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discussion focused on cubic phase as an alternative for surface disinfection
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Crisis in coronavirus times requires understanding the effects on society and establishing efficient mechanisms to prevent infections. The
disinfection of personal protection equipment by UVC light remains a key opportunity area. Therefore, this letter presents the main drawbacks
and challenges on the fabrication of deep ultraviolet LEDs based on III-nitrides, such as the substrate selection, dislocation reduction, the
increase of external quantum efficiency, enhancement of the radiative recombination in the active region, the complications to reach high Al
content in AlGaN-based UVC LED avoiding the reduction of the p-doping, replacing the p-GaN contact layer by p-AlGaN without hindering
the deposition of ohmic contacts. Furthermore, the cubic phase is suggested as a promising candidate for AlGaN UVC-LEDs applications as
is discussed in this work.
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Introduction

At of the time of writing, more than 250 million people have
been infected and more than 5 million deaths have been re-
ported since the pandemic related to new Severe Acute Res-
piratory Syndrome Coronavirus (SARS-CoV-2) began [1];
however, the problem is more serious than it seems. More
than 37 million HIV patients and their treatment are at risk
[2], just like the attention for noncommunicable diseases
such as hypertension, and cardiovascular emergencies, dia-
betes and its related complications, even cancer patients [3–5]
which were partially or completely diminished to dedicate
the best efforts as possible to Coronavirus Disease named
COVID-19. This situation has been triggered by the lack
of staff strongly related to workers’ reassignment, medicine
shortage, and a decrease in public transport services [6].

From another perspective, stay-at-home policy and so-
cial distancing have brought consequences in mental health
such as depression and anxiety [7,8], even changing the per-
ception of safety and security. Only the North America and
Russia-Eurasia regions (2 out of 9 regions in the world) be-
came more peaceful in comparison with 2019. This means
that shocks like COVID-19 and the resulting recession have
affected education, societal safety, security, as well as the do-
mestic economy, especially in the more vulnerable and con-
flicting regions [9].

According to a report from the Institute of Economy and
Peace, global violence has cost around USD 14,528.9 billion
in Purchasing Parity Power terms in 2019 [10]. Thus, the fol-

lowing scenario is not promising while violence continues to
increase. Moreover, at least 88 million people could fall into
extreme poverty at the end of 2020 and up to 35 million more
in 2021, indicating a three-year reversal of world prosper-
ity and fight against poverty [10]. This increase in poverty is
largely due to the fact that most of the people who work in the
informal sector without social security have been affected by
mobility restrictions, social distancing, and lockdowns [10].

When people worldwide began to need some protection
to continue their ordinary life during the SARS-CoV2 out-
break, some products got more expensive and inevitably in-
accessible. At this point, also the World Health Organization
(WHO) published recommendations about what barriers and
personal protection equipment were useful to diminish the
number of deaths and seriously ills [11]. These recommen-
dations provoked the facemask and respirators market into
an increment from USD 1.03 billion (before the outbreak) to
more than USD 2.5 billion at the end of 2020, reaching up to
USD 2.8 billion in 2026, depending on the pandemic evolu-
tion [12], and the overprices that, in some cases, have reached
a factor of five [13]. As a consequence, both the production
and the pollution related to these have increased up to more
than 20 times from February to June 2020 [14].

To meet the demand and overprices, elaboration of home-
made masks and reuse of standardized ones have been taken
as two options; however, the reuse of equipment exposed to
pathogens may cause a considerable increment in confirmed
cases by reduction of effectiveness [15]. A review of diverse
disinfection approaches points to UV radiation as a useful
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and effective disinfection method to face the SARS-CoV-2
spread and the COVID-19 contagion. Fighting the pandemic
by a disinfection approach will contribute to reduce social
distancing and restart activities such as commerce, tourism,
and education, which will counteract the side effects on men-
tal health, security, and the economy. On the other side, face-
masks costs might be reduced while the demand for dispos-
able Personal protective Equipment (PPE) is reduced from
the reliable reuse of disposable medical gowns, facemasks,
and respirators.

Despite Light Emitting Diode (LED) technology being
closely related to electronic devices development in different
areas such as lighting [16], communications, and entertain-
ment, a growing interest is showing up in healthcare to gen-
erate faster and more accurate tools (e.g., medical equipment,
vital signs monitoring devices, disinfection, sensors) [17,18].
Due to the recent health crisis in the world, special efforts on
disinfection research have been made to obtain and optimize
barrier mechanisms avoiding infectious agents like SARS-
CoV-2 [19], MERS-CoV [20], and Ebola [21]. Although
Low-Pressure Mercury (LPM) lamps and, still in develop-
ment, UVC LED devices (200-280 nm) are effective against
viruses and bacteria [22], material research and deposition
techniques are widely studied because of deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA) destructive proper-
ties of UVC radiation [19, 23, 24]. Is important to mention
that LPM lamps have characteristics that put them at dis-
advantage compared to UVC LEDs (e.g., big size, fragile
glass components, usage of Hg, and shorter lifetime). How-
ever, it is still necessary that LEDs increase their power lev-
els and enhance their efficiency in order to reduce exposure
time achieving the same disinfection effectiveness [23, 25].
One of the most important issues to deal with is the fact that,
as the wavelength emission shortens, the device shows less
power [26]. Therefore, is essential to determine the optimal
wavelength for the device design [26, 27] considering short
exposure times, since as the exposition time increases the UV
disinfection could be counterproductive [28]. Fortunately,
UVC-LEDs are still being improved and efficiency is ex-
pected to increase so that this technology substitutes the LPM
lamps for UV disinfection. In order to unfold the challenges
and drawbacks in the development of UVC-LED based on
III-nitrides, it is important to approach the fact that disinfec-
tion requires UVC range emissions to inactivate viruses.

Virus inactivation mechanism

The spread of diseases and the capability of human beings to
endure infections are susceptible to the amount of infectious
load to which we are regularly exposed. It is remarkable
to mention that different environments refer us to different
viruses and bacteria loads [29], which inevitably puts human
life at risk for disease contagion. Viruses depend on a host to
maintain activity and reproduce; thus, they have to adhere to
a cell that allows them to continue transmitting their genetic
information. This is encoded as a sequence of nucleotides,

which are made up of nitrogenous bases linked to deoxyri-
bose or ribose in DNA or RNA, respectively [30]. The ni-
trogenous bases that are part of DNA are Guanine-Cytosine-
Adenine-Thymine, while in RNA Uracil replaces Thymine.
Using the machinery of the cell, the nucleic acid (DNA or
RNA) of the virus produces proteins through a mechanism
that involves messenger RNA (mRNA). These proteins func-
tion as antigens that stimulate an immune response in the
body [31,32]. The mRNA is decoded and used for designing
vaccines to face the COVID-19 pandemic [33]; however, the
challenge of delivering the artificial mRNA to the cells (either
naked mRNA in vivo or wrapping it with lipid-based carriers)
remains [34]. While pharmaceutics and researchers are look-
ing to diminish both contagion and disease symptoms, it is
also necessary to consider different approaches (inactivated
or attenuated virus, replication vectors, RNA or DNA, among
others) [35] and the side effects (from fatigue, pain, chills and
skin reactions to fever, urinary retention, and even moderate
Bell’s palsy) 31 to guarantee vaccine safety [36]. On the other
hand, RNA-based viruses show rapid mutation compared to
DNA-based viruses [37]; thus, SARS-CoV-2 mutations re-
sult in more infectious virus strains that could complicate the
vaccine development and efficiency [38,39].

