ionized acceptors in the GBs where the Mg
acceptor level is above the Fermi level. The two ground-state hole energies are E0 −
EF � 6.55 meV and 12.48 meV, respectively. The vertical green dashed lines indicate
the positions of d-doping planes. A detailed view for comparing the VB profiles of
two d-doped samples around QW/GB interface is presented in (c) [80]. Reprinted with
permission from Chen et al., Appl. Phys. Lett. 106, 162102 (2015). Copyright 2015
AIP Publishing LLC.
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concentration is. However, the mobility will be lower as the existence of alloy scatter-
ing within the graded AlGaN layers. Synthetically, the resistivity of the graded AlGaN
layer will be lower and less temperature dependence shown as the right graph
in Fig. 24.

Based on the polarization-induced doping mechanism, many research groups had real-
ized high hole concentration AlGaN p-type doping with comparatively high average
Al content. Researchers from the University of Notre Dame first realized the AlGaN
polarization-induced p-type doping by increasing Al content along the (000-1)
direction, resulting in a hole concentration of higher than 2 × 1018 cm−3, a resistivity
of 0.6 Ω · cm [99]. Later, some other researchers also made some progress in

Figure 21

SIMS depth profiles of (a) Mg-doped only GaN (�Cp2Mg� � 0.643 μmol∕min)
and (b) Mg–Zn codoped GaN (�Cp2Mg� � 0.643 μmol∕min and �DEZn� �
0.616 μmol∕min). Cross, open square, open circle, and open triangle denote hydro-
gen, Mg, carbon, and Zn, respectively [81]. Reprinted with permission fromKim et al.,
Appl. Phys. Lett. 77, 1123–1125 (2000). Copyright 2000 AIP Publishing LLC.

Figure 22

Schematic model showing the position and the hybridization and level repulsions
between Zn t2d and N t2p states, and the hybridization and level repulsions between
p-like defect level of substantial Zn and Mg. Black and white balls represent electrons
and holes, respectively. Note that a “new” higher valence-band maximum (VBM),
which is composed of hybrid p-d orbitals and occupied bonding states, is formed
[97]. Reprinted from Liu et al., Appl. Phys. Express 6, 042104 (2013). © IOP
Publishing. Reproduced with permission. All rights reserved.

Review Vol. 10, No. 1 / March 2018 / Advances in Optics and Photonics 65



polarization-induced high Al content AlGaN p-type doping. Zhang et al. [100] from
the Institute of Semiconductors, Chinese Academy of Science, also achieved a p-type
AlGaN material with hole concentration larger than 2.5 × 1018 cm−3 by decreasing Al
content from 0.3 to 0 along the direction of metal-face (0001), which could result in
better material quality. Shibin Li et al. from the University of Electronic Science and
Technology of China used the MBE technique to grow AlGaN with Al grading from 1
to 0.7 along the metal-face (0001) direction and took Be as the dopant [79].

In 2016, a novel multidimensional Mg-doped SL was investigated in an attempt to
improve the vertical conductivity. The comparison between the multidimensional Mg-
doped SL and conventional 2D superlattice Mg doping is shown in Fig. 25(A) [panels
(a) and (b)] [101]. Through the density of state (DOS) analysis by first-principle cal-
culation of valance bands along the [0001] direction of the undoped and Mg-doped
structure, corresponding to panels (a)–(e) in Fig. 25(B) and panels (a)–(d) in
Fig. 26(A), it is shown that a 3D Mg-doped SL decreases the hole potential barrier
along the c-axis and increases the hole concentration in the barrier region shown in
panels (e) and (f) in Figs. 26(A). The stronger Pz hybridization as shown in panel (c) in

Figure 23

Schematic illustration of polarization-induced p-type doping in graded polar hetero-
structures. (a) Sheets of charge dipoles in every unit cell of the crystal. The net unbal-
anced polarization charge is shown in (b), which leads to the electric field in (c), and
the energy-band bending in the valence band in (d) if holes are not ionized. Field
ionization of holes results in a steady-state energy-band diagram shown in (e), which
highlights the smooth valence-band edge without any potential barriers for hole flow.
Ef , is the Fermi level; Ec and Ev are the conduction and valence-band edges, respec-
tively; and Eg is the bandgap [99]. From Simon et al., Science 327, 60–64 (2010).
Reprinted with permission from AAAS.
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Fig. 26(B) is believed to account for the aforementioned results. Based on the
theoretical results, p-type Al0.63Ga0.37N∕Al0.51Ga0.49N SLs were grown and high-
efficiency p-type doping was achieved with a hole concentration of 3.5 × 1018 cm−3
and resistivity of 0.7 Ω · cm at RT [101].

In addition, other dopants including carbon (C) and beryllium (Be) have been inves-
tigated in attempts to improve the p-type doping efficiency of AlGaN with high Al
content [79,102], but no major improvements have been made to date. When com-
pared with C and Be, Mg is still a unique p-type dopant for use with GaN and AlGaN.
In recent years, methods for p-type doping of AlGaN have been developed by various
organizations, as shown in Table 3.

Figure 24

Typical hole characteristics of polarization-induced p-type doping in AlGaN. The left,
middle, and right graphs correspond to the hole concentration, mobility, and resistivity
depending on temperature, respectively [99]. From Simon et al., Science 327, 60–64
(2010). Reprinted with permission from AAAS.

Figure 25

(A) Crystal structures of 3D (a) and conventional AlN/GaN SL (b). (B) Projected DOS
of valence bands along the [0001] direction for each bilayer in undoped 3D AlN/GaN
SL (a), conventional AlN/GaN SL (b), 3DAl0.75Ga0.25N∕Al0.5Ga0.5N SL (c), and con-
ventional Al0.75Ga0.25N∕Al0.5Ga0.5N SL (d) [101]. Reproduced from [101] under the
terms of the Creative Commons Attribution 4.0 License. With copyright permission.
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4. ADVANCES IN ALGAN-BASED ULTRAVIOLET DEVICES

With the breakthroughs in both the quality and the p-type doping of AlGaN materials,
AlGaN-based UV devices are being developed rapidly. AlGaN with WZ structure
has weak symmetry of crystal lattice, which results in a unique property of optical
polarization anisotropy of AlGaN material. In this section, the energy band structures
and optical properties of AlGaN-based materials, and the progress made in the re-
search into AlGaN-based UV-LEDs, EB-pumped light sources, LDs, and PDs are
presented.

4.1. Energy Band Structures and Optical Anisotropy Properties of AlGaN Materials
In AlGaNmaterial, the valence band maximum is split into HH, LH subbands, and CH
subband by the crystal field near the Γ point in the Brillouin zone, as introduced
before. Recently, significant progress has been made in simulating on the valance
bands with spin-orbit interactions. It is generally accepted that transverse electric
(TE)-polarized emission originates from the transition that occurs between the con-
duction bands and the HH/LH subbands, and that transverse magnetic (TM)-polarized
emission originates from the transition between the conduction bands and the CH
subbands. The TE polarization has a direction of E⊥�0001�, while the TM polarization
has a direction of E∥�0001�, where E represents the electric field vector of the
emitted light.

In a hexagonal crystal system, the light propagation is anisotropic. The light propa-
gating along the c axis will not generate the birefringence phenomenon, which is

Figure 26

(A) Projected DOS of valence bands along the [0001] direction for each bilayer in Mg-
doped 3D and conventional SL (a)–(d). Hole concentration ratio of 3D SL to conven-
tional SL for AlN/GaN (e) and Al0.75Ga0.25N∕Al0.5Ga0.5N (f). (B) The surface of the
valence states at the top of valance bands for Mg-doped 3D (a) and conventional (b)
GaN/AlN SLs with k vector restricted to [0001]. (c) Decomposed DOS of px, py, and
pz of Mg and bonded N atoms in 3D SL and conventional SL. Te N bonded with Mg
lying in the ab plane and out of the plane is respectively denoted as N in and Nout in the
inset [101]. Reproduced from [101] under the terms of the Creative Commons
Attribution 4.0 License with copyright permission.
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called ordinary light (o light), while the light propagating deviating from the c axis
will generate the birefringence phenomenon, which is called extraordinary light
(e light). The refractive index matrix of AlGaN can be expressed as follows:

nij �
2
4
n11 0 0

0 n22 0

0 0 n33

3
5; (6)

where n11 � n22 � no, n33 � ne, and the no and ne stand for the refractive indices of o
light and e light, respectively. For different wavelengths, the refractive indices are
different due to the dispersion relation. The o light and e light refractive index
dispersion laws for AlN and GaN materials are expressed from Eqs. (7)–(10):

no�AlN� � 2.035� 0.015∕λ2; (7)

ne�AlN� � 2.078� 0.018∕λ2; (8)

no�GaN� � 2.27� 0.034∕λ2; (9)

ne�GaN� � 2.31� 0.037∕λ2; (10)

where the λ is the light wavelength expressed in micrometers [104]. Equations (7) to
(10) are valid at the wavelength from 442 nm to 1064 nm with uncertainty of�0.005,
and with lower precision they can be used at an extended range from 253 nm to
2500 nm [105]. The element values of the AlGaN refractive index matrix can refer
to the counterparts of GaN or AlN. Correspondingly, the TM- and TE-polarized emis-
sions in AlGaN-based emitters are o light and e light, respectively, thus possessing
different propagation characterization.

