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Abstract: The development of semiconductors is always accompanied by the progress in controllable doping techniques. Tak-
ing AlGaN-based ultraviolet (UV) emitters as an example, despite a peak wall-plug efficiency of 15.3% at the wavelength of
275 nm, there is still a huge gap in comparison with GaN-based visible light-emitting diodes (LEDs), mainly attributed to the inef-
ficient doping of AlGaN with increase of the Al composition. First, p-doping of Al-rich AlGaN is a long-standing challenge and
the low hole concentration seriously restricts the carrier injection efficiency. Although p-GaN cladding layers are widely
adopted as a compromise, the high injection barrier of holes as well as the inevitable loss of light extraction cannot be
neglected. While in terms of n-doping the main issue is the degradation of the electrical property when the Al composition
exceeds 80%, resulting in a low electrical efficiency in sub-250 nm UV-LEDs. This review summarizes the recent advances and
outlines the major challenges in the efficient doping of Al-rich AlGaN, meanwhile the corresponding approaches pursued to
overcome the doping issues are discussed in detail.
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1. Introduction

Semiconductors stand at the heart of modern electron-
ics and optoelectronics, largely thanks to the development of
controllable doping techniques. The realization of p—n and
p—i—n junctions lays the foundation for a series of applica-
tions, such as light-emitting diodes (LEDs)!"» 2], laser diodes
(LDs)B 4 and photodetectors® ©. In other words, the perfor-
mance improvement of these devices hinges on having both
high-quality n- and p-type doping. Taking GaN-based visible
LEDs as an example, one of the milestones is the break-
through in creating a p-doped GaN layer!: 8], which is a vital
part of the contributions of I. Akasaki, H. Amano and S. Naka-
mura for winning the 2014 Nobel Prize in Physics.

Over the past two decades, one of the predominant devel-
opment directions for Ill-nitride semiconductors aims at
shorter-wavelength optoelectronics, i.e. AlGaN-based ultravio-
let (UV) emittersi®-'3], which have attracted much attention
owing to the advantages of long lifetime, potential high effi-
ciency, environmentally friendly, and portability in compari-
son with the conventional mercury UV lamps. As of 2022, the
total market for UV light source reached US$ ~1.8 B with a
compound annual growth rate (CARG) of 17.8%, wherein
AlGaN-based UV-LEDs account for more than half of the
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annual increasell,

By varying the Al composition, AlGaN-based UV-LEDs
(210-360 nm) can cover almost the entire UV spectral range.
The emission wavelength directly determines the applica-
tions. In general, UVA (320-400 nm) and UVB (280-320 nm)
light sources are employed for UV curing and phototherapy,
respectively. More importantly, the highest volume UV applica-
tion is disinfection and sterilization in the UVC band
(100—280 nm). Based on Al-rich AlGaN (Al composition higher
than 50%), the solid state AlGaN-based UVC-LEDs show great
potential and they are expected to eventually substitute for
the mercury lamps, in accordance with the Minamata Conven-
tiont3l,

The wall-plug efficiency (WPE) is the most commonly
used figure of merit to assess the performance of UV-LEDs,
which strongly depends on the emission wavelength as
shown in Fig. 1116471, Although a peak WPE of 15.3% has
been achieved for UV-LEDs at 275 nml'6], there is still a huge
gap in comparison with GaN-based visible LEDs. Moreover,
there is a sharp drop of WPE in sub-250 nm UV-LEDs, as well
as a significant dip across the UVB band. Hence, it is quite nec-
essary to understand the performance limitations of UV-LEDs,
especially the restriction from the doping issues with increase
of the Al composition.

The WPE is defined as the ratio of the light output power
(LOP) and the electric input power, and it can be subdivided
into the efficiency of different processes within the devices.
Generally, these processes can fall into two categories, i.e. the
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Fig. 1. (Color online) State of the art of UV-LEDs in the wavelength of 210—-320 nm. The wall-plug efficiency values are plotted as reported or calcu-
lated from reported voltage, current, and light output power. Data obtained from Refs. [9, 16—47].
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Fig. 2. (Color online) (a) Schematic band diagram and carrier injection in AlGaN-based UV-LEDs. (b) Equivalent circuit diagram for AlGaN-based
UV-LEDs with the flip-chip configuration. The voltage drops are estimated under the current densities of 50—100 A/cm?2 (12,