UV radiation for disinfection

While the development of vaccines and treatment against
SARS-CoV-2 and COVID-19 continues its progress [36], it
is reliable to aim at disinfection as a mechanism to prevent
contagion [28]. In contrast with vaccine effectivity, UV dis-
infection is not affected by virus mutations due to the fact that
the effectiveness of UVC devices on coronaviruses inactiva-
tion is based on the formation of dimers by adjacent uracil or
thymine present in RNA or DNA, respectively. This genetic
disruption mechanism is triggered by photoreactions and is
due to the sensitivity of these nitrogenous bases to UVC ra-
diation [40,41]. First, the photons emitted around 260 nm

FIGURE 1. Mechanism of virus inactivation by uracil dimer for-
mation.
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are absorbed by the nitrogen bases breaking a specific car-
bon covalent bond in the ring of the molecule (as shown in
Fig. 1) so, at this moment, the two adjacent bases are linked
through stronger covalent bonds provoking genetic mutation
by chain disruptions [22,40,41]. Because of this RNA (DNA)
sequence’s fractures, the capabilities of viruses and bacteria
are depleted, preventing their lodging, reproduction, and the
infection that causes to the host [42]. Therefore, the use of
germicidal UVC radiation devices to disinfect potentially in-
fectious surfaces is taken as an important object of study to
compare efficiency, risks, and benefits between technologies
[27, 43, 44]. It is possible to disinfect surfaces such as walls
and furniture inside hospital rooms [45], even N95 masks and
PPE achieving a 90% inactivation of viruses, making possi-
ble their reuse [46]. Nevertheless, it is crucial to determine
the correct dose with minimal damage to filtering facepiece
respirators [47], considering that the longer wavelength is,
the higher the used dose must be [26]. Some complemen-
tary treatments or disinfections techniques include both UVA
and UVC radiation to minimize the risk of contagion. First,
UVA (315-400 nm) is used for the reactivation of viruses and
bacteria which sequences had been disrupted. Then, a UVC
stage is in charge of destroying the most microorganisms as
possible by dimerization of thymine or uracil; whatever the
case, the experiments are typically performed with Medium
Pressure and Low-Pressure Mercury lamps as UVA and UVC
sources, respectively [48], increasing the risks of poisoning
due to accidental contact with Hg. In the first instance LPM,
as the main source of UVC light, has been replaced by its
analog LED. Although LEDs emit in narrower bandwidths,
these can be set in principle to any wavelength depending on
the material.

UV LEDs have their origins in Gallium Nitride (GaN)
[49], which allows them to be grown as crystal thin films,
reducing dimensions compared to other light sources such
as incandescent bulbs or fluorescent lamps. However, these
LEDs are limited by the wavelengths available in GaN struc-
tures (over 350 nm). In this case, it leaves aside the idea of
using it in UVC development. Therefore, the incorporation
of aluminum (Al) to attain shorter wavelengths and cover al-
most the entire UVC range, has been investigated by using
aluminum-gallium nitride (AlGaN) alloys [50].

AlGaN-based UV LED

III-N semiconductors are widely studied for LED fabrica-
tion, from gallium nitride (GaN) to ternary alloys such as
aluminum-gallium nitride (AlGaN) and indium-gallium ni-
tride (InGaN) [51–55]. All these materials have different
optical, morphological, and electrical properties which ex-
tend their use to different fields. The hexagonal (h) struc-
ture is the stable phase of III-nitrides, but the cubic (c) phase
(metastable) has also been studied due to distinct proper-
ties that we will discuss below. In order to produce a light-
emitting device in the UVC range, the energy gap (Eg) of the
material must emit photons with energy between 4.43 and

FIGURE 2. Effect of the bowing parameter on the Energy gap of
AlGaN LED.

6.20 eV. Thus, from the fact that the range of the AlGaN en-
ergy gap extends from 3.27 and 3.47 eV [56] (for c-GaN and
h-GaN, respectively) to 5.7 and 6.25 eV [56] (for c-AlN and
h-AlN, respectively), and that the bandgap is directly related
to Al content [57],Eg can be varied by increasing (or de-
creasing) the Al content according to Eq. (1) [58].

EAlxGa1−xN = xEAlN + (1− x)EGaN− bx(1− x). (1)

To estimate the alloy’sEg, for the hexagonal phase, it is
important to mention that despite early works point tob = 1
eV as a correct value [59], the bowing parameter was also
taken asb = 0.7 eV to reduce deviations [60]. However,
from more recent work, b in Eq. (1) can be set as 1.775 eV for
hexagonal phase, and 0.391 eV for cubic phase [56]. Fig. 2
illustrates the change ofEg as a function of Al, it also shows
how the bowing parameter affects the expected Eg of the Al-
GaN alloy. Furthermore, it is important to mention that LEDs
are evaluated by their External Quantum Efficiency (EQE),
which involves Internal Quantum Efficiency (IQE), Light Ex-
traction Efficiency (LEE), and Carrier Injection Efficiency
(CIE), which are related through the Eq. (2) [61].

EQE = IQE × LEE × CIE. (2)

In order to obtain high-power and efficient UVC LED,
three general aspects from Eq. (2) should be considered:
first, to enhance the CIE by increasing carrier injection to
the active region [62, 63] and preventing the carrier leak-
age [64, 65]. Second, in order to reach higher IQE, it is nec-
essary to diminish the dislocations present in III-N semicon-
ductor [66,67] and, in the case of the hexagonal phase, reduce
the effects of strong piezoelectric and spontaneous polariza-
tion [68]. And third, the LEE is increased by employing dif-
ferent approaches from patterned substrates to photonic crys-
tals [69–72]. In all cases, it is essential to consider that, while
wavelength increases,i.e., from 267 to 297 nm, this shifting
provokes an increase in UVC doses required for disinfection
of around 26 mJ/cm2 [26].
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FIGURE 3. Structures of the UVC LEDs: a) Typical lateral struc-
ture, b) Vertical structure or V-chip structure, c) Flip-Chip structure,
and d) Thin Film Flip-Chip Structure.

LED structure considerations

Recently, the use of GaN as the contact layer remains in UVC
LEDs design, mostly due to some considerations about dop-
ing and transparency that will be mentioned in more detail in
later sections. However, the p-contact layer is not the only
stage in UVC LED development that could be designed from
different approaches. There are superlattices as strain ab-
sorber [73] and extra layers [74] that benefit the carrier in-
jection without sacrificing the carrier densities, even carrier
blocking layers [75–77] with different structures to prevent
the leakage [78].

The typically used LED structures are shown in Fig. 3 in
order to visualize the different stages of LED development.
In general, the design starts with the substrate and its cor-
responding buffer layer, the n-type contact layer, the active
region, the electron blocking layer, and the p-type contact
layer. However, sometimes additional p-type layer is grown
to avoid unwanted effects of the p-AlGaN contact layer [79].
Each layer carries diverse challenges [52]: the substrate and
its buffer must provide the least number of defects, be as
transparent as possible, and allow heat extraction. The n-
type layer must spread the current efficiently and manage the
strain; the active region faces the main task of increase IQE
and carrier confinement which allows emitting photons by
energy quantization, and the p-type layer, must enhance the
CIE. Thus, it is needed a low resistance in both layers and
contacts.