When the Al content is low, the HH and LH subbands are on top of the valence band.
TE-polarized emission is then predominant and the TM-polarized emission is weak.

Table 3. Recent Progress in p-Type Doping of AlGaN

Organizations Techniques Material

Hole
Concentration
at RT (cm−3)

Mobility
at RT

(cm2∕Vs)

Resistivity
at RT

(Ω · cm) Year Refs.

University of Electronic
Science and Technology
of China, China

Polarization-
induced doping

AlxGa1−xN:Mg

(x � 0.7 − 1)
8 × 1016 40 1.95 2013 [79]

AlxGa1−xN:Be
(x � 0.7 − 1)

9 × 1018 30 0.0231

Sun Yat-sen
University, China

Indium-surfactant
assisted delta-
doping

Al0.4Ga0.6N:Mg 4.75 × 1018 1.34 0.98 2015 [80]

Tokuyama Corporation,
Japan

Modifying V/III
ratio

Al0.7Ga0.3N:Mg 1.3 × 1017 1.02 47 2013 [88]

Ritsumeikan
University, Riken
Institute, Japan

Alternative
codoping

Al0.4Ga0.6N:Mg 6.3 × 1018 1.00 0.99 2011 [94]

Xiamen University,
China

Mg- and Si-delta
codoped SLs

Al0.2Ga0.8 N/
GaN SL

5.77 × 1018 3.21 0.37 2009 [98]

Multidimensional
Mg-doped SLs

Al0.63Ga0.37N∕
Al0.51G0.49aN

SLs

3.5 × 1018 2.55 0.70 2016 [101]

Kogakuin University,
Japan

C-doped Al0.1Ga0.9N:C 3.2 × 1018 0.40 20 2012 [102]

Xidian University,
China

Uniform doping Al0.2Ga0.8N:Mg — — 0.71 2009 [103]
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With increasing Al content, the HH and LH subbands fall while the CH subbands rise,
and thus the TE-polarized emission becomes weaker while the TM-polarized emission
becomes stronger. The crossover from TE to TM polarization occurs at the critical Al
composition. With further increases in the Al composition, the TM-polarized emission
then becomes predominant while the TE-polarized emission becomes negligible. It
was predicted by theoretical calculation that the order of these subbands is fundamen-
tally different due to the difference in the crystal-field splitting energy of Δcr �
10 meV for GaN and Δcr � −169 meV for AlN [5]. The valence band levels of
AlXGa1−XN with increasing Al content (x) from GaN (x � 0) to AlN (x � 1) are
shown in Fig. 27 [7]. The peak spontaneous emission coefficients for the TE and
TM polarizations as a function of the Al content in an AlxGa1−xN∕AlN QW structure
with a well thickness LW � 2.5 nm on c-plane AlN substrates for several carrier
densities are shown in Fig. 28 [106].

It can be indicated that the surface emission along c-orientated AlxGa1−xN will be-
come weaker with increasing Al content, which is not beneficial for the achievement
of surface-emitting devices, such as LEDs and LDs. In order to achieve a strong
surface emission in AlGaN with a high Al content, nonpolar or semipolar AlGaN
is required to reduce the spontaneous polarization in AlGaN material. Additionally,
an AlGaN/AlN MQW structure has an important effect on the polarization switching
point. It is believed that the TE to TM polarization switching point is determined by Al
content, material strain, well width, and barrier carrier concentration in an AlGaN/AlN
MQW structure. The integrated PL intensities of the TE and TM polarizations as a
function of LW in Al0.65Ga0.35N∕AlN QWs measured at 10 K are shown in Fig. 29
[107]. The intensity of the TE-polarized emission increases with decreasing LW , while
the intensity of the TM-polarized emission decreases with decreasing LW . The gains of
the TM and TE polarizations of the AlGaN/AlN QW with high Al content are shown
as functions of carrier concentration in AlN barrier in Figs. 30(a) and 30(b) [108],
respectively. High gain for the TM polarization in AlGaN/AlN QWs can be realized
using a high Al material composition, a large well width, and a high barrier carrier
concentration. It is expected that a high-efficiency DUV AlGaN-based LED with
TM-polarized emission could be achieved by optimization of the parameters of
the AlGaN/AlN MQW structures.

Figure 27

Valence band levels of AlxGa1−xN with increasing Al content (x) from GaN (x � 0) to
AlN (x � 1) [7]. Reprinted from the doctoral dissertation “MOVPE growth of AlN
and AlGaN/AlN quantum wells and their optical polarization properties.”
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4.2. AlGaN-Based Ultraviolet LEDs
AlGaN-based UV-LEDs have numerous advantages, including short operating wave-
lengths, small size, compact structures, high efficiency, operational stability, and
long lifetimes, and can be applied in fields such as solid-state lighting, displays,
high-density data storage, manufacturing, biology, medicine, disinfection processes,
dentistry, identification of hazardous biological agents, and many other areas.

Following the commercialization of GaN-based blue and green LEDs, it is increas-
ingly necessary for UV-LEDs to realize applications at shorter wavelengths. AlN or
AlGaN structures with wider bandgaps can achieve UV light emission. After the reali-
zation of p-type AlGaN in 1991, an UV GaN/AlGaN LED based on a double hetero-
structure was developed for the first time [109]. In 1998, an UV GaN∕Al0.2Ga0.8N

Figure 28

Spontaneous emission peaks for TE and TM polarizations as a function of the Al
compositions ofAlxGa1−xN∕AlN QW structures (Law � 2.5 nm) on c-plane AlN sub-
strates for several carrier densities [106]. Reprinted with permission from Park and
Shim, Appl. Phys. Lett. 102, 221109 (2013). Copyright 2013 AIP Publishing LLC.

Figure 29

Integrated PL intensities of the TE and TM polarizations as a function of Lw in
Al0.65Ga0.35N∕AlN QWs measured at 10 K [107]. Reprinted with permission from
Altahtamouni et al., Appl. Phys. Lett. 101, 042103 (2012). Copyright 2013 AIP
Publishing LLC.
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MQW LED was grown on a sapphire substrate by MOCVD with a wavelength of
353.6 nm, a linewidth of 5.8 nm, output power of 13 μWat 20 mA, a turn-on voltage
of approximately 4 V, and an EQE of less than 1%. The low EQE of the device was
limited by the piezoelectric effect and by absorption from the GaN layers. However, it
was the first report of the shortest wavelength to be emitted by nitride-based QW
LEDs in 1998 [110]. To reduce the piezoelectric effect and improve the EQE,
strain-reduced Al0.08Ga0.92N∕Al0.12Ga0.88N MQW structures were used to suppress
the piezoelectric field, and an UV-LED with an operating wavelength of 346 nm
was fabricated in 1999 [111]. In addition, a Mg-doped GaN∕Al0.25Ga0.75N SL
was used as a p-type layer to improve the hole injection efficiency of an
Al0.03Ga0.97N∕Al0.25Ga0.75N MQW LED, and an operating wavelength of 333 nm
at a pulsed current density of 0.13 kA∕cm2 was achieved in 2000. This was the short-
est wavelength to be reported for nitride-based QW LEDs at that time [112]. Shortly
afterwards, RIKEN reported that Al0.18Ga0.82N∕AlN and Al0.18Ga0.82N∕Al0.8Ga0.2N
MQWs that were grown on SiC substrates by MOCVD had been investigated, and that
DUVemissions of PL at 77 K were observed at wavelengths of 234 nm and 245 nm,
respectively [113]. Additionally, DUV AlGaN MQW LEDs with operating wave-
lengths of 222–231 nm were also fabricated. These LEDs, which operated in pulsed
mode at RT, produced maximum output powers of 0.15 mW and 0.014 mW and
EQEs of 0.2% and 0.003% at wavelengths of 227 nm and 222 nm, respectively
[55]. In 2006, an AlN PIN (p-type/intrinsic/n-type) homojunction LED with an emis-
sion wavelength of 210 nm was produced, and this remains the shortest wavelength to
be reported to date for any type of LED [114].