opto-related part and the electrical part. The former consists
of the radiative efficiency (RE) and light extraction efficiency
(LEE), describing the likelihood of UV photon generation by
the radiative recombination, as well as the subsequent
escape from the chips, respectively. While the latter includes
the carrier injection efficiency (CIE) and the electrical effi-
ciency, both of which are the foundation of UV-LEDs as a typi-
cal p—i—n structure. On the one hand, the electron and hole
concentration in the cladding layers directly determines the
CIE (Fig. 2(a)), as well as the contact property of electrodes (rel-
evant to the electrical efficiency). On the other hand, the cur-
rent spreading in the cladding layers is largely related to the
series resistance and operating voltage of devices (relevant
to the electrical efficiency), especially in the geometry of flip-
chip configuration as shown in Fig. 2(b)'2l,

Moreover, doping in the cladding layers indirectly influ-
ences the LEE in UV-LEDs. Specifically, owing to the lack of a
thorough solution for p-type doping in Al-rich AlGaN, a thick
p-GaN layer is widely adopted as a substitutel25 27.33,37, 39,41, 43],
Hence, the vast majority of the UV light emitted towards the
p-region is absorbed, restricting the increase of LEE as well as

WPE. According to the peak WPE of 15.3% by Nikkiso Giken
Co., Ltd.,, a combination of a transparent Al-rich p-AlGaN
cladding layer, a thin p-GaN contact layer and a reflective p-
electrode are optimum to significantly improve the device per-
formancel'd], which is, however, based on the realization of effi-
cient p-doping in Al-rich AlGaN.

This review focuses on the recent progress in efficient dop-
ing of AlGaN with Al composition higher than 50%, which is
applicable to sub-300 nm UV-LEDs. In this work, we summa-
rize the recent advances and outline the major challenges in
the efficient doping of Al-rich AlGaN. The corresponding
approaches pursued to overcome the doping issues are dis-
cussed in detail.

2. Progress of n-doped Al-rich AlGaN

Al-rich AlGaN with Al composition higher than 50% suf-
fers from a doping asymmetry issue, i.e. realization of effi-
cient n-type doping is comparatively easier than p-type one.
The state of the art of n-doped Al-rich AlGaN has been summa-
rized in Fig. 3, where the conductivity and electron concentra-
tion in n-AlGaN with Al composition lower than 80% reach

J M Wang et al.: Progress in efficient doping of Al-rich AlGaN
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Fig. 3. (Color online) State of the art of (a) conductivity and (b) electron concentration in n-doped Al-rich AlGaN. Data obtained from Refs. [50,

52-65,70, 74-76].
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Fig. 4. (Color online) Theoretical formation energy change of (a) Vy and (b) Cy as a function of V/IIl ratio and growth rate (proportional to the
metalorganic flow)’52), Experimental trade-off of the (c) growth temperature and (d) V /Il ratio to suppress the formation of Vy;-nSi and Cy[531.

the order of 102 S/cm and 10" cm-3, respectively. While the
Al composition exceeds 80%, a sharp degradation of electri-
cal property is observed, partially resulting in the extremely
low WPE in sub-250 nm UV-LEDs.

The electrical property of n-AlGaN is generally related to
the compensating defects, e.g. the cation vacancy and DX cen-
ters. Hence a series of point defect control schemes for n-
AlGaN epitaxy have been proposed, not only by
metal—organic chemical vapor deposition (MOCVD) but also by
molecular beam epitaxy (MBE) and magnetron sputtering
deposition.

2.1. n-AlGaN with Al composition lower than 80%

Silicon (Si) is the most common dopant for n-doping,
which shows a relatively low activation energy in Ill-nitrides,
i.e. a constant at around 15 meV in AlGaN with Al composi-

tion lower than 80%!8l, Hence the key to realize high conduc-
tivity and electron concentration is to reduce the compensa-
tion by defects, including the cation vacancy complexes with
Si (Vy-nSi) as well as carbon on nitrogen site (Cy). Both
defects can be suppressed by optimizing the growth condi-
tions of MOCVD, e.g. growth temperature, V/II ratio and
growth rate. In terms of Vy-nSi, a low growth temperature,
low V/II ratio and slow growth rate are conducive to
increase the formation energy (Fig. 4(a))*); while for Cy, the
requirements are exactly the oppositel®® 31, Therefore, a
trade-off of the growth conditions is essential for efficient n-
doping of Al-rich AlGaN, as shown in Fig. 4.