Substrate and buffer layer

The first element to consider is the substrate, here it is very
important to choose the appropriate crystal structure since
there are relevant differences between the cubic and hexago-
nal phases of III-N materials [56]. It is important to note that

the maximum concentration of Al that the cubic phase allows
before the material shifts from direct to indirect bandgap is
around 70% [56]. This is a severe drawback because when a
semiconductor changes to an indirect bandgap, the probabil-
ity of radiative recombination is reduced because a phonon is
necessary to conserve momentum in the emission of a pho-
ton [80]. On the other hand, the hexagonal phase of AlGaN
presents the advantage over the cubic phase of requiring a
lower concentration of Al to reach higherEg; nonetheless,
when working with h-AlGaN, it is very important to consider
that built-in internal electric fields cause a large shift to less-
energetic emission [80], as will be discussed in the next sec-
tions. In general, due to the fact that the hexagonal structure
is the stable phase of III-nitrides, the state of art unfolds stud-
ies that support sapphire as the main substrate in UVC LED
growth [74,81–87].

Even though, it is important to consider that crystalline
sapphire or silicon carbide films (SiC) still suffer from ex-
cessive defects from substrate-film mismatches as thickness
increases [88]. This is provoked, to a large extent, by the dif-
ferent lattice constants between the alloy components (AlN,
InN, and GaN) [57, 89–91] and the change in the target Al
content throughout the multilayer [92]. Moreover, due to its
absorption, SiC is not explored enough [93], although, in or-
der to face this drawback, UVC LED on SiC could be pro-
cessed into a thin-film flip-chip to obtain high LEE [93].

During the growing procedure, these defects introduce
nonradiative recombination centers in the semiconductor,
which contribute significantly to the reduction of LED ef-
ficiency [94]. In other words, the radiative recombination,
which is required to emit photons, is limited by dislocations
or defects in each layer during their growth affecting both the
EQE and the Light-Output Power (LOP) as shown in Figs. 4a
y 4b, respectively. Thus, dislocation densities of109 cm−2

are needed to reach 50% or higher IQE [95]. The state of
art reports that nanopattern sapphire substrates show a 98%
increase in EQE by reducing the number of dislocations com-
pared to flat sapphire substrates [96]. Another consideration
is required since III-V alloy components have different lat-
tice constants; therefore, an AlN buffer layer must be grown
to replicate the substrate structure in order to avoid cracks and
reduce dislocations [97]. The following layer on the hexag-
onal AlN must be designed to improve the LED technology
and its efficiency [98].

Furthermore, superlattice structures (SL) on sapphire
substrates are employed in order to decrease the dislocations
and prevent cracks as the thickness increases by reducing
the tensile strain [99]; these SLs filter the dislocations sig-
nificantly [73, 100]. Besides, the use of AlN/GaN SLs has
shown intense luminescence in the deep ultraviolet region
from 4.4 to 5.0 eV (related to the GaN layer thickness) when
an AlN/GaN SL (1.8 nm, 0.6 nm, and 0.75 nm) is grown by
MBE on a 4H-SiC substrate [101]. Moreover, an AlGaN-
based transition layer might be grown after the AlN buffer
layer which results in a crack-free smooth epitaxial film with
threading dislocations around3.8× 109 cm−2 on a Si sub-

Rev. Mex. Fis.68020301
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FIGURE 4. Dislocation effect on LED performance a) Relationship between dislocation density and EQE at 20 mA and b) LOP as a function
of wavelength.

strate achieving a roughness of 1.5 nm which is critical to
obtain highly efficient quantum wells (QWs) [102].

The challenge of enhancing the active region

Once the substrate has been chosen and buffered, the next
step is to study the photoluminescence emission peak, which
is directly related to the active region. Here, it is necessary
to mention that light emission characteristics can strongly be
modified by using different quantum heterostructures such
as quantum dots (QD) [103–105], nanowires, and quantum
wells (QW) confined between quantum barriers (QB).

Moreover, the efficiency in the active region is closely re-
lated to three different types of recombination mechanisms,
as shown in Eq. (3), employing the ABC model [106].

R = An + Bn2 + Cn3 + f(n), (3)

whereR is the recombination rate,n the carrier concentra-
tion, andf(n) the leakage current as a function of the carrier
concentration. A, B, and C represent the Shockley-Read-Hall
(SRH), radiative, and Auger recombination coefficients, re-
spectively. These three coefficients refer to the recombination
mechanisms illustrated in Fig. 5. First, radiative (or band-to-
band) recombination is the base of photoemission in the ac-
tive region and involves electrons from the conduction band,
which recombine with holes in the valence band, releasing
energy as photons during the process. Secondly, SRH re-
combination plays an important role when high levels of dis-
locations are present in the structure, generating heat [106].
Finally, Auger recombination is related to the carrier con-
centration and allows that a third carrier absorbs the energy
released by electron-hole recombination, raising it higher in
the conduction band or pushing down a hole deeper in the
valence band [107].

FIGURE 5. Recombination mechanisms, a) radiative recombina-
tion, b) Shockley-Read-Hall recombination and c) Auger recombi-
nation.

For the optimization of device performancei.e., radiative
recombination, the selection of the thickness of the QWs and
barriers is crucial. In the hexagonal phase, due to the pres-
ence of the spontaneous and piezoelectric fields, the electrons
and holes inside the QWs are separated, leading to a decrease
in the probability of radiative recombination, as illustrated in
Fig. 6a), as well as a shift of the emission toward lower en-
ergies. This is known as the quantum-confined Stark effect
(QCS) and its influence is shown in Fig. 7a), where the emis-
sion wavelength is plotted as a function of QW width (red
color line) and compared with the emission without internal
electric fields (blue color line) for Al0.61Ga0.49N QWs sand-
wiched between AlN QBs. For reference, the theoretical data
are also compared with experimental results from Haughn
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FIGURE 6. QW width effect on emission wavelength of AlGaN-based UVC using QW/QB structure based on a) Al0.61 Ga0.49N/AlN in
hexagonal phase, and b) built-in electric field as function of Al mole fraction and thickness (insert) in the barrier. The emission wavelength
was calculated using the ground levels in the QWs by solving Schrödinger’s equation. The energy shifts were obtained as described by
Phys. Rev. B, 28 (1983) 3241. The built-in electric fields were calculated according to Morkoç, “Handbook of Nitride Semiconductors and
Devices”, vol. 1. Wiley-VCH, 2009.

FIGURE 7. QD scheme from Islam et al119 with emission at a) 232 nm (1-2 ML QDs), b) 246 nm (2-3 ML QDs) and c) 270 nm (3-4 ML
QDs).

et al.[108]. As observed in Fig. 7a), the red-shift of the emis-
sion wavelength increases with both the QW thickness and
strength of the built-in electric field. Here, it is important to
remark that the internal electric field strength is on the order
of MV/cm−1 and rises with the Al content and thickness in
the barriers, as presented by the theoretical curves in Fig. 7b)
and its inset. In this case, the calculation of the electric field
includes both spontaneous and piezoelectric polarization and
is consistent with previous similar studies [109–111]. These
theoretical results show that the QCS effect has a large influ-
ence on the QW transition energies, reducing the IQE.

Thus, in order to improve the radiative efficiency in
hexagonal AlGaN-based UVC LED, very thin QWs have to
be employed so that the QCS effect is mitigated (Fig. 6b)),
and the oscillator strength of radiative transitions are in-
creased [80, 112, 113]. For example, Hirayama et al. have
investigated the effect of QW thickness on the LOP [114].
They proposed a device structure with 1.3 nm thick QW with
remarkable improvement in radiative performance. There-
fore, combinations of three aforementioned parameters,i.e.,
well width, barrier thickness, and Al content, could be engi-
neered to minimize the influence of the QCS effect in opto-

Rev. Mex. Fis.68020301
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FIGURE 8. UVC LED EQE evolution.

electronic devices. For example, aiming for short-wavelength
emission, thin wells with a high Al content are required,
which increases the built-in electric field as stated above. To
compensate, thin barriers could be used to mitigate such an
increase.

