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Featured Application: Sterilization, UV curing and printing, and phototherapy.

Abstract: This paper reviews the progress of AlGaN-based deep-ultraviolet (DUV) light emitting
diodes (LEDs), mainly focusing in the work of the authors’ group. The background to the
development of the current device structure on sapphire is described and the reason for using a (0001)
sapphire with a miscut angle of 1.0° relative to the m-axis is clarified. Our LEDs incorporate uneven
quantum wells (QWs) grown on an AIN template with dense macrosteps. Due to the low threading
dislocation density of AlGaN and AIN templates of about 5 x 108 /cm?, the number of nonradiative
recombination centers is decreased. In addition, the uneven QW show high external quantum
efficiency (EQE) and wall-plug efficiency, which are considered to be boosted by the increased internal
quantum efficiency (IQE) by enhancing carrier localization adjacent to macrosteps. The achieved LED
performance is considered to be sufficient for practical applications. The advantage of the uneven
QW is discussed in terms of the EQE and IQE. A DUV-LED die with an output of over 100 mW at
280-300 nm is considered feasible by applying techniques including the encapsulation. In addition,
the fundamental achievements of various groups are reviewed for the future improvements of
AlGaN-based DUV-LEDs. Finally, the applications of DUV-LEDs are described from an industrial
viewpoint. The demonstrations of W/cm?-class irradiation modules are shown for UV curing.

Keywords: AlGaN; nitride; deep-ultraviolet; light emitting diode; DUV; LED; sapphire; sterilization;
UV curing; UV printer

1. Introduction

1.1. General Overview

AlGaN ternary alloy has a direct bandgap tunable between 3.43 eV and 6.11 eV and is suitable for
the fabrication of optical devices with a wavelength range between about 200 nm and 365 nm. In this
wavelength range, applications include sterilization [1-4], ultraviolet (UV) curing and printing [5,6],
phototherapy and medical applications [7,8], deodorization by the use of a photocatalyst [9,10],
and sensing applications for materials such as urea [11,12]. To date, these applications mainly involve
the use of mercury-based lamps. The Minamata Convention on Mercury took effect on 16 August 2017,
and AlGaN-based light-emitting diodes (LEDs) are expected to be used as an alternative to mercury
lamps. The authors’ group has reported AlGaN-based deep-ultraviolet (DUV) LED bare dies with
external quantum efficiencies (EQEs) of 3.5% at 265 nm, over 4.5% at 270 nm, and over 6% between
280 nm and 300 nm without encapsulation and with a p-GaN contact layer [13]. These EQEs correspond
to high wall-plug-efficiencies (WPEs) due to the low turn-on voltage (V¢) of 5-6 V at 100 mA (31 A/cm?
at the junction area on 1 x 1 mm? dies). The recorded WPEs of bare dies at 100 mA were 2.7%,
3.1%, 4.4%, and 4.3% at 266 nm, 271 nm, 281 nm, and 298 nm, respectively, and the peak WPEs of
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the 281 and 298 nm LEDs exceeded 5%. When similar DUV-LEDs in Ref. [13] were mounted on the
commercialized packages, a lifetime of more than 10,000 h was achieved. If encapsulation is assumed
to be used, the WPEs are expected to be improved 1.5-fold [14,15] and the WPEs are predicted to be
4.1%, 4.7%, 6.6%, and 6.5%, respectively, for 100 mA operation. These values are significantly greater
than those of 2-3% for incandescent lamps. The WPEs of high- or ultrahigh-pressure mercury lamps
are in the range of 10-15% over their entire spectra. Since UV applications often do not utilize all
the spectral light of UV bulbs, the utilization factor should be considered; thus, these performances
indicate that conventional mercury lamps can be replaced with such LEDs. The lifetimes of high- and
ultrahigh-pressure mercury lamps are normally in the range of 100-2000 h, clearly illustrating the
advantages of DUV-LEDs with lifetimes of over 10,000 h.