In recent years, high-efficiency AlGaN-based DUV-LEDs have been developed by
several research organizations. UV Craftory in Japan reported a high-efficiency
DUV-LED was achieved with an EQE of 14.3% at 2 mA and wavelength of
285 nm [115]. Sensor Electronic Technology Inc. in the USA reported a DUV-
LED was fabricated by using UV transparent and stable encapsulation material to
improve the light extraction, and high efficiency was achieved with an EQE of
11% at 10 mA and wavelength of 278 nm [116–119]. RIKEN in Japan reported a
DUV-LED was fabricated by introducing a multiquantum barrier (MQB), and high
efficiency was achieved with an EQE of 7% at 25 mA and wavelength of 279 nm
[120]. Later in 2017, they further improved the EQE to about 20.3% at 275 nm
by using a transparent AlGaN:Mg contact layer, a Rh mirror electrode, an AlN

Figure 30

Gains of (a) TM polarization and (b) TE polarization of AlxGa1−xN QWs with Lw of
3 nm and Al compositions of x � 60%, 70%, and 80% as a function of the AlN barrier
carrier concentration [108]. Reprinted with permission from Zhang et al., Appl. Phys.
Lett. 97, 111105 (2010). Copyright 2010 AIP Publishing LLC. With copyright
permission.
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template on a patterned sapphire substrate, and encapsulation resin, which currently is
the highest EQE at a wavelength shorter than 280 nm [121]. Crystal IS in the USA
reported a DUV-LED was fabricated by introducing die thinning and encapsulation,
and high efficiency was achieved with an EQE of 5.8% at 60 mA and wavelength of
271 nm [122]. The University of South Carolina in the USA reported a DUV-LED
with a (6 × 6) micropixel array was fabricated, and high efficiency was achieved with
an EQE of 4% at 40 mA and wavelength of 268 nm [123]. Tokuyama Corporation in
Japan reported that DUV-LEDs were grown on AlN substrates, and high performance
was achieved with an EQE of 2.4% and 2.25% for the wavelengths of 268 nm and
261 nm, respectively [124,125]. Meijo University and Nagoya University in Japan
developed DUV-LEDs with EQEs of 5.1% and 3.1% for the wavelengths of
280 nm and 257 nm, respectively [126,127]. Nichia in Japan reported DUV-LEDs
with an EQE of 2.78% and wavelength of 281 nm [128]. In 2016, the Chinese
company, EpiTop Optoelectronics Technology Co Ltd, reported that they successfully
fabricated DUV-LEDs with a wavelength of 280 nm from a single 45 μm × 45 μm
large-chip. The optical output power was 176.6 mWat RT at 1 A DC operation, which
was the highest reported optical power from a single die at such a shortwavelength under
DC operation and made a world record optical, as shown in Fig. 31 [129]. Recently,
Inoue et al. demonstrated a high-power 1 mm × 1 mm single-chip sub-270 nm
DUV-LED using a large-area AlN nanophotonic light-extraction structure that was
fabricated by nanoimprint lithograph, as shown in Fig. 32 [130]. The output power
ofmore than 150mWwas observed at an injection current of 850mAat a peak emission
wavelength of 265 nm, as exhibited in Fig. 33 [130]. To date, this is the highest
output power for DUV-LEDs with emission wavelengths shorter than 280 nm during
continuous wave (CW) operation. The recent development progress in high-efficiency
AlGaN-based DUV-LED has been summarized in Table 4.

The current state-of-the-art in terms of EQE results for DUV-LEDs is shown in
Fig. 34. The EQE drops dramatically with decreasing wavelength, and this is caused
by a number of factors. First, the AlGaN quality decreases with increasing Al content,
which results in an increase in the DD, reduction of the IQE, and further reduction of
the EQE with decreasing wavelength. Surface plasmons (SPs) can be used to improve
the IQE of DUV-LEDs by means of coupling between QWs and SPs [144,145].
Second, the low p-type doping efficiency in AlGaN with high Al content leads to

Figure 31

L-I and IV characteristic of the 45 μm × 45 μm chip LED at 280 nm [129]. With
copyright permission from the EpiTop Optoelelctronics Technology Co Ltd.
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a low carrier recombination probability and high resistance, which both reduce the
EQE. Third, degradation of the optically polarized emissions with increasing Al con-
tents is also believed to cause a reduced EQE at smaller wavelengths [5,7,106–108].

Sensor Electronic Technology Inc. in the USA reported that the improved efficiency of
278 nm LED was realized with an IQE of 39%, light extraction efficiency (LEE) of
25%, and EQE of 10% [119]. The expression of EQE related with IQE and LEE can
be shown in Eq. (11):

ηEQE � ηIQE × ηLEE; (11)

where ηEQE is the EQE, ηIQE is the IQE, and ηLEE is the LEE. Kolbe et al. [146] calcu-
lated the IQE varying with the dislocation density for a 280 nm LED. According to the
calculated results, the reduction of dislocation density is required to improve the IQE.
For a LED with a wavelength of 280 nm, the IQE can be improved to above 60% only
if the dislocation density is reduced to below 5 × 108 cm−2. Further, the EQE can be
improved to 12% only if the LEE of above 20% is achieved according to Eq. (11).

Figure 32

Schematic diagrams of fabrication process flow used to construct nanophotonic light
extraction structure for DUV-LEDs using soft UV NIL and ICP dry etching processes:
(a) after mesa etching and formation of the p and n-electrodes; (b) the sacrificial poly-
mer underlayer, SiO2 hard mask, and imprint resin coating; (c) soft UVNIL process;
(d) ICP dry etching of the SiO2 and polymer; (e) Ni deposition and lift-off process; and
(f) AlN ICP dry etching and wet etching processes [130]. Reproduced from [130]
under the terms of the Creative Commons Attribution 4.0 License. With copyright
permission.
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In summary, AlGaN-based DUV-LEDs with short operating wavelengths have been
achieved, and these wavelengths have been extended to 222 nm for AlGaN/AlN
MQW devices and 210 nm for AlN PIN homojunction devices. The EQEs of
AlGaN-based LEDs have been achieved 5.8% at 271 nm and 20.3% at 275 nm.
However, the EQEs of DUV-LEDs are still low when compared with those of
GaN-based blue and green LEDs. There is also a considerable drop in efficiency,
which is caused by high dislocation densities, low hole concentrations, and low
LEEs for the AlGaN-based LEDs. Furthermore, the EQE also drops dramatically with
decreasing wavelength, which is caused by deterioration in the AlGaN quality, the
difficulty of p-type doping processes, and degradation of the optically polarized emis-
sion with increasing Al content. The research target for AlGaN-based UV-LEDs in
future work should be to further improve the EQE. It is expected that high-efficiency
DUVAlGaN-based LEDs will be realized by improving the quality and p-type doping
of AlGaN as well as optimizing the parameters of the AlGaN/AlN MQWs.

4.3. EB-Pumped AlGaN-Based Ultraviolet Light Sources
As mentioned before, one of the important reasons leading to the low efficiency of
AlGaN-LEDs is the difficulty of p-type doping. One alternative approach is to bypass
the difficulty of the p-type doping processes and realize DUV light emission using
EB pumping. A schematic illustration and a prototype photograph of a typical
EB-pumped DUV light source are shown in Fig. 35 [147].

Compared with AlGaN-based DUV-LEDs using electric pumping, AlGaN-based
DUV light sources using EB pumping have multiple advantages. First, no p-type layer
is required in the structure, thus avoiding the difficulty of the p-type doping processes

Table 4. Recent Development Progress in High-Efficiency AlGaN-Based DUV-LEDs

Organizations Structures and Techniques EQE
Wavelength

(nm) Year Refs.