On the other hand, the QCS effect is not present along
the (100) direction of cubic-AlGaN. However, the emission
wavelength in this phase is limited by the Al content in the
barrier since AlxGa1−xN becomes an indirect band-gap ma-
terial atx = 0.7. Even so, it is possible to use cubic Al-
GaN material for UVC LEDs. For example, 260 nm emis-
sion can be obtained employing cubic Al0.7Ga0.3N barriers
and Al0.5Ga0.7N wells with a thickness of 1.3 nm. The vari-
ation of wavelength with well width is plotted in Fig. 8 for
different Al content in cubic QWs. Additional advantages
of employing the cubic phase are the easier p-type doping,
higher mobility, and perpendicular< 011 > cleavage direc-
tions [115]. To further enhance the efficiency, the QB must
be designed in such a way that SRH recombination, tunneling
leakage, and carrier overflow are mitigated [116].

On the other side, QDs are used to set the bandgap be-
tween desired values, with promising results from 232 nm to
270 nm [117]. This change in emission wavelength is made
by controlling the thickness of GaN QD (Fig. 9) while keep-
ing them between 1 and 4 monolayers (ML) for the GaN/AlN
active region emitting at 225 nm.

Even though hexagonal-phase LED development has ad-
vanced in the UVC range, it is possible to observe in Fig. 10
that some researchers still present EQE equal to 1% and 2%
in wavelengths around 220 nm [118] and 280 nm [95], re-
spectively. In order to increase these values, optimization of
deposition techniques, materials, and the entire LED fabri-
cation process has allowed witnessing increasingly constant
reports with EQE around 10% [74, 119] and up to 20% af-
ter a full improvement with an emission peak centered at 275
nm [120]. It has been reported that when both LEE and IQE
increase to 60%, it was also necessary the addition a 50 nm-
Al0.65 Ga0.35N transparent contact layer doped with Mg

FIGURE 9. Schematic band diagram of MQW-based LED (without
internal electric fields effect for simplicity).

FIGURE 10. Effect of thickness of QW on the electron-hole over-
lapping probability.

(hole centration of8×1019 cm−3), a reflective Rhodium (Rh)
electrode, a sapphire substrate, and encapsulation with resin.
This IQE increment is due to the transparency enhancement
of aluminum nitride templates [121]. Moreover, it has been
reported that the use of uneven AlGaN QW with Al content
over the 60% allow that IQE increases and, subsequently, the
EQE [122].

QW and QB roles in UV emission

In III-Nitrides semiconductors, the asymmetrical behavior of
electrons and holes, such as the difference in their effec-
tive mass and mobility, deteriorates the performance of de-
vices [123]. Because of that, the concentration of carriers is
not uniformly distributed inside of the QW region. Conse-
quently, the radiative performance of the device is degraded
especially at high current densities [124]. A number of the
strategies are presented for the improvement of performance.
In design, researchers are mainly focused on hole injection
into the active region because of its high effective mass. Usu-
ally, in the conventional structure of UV-LEDs, a single layer
for the electron blocking (EBL) is used,i.e., p-AlGaN, for
better confinement of carriers inside of the active region.

The EBL provides a high barrier in the path of high-
energy electrons, in this way, leakage of electrons from the

Rev. Mex. Fis.68020301
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FIGURE 11. Hole concentration versus Al content in AlGaN al-
loys.

active region is reduced. Besides, EBL affects the hole in-
jection efficiency into the active region due to barrier height.
In this situation, most of the holes are injected by thermionic
emission. The phenomena of hole injection by thermionic
emission can be improved by interplaying two factors: hole
concentration and valence band offset [125]. Moreover, the
difference in the content of Al composition in the last QB and
EBL leads to the formation of a polarization field. Various
approaches have been reported in which holes are injected
by both thermionic emission and intra-band tunneling. Khan
et al. have reported the feasible solution for the reduction in
Mg-diffusion from p-doped EBL to the active region and hole
injection by intra-band tunneling [125]. They have reduced
the thickness of the final QB (Al content same as in EBL)
and introduced a valley in EBL with low Al content in com-
parison to EBL layers, simultaneously in the proposed device
structure. For a better understanding, the schematic band di-
agram of the device structure is shown in Fig. 11. Conse-
quently, the proposed structural strategy of the device is sup-
ported for the enhancement of intra-band tunneling (HIT) and
hole by thermionic emission (HTE) because of the decrease
in valence band offset, meanwhile the issue of uneven distri-
bution of carriers inside the active region is also reduced.

Regarding the thickness of QWs and QB, several re-
searchers have reported that thicker QW and QB leads to the
uneven distribution of carriers inside the active region which
degrades the radiative performance [126,127]. Due to thicker
QB, the hole tunneling inside of the active region is reduced.
Khan et al. have studied in detail the effect of the last QB
thickness by introducing the last QB with different thick-
nesses (4, 6, 8, and 10 nm). They concluded that the device
structure with a thickness of 6 nm exhibited the best perfor-
mance among all of them. Since for 4 nm QB, the chance
of Mg-diffusion towards the active region is also increased.
Therefore, for the compensation of both, hole tunneling and
Mg-diffusion, the thickness of 6 nm QB is reported to be the
best.

EBL and p-type layers

Despite the increase in the IQE by reducing the dislocations,
enhancing the active region and contact layers, electron leak-
age due to high operating currents and the associated heat-
ing affect the LED, causing an efficiency droop, decreasing
the EQE to values lower than 5% [128]. While p-type Al-
GaN layers with high Al content used as hole injection layer
(which commonly goes under p-type contact layer shown in
Fig. 3) have low hole concentration (lower than1 × 1017

cm−3) and will provoke parasitic emissions [129]. Enhanc-
ing the radiative recombination by increasing the carrier con-
finement in UVC LED also requires leakage electron block-
ing.

For performing the EBL, it is necessary high Al content
to avoid that the electrons absorb energy without emitting the
expected UVC radiation. However, high Al content draw-
backs in design. To solve this, some approaches have been
studied such as p-type electron blocking layer (p-EBL), p-
EBL superlattices, and graded superlattices [128–132]. By
applying an EBL with an SL structure, the effective bar-
rier height at the valence band is decreased. On the other
hand, the conduction band is increased, mitigating the elec-
tron leakage while the hole injection augments [75]. It has
been demonstrated that the inclusion of p-EBL superlattices
to the LED structure allows achieving high EQE compared to
similar LEDs without EBL 131 and even increasing around
90% more EQE by reducing the efficiency droop to 4% in
LEDs emitting around 270 nm [128].

Another approach to improve LED performance is to sub-
stitute the conventional EBL with graded EBL, step graded
and step graded superlattices, which have presented IQE
up to 37.4% and 15% less efficiency droop with an emis-
sion peak at 224.76 nm [78]. Besides, the implementation
of a layer that allows blocking the holes just like the EBL
blocks the leaking electrons have been recently investigated.
This Hole Blocking Layer (HBL) implementation has been
demonstrated to enhance both the light-output power (24.2
mW to 56.1 mW) and IQE (from 32% up to 72%) [76]. In
other words, by growing HBL between the active region and
n-type layer, the radiative recombination augments, and the
hole leakage is prevented [76,77].