The trend of the EQE dependence on the wavelength is shown in Figure 1. Note that all the EQEs
in Figure 1 were achieved for simple devices fabricated with a p-GaN contact layer opaque to DUV
(A <300 nm) and without any reflective electrodes. DUV-LEDs with wavelength between 280 nm and
300 nm are considered to be suitable for obtaining higher EQEs and WPEs. The collection of published
EQE values without distinguishing the incorporated features such as reflective electrodes [16] shows a
similar trend to that in Figure 1. Figure 2 illustrates the LEDs demonstrated by the authors’ group.
These samples also have a thick p-GaN contact layer.
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Figure 1. EQE mapping of AlGaN-based LED dies with p-GaN contact layer. The data are mainly for
LED dies on planar sapphire from our group (colored). EQEs of LED dies from elsewhere (uncolored)
using AIN substrates [17,18] and sapphire substrates [19-21] with a p-GaN contact layer are also
shown. Solid uncolored symbols indicate the use of an AIN bulk substrate, where “B” indicates
with encapsulation [17] and “#” indicates no encapsulation. The EQEs in the case of an AIN substrate
(“W” and “#”) were achieved with a roughened light extraction surface. Uncolored open marks represent
LED dies with p-GaN layer fabricated on planar sapphire reported by other groups. All of our data
(colored) were obtained without boosting light extraction efficiency (LEE) using encapsulation [14,15,17]
or a sapphire lens [21].

The characteristic strong spectral peaks of mercury are located at 365 nm (i-line) and 253.7 nm
(sterilization line). One of the advantages of AlGaN-based LEDs is their brightness in the region where
bright lines from mercury lamps are lacking. In addition, the tunable wavelength of AlGaN-based LEDs
is considered to be highly suitable for sensing applications, which are the most accessible applications
for DUV-LEDs in their early stage of development. However, the WPE of low-pressure mercury
lamps exceeds 25%. In addition, about 90% of the emitted light from low-pressure mercury lamps
is sterilization line. Sterilization is currently considered to be a difficult application for DUV-LEDs
when considering only WPE and the production cost. For example, a concept of intermittent lighting
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is necessary for applying DUV-LEDs to sterilization, because the bacteria do not increase soon after
sterilization procedure.

IF <30 mA IF < 60 mA IF <150 mA

LTCC-SMD AIN submount Encapsulated

I Die size : 800 x 800 pm? - 1000 x 1000 pm? - 1300x 1300 um?

Figure 2. Demonstration samples of DUV-LEDs fabricated by UV Craftory Co., Ltd. Until 2014,
the effect of the miscut angle of sapphire [13] was studied to increase EQE. In parallel, the heat
dissipation was improved and the chip size was increased to obtain higher output power. A thick p-GaN
layer is considered to be necessary to obtain a longer lifetime and to reduce device faults. Since 2012,
resin encapsulation using fluorine polymers has been intensively investigated [14] to increase the
extracted electroluminescence (EL). (Photographs are permitted to be reused from Oyobutsuri [22]
(in Japanese). © Japan Society Applied Physics.).

1.2. Outlines and Objective of This Review

One of the objectives of this review is to compare various techniques to fabricate DUV-LEDs
and clarify the reasons for our choices, including the use of high-miscut sapphire. The reports on
DUV-LEDs from different groups mainly evaluated the LED performances using their own techniques.
The discussion cross-linking papers from different groups or from the same group including our group
is considered to be lacking, similar to the situation at the beginning of InGaN research. We aim to
link the studies of various groups related to AlGaN-based DUV-LEDs despite their limited disclosure
due to business and patent strategies. We also comment on how our independent results helped to
determine our current device structure.