A typical characteristic of the optimized growth condi-
tions is that the growth temperature is relatively low, espe-
cially with regard to the epitaxial kinetics of Al-rich AlGaN.

J M Wang et al.: Progress in efficient doping of Al-rich AlGaN
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Fig. 5. (Color online) (a) Conductivity and (b) electron concentration as a function of Si concentration in n-Aly;Gag sNG9L,

Washiyama et al. reported a conductivity of 160 S/cm with an
electron concentration of 3 x 10" cm™3 in n-Aly;GagsN
grown on a single crystal AIN substrate, where the growth tem-
perature was reduced to 1000 °C52, Similarly, Nagata et al.
realized a conductivity of 152 S/cm in n-Aly¢,Gag3gN with the
optimized growth temperature and V /Il ratio being 1040 °C
and 1600, respectively!>3l, Yang et al. achieved an impressive
electrical property with a maximum conductivity of 200 S/cm
in n-Algs;GagasN at the growth temperature of 1040 °Ci4l
Studies at University of California Santa Barbara proposed an
indium-involved growth approach for n-AlGaN, leading to a
conductivity of 133 S/cm in Aly¢sGag 35N grown at 1050 °C51,
Additionally, a much lower growth temperature of 920 °C
was adopted in the In-Si co-doping method proposed by
Cantu et al., where a conductivity of 90 S/cm was realized
with an electron concentration of 2.5 x 10" ¢cm™ in n-
Alg 65Gag 3sNE6L.

It is worth noting that although the relatively low growth
temperature (lower than 1050 °C) is beneficial to the electri-
cal property, it is unfavorable for the two-dimensional
growth of Al-rich AlGaN, hence resulting in the rough sur-
face morphology. Studies at Peking University indicated that
the upper-bound growth rate for the smooth surface of n-
Algg5Gag3sN is around 0.65 um/h at 1100 °C on conventional
sapphire with a miscut angle of 0.2°57%, It is convinced that
the critical rate would further decrease at a lower tempera-
ture to pursue better electrical properties in n-AlGaN. This
growth rate can hardly meet the requirements for mass pro-
duction of UV-LEDs, where the thickness of n-AlGaN cladding
layer reaches 1.5 um or even thicker. Hence, we regulated the
surface kinetics of AlGaN by shortening the terrace width,
which achieved a growth window allowing a higher rate as
well as a lower temperature. Specifically, on sapphire with a
miscut angle of 0.5°, a growth rate of 2.3 um/h was realized
at 1050 °C for n-Alg 55Gag 45N with typical step-terrace morphol-
ogy; meanwhile, a conductivity of 102.8 S/cm was obtained
at this appropriate low temperaturef58l,

In addition to the growth conditions, other factors can
affect the compensating defects. Studies at North Carolina
State University showed the “knee behavior” by controlling
the incorporation of Si dopants into AlGaN. The conductivity
and electron concentration increased first and reached a
peak at the Si concentration of about 1.5 x 10" cm=3 as
shown in Fig. 5, while higher Si doping levels degraded the
electrical property of AlGaN, which was attributed to the
increased concentration of Vy-nSi as the self-compensating

defectsi®. Zollner et al. demonstrated that an extremely
reduced V/II ratio allowed a higher Si concentration (more
than 3 x 10" cm~3) before the degradation of electrical prop-
erty, where a maximum conductivity of 250 S/cm was real-
ized in n-AlygsGag3sN with a V/II ratio of 10060, The recent
studies at the University of Tokyo provided an alternative
route to address this issue, where heavily Si-doped AlGaN
was grown by magnetron sputtering deposition instead of
the conventional MOCVD. The V;-nSi defects were nearly neg-
ligible, even at the Si concentration of more than 102° cm3,
and a record high conductivity of 400 S/cm was realized with
an electron concentration of 1.2 x 102 cm=3 in n-
Aly ¢Gag 4NO,

Besides, MBE may be conducive to the electrical prop-
erty of n-AlGaN because the ultra-high vacuum chamber and
high purity sources could significantly reduce the incorpora-
tion of self-compensating impurities, in particular the C impu-
rity. Borisov et al. grew n-AlGaN by MBE, where the electron
concentration in n-AlggGag4N and n-AlygsGag 14N reached 2 x
10 and 7 x 108 cm~3, respectively. SIMS measurements
showed that the C concentration was below 1 x 107 cm~3 in
both samplest62l. Similarly, studies at Cornell University real-
ized a conductivity of 133 S/cm with an electron concentra-
tion of 3 x 10" cm~3 in n-AlycGag 4N grown on a single crys-
tal AIN substrate by MBE®3], The subsequent application of
these methods in UV-LEDs, e.g. the combination of mag-
netron sputtering/MBE (n-cladding layer) and MOCVD (active
region and p-cladding layer), is worth pursuing.