UV Craftory, Japan With encapsulation 14.3% at 2 mA 285 2014 [115]
Sensor Electronic
Technology
Inc., USA

With UV transparent and stable
encapsulation

11% at 10 mA 278 2015 [116–119]

RIKEN, Japan With MQB 7% at 25 mA 279 2014 [120]
Transparent AlGaN:Mg contact
layer, Rh mirror electrode,
AlN template on a patterned
sapphire substrate,
encapsulation resin

20.3% at 10 mA 275 2017 [121]

Transparent AlGaN:Mg contact
layer

5.5% at 35 mA 287 2013 [131]

High reflective index electrode
Crystal IS, USA Die thinning and encapsulation 5.8% at 60 mA 271 2013 [122]

5.5% at 50 mA 266 2013 [132]
University of South
Carolina, USA

With (6 × 6) micropixel array 4% at 40 mA 268 2013 [123]

Tokuyama
Corporation,
Japan

LED grown on AlN Substrate
(by HVPE)

2.4% at 250 mA 268 2013 [124,125]
2.2% at 20 mA 261

Meijo University,
Japan

(800 μm × 800 μm) packaged
device with flip-chip
configuration

5.1% at 20 mA 280 2016 [126,127]

Nagoya University,
Japan

3.1% at 20 mA 257

Nichia Chemical
Industries, Japan

Sapphire/AlN/AlGaN-QW 2.78% at 20 mA 281 2010 [128]

National Institute of
Information and
Communications
Technology, Japan

Nanoimprint lithography 3.9% at 850 mA 265 2017 [130]
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in AlGaN. Second, the simple light source structure is convenient for epitaxial growth
and manufacturing processes. Third, the absorption of the emitted light is reduced by
the simplified structure without any p-type layers. Fourth, AlGaN-based light sources
based on EB pumping are suitable for fabrication of large-scale light sources.
Additionally, it is possible to realize both high power and high efficiency because
of the low device resistance. Finally, AlGaN-based light sources with EB pumping
can be applied in the field of UV radiation, and are especially suitable for use in field-
emission displays.

As an alternative to DUV-LEDs, EB-pumped DUV light sources have a short develop-
ment history of less than 10 years. In 2009, hexagonal boron nitride (hBN) powder
that was to be used as a fluorescent material for DUV light sources was irradiated by
an EB, and DUV light emission was achieved at a wavelength of 225 nm, with maxi-
mum output power of 1 mW and power conversion efficiency (PCE) of 0.6% [148].
However, the powder and the bulk material have high absorption and a low carrier
radiative recombination probability during EB excitation. MQW structures with low

Figure 33

Output power and enhancement factor characteristics [130]. Reproduced from [130]
under the terms of the Creative Commons Attribution 4.0 License. With copyright
permission.

Figure 34

State-of-the-art in EQE results for DUV-LEDs [55,114–128,130,131,133–143].
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absorption and high IQEs can realize high emission efficiencies. In 2010, an
Al0.69Ga0.31N∕AlN MQW was grown on an AlN/sapphire substrate, and a high-
performance DUV light source based on EB excitation was achieved with an operat-
ing wavelength of 238 nm, output power of 100 mW, and a PCE of 40%, as shown in
Fig. 36 [149].

In 2011, a Si-doped AlGaN film was grown on an AlN/sapphire substrate, and a DUV
light source tube based on EB excitation was then fabricated. The improved lifetime
for the DUV light source tube was achieved at a wavelength of 247 nm, with an output
power of 2.2 mW, a PCE of 0.24%, and a lifetime of 2000 h at an EB current of
100 μA [147]. In 2012, an EB-pumped DUV light source tube was fabricated with
an AlGaN MQW structure as a target and a graphene nanoneedle as a field electron
emitter, and DUV light emission was achieved at a wavelength of 240 nm, with output
power of 20 mW and a PCE of 4% [150]. In 2013, a Si-doped AlGaN MQW was
fabricated as a target for an EB-pumped DUV light source, and DUV light emission
was achieved at a wavelength of 256 nm, with output power of 15 mW and a PCE of
0.75% [151]. In 2015, an EB-pumped DUV light source was produced with a wave-
length of 270 nm, an output power of 3.2 mW, and a PCE of 0.16% [152]. In 2016, a
novel structure for a quasi-2D GaN layer inserted into an AlGaN MQW to act as an
active region for EB-pumped UV light sources was grown by MBE using the sub-
monolayer digital alloying technique, and mid-UV light emission was achieved at a
wavelength of 285 nm with output power of 27 mW and a PCE of 0.3% [153]. In
2016, an AlGaN-based MQW was irradiated using a pulsed electron beam, and
DUV light emission was achieved at a wavelength of 246 nm, with a peak output
power of 230 mW and a PCE of 0.43% at a beam energy of 12 keV [154]. The
progress in the development of EB-pumped DUV light sources by various research
organizations is summarized in Table 5.

While the output characteristics of these EB-pumped DUV light sources have been
improved, their output powers and emission efficiencies are not yet satisfactory for the
desired applications. Many challenges still exist in the fabrication of EB-pumped
DUV light sources. First, the light sources under EB excitation are usually generated
using thermal cathodes, which leads to high electric power consumption and reduced
PCE. To reduce the electric power losses, it is necessary to use field emission cold

Figure 35

Schematic illustration and prototype photograph of EB-pumped DUV light
source [147]. Reprinted from Shimahara et al., Appl. Phys. Express 4, 042103
(2011). © IOP Publishing. Reproduced with permission. All rights reserved.
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cathodes. Second, a high vacuum is required to supply high-energy field emission
electron sources, which increases the device fabrication difficulty. Third, it is essential
to optimize the thickness of the MQW structure to match the EB penetration depth in
the MQW to obtain high carrier injection efficiency. It is expected that production of
EB-pumped DUV light sources with high powers and high efficiencies to meet the
demand for DUV light emission will be achieved in the near future.

4.4. AlGaN-Based Ultraviolet LDs
Laser is an acronym for light amplification by stimulated emission of radiation, which
is generated by light feedback and amplification in a gain media [155]. A laser diode is
a semiconductor laser in which the active laser medium is formed by a p-n junction of
a semiconductor diode [156]. With their unique properties of high spatial and temporal
coherence, AlGaN-based UV-LDs have many advantages, including high light beam
quality, high power density, and high modulation speed, which can be applied in areas
such as precision laser processing, high-density data storage, nanopattern-type photo-
lithography, medical diagnostics, disinfection, biochemical technology, gas sensing,
and materials science.

The typical LD structures include double heterojunctions (DHs), separate confinement
heterostructure (SCH), quantum well (QW), quantum dot, nanowire, distributed feed-
back, distributed Bragg reflector, quantum cascade laser, external cavity laser, vertical
cavity surface-emitting laser, vertical external cavity surface-emitting laser, microcav-
ity laser, disk or ring laser, and photonic crystal laser. Restricted by the difficulties of
growth and fabrication processes, AlGaN-based UV-LDs with complicated structures
have not been achieved yet. In addition, it is particularly difficult to achieve
electrically pumped stimulated emission at short wavelengths.

The research on UV-LDs began in the 1970s. Stimulated emission at the low temper-
ature of 2 K from an optically pumped GaN single-crystal needle was first observed in
1971, with a high gain of 105 cm−1 and a low threshold power of 0.3 MW∕cm2,
which indicated great potential for laser action [157]. Optically pumped stimulated
emission at RT from a GaN film was first observed in 1990, at a wavelength of
337.1 nm and with an optical pump power threshold of 0.7 MW∕cm2 [158]. In
2006, the shortest wavelength for optically pumped stimulated emission at RT from

Figure 36

(a) Output power as functions of irradiated current under different accelerate voltages
(VA) and (b) photograph of a phosphor-coated glass excited by UV emission from
Al0.69Ga0.31N∕AlNMQWunder 8 kVand 45 μA [149]. Reprinted by permission from
Macmillan Publishers Ltd.: Takao et al., Nat. Photonics 4, 767–770 (2010). Copyright
2010.
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an AlN film was achieved at a wavelength of 214 nm with an optical pump power
threshold of 9 MW∕cm2 [159].

With the achievement of p-type doping [160,161], the first GaN/AlGaN DHs with
optically pumped stimulated emission at RT were realized in 1993, with an emission
wavelength of 368.2 nm and an optical pump power threshold of 0.1 MW∕cm2 [162].
In 1996, the GaN/AlGaN SCH single quantum well with strong near-UV optically
pumped stimulated emission at RT was realized at a wavelength of 365 nm and with
an optical pump power threshold of 90 kW∕cm2 [163]. In 2004, UV-C band output
was realized in an Al0.66Ga0.34N∕Al0.76Ga0.26N MQW LD grown on a SiC substrate
with optically pumped stimulated emission at RT, with an emission wavelength of
241.5 nm and an optical pump power threshold of 1200 kW∕cm2 [164]. In 2006,
optically pumped RT stimulated emission at 214 nm was achieved using high-quality
AlN layers that were grown on patterned sapphire substrates by the pulsed lateral
epitaxial overgrowth (PLOG) process. The stimulated edge emission spectrum of
AlN is the dashed line shown in Fig. 37(a) [159]. As it can be seen, the stimulated
emission signal of AlN is TM mode, which is fully different from GaN shown as the
solid line in Fig. 37(a). The devices exhibited an optical pump power threshold of
9 MW∕cm2, as shown in Fig. 37(b) [159].