Following this section, the main approaches to obtaining AIN for the growth of AlGaN device
layers are categorized in Section 2. The factors determining crystal quality of AlIGaN on AIN are
explained in Section 3. In the past, a conventional AIN template grown on sapphire within a reasonable
growth time [23] had a threading dislocation density (TDD) on the order of 10° /cm?, which was not
sufficiently low. The improvement of TDD was a priority issue to be solved. In Section 4, the techniques
for growing AIN with an improved TDD on the order of 108 /cm? on sapphire are compared. The reason
for using high-miscut sapphire is partially clarified by discussion of the TDD, growth time, and growth
temperature. In addition to epitaxial growth, the constitution and techniques necessary to fabricate our
current LEDs are explained in Sections 5-7. Section 8 describes the packaging required for fabrication
of DUV-LEDs. In Section 9, a factor to be considered when measuring the DUV output is briefly given.
Following Section 10, where the device layers are clarified, Sections 11-14 describe the performance of the
DUV-LEDs with novel QWs. The expected performance of our dies in the near future upon improving
the LEE is written in Section 15. From the viewpoint of the long-term future, the frontiers of DUV-LEDs
are introduced showing the challenges by the various groups to improve DUV-LEDs in Section 16. Then,
the application and the demonstration of irradiation modules are outlined in Section 17.

2. Groups Manufacturing AlGaN-Based DUV-LEDs

Currently, there are many groups manufacturing AlGaN-based near-ultraviolet (NUV: 300 nm <
A <400 nm, about 300-350 nm for AlGaN devices) and DUV (200 nm < A < 300 nm) LEDs. The groups can
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be distinguished into AIN bulk and sapphire groups according to the substrate. Mergers and alliances
often occur in science ventures, and the owner of the intellectual properties and the manufacturer are often
different. To our best knowledge, the major players can be grouped as shown in Table 1, which is used
to clarify the trends of research and development.

Table 1. List of research, development and manufacturing groups of AlGaN-based DUV-LEDs,
indicating the substrate type, the growth technique, and related techniques. EM, enhanced migration;
CHT, continuous high-temperature growth by metal organic chemical vapor deposition (MOCVD);
+HVPE, halide vapor phase epitaxy. +R and +LLO indicate roughening and laser liftoff, used as
additional techniques, respectively.

Root of Science Venture Start Up Company  Large Company or Alliance Partners  Substrate  Option Refs.
RPI! SETi .
i (KR) 4-
Univ. South Carolina Nitek Seoul Viosys Sapphire EM [24-26]
RPI! Crystal IS Asahi Kasei0P) AIN +R [17,29]
. . Hexatech +HVPE
Jp) 3 (JP)
North Carolina State Univ. Adroit Tokuyama") — ° Stanley AIN +R [18,30]
Rayvio Sapphire
Nagoya Univ. e (P) (T™W) . )
Meijo Univ. UV Craftory Nikkiso"") +FPG Sapphire CHT [13,31-40]

NGKUIP) — 3 DowalP)

RIKEN PanasonicP) Sapphire EM  [19,4145]
Nichial?) Sapphire [20,21,46]
Toyoda Goseil?) Sapphire
TII;]%I_eIriin UV Photonics [47-49]
Siemens AGPP)
Bioraytron HPL ™) 4Epileds™) Sapphire
LG Innotek R) Sapphire +LLO [50]
Samsung®®) Sapphire [51,52]
QD Jason(©N) Sapphire EM [53,54]

1 PRI, Rensselaer Polytechnic Institute; 2 FBH, Ferdinand Braun Institut, > —, Business transfer.

The groups employing AIN bulk substrates have mainly followed two approaches to fabricating
AlGaN-based LEDs. The problem in growing AIN substrates by physical vapor transport (PVT) [55],
which is also referred to as sublimation [56,57], is absorption in the UV region due to carbon [58]
and oxygen [59] impurities. The advantage of AIN bulk substrates is high crystallinity with a TDD
lower than 10*/cm? [55,56]. Normally, dislocations are considered to be related to nonradiative
recombination centers (NRCs). Based on this superficial understanding, the advantage of using AIN
substrates is expected to result in a higher internal quantum efficiency (IQE) [60,61].

It is conventionally considered that high crystal quality contributes to increased reliability [30,62].
However, nitride materials are robust and InGaN-based LEDs [63—66] and LDs [67,68] with high TDDs
of 107 /em? and 10°/cm?, respectively, have been commercialized. According to the experimental data
in Figure 1 for AlGaN-based DUV-LEDs, the EQEs of LEDs on a sapphire substrate are comparable
to those on an AIN substrate with TDD of less than 10°/cm?. The crystal quality required for
AlGaN-based DUV-LEDs will be discussed and partially clarified in this paper.