As mentioned above, EQE is an essential parameter to
measure the efficiency of LED devices. Thus, different ap-
proaches to enhance this value are explored above. Another
critical path is to replace the typically used p-GaN with p-
AlGaN as a contact layer to reduce the UV absorption. How-
ever, this is a complicated task because of the high activation
energy necessary to implant Mg 120 from 160 meV [133] to
500 meV [134], even up to 630 meV [135]. Despite this,
it has been demonstrated that improving the transparency
of contact layers enables the LED to increase EQE at least
5% by changing Ni/Au electrodes for Ni/Al electrodes [71,
136]. Also, EQE can be improved 3% more through rising
hole concentration in p-AlGaN, despite the drawbacks that
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FIGURE 12. Specific contact resistance performance based on Greco et al[161], a) Differences between p-GaN against n-GaN heterostructure
as the contact layer b) Al concentration vs Specific contact resistance in AlGaN/GaN heterostructures.

p-doping AlGaN:Mg involve, finally superseding GaN con-
tact layer [71].

Until this point, the mechanism for enhancing efficiency
in UVC LEDs have been discussed, considering the results
depending on what previous works reported. However, sev-
eral considerations must be done such as p-doping draw-
backs when high Al content is used in AlGaN alloys, how
this high Al content benefits the material transparency and
what is needed to decrease the specific resistance of materi-
als and allow a more efficient carrier injection to the active
region [117,137,138].

Whereas p-GaN ohmic contact growth is studied to im-
prove the efficiency [139], the use of AlGaN in the p-type
doping and growth of ohmic contacts remains in search to
become more functional. Although 7% more EQE at 276 nm
emission peak has been reported by the implementation of a
p-AlGaN transparent contact layer is implemented, when the
wavelength is shortened to around 260 nm, the EQE droops
to 2.3%-3.3% [136, 138]. For the p-contact layer increases
the transparency, it is necessary to substitute the typical GaN
contact layer with AlGaN with high Al content; however, the
more Al content is in the alloy, the greater activation energy
for p-type doping is needed [140].

P-type doping and ohmic contacts

Since growth and doping required both accuracy and fine
control of fluxes, epitaxy is used as the main deposition tech-
nique for LED fabrication. In this way, there are three epi-
taxial techniques more used such as molecular beam epi-
taxy (MBE), migration enhanced epitaxy (MEE), and met-
alorganic chemical vapor deposition (MOCVD) [141–144].
Besides, the development of combined methods based on
MBE, MEE, and MOCVD, such as metal-source flow-rate
modulation epitaxy, are of interest as long as Nitrogen flux
remains constant reducing the activation energy of accep-

tors and smooth surfaces could be produced [145]. On the
other hand, besides the deposition technique used for grow-
ing, in order to obtain high p-type doping levels, it is neces-
sary to consider that while cubic phase p-GaN has demon-
strated recently to reach an Mg concentration of1020 cm−3

for III-V semiconductors, it must be considered that this
value is approaching the solubility solution limit which could
cause a strong drop in hole concentration because of self-
compensation that involvesMg−VN complexes [146]. How-
ever, it is remarkable to note that hole concentration over
1019 cm−3 with a mobility of 3 cm2/Vs point to c-GaN is a
suitable alternative to obtain high free hole concentration for
cubic-structures-based LEDs [146]. In addition, considering
the current state of art emphasizes the use of hexagonal phase
for UVC LED development, the doping of AlGaN is more
complicated than GaN doping (p-type more restricted than
n-type), because of the high activation energy of Mg around
630 meV (for AlN:Mg) [135, 143], and the maximum solu-
bility of dopants in III-nitrides semiconductors [105]. Thus,
bulk structures, superlattices, grading the Al content, evenδ -
doping techniques have been studied to increase the hole con-
centration without affecting other properties [134, 147, 148],
and SL has been demonstrated to diminish the activation en-
ergy for doping improvement [149].

Although the drawbacks above, Fig. 12 suggest that the
free hole concentration range of1017 − 1019 cm−3 is a rea-
sonable interval to consider when it comes to the hole con-
centration for Al content between 50% to 80%. Besides, it
is important to mention that the material resistivity and trans-
parency of AlGaN layers are augmented as long as Al con-
tent increases since the Al is added to the GaN the electronic
mobility is diminished which results in a resistivity increase
despite a high hole concentration (over1019 cm−3) [150].

All growth and doping improvements have allowed that
bulk structures are not the only option for UVC LED elabo-
ration. For example, the accuracy provided by epitaxy makes
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it possible to create nanostructures and thin superlattices to
set the energy band between the UVC range. The use of
AlxGa1−xN/AlyGa1−yN superlattices makes the resistivity
less independent on temperature, increasing the free hole
concentration even under low temperatures, reaching up a
hole concentration of about3.5×1018 cm−3 without sacrific-
ing resistivity based on Al0.63Ga0.37N/Al0.51Ga0.49N super-
lattice structures [151]. Moreover, other works suggest the
use of a quaternary alloy of AlInGaN to replace the p-AlGaN
intermediate layer (between the active region and ohmic con-
tact) to reduce the IQE droop by enhancing the hole injection
to the active region [152].

A different approach, to upgrade the p-type doping re-
sults, is to gradually add Al to GaN and carry out the doping
process to increase the LOP and reduce the forward bias po-
larization. At the same time, the disadvantages of the elec-
tron blocking layer are avoided [153, 154]. When the Al
content in a p-contact layer is graded, both the electron and
hole concentration increase in the active region mainly due
to the low effective potential height for holes which improves
the hole injection to the active region [155]. Besides, the
non-radiative recombination associated with holes and leaked
electrons is reduced by the high effective electron barrier
height, demonstrating the advantage of the graded active re-
gion over bulk layers [155,156]. Another structure with more
efficient performance is the superlattice. In this structure the
hole mobility is increased by a factor of five compared to a
bulk structure, reducing the resistivity using polarization ef-
fects [157,158].

As mentioned above, one more doping strategy is based
on dopant distribution which is described by Dirac’sδ func-
tion, the δ-doping [159]. This has proven to be an effec-
tive method to improve the conduction of AlGaN p-type lay-
ers with high Al content by the self-compensation reduc-
tion whereas hole concentration increases 50. This enhance-
ment is due to the use of In as a surfactant, which allows
that incorporation of Mg increases, diminishing the activa-
tion energy of the acceptors whereas p-type conductivity aug-
ments [50]. Furthermore, it is remarkable to mention that, in
n-type,δ-doping has presented results even more promising
than graded or superlattices [160].

Ohmic contacts are the interface between electronic cir-
cuitry and the light-emitting device. Thus, the contact re-
sistance is closely related to power losses of the entire sys-
tem [161]. To achieve an efficient UVC LED, this should
have low resistances in its contact layers. The n-type contact
gives a massive component of resistance to the device when
high Al content is used, thus, by using Si as n-AlGaN dopant
the specific resistance of the material is reduced whereas the
electron concentrations tends to1019 cm−3 [162] The state-
of-the-art presents free electron concentrations around1018

cm−3 under 60% of Al, this value, parallelly have reported
contact resistance over10−6 Ωcm2 by using V/Al/Ni/Au
electrodes [163]. Nevertheless, while Si doping levels rise,
n-AlGaN layers start to behave as an insulator due to the self-
compensation [164].