However, the electric pumped AlGaN DUV-LDs face a lot of challenges. In 2003,
Kneissl et al. realized the electric pumped UV InGaN/InAlGaN multiple-quantum-
well laser diodes operating under CW conditions. The emission under CW operation
conditions was 373.5 nm with output powers of more than 1 mW [165]. At the same
time, Masui et al. demonstrated the CW operation at a wavelength of 365 nm at RT.
The estimated lifetime of the UV-LDs was approximately 2000 h at an output power of
3 mW [166]. In 2004, Akasaki et al. obtained crack-free and partially low-dislocation
density AlGaN on a grooved GaN substrate via the combination of a LT deposited
AlN interlayer technology and heteroepitaxial lateral overgrowth. Based on this, they
reported the lasing wavelength under pulsed current injection at RTof 350.9 nm [167].
After that, in 2007, Yoshida succeeded in fabricating UV GaN/AlGaN laser diodes
using a hetero-facet-controlled ELOG (hetero-FACELOG) technique. The UV laser
diodes lased in the peak wavelength range from 355.4 to 361.6 nm under a pulsed
current operation at RT [168]. Via optimizing the hetero-FACELOG technique,
Yoshida et al. further pushed the lasing wavelength to a shorter region and the electric

Table 5. Recent Progress in Development of EB-Pumped DUV Light Sources

Organizations Material and Structure EB Energy

Output
Power
(mW)

PCE
(%)

Wavelength
(nm) Year Refs.

Mie University,
Japan

Si-doped AlGaN film 10 keV, 100 μA 2.2 0.24 247 2011 [147]

National Institute
for Materials
Science, Japan

hBN powder 8 keV, 50 μA 0.2 0.6 225 2009 [148]

Kyoto University,
Japan

AlGaN MQW 8 keV, 45 μA 100 40 238 2010 [149]

Stanley Electric
Corporation, Japan

AlGaN MQW 7.5 kV, 80 μA 20 4 240 2012 [150]

Mie University,
Japan

Si-doped AlGaN
MQW

10 keV, 200 μA 15 0.75 256 2013 [151]

Ioffe Institute,
Russia

AlGaN MQW 20 keV, 100 μA 3.2 0.16 270 2015 [152]

Peking University,
China

Quasi-2D GaN inserted
in AlGaN MQW

15 keV, 700 μA 27 0.3 285 2016 [153]

Palo Alto
Research
Center, Inc., USA

AlGaN MQW 12 keV, 4.4 mA
(Pulsed)

230 0.43 246 2016 [154]

Review Vol. 10, No. 1 / March 2018 / Advances in Optics and Photonics 79



pumped AlGaN LD by lasing at 342 nm and even at 336 nm was demonstrated. The
schematics structure for the 336 nm LD and the light output-current characteristic are
shown in Figs. 38(a) and 38(b) [169], respectively. The peak output power for the
AlGaN MQW UV-LD lasing at a wavelength of 336.0 nm is 3 mW and the external
quantum efficiency is about 1.1%. [169,170].

Up to now, the 336 nm lasing is the shortest wavelength electrically pumped AlGaN
LD. However, some research demonstrated that with nanowire structures, shorter
wavelength AlGaN-based LDs could be realized [171–173]. As shown in Figs. 39(a)
and 39(b), a nanowire LD had been realized at a wavelength of 262.1 nm on CW
operation at 77 K using a nearly defect-free AlGaN nanowire heterostructure grown

Figure 37

(a) Stimulated edge emission spectra of AlN and GaN for TE and TM polarization.
(b) Intensity of edge emission PL signal as a function of excitation power density
[159]. Reprinted from Shatalov et al., Jpn. J. Appl. Phys. 45, L1286–L1288
(2006). © IOP Publishing. Reproduced with permission. All rights reserved.

Figure 38

(a) AlGaN MQWUV-LD. Schematic illustration shows a layer structure of an AlGaN
MQW UV-LD on a sapphire substrate lasing at a wavelength of 336.0 nm. Another
layer structure of the previous reported 342 nm AlGaN MQW UV-LD is also illus-
trated for comparison. (b) Light output-current and voltage-current characteristic for
the AlGaN MQW UV-LD lasing at a wavelength of 336.0 nm [169]. Reprinted with
permission from Yoshida et al., Appl. Phys. Lett. 93, 241106 (2008). Copyright 2008
AIP Publishing LLC.
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on an Si substrate by the molecular beam epitaxial growth [171]. Additionally, AlGaN
core-shell nanowires on an Si substrate as shown in Fig. 39(c) were also fabricated,
and electrically injected lasers in the wavelength range of about 320 to 340 nm
were achieved, as shown in Fig. 39(d) [172]. The progress in the development of
AlGaN-based UV-LDs produced by various research organizations in recent years
is summarized in Table 6.

The development of UV AlGaN-based LDs is continuing to move toward shorter
wavelengths. However, it is particularly difficult to achieve electrically pumped
stimulated emission from LDs in the UV-C band. At present, numerous challenges
must be faced to achieve high performance in these LDs. First, the high densities
of defects and dislocations in the active regions of these LDs will increase their in-
ternal losses, resulting in a reduction of the IQE. Second, the difficulty of performing
p-type doping of AlGaN will reduce the hole injection efficiency and increase the
device series resistance, which results in an increase in threshold and a reduction
in efficiency for LDs that operate under current injection conditions [189].
Additionally, difficulties in device fabrication processes including etching, thinning,
and cleaving will increase device losses and reduce their efficiency. Furthermore, no

Figure 39

(a) I-V characteristics measured at 77 K. The schematic of the fabricated laser device
is shown in the inset; (b) RT PL spectrum measured under an excitation of 7 mW;
(c) schematic of AlGaN nanowire double-heterostructures; (d) emission spectra mea-
sured at 6 K under different current densities. The black arrow denotes that the current
density increases from 7.7 A · cm−2 to 22 A · cm−2 and the inset shows an enlarged
view of the lasing spectra [171,172]. (a), (b) reprinted with permission from
Zhao et al., Appl. Phys. Lett. 107, 043101 (2015). Copyright 2015 AIP Publishing
LLC. (c), (d) reprinted by permission from Macmillan Publishers Ltd.: Li et al., Nat.
Nanotechnol. 10, 140–144 (2015). Copyright 2015.
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homoepitaxial substrate is available for AlGaN growth processes. Therefore, appro-
priate substrates with high transparency and high electrical and thermal conductivities
are required to improve the performances of these LDs. In addition, an appropriate LD
structure design is required to improve device efficiency. In conclusion, the low
defect densities of bulk AlN substrates indicate a promising strategy to achieve
high-performance LDs.

4.5. AlGaN-Based Ultraviolet PDs
AlGaN based UV-PDs have attracted considerable attention in recent years because of
their wide range of potential applications across various fields, including missile warn-
ing systems, non-line-of-sight communications, flame detection, medical applica-
tions, and environmental monitoring. At present, the most commonly used UV-PD
is the photomultiplier tube, which has high gain but suffers from high working voltage
requirements, huge device volumes, and fragility. Si detectors can also be used in the
UV field. However, complicated spectral filters are needed. As mentioned before,
AlGaN is one the best candidates for UV-PDs.

Since GaN-based photoconductors first appeared, work on detection in the deeper UV
range using AlGaN-based photoconductors has also been in progress [190,191].
Schottky-type AlGaN-based UV-PDs have also been studied. Researchers found that
the insertion layer and appropriate passivation in Schottky AlGaN-based UV-PDs
could effectively improve overall device performance [192,193]. Research into
Schottky avalanche PDs has also seen some progress. Tut [194] and Huang et al.
[195] reported Schottky AlGaN-based solar-blind avalanche photodiodes (APDs)
with gains of 25 and 103, respectively.

AlGaN-based UV metal-semiconductor-metal (MSM) PDs have also been widely
investigated. In 1999, French researchers [196] used AlGaN to fabricate MSM
UV PDs. Subsequently, the HT AlN interlayer technique was used to improve the
quality of Al0.3Ga0.7N, and improved PD performance was achieved [197]. In
2006, DUVMSM PDs were fabricated using AlGaN with an Al content of 0.75 [198].
Furthermore, factors such as the use of appropriate electrode materials [199] and
annealing temperatures [200] and the insertion of buffer layers [197,201] can
make the devices more suitable for deeper UV detection applications. Our team in-
vestigated the effect of dislocations on the performance of GaN-based MSM PDs, and
found that the screw dislocations were the main reason for the dark current. Based on
this theory, we developed using SiO2 nanoparticles to passivate the dislocations fol-
lowed by the reduction in the dark current [202,203]. The common MSM AlGaN-
based photodetectors cannot work at 0 V bias. To solve this problem, the effect of
asymmetric Schottky barrier on GaN-based MSM UV detectors was also studied
and high spectral response of self-driven GaN-based detectors by controlling the con-
tact barrier height was realized [204,205]. These achievements widen the application
field of MSM AlGaN detectors.