2.2. n-Al(Ga)N with Al composition higher than 80%

When the Al composition exceeds 80%, a rapid decrease
of conductivity in n-AlGaN (including n-AIN) has been widely
reported(®4 651 In other words, the activation energy of Si
sharply increases, as shown in Fig. 6(a)*8 66, 671 even up to as
high as 282 meV in n-AIN., The degradation of the electrical
property drastically decreases the electrical efficiency and
WPE in sub-250 nm UV-LEDs, which has attracted much atten-
tion because it is harmless to exposed human tissues©8: 691,

Some studies attributed the degradation to the compensa-
tion by O-related defects, e.g. O-DX or Vy-nO\% 71, In addi-
tion, studies have demonstrated that Si transformed from a
shallow donor to a stable DX center as the Al composition
beyond 80%, which acted as a stable and deep charge trap-
ping centerl72 731, For Si-doped AlGaN, it is believed that the
DX center is formed due to a bond-rupturing displacement of
Si atoms or the nearest-neighbor Al/Ga atoms in the wurtzite

J M Wang et al.: Progress in efficient doping of Al-rich AlGaN
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latticel’74. Fig. 6(b) shows the configuration coordinate dia-
gram of the DX center, where the parabolas labeled Uy, Upx®
and Upy~! represent the energy for electrons in the conduc-
tion band, the metastable DX? state and stable charged DX-!
state, respectively. The net energy difference (E,) between
the substitutional donor and the DX center determines the
occupation of the two levels as well as the electrical prop-
erty of Si-doped AlGaN. For AlGaN with Al composition
higher than 80%, this energy difference E, significantly
increases, which makes it difficult to thermally ionize Si
donors, suggesting a drastic decrease of the effective free elec-
tron concentration.

Deviation from the thermal equilibrium may be used to
maintain the Si dopant in the shallow state in AlGaN with Al
composition higher than 80%. Breckenridge et al. explored an
approach of non-equilibrium doping consisting of Si ion
implantation and a recovery annealing process, where the n-
type conductivity and electron concentration exceeds 1 S/cm
and 5 x 10'® cm=3 in AINU3L, Similarly, Bagheri et al. reported
a result of Ge implantation in n-AIN, realizing a conductivity
of 0.3 S/cml76l. MBE is an alternative method to obtain n-
doped AlGaN far from equilibrium. Studies at Georgia Insti-
tute of Technology achieved an electron concentration of

108 cm=3 in AIN grown by metal modulated epitaxy in MBE,
and a record high conductivity of 43.7 S/cm was obtained!’7].

3. Progress of p-doped Al-rich AlGaN

3.1. Challenges to achieve efficient p-doping

As mentioned earlier, p-doping of Al-rich AlGaN has been
an enormous challenge. Zhang et al. showed the “doping
limit rule” in semiconductors, where the valence band of AIN
was quite far from the p-like pinning energy level8l. In other
words, the low hole concentration in Al-rich AlGaN is an intrin-
sic characteristic. Great efforts have been devoted to p-dop-
ing of Al-rich AlGaN, and the major challenges include:

(1) Exceptionally high activation energy of acceptors.
Although magnesium (Mg) is a relatively successful p-type
dopant, its activation energy increases from 170 meV in
GaN to as high as 510 meV in AIN (Fig. 7(a))® 79-87], resulting
in an extremely low activation efficiency of Mg in Al-rich
AlGaN.

(2) Low solubility of Mg in Al-rich AlGaN. Theoretical calcu-
lations indicated that the solubility of Mg as a substitute for
Ga or Al in bulk AlGaN was quite limited owing to the posi-
tive and large formation enthalpies (Fig. 7(b))88. The func-
tion of formation enthalpy on the solubility of Mg could be

J M Wang et al.: Progress in efficient doping of Al-rich AlGaN
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expressed as in the following equation:

C= Nsitese_AHf/kBTa

where C was the equilibrium Mg solubility, Nyjtes was the num-
ber of lattice points that could be occupied by Mg atoms, AH;
was the formation enthalpy. As the Al composition increased,
both the formation enthalpies of Mg, and Mgg, monotoni-
cally increased as shown in Fig. 7(b), suggesting low solubil-
ity of Mg in Al-rich AlGaN.