The groups employing sapphire substrates can be roughly categorized in two subgroups:
those attempting enhanced migration (EM) [23,53,69-71] by applying an alternating or pulsed supply
of source precursors and us focusing on continuous high-temperature (CHT) growth [13,31-40].
Compared with GaN, mass transportation of AIN during the growth is very small and EM and
CHT growth were investigated to recover the lack of mass transport. For the EM technique,
the growth mechanism is similar to atomic-layer epitaxy, and the growth technique was first
called as pulsed atomic-layer epitaxy (PALE) [23]. Improvements were then carried out by the
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following methods. Migration-enhanced MOCVD (MEMCVD) [25], ammonia pulse-flow method [70],
and migration-enhanced epitaxy (MEE) [71] are based on a similar concept and their growth
temperatures are generally lower than that required for continuous growth [31,72,73]. The problem
with the EM technique from the industrial viewpoint is its slow growth rate. A growth rate of
0.6 um/h [70] has been reported for EM, and the low growth rate is considered to be an intrinsic nature
of the atomic-layer-like epitaxy. To overcome the lack of mass transport for AIN growth, CHT growth
was attempted by increasing the growth temperature greater than 1300 °C. The growth rate in this
case of continuous growth has been reported to be higher than 5 um/h [34,72], enabling epitaxial
lateral overgrowth (ELO) [31,73], the use of a patterned sapphire substrate (PSS) [39], and the thick
AIN growth within a growth time of several hours. However, the problems of CHT growth were a
large run-to-run fluctuation of growth machine and a short lifetime of waste parts inside the growth
chamber, which must be solved for the mass production of DUV-LEDs.

Recently, a new approach to the fabrication of AIN templates on sapphire substrate has been
demonstrated [74-76]. The crystallinity of a thin AIN film as deposited on sapphire by sputtering
can be improved by annealing at over 1500 °C. AlGaN-based NUV- (A = 350 nm) and DUV-LEDs
(A =268 nm) have been demonstrated [47] using this new AIN templates. Currently, there are three
main approaches to fabricating AIN templates on sapphire.

3. Crystal Quality of AlIGaN on AIN

The TDD has a strong relationship with NRCs [77] for AlGaN QWs. To clarify the crystal quality
required for AIN, the AlIGaN QWs and n-AlGaN cladding layer must be discussed together. The EQEs
of bare die LEDs on sapphire and AIN bulk substrates in Figure 1 do not substantially differ. It has been
claimed that 2 x 108/cm? is good enough to obtain a satisfactory IQE [24,41] for the flat QWs, showing
AIN bulk substrate with TDD of less than 10°/cm? is over quality. However, the AIN template with
TDD on the order of 108/cm? to grow AlGaN LED layers was difficult to be fabricated on sapphire.
In addition, misfit dislocations at the interface with AIN between AlGaN layer increased the TDD
of the n-AlGaN cladding layer [78,79] in the case of using AIN bulk substrate with the TDD of less
than 10°/cm?, showing that n-Aly5GagsN cladding layers exhibited (10-12) and (0002) w-scan X-ray
rocking curves (XRCs) with full-width-half-maximum (FWHM) of greater than 600 arcs and 200 arcs,
respectively [80]. Except in the case of AlGaN with a high AIN content, the TDD of n-AlGaN layer on
AIN or AIN templates is considered to be limited to the order of 108/cm? when AlGaN is grown on a
planer AIN surface.

The required crystal quality should be discussed on the basis of point defects at the AlGaN QWs
as well as the TDD. When the crystal quality is moderately improved, NRCs derived from point
defects must be considered [81] because Al vacancies (V1) have been revealed to be NRCs in AlGaN
QWs [82]. Carrier localization has been clarified to be the reason why GaN with a high TDD of between
108 /cm? and 10° /cm? enables the mass production of InGaN-LEDs [83-85]. Similarly, AlIGaN-LEDs
are considered to involve the carrier localization effect [86—-89]. The effects of V5; on IQE have been
observed using samples with TDDs on the order of 10° /cm? [90].