In recent years, surface plasmon has offered new opportunities to engineer and
improve the performance of optoelectronic devices, and our team realized high-
performance GaN UV detectors by Ag nanoplasmonic enhancement and AlGaN deep
UV detectors by Al nanoplasmonic enhancement [206–208]. Figure 40(a) shows the
schematic structure of Ag surface plasmon enhancing the performance of GaN detec-
tors and Fig. 40(b) the spectral response of GaN detectors with and without Ag nano-
particles. The responsivity of GaN UV detectors was increased by over 30 times when
using Ag nanoparticles. To reveal the physical origin of this enhancement, Kelvin
probe force microscopy was used and the localized field enhancement induced by
the SP was measured, which was regarded as the main reason for the enhancement
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of the responsivity of (Al) GaN detectors, as shown in Fig. 41. This method will open
a new door for realizing weak signal detection.

P-n junction-based PDs have the advantage of faster response speeds than other types
of structures. In 1999, AlGaN with an Al content of less than 0.15 was used to
fabricate PDs. However, the device response time exceeded 0.5 μs as a result of
Mg-related defects, and hardly reflected the advantage of the high device speed
[209]. Additionally, research into AlGaN-based p-n PDs with shorter detectable wave-
lengths was also underway, and one year later, a device with a cutoff wavelength of
275 nm was realized [210]. Approaches based on the use of AlN buffer layers and
Si-In codoping further improved the device response and quantum efficiency [211].
In 2013, Cicek et al. produced a solar-blind UV-PD with a high EQE of 89%,
which was the highest reported EQE among p-n AlGaN-based PDs, through the
use of high-quality AlN patterns and optimization of the device design and doping
profile [212].

APDs work at a high reverse bias with avalanche multiplication, which results in in-
ternal current multiplication. With their high internal gains, APDs can realize high
responsivity and can thus detect weak signals or even single photons. In 1998, the
avalanche effect was observed in GaN by Osinsky, who predicted that GaN-based
APDs would become one of the most important UV-PD structures [213]. At present,
GaN-based APDs can achieve gains as high as 105 to 106 and responsivities as high as
1 A/W, and have thus realized visible-blind weak signal detection. A single photon
detection efficiency (SPDE) of as high as 30.5% has been achieved with a dark count
probability (DCP) of 57%. When the DCP decreases to 1%, the SPDE can still reach
8.8%, which represents an advantage over previous SiC-based UV-PDs [214]. Unlike
the rapid development of these visible-blind UV GaN APDs, solar-blind DUVAlGaN
APDs are progressing more slowly. There have been hardly any reports of AlGaN
APDs with gains of more than 105 or single photon detection (SPD) capabilities.
In 2005, McClintock et al. reported an AlGaN-based solar-blind PD [215]. Their
PD was a p-i-n type device with soft breakdown phenomena at relatively low electric
fields that eventually saturated without demonstrating a Geiger mode breakdown.
Under the bias of 60 V, the maximum gain reached 700, while the electric field
was 1.7 MV/cm, which was far below the theoretical value. In 2007, Tut et al.
[216] reported an APD with a gain of 1560, but the effective area of the device

Figure 40

(a) Schematic structure of surface plasmon-enhanced (Al)GaN detectors. (b) The
spectral response of GaN detectors with and without Ag nanoparticles [206].
Reprinted from [206] with copyright permission.
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was very small, which limited its applications. In 2010, Sun et al. [217] reported a
p-i-n APD with gain that reached 2500, which is much higher than the previously
reported results. In 2012, Lu et al. reported a back-illuminated AlGaN-based solar-
blind separated absorption and multiplication region APD (SAM-APD) that achieved
a maximum gain of more than 3000 at −91 V [218]. Figure 42 shows the schematic
structure of back-illuminated AlGaN SAM-APDs and the reverse I-V curves in dark
and under UV illumination. For comparison, the gains of the aforementioned Schottky
AlGaN-based solar-blind APDs reported by Tut et al. [194] and Huang et al. [195]
were 25 and 4000, respectively. A great deal of research [219–221] has focused on
theoretical calculations and performance analyses of AlGaN APDs and has provided
important foundations for device design and fabrication. To date, high-gain APDs
have not been realized because of the limitations of the AlGaN growth and device
processing technologies. While some researchers [222–224] have declared that their
APDs had gains of more than 104, the effective areas of their devices were too small to
be practical and the device reliabilities still remain to be tested.

Figure 41

Surface potential reduction in the vicinity of Ag nanoparticles on a GaN epilayer
measured by Kelvin probe force microscopy (KPFM) [208]. Reproduced from [208]
under the terms of the Creative Commons Attribution 4.0 License. With copyright
permission.
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Compared with GaN APDs, AlGaN APDs face more fabrication difficulties, which
can be summed up as follows. First, it is difficult to grow high-quality AlGaN.
Heteroepitaxial AlGaN contains numerous defects that may serve in the roles of
primary leakage paths for dark currents, recombination centers for photogenerated
carriers [225], and microplasma centers for premature breakdown [213]. Second,
the avalanche gain mechanism of AlGaN has not been fully understood to date.
Some researchers [219,226] have pointed out that AlGaN layers with different Al
contents have shown different breakdown fields and ionization coefficients, and it
is thus difficult to analyze these differences quantitatively. Third, the Geiger mode
is hard to realize in these layers. GaN APDs are able to detect single photons because
they can steadily operate in the Geiger mode. However, AlGaN APDs exhibit strong
noise and low gain characteristics in the Geiger mode, and thus fail to achieve SPD.
Fourth, doping of and ohmic contact formation on AlGaN remain difficult processes.
The activation energies of both n-type and p-type AlGaN increase rapidly with in-
creasing Al content, reaching values as high as 630 meVand 282 meV for Mg-doped
p-AlN and Si-doped n-AlN at RT, respectively [99]. When compared with GaN and
AlGaN, SiC-based materials show higher crystal quality. Recently, some reports
[227,228] have presented the idea that use of SiC in combination with GaN or
AlGaN to form a SAM-APD could produce a beneficial structure that could solve
the above difficulties.

The progress in the development of AlGaN-based UV-PDs is shown in Table 7. The
development aims of AlGaN-based UV-PDs include realization of shorter operating
wavelengths, higher responsivities, faster response speeds, and eventually achieve-
ment of SPD. Deeper UV detection requires layers with higher Al content.
However, epitaxial growth of AlGaN with high Al content is extremely difficult.
To realize SPD, it will be necessary for the gain to be at least 105 to 106 and for
the noise to be suitably low. At present, APDs can obtain a gain of 104 and can
simultaneously achieve sufficiently low noise characteristics by optimizing their
configurations, and thus show promise for actualization of SPD.

5. NONLINEAR OPTICAL PROPERTIES OF ALGAN MATERIALS

Since the advent of LDs with high intensity and good coherence, nonlinear optical
effects including electro-optic effect, second- and higher-order harmonic generation,
optical sum-frequency and difference-frequency, optical parametric oscillation and

Figure 42

(a) Schematic structure of back-illuminated AlGaN SAM-APDs. (b) The top view of
the device. (c) The reverse I-V curves in dark and under UV illumination, and the
right-hand axis is the gain [218]. Reprinted with permission from Huang et al.,
Appl. Phys. Lett. 101, 253516 (2012). Copyright 2012 AIP Publishing LLC.
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amplification, two-photon absorption, multiphoton absorption, and self-focusing
etc., have been studied and applied. With the development of AlGaN-based active
optoelectronic devices, especially the development of DUV and high-power light-
emitting devices, nonlinear optical properties of AlGaN materials are becoming more
important, and more attention has gradually been attracted. Various approaches are
adopted to improve nonlinear optical properties of AlGaN materials, including the
Pockels effect, second-harmonic generation, Kerr effect, two-photon absorption
effect, multiphoton absorption effect, free-carrier absorption effect, and so on.