As Fig. 13a) shows, the p-type ohmic contact deposi-
tion is more complicated than the n-type because of the p-
doping drawbacks mentioned in the previous section. Com-
monly, p-GaN is used for UV LED despite its opacity re-
sulting in low extraction of the light. However, it is also
reported that p-AlGaN contact layers have been shown to
increase LEE [165, 166]. Moreover, superlattices based on
AlxGa1−xN/AlyGa1−yN or AlxGa1−xN/GaN are used in-
stead of the typical GaN p-type contact layer due to the tun-
ability of the energy gap by changing the Al content and the
lower resistance [167–170]. The specific contact resistance
varies between10−4 Ωcm2 and10−7 Ωcm2, depending on
the Al content in AlGaN/GaN, as shown in Fig. 13b) even
without doping the AlGaN/GaN heterostructure and consid-
ering the low concentration of Al, the specific contact resis-
tance remains lower than p-GaN ones. Despite AlGaN/GaN
heterostructures contact resistance is lower than GaN resis-
tance as shown in Fig. 13a), it is useful to growth a thin
p-GaN layer to guarantee Ohmic contact deposition with-
out depending on negative effects caused by the addition of
Al [166], a thin p-GaN layer (< 10 nm) over the superlattice
has also been used as a low resistive ohmic contact [171]. On
the other side, to improve the EQE despite a low hole concen-
tration in p-Al0.6Ga0.4N doped with Mg, the use of High Re-
flective Photonic Crystals (HR-PhC), over the p-contact layer
have been proposed to facilitate the tunneling effect which
enhances the LEE [70] even though hole concentration drops
down to103 cm−3 [119].

Once the contact layer has been grown and the n-contact
layer is exposed by wet or dry etching techniques [172–174],
ohmic contacts that provide the correct electron injection to
the active region must be deposited. The most used metals
are Nickel/Gold (Ni/Au) [139, 163, 170, 175], this is because
the Ni work function is greater than the p-contact layer work
function, avoiding that a Schottky barrier is generated on the
p-type material [176, 177] and also it has been reported that
as the Ni thickness decreases to around 0.8 nm, the reflectiv-
ity augments [178]. However, elements such as Vanadium,
Platinum, and Rhodium (V, Pt, Rh), are used to diminish the
specific contact layer [163,164,179,180], by substituting Au
with Silver (Ag) the specific contact layer is comparable with
those that use Au [171], even more useful due to the increase
of reflectivity reaching contact resistance up to3.5 × 10−5

Ωcm2 [181].

Conclusions

In summary, to increase UVC-LEDs’ efficiency for germici-
dal applications, several considerations must be performed.
First, it is essential to deposit a buffer layer that absorbs
strains to reduce the propagation of structural defects to the
next layers [102]. Most of the works reported in the state-
of-the-art point out the hexagonal crystal structure for UVC
devices mainly due to the cubic phase direct-indirect bandgap
cross point around 70% of Al in AlGaN alloys 56. However,
the development of c-AlGaN-based UVC LED is feasible if
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the quantum confinement is increased despite the reduced Al
content available before exceeding this cross point by em-
ploying thin nanostructures such as 1.3 nm-thick QW with
Al content around 50% and 70% for QW and QB, respec-
tively, in the active region emitting at 260 nm, as suggested
by figure 8. It must be considered that while the wavelength
increases from 260 nm, greater doses are needed to reduce
the virus load 26. Furthermore, the AlxGa1−xN p-type dop-
ing is limited by the Al molar fraction (x) due to the acti-
vation energy increases as the Al content increases reaching
to ∼ 630 meV for h-AlN (x = 1) [135, 143]; nevertheless,
different approaches to diminish the high Al content effects
are implemented [151–153, 155, 156] allowing to conclude
that the superlattices structures [151,152,182] and Al con-
tent graded p-regions [153, 155] are the most promising ap-
proaches for the p-type doping by decreasing activation en-
ergy [149]. The typical p-GaN contact layer must be sub-
stituted with a more transparent highly doped p-AlGaN hole
transport layer to ensure low contact resistance by selecting
the appropriate electrodes [164–171]. It is remarkable men-
tioning that the UVC-LED EQE record is 20.3% emitting a
UVC radiation centered on 275 nm, by employing a sapphire
patterned substrate to reduce threading dislocations, substi-
tuting p-GaN for p-AlGaN to reduce the absorption in the
contact layer, the use of Rh mirror electrode and HR-PhC
to increase reflectivity and resin coating. However, we sug-
gested in addition to previously discussed efforts for an EQE
of 20%, the use of superlattices in the EBL and p-cladding

layer could improve the EQE due to a reduced hole leakage
and increased hole injection, respectively. Moreover, the ad-
vantages of the cubic phase over the most studied hexagonal
one, such as low Mg activation energy due to crystal sym-
metry [146], the absence of spontaneous and piezoelectric
fields in the active region (as discussed in Fig. 7), and the
possibility to emit UVC-radiation supported by our QW cal-
culations without exceeding direct-to-indirect band gap cross
point limit with an expected emission at 260 nm are strong ar-
guments to consider the c-AlGaN UVC-LED as an emergent
candidate to overcome the current EQE.
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41. M. Heβling, K. Hönes, P. Vatter, and C. Lingenfelder, Ultra-
violet irradiation doses for coronavirus inactivation - review
and analysis of coronavirus photoinactivation studies,GMS
Hyg. Infect. Control15 (2020), https://dx.doi.org/
10.3205/dgkh000343 .

42. Y. Cao, W. Chen, M. Li, B. Xu, J. Fan, and G. Zhang, Sim-
ulation Based Design of Deep Ultraviolet LED Array Mod-
ule Used in Virus Disinfection.,2020 21st Int. Conf. Electron.
Packag. Technol.(2020) 1,https://doi.org/10.1109/
icept50128.2020.9202924 .

43. M. Umar, F. Roddick, and L. Fan, Comparison of UVC
Lamp and UVC-light Emitting Diodes for Treating Munic-
ipal Wastewater Reverse Osmosis Concentrate,International
Conference on Biological, Civil and Environmental Engineer-
ing (2014) 18,https://doi.org/10.15242/iicbe.
c0314076 .