Until about 2005, AIN on sapphire showed insufficient crystallinity to enable the growth of AlGaN
LEDs, making it impossible to realize the practical efficiencies. The difficulty of improving AlGaN quality
when AIN crystallinity is insufficient is due to crystal improvement mechanisms such as three-dimensional
growth are not expected for AlGaN on AIN. Attempts to overcome this problem to obtain AIN with a
moderate TDD on the order of 108/cm? on sapphire substrate are described in the following.

4. Attempted Improvements of AIN on Sapphire to Obtain TDD Less Than 10°/cm?

4.1. Epitaxial Lateral Overgrowth (ELO) and Patterned Sapphire Substrate (PSS)

GaN improvement techniques are briefly introduced as a contrast to those for AIN.
The low-temperature (LT) buffer layer technique [91,92] has enabled a GaN film with a TDD of less
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than 107 /cm? to be produced on sapphire. The additional technique to improving GaN on LT buffer
layer on sapphire is well known as ELO, and a GaN with a TDD of lower than 107 /cm? successfully
led to demonstrate laser diodes (LDs) [68,92]. The variations of crystal improvement techniques has
been attempted for GaN on LT buffer, including pendeoepitaxy [93] and facet-controlled ELO [94],
which involve the masking of dislocations and utilizing the mass transfer of GaN. In addition, the
use of a PSS gives a TDD on the order of 108 /cm? [95,96]; PSS technique utilizes the decomposition
of irregularly oriented GaN seed crystals on sapphire. GaN substrates with TDD of lower than
10%/cm? are currently used for the production of LDs, and ELO-GaN has been replaced by GaN
substrates [97,98] to produce LDs. Despite the smaller improvement of GalN for PSSs, only the PSS
technique is used to produce commercialized InGaN-based LEDs (<365 nm) on sapphire owing to its
moderately good crystallinity on sapphire and the simple growth procedure without regrowth and
masking of dislocations.

It is reasonable to consider that AlIGalN with moderate crystal quality is desirable for fabrication
of AlGaN LEDs. AIN and GaN have a wurtzite structure and similar techniques are expected to be
effective for improving AIN. Similar to GalN, improvements of AIN and AlGaN using ELO and PSS have
been attempted because TDD on the order of 10° /cm? is too high to obtain high IQEs [69,99]. With this
background, the ELO of AIN on a PSS using trenched sapphire has been investigated [33,100,101].
The AIN crystallinity was reported to be improved using PSSs. DUV-LEDs were fabricated using ELO
on PSS [27,39], but significant increases in EQEs have not been reported. Based on our experiment [39],
although AIN improvement in the TDD of AIN (<108 /cm?) above the groove of sapphire was achieved,
reducing the miss-coalescence of the entire wafer was difficult. The lack of mass transfer for AIN is
considered to cause the difficulty. To overcome the lack of mass transfer of AIN, a nanoimprint (NIP)
technique has been applied to a Si substrate, in which submicron circles were patterned [102,103].
Coalescence was observed, as were um-size PSSs. However, the crystallinity was not improved
significantly. All the experiments on AIN-ELO incorporated PSS with flat tops to obtain AIN seed
crystals, and the misoriented small AIN grains around the grooves were observed. The misoriented AIN
seed crystals are considered to remain due to the insufficient decomposition of the irregularly oriented
seed AIN crystals. In addition, there are reports that the polarity of AIN is difficult to align [104,105].
AlN is expected to behave similarly to GaN [106-108] if the growth temperature of AIN is increased much
higher than 1300 °C. Currently, the gap between AIN and GaN is difficult to close, and ELO and PSS
techniques are unlikely to be used in practice. The coalescence faults resulted in low yield.