On the condition of strong optical field or applied electric field, the nonlinear polari-
zation of a crystal occurs, resulting in the changes of light propagation characteristics,
which are the nonlinear optical properties of crystals. The nonlinear optical properties
of materials can be expressed with the intensity of polarization,

P � ε0 · �χ�1� · E � χ�2� · EE � χ�3� · EEE � 	 	 	�; (12)

where parameters χ�1�, χ�2�, and χ�3� are the first-, second-, and third-order tensors
of polarizability, respectively. The first term at right introduces linear optical phenom-
ena, the second introduces second-order nonlinear optical phenomena, the third
and following terms introduce higher-order nonlinear optical phenomena. The
principle of improving nonlinear optical properties of materials is to improve the
high-order tensors of polarizability, mainly the second- and third-order tensors of
polarizability.

In the early stage, the research on nonlinear optical properties of III-nitrides was
stagnating in the measurements and analyses of nonlinear optical parameters.
Miragliotta et al. [229] investigated the second-order harmonic generation of GaN
film. The second-order nonlinear optical tensor of polarizability was obtained. It
has been proved experimentally that the application of a direct electric field on
the surface of GaN film can damage the inversion symmetry of a crystal, change
the distribution state of electrons and holes, and cause the enhancement of the non-
linear optical effect. Afterwards, a very strong second-harmonic generation effect was
observed in a bulk GaN film by Sun et al. in Taiwan [230]. The effective second-order
tensor of polarizability χ�2�eff �2W :W ;W � was calculated to be 2 × 10−12 m∕V. In 2003,
Sanford et al. [104] measured the second-order nonlinear optical tensors of polariz-
ability of a series of GaN and AlGaN films by the method of rotational interference
fringe, obtaining the second-order tensor of polarizability of GaN film with χ�2�31 �
−5.7 pm∕V and χ�2�33 � −9.2 pm∕V. With regard to theoretical research, the sec-
ond-order optical nonlinearity of WZ GaN and AlN in the wide wave band was cal-
culated by using first principle in 1997 [231]. In 2008, the second-order nonlinear
optical responsibility of GaN nanowires with different structures was calculated
by using first principle, and the results show that all GaN nanowires with different
structures have very strong second-harmonic effect, which indicates the potentials of
III-nitride nanowires in nonlinear optical applications [232].

Besides the second-order optical nonlinearity, the third- or even higher-order optical
nonlinearity of III-nitride was also investigated. In 1996, the third-order nonlinear
refractive index (n2) of GaN film at 532 nm was first obtained by using degenera-
tion four-wave mixing, with the value of 1 × 10−12 cm2∕W [233]. Afterwards, the
third-order nonlinear refractive indices of GaN film at shorter wavelengths were
measured by using the femtosecond Z-scanning technique, with the values of
−1.4 × 10−12 cm2∕W at 371.2 nm, −2.9 × 10−12 cm2∕W, −1.2 × 10−12 cm2∕W,
and −0.5 × 10−12 cm2∕W at 368 nm, 371 nm, and 380 nm, respectively [234].
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After eliminating the influence of two-photon absorption on nonlinear refraction,
Fazio et al. [235] got the nonlinear refractive indices of GaN film at 800 nm with
the value of −7.3 × 10−14 cm2∕W. In addition, the phenomena of two-photon and
three-photon absorption were reported. In 2000, Krishnamurthy et al. [236] calcu-
lated the two-photon absorption coefficients (β) of GaN and AlGaN based on the
whole energy band structure, obtaining a coherent result with the experiment.
Sun et al. [234,237] also measured the two-photon absorption coefficients of GaN at
different wavelengths, with the results that the third-order nonlinear absorption
coefficient at 371.2 nm is −37 cm∕GW, and two-photon absorption coefficients
at 387 nm, 391 nm, 410 nm, 690 nm, and 720 nm are 17 cm/GW, 16 cm/GW,
12 cm/GW, 7 cm/GW, and 3 cm/GW, respectively. These results indicate that
III-nitrides show good nonlinear optical properties from the UV to the visible band.
Additionally, Pacebutas et al. [238,239] obtained two-photon and three-photon ab-
sorption coefficients (β3) of GaN at 527 nm with the values of 17–20 cm/GW and
0.012 cm3∕GW, and proved the existence of the free-carrier absorption effect.
More studies confirmed that there exists two-photon absorption in the defect-related
yellow peak in GaN [240], and free carrier and impurity bond carrier can generate
nonlinear optical effects [241].

With the research and applications deepening, it is not enough to measure nonlinear
optical parameters, but to improve the nonlinear optical properties. The polarization
effect induced by the noncentrosymmetry in a WZ AlGaN crystal structure is the main
reason of generating nonlinear optical effect. The nonlinear optical coefficient of bulk
GaN is still smaller than those of traditional nonlinear optical materials. For example,
the electro-optic coefficient of GaN film is only 10% of KTiOPO4. So many
approaches were attempted to improve the nonlinear optical effect of AlGaN,
importantly to improve the electro-optic effect, namely, the electro-optic coefficient.
Based on the lattice and polarization symmetry of AlGaN material, the electro-optic
coefficient can be expressed as follows:

rij �

2
66666664

0 0 r13
0 0 r13
0 0 r33
0 r13 0

r13 0 0

0 0 0

3
77777775
: (13)

At present, a lot of approaches have been proposed to improve nonlinear optical
properties of AlGaN material, such as increasing Al content to improve the sponta-
neous polarization effect, increasing interface mismatch to improve the piezoelectric
polarization effect, increasing carrier concentration to change nonlinear absorption,
and so on. As the growth technique develops, the epitaxial growth of AlGaN with
high Al composition has been able to control accurately, and the internal polarization
effect was strengthened by increasing Al content, and further improve nonlinear op-
tical properties of AlGaN [242]. By using a AlGaN/GaN heterostructure, the built-in
electrical field and high-concentration two-dimensional electron gas induced by pie-
zoelectric polarization not only improved the second-order nonlinear optical effect,
but also the third-order nonlinear optical effect original faint [243]. By using
AlGaN/GaN SLs with Al composition of about 0.5, the electro-optic effect was
strengthened, realizing a comparable electro-optic coefficient with traditional KDP
and LiNbO3 crystals [244]. By using ultrathin strain AlN/GaN SLs, the regulation
and control on nonlinear optical properties of AlGaN with average Al composition
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higher than 0.5 was realized [245]. In addition, using a AlGaN/GaN step QW
structure to improve the second-order polarization rate was also proposed. The
simulation showed that the double resonance effect can be realized by calibrating
the thickness of well and step well, or Al composition of the barrier and step
well [246]. Except for the separated research on the second- and third-order non-
linear optical effects, the research on the interaction between second- and third-order
nonlinear optical effects has been investigated [230,243]. However, the mechanism
is not clear yet because of the complicated procedure, and further investigation is
necessary.

In summary, the improvement of nonlinear optical coefficients is still the most
important problem in recent years from the development of nonlinear optics of
AlGaN materials. With the increase of Al composition and the decrease of wave-
length, it is also an important research direction to measure the nonlinear optical
parameters of AlGaN with higher Al composition and wider spectral range.
Additionally, besides the electro-optic effect, many other nonlinear optical effects
of AlGaN materials, such as harmonic generation, two-photon absorption, three-
photon absorption, and nonlinear refractive index, are still to be studied.

6. ALGAN PASSIVE DEVICES AND PHOTONIC INTEGRATED CIRCUIT

In addition to the active photoelectronic devices, it is also important to study the
passive photonic devices. A photonic integrated circuit (PIC) is a large-scale network
of optical or electronic elements including active photoelectronic devices, such as
light-emitters or photodetectors, and passive photonic devices, such as optical limiting
devices or optical amplifiers. Since the conception of PIC was proposed by Miller in
1969 [247], the research on PIC based on materials like Si∕SiO2, InP, GaAs, and
LiNbO3 never suspends. However, it is until 2004 that a breakthrough had been made
on a large-scale PIC containing active and passive devices and that the PIC had been
commercial available [248]. Currently, the application of a PIC is still limited to the
narrow telecom band.

Except for the telecom band, a UV band PIC will be beneficial to the application areas
such as biochemical sensing, beam steering, quantum photonics, UV Raman spectros-
copy, and so on. The materials for a UV PIC must meet the requirements of UV
optically transparent and low defect density to avoid unwanted optical absorption
or autofluoresence [249]. With the development of the III-N-based UV materials
and optoelectronic devices and experimental measurements of the linear or nonlinear
optical parameters, such as refractive indices, second- or third-order polarizability ten-
sors, people increasingly tend to apply these UVactive devices to a PIC, which has the
advantages of compact size, low power consumption, high transmission speed and
high reliability, realizing monolithic integration of UV optical signal emission,
amplification, propagation and detection, and pushing the PIC technique to the
UV or DUV band.