(3) Compensation arising from the donor defects and/or
related complexes. The nitrogen vacancy (Vy), in particular
V3", is believed to be the main compensating defects in Mg-
doped AlGaN®9-91, The formation of the compensating
defects should be suppressed to increase the hole concentra-
tion in Al-rich AlGaN.

On account of these three factors, the hole concentra-
tion in p-doped Al-rich AlGaN is terribly low and far from satis-
fying the demand of efficient carrier injection. Hence, a num-
ber of targeted approaches have been proposed as shown
below.

3.2. Approaches to lower the activation energy

Over the past two decades, research has focused on the
reduction of the activation energy of Mg and a series of
approaches have been put forward. Superlattice (SL) doping
is one of the commonly used methods, where the band
bending caused by polarization modulates the activating
path, and hence lowers the activation energy, as shown in
Fig. 8(a)®d. Ebata et al. adopted 1.3 nm AIN/4 nm
Alg75GagsN SLs to achieve a small activation energy of
40-67 meV, and a hole concentration of 1 x 10 cm~3 was
obtained®3l. Similarly, studies at University of California
Santa Barbara realized a maximum hole concentration of
2.1 x 10" cm=3 in 0.67 nm Algg5Gag osN/0.67 nm Alg5GaggsN
and 1.7 nm AlygGag,N/1.7 nm Al ,Gag gN SLs94,

Although SL doping can effectively lower the activation
energy, the vertical hole transport is usually blocked by the
barriers, which restricts the effective hole injection into the
active region, and consequently the short-period SLs (SPSLs)
with thin barriers have been pursued. Simon et al. grew p-
type short-period 0.6 nm AIN/1.4 nm GaN SLs by MBE, which
showed better vertical transport than those with thicker
AINI), Recently, we proposed a desorption-tailoring strategy

to assemble Algg3Gag37N/Alg46GagssN SPSLs with a constant
ultrathin barrier thickness of 0.75 nm, where the vertical mini-
band transport of holes was experimentally verified accord-
ing to the feature of the negative differential resistance, as
shown in Fig. 8(b)®). Moreover, as a derivative of the SL dop-
ing, the quantum-dot (QD) doping in Al-rich AlGaN was
adopted by Jiang et al. The modulation of the valance
band in GaN QDs has been verified, leading to a low activa-
tion energy of 21 meV in AlGaN with an Al composition of
60%971,

In addition to the SL doping, the polarization-induced dop-
ing provides an alternate route to increase the hole concentra-
tion, as proposed by Simon et all’9), The Al compositional grad-
ing and the corresponding polarization-induced negative
sheet charge at the heterointerfaces are the core of this
method (Fig. 9(a)). Hence, the directions of spontaneous and
piezoelectric polarizations should first be clarified®8, in
particular for Al-polar AlGaN/AIN as adopted in UV-LEDs. As
shown in Fig. 9(b), the spontaneous and piezoelectric polariza-
tions are along the same direction in N-polar AlGaN/GaN,
which suggests that this is the optimal demo structure to ver-
ify the feasibility of this method. While for Al-polar AlGaN/AIN
they are along the opposite direction and partially counter-
acted, resulting in a relatively low polarization-induced net
sheet charge. A detailed structure design, e.g. gradient of Al
compositional grading and maintenance of strain, is then
required when adopting the polarization-induced doping in
UV-LEDs.

By linearly decreasing the Al composition from 1 to 0.7
within 100 nm (on AIN template), Li et al. realized a maxi-
mum hole concentration of 8.0 x 10'® cm=3 in Be-doped
AlGaN®™], Similarly, Rathkanthiwar et al. varied the Al composi-
tion from AIN to Aly3¢GagesN over a 70 nm thickness, where
an activation energy of 24 meV and a p-type conductivity of
0.7 S/cm were achieved, respectively'%), |t is worth noting
that the polarization-induced doping has been adopted in
UV-LDs, demonstrating the feasibility of this method in effi-
cient hole injection(101-103],

Besides Mg, Be is a potentially effective p-type dopant in
Al-rich AlGaN, whose atomic radii is quite close to Al. Studies
at Georgia Institute of Technology realized a maximum hole
concentration of 3.1 x 107 cm~3 in Be-doped AIN grown by
metal modulated epitaxy method in MBE!'%4, where the activa-
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tion energy of Be was estimated to be 37 meV in AIN under
appropriate growth conditions, which is much lower than
that of Mg in AIN.