Rev. Mex. Fis.68020301

https://doi.org/10.1016/j.ajic.2020.07.004�
https://doi.org/10.1016/j.ajic.2020.07.004�
https://doi.org/10.3390/app10093257�
https://doi.org/10.3390/app10093257�
https://doi.org/10.1080/10408436.2016.1226161�
https://doi.org/10.1080/10408436.2016.1226161�
https://doi.org/10.1016/j.watres.2019.03.080�
https://doi.org/10.1016/j.watres.2019.03.080�
https://doi.org/10.1016/j.ajic.2020.07.031�
https://doi.org/10.1016/j.ajic.2020.07.031�
https://doi.org/https://doi.org/10.1111/trf.14652�
https://doi.org/https://doi.org/10.1111/trf.14652�
https://doi.org/10.1007/s00705-010-0847-1�
https://doi.org/10.1007/s00705-010-0847-1�
https://doi.org/10.1016/j.ifset.2020.102410�
https://doi.org/10.1016/j.ifset.2020.102410�
https://doi.org/10.1016/j.foodcont.2019.106869�
https://doi.org/10.1016/j.foodcont.2019.106869�
https://doi.org/10.1039/c6ew00241b�
https://doi.org/10.1039/c6ew00241b�
https://doi.org/https://doi.org/10.1016/j.jphotobiol.2020.112044�
https://doi.org/https://doi.org/10.1016/j.jphotobiol.2020.112044�
https://doi.org/10.1021/acsphotonics.0c01245�
https://doi.org/10.1021/acsphotonics.0c01245�
https://doi.org/10.1021/acs.estlett.5b00050�
https://doi.org/10.1021/acs.estlett.5b00050�
https://doi.org/10.1021/acs.accounts.7b00582�
https://doi.org/10.1021/acs.accounts.7b00582�
https://doi.org/https://doi.org/10.1016/j.nantod.2019.100766�
https://doi.org/https://doi.org/10.1016/j.nantod.2019.100766�
https://doi.org/10.4161/rna.22269�
https://doi.org/10.1126/science.368.6486.14�
https://doi.org/10.1126/science.368.6486.14�
https://doi.org/10.1586/14760584.2015.986104�
https://doi.org/10.1586/14760584.2015.986104�
https://doi.org/10.1038/s41586-020-2798-3�
https://doi.org/10.1038/s41586-020-2798-3�
https://doi.org/10.1021/acsnano.0c04006�
https://doi.org/10.1021/acsnano.0c04006�
https://doi.org/10.1371/journal.pbio.3000003�
https://doi.org/10.1371/journal.pbio.3000003�
https://doi.org/https://doi.org/10.1016/j.cell.2020.07.012�
https://doi.org/https://doi.org/10.1016/j.cell.2020.07.012�
https://doi.org/10.1101/2020.06.20.161323�
https://doi.org/10.1101/2020.06.20.161323�
https://doi.org/10.1007/978-3-642-01999-9�
https://doi.org/10.1007/978-3-642-01999-9�
https://dx.doi.org/10.3205/dgkh000343�
https://dx.doi.org/10.3205/dgkh000343�
https://doi.org/10.1109/icept50128.2020.9202924�
https://doi.org/10.1109/icept50128.2020.9202924�
https://doi.org/10.15242/iicbe.c0314076�
https://doi.org/10.15242/iicbe.c0314076�


PHYSICAL AND TECHNOLOGICAL ANALYSIS OF THE ALGAN-BASED UVC-LED: . . . 13

44. S. S. Nunayon, H. Zhang, and A. C. K. Lai, Comparison
of disinfection performance of UVC-LED and conventional
upper-room UVGI systems. Indoor Air,30(2020)180https:
//doi.org/10.1111/ina.12619 .

45. M. Lindblad, E. Tano, C. Lindahl, and F. Huss, Ultraviolet-
C decontamination of a hospital room: Amount of UV light
needed,Burns 46 (2020) 842, https://doi.org/10.
1016/j.burns.2019.10.004 .

46. A. E. Torres, A. B. Lyons, S. Narla, I. Kohli, I. Kohli, A. Parks-
Miller, D. Ozog, I. H. Hamzavi, and H. W. Lim, Ultraviolet-
C and other methods of decontamination of filtering face-
piece N-95 respirators during the COVID-19 pandemic,Pho-
tochem. Photobiol. Sci.19 (2020) 746,https://doi.org/
10.1039/d0pp00131g .

47. L. Liao, W. Xiao, M. Zhao, X. Yu, H. Wang, Q. Wang, S.
Chu, and Y. Cui, Can N95 Respirators Be Reused after Dis-
infection? How Many Times?ACS Nano14 (2020) 6348,
https://doi.org/10.1021/acsnano.0c03597 .

48. Y. Xiao, X. N. Chu, M. He, X. C. Liu, and J. Y. Hu, Impact
of UVA pre-radiation on UVC disinfection performance: Inac-
tivation, repair and mechanism study,Water Res.141 (2018)
279, https://doi.org/10.1016/j.watres.2018.
05.021 .

49. H. P. Maruska, and J. J. Tietjen, The preparation and properties
of vapor-deposited single-crystal-line GaN,Appl. Phys. Lett.15
(1969) 327,https://doi.org/10.1063/1.1652845 .

50. Y. Chen, H. Wu, E. Han, G. Yue, Z. Chen, Z. Wu, G. Wang, and
H. Jiang, High hole concentration in p-type AlGaN by indium-
surfactant-assisted Mg-delta doping,Appl. Phys. Lett.106
(2015) 8,https://doi.org/10.1063/1.4919005 .

51. T. D. Moustakas, Ultraviolet optoelectronic devices based on
AlGaN alloys grown by molecular beam epitaxy.MRS Com-
mun.6 (2016) 247,https://doi.org/10.1557/mrc.
2016.26 .

52. M. Kneissl, and J. Rass, III-Nitride Ultraviolet Emit-
ters, (2016), https://doi.org/10.1007/
978-3-319-24100-5 15 .

53. J. Cho, J. H. Park, J. K. Kim, and E. F. Schubert, White light-
emitting diodes: History, progress, and future,Laser Photonics
Rev.11 (2017) 1600147,https://doi.org/10.1002/
lpor.201600147 .

54. D. Feezell, and S. Nakamura, Invention, development, and
status of the blue light-emitting diode, the enabler of solid-
state lighting.Comptes Rendus Phys.19 (2018) 113,https:
//doi.org/10.1016/j.crhy.2017.12.001 .

55. J. Qiao, J. Zhao, Q. Liu, and Z. Xia, Recent advances in
solid-state LED phosphors with thermally stable luminescence,
J. Rare Earths37 (2019) 565, https://doi.org/10.
1016/j.jre.2018.11.001 .

56. Y. C. Tsai, and C. Bayram, Structural and Electronic
Properties of Hexagonal and Cubic Phase AlGaInN Al-
loys Investigated Using First Principles Calculations,
Sci. Rep. 9 (2019) 1, https://doi.org/10.1038/
s41598-019-43113-w .

57. H. Gao, H. Ye, Z. Yu, Y. Zhang, Y. Liu, and Y. Li, Point
defects and composition in hexagonal group-III nitride mono-
layers: A first-principles calculationSuperlattices Microstruct.

112(2017) 136,https://doi.org/10.1016/j.spmi.
2017.09.022 .

58. F. Li, L. Wang, G. Zhao, Y. Meng, H. Li, Y. Chen, S. Yang,
P. Jin, and Z. Wang, The Residual Stress and Al Incorpora-
tion of AlGaN Epilayers by Metalorganic Chemical Vapor De-
position, J. Nanosci. Nanotechnol.18 (2018) 7484,https:
//doi.org/10.1166/jnn.2018.16055 .

59. I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, Band
parameters for III-V compound semiconductors and their al-
loys, J. Appl. Phys.89(2001)5815,https://doi.org/
10.1063/1.1368156 .

60. I. Vurgaftman, and J. R. Meyer, Band parameters for nitrogen-
containing semiconductors,J. Appl. Phys.94 (2003) 3675,
https://doi.org/10.1063/1.1600519 .

61. L. Zhaoet al., AlGaN-based ultraviolet light-emitting diodes on
sputter-deposited AlN templates with epitaxial AlN/AlGaN su-
perlattices,Superlattices Microstruct.113(2018)713,https:
//doi.org/10.1016/j.spmi.2017.12.003 .

62. Y. Hou, and Z. Guo, Enhancement of hole injection
in deep ultraviolet light-emitting diodes using a ser-
rated P-type layer, Opt. Commun. 433 (2019) 236,
https://doi.org/https://doi.org/10.1016/
j.optcom.2018.10.024 .