4.2. Growth of Thick AIN Layer

Compared with GaN, AIN hardly decomposes or undergoes mass transport [104,105]. Therefore,
the techniques that can be used to improve crystal quality are limited. Since the quality of crystals
naturally tends to improve during their growth, a method of improving the crystal quality of AIN is to
grow a thick layer with a thickness of about 5 pm [32,109]. CHT growth at a temperature exceeding
1300 °C can reduce the growth time due to its growth rate of more than 5 um/h. The growth of thick
layer often results in cracks due to the limitation of critical film thickness, limiting the maximum
AIN thickness; thus, the thickness of AIN is considered to be limited at around 5 um in practice.
The achieved FWHM values of w-scans of (0002) and (10-10) XRCs for an AIN thickness of 4.5 um were
150 and 700 arcsec, respectively, when using planar sapphire with a miscut of 0.3° at a growth rate of
5.5 pm/h [109]. In addition, by modulating the V/III ratio for CHT growth, (0002) and (10-10) XRCs
with FWHMs of 220 and 475 arcsec were obtained [110] for an AIN thickness of 3—4 um. Meanwhile,
the groups employing EM have reported that thick AIN layers to obtain the AIN with a TDD of about
2 x 108 /cm? [24], which enables a high IQE of 49% for smooth and flat MQWSs. A TDD of 2 x 108 /cm?
was also reported by another EM group to have a high IQE [41]. Despite the growth rate of about
0.5 um/h for EM, an attempt to grow thick AIN has also been reported [70] to obtain AIN with a
low TDD. From the viewpoint of cost-feasible production, the growth of thick AIN layers by EM
is not suitable because of the long growth time. Instead, in the early stage of development of CHT
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growth, the short lifetime of consumables, such as the heater and wafer tray, due to the high growth
temperature (>1300 °C) were problems to be solved.

4.3. Use of High Miscut Sapphire

During our optimization for the miscut angle of sapphire oriented along the m-axis,
the improved-AIN crystallinity was observed when changing the miscut angle from 0.3° to 1.5°.
Similar phenomenon was observed for the CHT growth of AIN. However, based on the conventional
understanding that a rough surface with macrosteps, of which height gap between flat surfaces
is greater than a unit cell, is unsuitable to grow LED layers on it, Mg was added to AIN with
an aim of making AIN template smoother in the case of using sapphire with 0.5° miscut [109].
The macrostep in this paper might include stairway structure of bunched m(10-10)-, r(1-102)- and
narrow c(0001)-surfaces.

In the past, using molecular beam epitaxy at the temperature of 700 °C, an improved crystallinity
of AIN was observed in the case of using sapphire with higher miscut of 1.0° in addition to the exhibit
of multi-atomic layer macrosteps, and the maximum miscut angle to obtain stepflow surface was
reported to be 0.5° [111]. Using molecular beam epitaxy, the improved (0002) and (10-12) XRCs of
GaN were also observed in the case of using sapphire with higher miscut of 1.0° and 2.0° with the
exhibit of bunched steps. The maximum miscut angle of 0.5° to exhibit the stepflow surface [112] was
reported. The groups using EM reported the smooth surfaces of AIN with stepflow [71,113] to make
LEDs. These reports indicate that the macrosteps were not expected to be useful to fabricate LEDs.
Despite this general understanding that excess miscut angle cannot be suitable to fabricate LEDs due to
macrosteps, not to miss the optimal angle, the investigation on a wide range of miscut angle between
0.1° and 3.0° was carried out. The result is shown in Figure 3. The maximum miscut angle for which
a stepflow surface could be obtained was limited to below 0.3°. This agrees well with the results of
other groups. The highest crystal quality was observed at a miscut angle of 1.5°. It was unexpectedly
found that AIN with dense macrosteps is suitable for the fabrication of DUV-LEDs, contradicting the
common understanding of QWs. In fact, the miscut angle is usually set to between 0.15° and 0.3° to
produce InGaN LEDs with stepflow surfaces. There was indeed no evidence to indicate that AIN with
macrosteps is suitable for fabrication of DUV-LEDs.
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Figure 3. (a) Relationship between FWHM of XRC (10-10) for AIN and AlGaN on AIN templates
and miscut angle of sapphire obtained before optimizing AIN growth recipe. (b) At that time, the
(10-10) XRC of AlGaN experimentally suggested a relationship with the EL output. The relationship
between the EL output and FWHM of (0002) XRC was unclear [38] at that time. The n-AlGaN
cladding layers showed slightly higher crystallinity than the AIN layers. ((a) is reused from Proc.
SPIE 9926, 99260C (2016); and (b) is permitted to be reused from Physica Stat. Solidi A 2011, 208,
1594-1596 © Wiley & Sons, Inc.).
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Figure 3a shows the average FWHM of the (10-10) XRC of AIN templates grown on sapphire
with miscut angles between 0.1° and 3.0°. The FWHMSs of (10-10) XRCs for n-AlGaN on AIN on
sapphire with various miscut angles are also shown. The EL outputs of DUV-LEDs for different miscut
angles reported in our articles [13,37,38] are shown in Figure 4. Figure 5 shows AFM images of our
recently grown AIN templates [13] on sapphires with various miscut angles using the same growth
recipe. After recipe optimization along with the increased EL, steps had unexpectedly appeared for
all sapphire substrates with various miscut angles. Fortunately, AIN templates with macrosteps have
been proven to be useful for producing AlGaN-based DUV-LEDs with superior performance to those
grown on flat AIN.
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Figure 4. Our reported EQEs [13,37,38] for various miscut angles of the sapphire substrate. The EL
output tends to increase in the case of using high-miscut sapphire. (Permitted to be reused from Jpn. J.
Appl. Phys. [13]. © Japan Society Applied Physics).