Among III-nitrides, InGaN- or GaN-based passive devices developed earlier and mi-
croring cavity arrays [250], photonic crystals [251], photonic crystal cavities [252],
photonic crystal nanocavities [253], nanophotonic waveguides and resonators [254],
and microdisk resonators [255] have been exploited and some high quality (Q) factors
have been obtained. Further, GaN on Si passive devices also made some progress. In
2011, Tang et al. succeeded in using the GaN/Si microring structure to realize second-
harmonic generation at 780 nm and 1560 nm [256]. In 2015, Thuthimhtong et al. first
achieved a high Q-factor asymmetrically and vertically coupled hybrid Si/GaN
microring resonator at the telecom band with a GaN microring and Si waveguide cir-
cuit [257]. After the realization of dual mode selection between light emission and
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detection by using InGaN/GaN MQWs on a Si-based GaN substrate, the monolithic
integration of a LED and PD also became a reality [258–260]. Nevertheless,
the integration of nanowire InGaN-based LEDs and PDs has achieved initial
success [261–263].

The present AlN-based resonators have a relatively simplex structure, namely a mi-
croring structure. Since 2012, Tang et al. from Yale University have reported the AlN
resonators several times. By using sputtered deposited AlN film on a Si substrate, they
realized low-loss waveguides [264] and high Q-factor resonators [265] at infrared and
visible bands, reaching a Q-factor as high as 4.4 × 105 at the infrared telecom band.
Later, they achieved optical frequency comb at wavelengths of 520 nm, 775 nm, and
1550 nm in their subsequent research [266,267]. Moreover, Sun et al. from Tsinghua
University applied better-quality MOCVD-grown AlN film to fabricate microring res-
onators with a high Q-factor of 106 magnitude, realizing an all-optically tunable mi-
crowave photonic phase shifter [268,269]. Due to the lower crystal quality of AlGaN
compared to GaN and AlN, the studies of AlGaN-based passive devices were limited.
In 2016, Soltani et al. theoretically investigated the propagation characters of AlGaN/
AlN waveguides from 300 nm to 700 nm, and predicted their potential application at
the deeper UV band [249]. Next year, they further studied the application of AlGaN-
based microring resonators on UV band broadband biphoton generation and statistics
of quantum light in theory [270]. In respect to experiment, Tang et al. adopted the
electrochemically sliced AlGaN material to manufacture photon waveguide and res-
onators, reaching a Q-factor as high as 6.8 × 105 at 780 nm due to the high AlGaN
crystal quality [271].

In a word, for the III-nitrides-based passive devices, the wavelength is generally at the
visible, infrared, or near-infrared range, and only a few devices work at the UVA
range, while the deeper UV range is still under theoretical studies. While for the
PIC, most of research focused on improving the single device performance rather
than the whole PIC. To realize epitaxial AlN-based low-loss waveguides, it is essential
to minimize the scattering and defect-related absorption loss. So it is basically impor-
tant to improve the AlGaN crystal quality to enhance passive devices and PIC
performances.

7. CONCLUSIONS AND OUTLOOK

The crystalline quality of AlN and AlGaN layers has been improved by techniques
including HT growth with modulation of the V/III ratio, ALE, NH3 pulse-flow multi-
layer growth, use of a SLs as a dislocation filter, ELOG, and several other methods.
However, this alone is not enough to enhance the performance of UV devices. Bulk
AlN substrates are ideal for AlN and AlGaN growth, but commercial bulk AlN sub-
strates with large area are not available in the market to date. AlN/sapphire templates,
which serve as an alternative to bulk AlN substrates, are used for AlN and AlGaN
growth. At present, ELOG is regarded as a promising way to grow AlN or AlGaN
layers combined with ex situ annealing.

The difficulty of p-AlGaN doping with high Al content is mainly caused by the
strong self-compensation effect of the material, low dopant solubility, and high
activation energy. Several approaches, including codoping, delta-doping, modulation
doping, SLs doping, and polarization-induced doping, have been used in attempts
to solve these difficulties and improve the doping efficiency. Piezoelectric
polarization can reduce the dopant activation energy near the interfaces of hetero-
structures and can also improve lateral conductivity, but the vertical conductivity
remains low. In addition, nonuniform doping approaches are difficult to control
and optimize, and this is not advantageous for process industrialization. The next
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target in this area is to explore new high-efficiency p-type doping technologies when
combined with the good levels of controllability and reproducibility to meet indus-
trial production needs.

AlGaN-based DUV-LEDs with short operating wavelengths have been achieved, and
these wavelengths have been extended to 222 nm for AlGaN/AlN MQW devices and
210 nm for AlN PIN homojunction devices. The improved performances of these
LEDs have been achieved with EQEs of 20.3% at 275 nm. However, the EQEs of
DUV-LEDs are still low when compared with those of GaN-based blue and green
LEDs. There is also a considerable drop in efficiency, which is caused by high dis-
location densities, low hole concentrations, and low LEEs for the AlGaN-based LEDs.
Furthermore, the EQE also drops dramatically with decreasing wavelength, which is
caused by deterioration in the AlGaN quality, the difficulty of p-type doping proc-
esses, and degradation of the optically polarized emission with increasing Al content.
It is expected that high-efficiency DUV AlGaN-based LEDs will be realized by
improving the quality and the p-type doping of AlGaN as well as optimizing the
parameters of the AlGaN/AlN MQWs.

With the advantages of simple structures and free of p-type layers, EB-pumped
AlGaN-based DUV light sources have been developed, and DUV light emission
has been realized at a wavelength of 238 nm, with output power of 100 mW and
a PCE of 40%. However, these output characteristics are still unsatisfactory for many
applications, and many challenges remain in terms of device fabrication. Further
optimization and improvements in the device structure and fabrication processes will
be required to realize high-performance devices.

Due to the improvements in both AlGaN quality and p-type doping, UV stimulated
emission has been achieved in AlGaN MQW LDs using electrical pumping at RT,
with a shortest reported wavelength of 336 nm. At present, the development of
UV AlGaN-based LDs is moving toward shorter wavelengths. However, it is par-
ticularly difficult to achieve electrically pumped stimulated emission from LDs in
the UV-C bands. Many challenges must be overcome to achieve high-performance
LDs of this type. First, the high densities of defects and dislocations in the active
regions of these LDs will increase their internal losses, resulting in reduction of
the EQE. Second, the difficulty involved in p-type doping of AlGaN will reduce
the hole injection efficiency and increase the series resistance, which leads to
an increased threshold and reduced efficiency for LDs operating under current in-
jection conditions. Additionally, the difficulties faced in device fabrication processes
such as etching, thinning, and cleaving will increase losses and reduce the effi-
ciency of these LDs. In addition, suitable homoepitaxial substrates for AlGaN
growth are not available at present. Therefore, appropriate substrates with high
transparency and high electrical and thermal conductivities are required to improve
the performance of these LDs. Furthermore, a suitable LD structure design is re-
quired to improve device efficiency. In conclusion, the low defect densities of
bulk AlN substrates offer a promising strategy to enable fabrication of high-
performance LDs.

While considerable research progress has been made in the development of AlGaN-
based UV-PDs, the current device performance is still far from the goals of weak
signal detection or even SPD. How to realize the UV-PDs with low noise, fast
response speeds, and high gains are expected. The traditional AlGaN PD cannot
detect the weak signal due to lack of gain. AlGaN APDs can solve this problem
and a gain of as high as 104 has been achieved using the SAM-APD structure.
However, it remains difficult to detect weak signals using this structure because
of the small effective device area. Surface plasmon is regarded as a promising
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way to realize high spectral response but it is just used in the MSM-AlGaN PDs and
how to use the surface plasmon into pin-AlGaN is still a problem. In a word, both
the quality of AlGaN and the structure of devices need to be optimized for weak
single detecting.

Although the nonlinear optical properties of AlGaN were less studied compared to
LEDs, LDs and PDs, they are becoming more important as the increasing output light
power. And the AlGaN-based nonlinear optical devices were not widely applied due
to the comparatively low nonlinear optical coefficients, thus the primary task is to
increase the nonlinear optical coefficients. In addition, the measurements of these
coefficients at different wavelengths, shorter wavelengths, and different Al content
AlGaN are required. AlGaN-based passive devices and PIC are generally based
on high-quality materials and high-performance active devices. Thus the motivation
to develop AlGaN-based passive devices and PIC put forward high requirements
involving promoting crystal quality and optimizing the performances of active
devices.
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