3.3. Approaches to enhance the Mg incorporation

The surface effect during epitaxy has been demon-
strated to play an important role in enhancing the Mg incorpo-
ration. Tersoff theoretically revealed that the relief of the inher-
ent stress (owing to the atomic mismatch of dopants) at the
surface was the key to enhance the solubility('%%, In addition,
Zheng et al. proposed a modified surface engineering tech-
nique to promote the Mg incorporation in Al-rich AlGaN,
where the surface formation enthalpies of Mg, and Mgg,
were negative during periodic interruptions for Mg incorpora-
tion, as shown in Fig. 10, and the Mg concentration in
AlposGag 1N eventually reached 5 x 10" cm—3088l, To some
extent, this method is similar to the Mg-delta-doping, where
Mg-rich profiles were implemented into (Al)GaN by interrupt-
ing the ordinary crystal-growth mode (closing the TMAI and
TMGa fluxes) while continuously leaving the NH; flux®'. Fur-
thermore, Chen et al. proposed an indium-surfactant-assisted

Mg-delta doping method, where the introduction and subse-
quent desorption of In atoms generated more cation vacan-
cies near the surface, which were available for the Mg
occupation in the delta doping steps(% 1071 A" maximum
hole concentration of 8.3 x 10'® cm~3 was then obtained in
Alg 45Gag sgNI7),

3.4. Approaches to suppress the compensation

Similar to the situation in n-AlGaN, the compensating
defects in p-doped Al-rich AlGaN are mainly suppressed by
optimizing the growth conditions, in particular the V/II
ratio. Kinoshita et al. demonstrated that a high V/II ratio
(1800) was beneficial to the suppression of V\3* defects in com-
parison with the ratio of 1300 because the V\3+-related peak
emission was evidently weakened in the photoluminescence
(PL) measurements!'%], An even higher V/III ratio of 5000
was adopted by Nakarmi et al. during p-Aly;GagsN epitaxy to
suppress the V\3+ defects, and the p-type conductivity was
then greatly enhanced®'l. Recently, Bagheri et al. reported
the growth of Mg-doped Al sGag4N under an optimum V /Il
ratio of 2900, where a record high hole concentration of ~7 x
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108 cm—3 was realized for p-doped bulk Al,cGag4N on sap-
phirel'%], The significant increase of hole concentration was
attributed to the formation of the Mg impurity band, which
required both high Mg doping and low compensation. This
approach lifts previous limitations and may change the devel-
opment route of p-doped Al-rich AlGaN.

The introduction of In atoms during p-AlGaN epitaxy is
adopted to suppress the compensation, where In atoms are
expected to act as a surfactant!'%: 1101, |n a study of In-surfac-
tant-assisted Mg-delta doping, Chen et al. extracted the com-
pensation ratio by fitting the plots of temperature-depen-
dent hole concentrations and a significant reduction of the
compensation ratio was obtained in the Mg-delta-doped sam-
ple with In surfactant (62%) in comparison with the one with-
out In surfactant (79%), which suggests a reduction of the com-
pensating donor defects!'06],

4, Conclusion

Thanks to rapid development over the past two decades,
AlGaN-based UV-LEDs are gradually achieving widespread com-
mercial applications. A series of breakthroughs in technolo-
gies have been realized, and a peak wall-plug efficiency of
15.3% has been obtained. Within the next decade, it is likely
that UV-LEDs will completely replace the conventional mer-
cury UV lamps. This requires progress or even revolutionary
technologies in all aspects, including but not limited to the
new configuration of devices, materials with higher quality,
and more efficient doping approaches.

This review primarily focuses on the recent progress in effi-
cient n- and p-doping of Al-rich AlGaN, which is closely
linked with the carrier injection efficiency and the electrical effi-
ciency of UV-LEDs. We summarize the major challenges and
provide an overview of approaches to overcome these obsta-
cles. To date, n-doping of AlGaN with Al composition up to
80% can be considered to be mature enough, laying the foun-
dation and confidence for the further researches on n-AlGaN
with higher Al composition. However, there are still many prob-
lems with p-type doping that need to be resolved. Detailed dis-
cussions for a variety of p-doping approaches are provided in
the review, including SL doping, polarization-induced dop-
ing and Mg-delta-doping. More progress should be pursued
to further improve the performance of UV-LEDs.
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