63. Y. Kuo, J. Chang, F. Chen, Y. Shih, and H. Chang, Nu-
merical Investigation on the Carrier Transport Characteristics
of AlGaN Deep-UV Light-Emitting Diodes,IEEE J. Quan-
tum Electron.52(2016)1,https://doi.org/10.1109/
JQE.2016.2535252 .

64. H. Hirayama, Y. Tsukada, T. Maeda, and N. Kamata, Marked
Enhancement in the Efficiency of Deep-Ultraviolet AlGaN
Light-Emitting Diodes by Using a Multiquantum-Barrier Elec-
tron Blocking Layer.Appl. Phys. Express3 (2010) 31002,
https://doi.org/10.1143/apex.3.031002 .

65. T. Kolbe, J. Stellmach, F. Mehnke, M.-A. Rothe, V. Kueller,
A. Knauer, S. Einfeldt, T. Wernicke, M. Weyers, and M.
Kneissl, Efficient carrier-injection and electron-confinement in
UV-B light-emitting diodes,Phys. status solidi213(2016) 210,
https://doi.org/10.1002/pssa.201532479 .

66. M. Shatalov, W. Sun, R. Jain, A. Lunev, X. Hu, A. Dobrinsky,
Y. Bilenko, J. Yang, G. A. Garrett, L. E. Rodak, M. Wraback,
M. Shur, and R. Gaska, High power AlGaN ultraviolet light
emitters,Semicond. Sci. Technol.29 (2014) 84007,https:
//doi.org/10.1088/0268-1242/29/8/084007 .

67. J. Smalc-Koziorowska, J. Moneta, P. Chatzopoulou, I. G.
Vasileiadis, C. Bazioti, O. Prytz, I. Belabbas, P. Komninou, and
G. P. Dimitrakopulos, The heterogeneous nucleation of thread-
ing dislocations on partial dislocations in III-nitride epilayers,
Sci. Rep.10 (2020) 17371,https://doi.org/10.1038/
s41598-020-74030-y .

68. X. Li et al., AlGaN-based MQWs grown on a thick re-
laxed AlGaN buffer on AlN templates emitting at 285 nm,
Opt. Mater. Express5(2015)380,https://doi.org/10.
1364/OME.5.000380 .

69. M. Kim et al., AlGaN-Based Deep Ultraviolet Light-Emitting
Diodes Fabricated on Patterned Sapphire Substrates.Appl.
Phys. Express4 (2011) 92102,https://doi.org/10.
1143/apex.4.092102 .

Rev. Mex. Fis.68020301

https://doi.org/10.1111/ina.12619�
https://doi.org/10.1111/ina.12619�
https://doi.org/10.1016/j.burns.2019.10.004�
https://doi.org/10.1016/j.burns.2019.10.004�
https://doi.org/10.1039/d0pp00131g�
https://doi.org/10.1039/d0pp00131g�
https://doi.org/10.1021/acsnano.0c03597�
https://doi.org/10.1016/j.watres.2018.05.021�
https://doi.org/10.1016/j.watres.2018.05.021�
https://doi.org/10.1063/1.1652845�
https://doi.org/10.1063/1.4919005�
https://doi.org/10.1557/mrc.2016.26�
https://doi.org/10.1557/mrc.2016.26�
https://doi.org/10.1007/978-3-319-24100-5_15�
https://doi.org/10.1007/978-3-319-24100-5_15�
https://doi.org/10.1002/lpor.201600147�
https://doi.org/10.1002/lpor.201600147�
https://doi.org/10.1016/j.crhy.2017.12.001�
https://doi.org/10.1016/j.crhy.2017.12.001�
https://doi.org/10.1016/j.jre.2018.11.001�
https://doi.org/10.1016/j.jre.2018.11.001�
https://doi.org/10.1038/s41598-019-43113-w�
https://doi.org/10.1038/s41598-019-43113-w�
https://doi.org/10.1016/j.spmi.2017.09.022�
https://doi.org/10.1016/j.spmi.2017.09.022�
https://doi.org/10.1166/jnn.2018.16055�
https://doi.org/10.1166/jnn.2018.16055�
https://doi.org/10.1063/1.1368156�
https://doi.org/10.1063/1.1368156�
https://doi.org/10.1063/1.1600519�
https://doi.org/10.1016/j.spmi.2017.12.003�
https://doi.org/10.1016/j.spmi.2017.12.003�
https://doi.org/https://doi.org/10.1016/j.optcom.2018.10.024�
https://doi.org/https://doi.org/10.1016/j.optcom.2018.10.024�
https://doi.org/10.1109/JQE.2016.2535252�
https://doi.org/10.1109/JQE.2016.2535252�
https://doi.org/10.1143/apex.3.031002�
https://doi.org/10.1002/pssa.201532479�
https://doi.org/10.1088/0268-1242/29/8/084007�
https://doi.org/10.1088/0268-1242/29/8/084007�
https://doi.org/10.1038/s41598-020-74030-y�
https://doi.org/10.1038/s41598-020-74030-y�
https://doi.org/10.1364/OME.5.000380�
https://doi.org/10.1364/OME.5.000380�
https://doi.org/10.1143/apex.4.092102�
https://doi.org/10.1143/apex.4.092102�
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Lett. 112 (2018)12106,https://doi.org/10.1063/1.
5006435 .

102. Y. Huang et al., Crack-free high quality 2µm-thick
Al0.5Ga0.5N grown on a Si substrate with a superlattice tran-
sition layer, Cryst. Eng. Comm.22 (2020) 1160,https:
//doi.org/10.1039/C9CE01677E .

103. S. Zhao et al., Molecular beam epitaxy growth of Al-
rich AlGaN nanowires for deep ultraviolet optoelectronics,
APL Mater. 4 (2016), https://doi.org/10.1063/1.
4961680 .

104. H. Sunet al., Surface-Passivated AlGaN Nanowires for En-
hanced Luminescence of Ultraviolet Light Emitting Diodes,
ACS Photonics5 (2018) 964, https://doi.org/10.
1021/acsphotonics.7b01235 .

105. S. M. Sadaf, Y. H. Ra, S. Zhao, T. Szkopek, and Z. Mi, Struc-
tural and electrical characterization of monolithic core-double
shell n-GaN/Al/p-AlGaN nanowire heterostructures grown by
molecular beam epitaxy,Nanoscale11 (2019) 408,https:
//doi.org/10.1039/c9nr00081j .

106. R. F. Pierret, Advanced Semiconductor Fundamentals, Pren-
tice Hall (2003).

107. J. J. Huang, H. C. Kuo, and S. C. Shen, Nitride Semiconductor
Light-Emitting Diodes (LEDs): Materials, Technologies and
Applications,Elsevier Science(2017),https://doi.org/
10.1016/C2016-0-01551-6 .

108. C. R. Haughnet al., Highly radiative nature of ultra-thin c-
plane Al-rich AlGaN/AlN quantum wells for deep ultravio-
let emitters,Appl. Phys. Lett.114 (2019) 102101,https:
//doi.org/10.1063/1.5087543 .

109. Q. Guoet al., The polarization field in Al-rich AlGaN mul-
tiple quantum wells,Jpn. J. Appl. Phys.58 (2019), https:
//doi.org/10.7567/1347-4065/ab07a9 .

110. N. Grandjean, J. Massies, and M. Leroux, Self-limitation of
AlGaN/GaN quantum well energy by built-in polarization field,
Appl. Phys. Lett.74 (1999) 2361,https://doi.org/10.
1063/1.123851 .

111. N. Grandjean, B. Damilano, S. Dalmasso, M. Leroux, M.
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