To increase understanding of the background to achieving the current AlGaN-based LEDs
with high performance, optimizing AIN growth recipes during the preparation before production is
discussed in the following. The MOCVD performed in the experiment used a tray of multiple wafers.
The effect of the miscut angles was investigated for two years, where we expected that AIN grown on
0.2°- and 0.3°-miscut sapphire would have a stepflow surface and that AIN on 1.0°-miscut sapphire
would have dense macrosteps. The comparison was based on XRC measurements and EL output
measurements in reliability tests. During the optimization procedure, the AIN growth recipe was
modified on the basis of this routine analysis. The appearance of macrosteps on AIN on sapphire with
miscut angles less than 0.3° was overlooked simply because there was no increase in the number of
device faults. Before starting the production, AIN surfaces on sapphire with various miscut angles
were observed by AFM for confirmation. It was indeed surprising to see that the entire AIN surface
exhibited was rough. Including the case of AIN grown on 1.0°-miscut sapphire, which was expected to
have dense macrosteps, the number of LED wafers subjected to the reliability tests was about 1000 and
the number of LED dies was about 10,000. Statistically, the rough surface on AIN cannot be a reason
for device faults. During this preparation before the mass production of DUV-LEDs, different reasons
for device faults were revealed and measures were taken. Due to this background, the results using
sapphire with a miscut of less than 0.3° reported in this article might include those of devices both
smooth and rough surfaces.
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Figure 5. (a) AFM images (6 x 6 um?) of AIN templates on sapphire substrates with various
miscut angles after optimizing the AIN growth recipe before starting mass-production. Macrosteps
unexpectedly appeared for the low-miscut sapphire samples. The LEDs on these AIN templates showed
no adverse effects due to the macrosteps in the reliability tests, indicating the robustness of the QWs
grown on macrosteps. (b) Height profile of AIN on 1.0°-miscut sapphire along the line in the image.
Ra value of AIN template is 2.26. ((a) images for the miscut angle of 0.3° and 1.0° and (b) are permitted
to be reused from Jpn. J. Appl. Phys. [13]. © Japan Society Applied Physics).

The use of high miscut sapphire has the additional advantages of lowering the growth temperature
and enabling the use of a thinner AIN layer to obtain AIN with a TDD on the order of 10%/cm?.
When the growth temperature was set to lower than 1300 °C [13,38], the growth rate of AIN was
reduced to around 1 pm/h. However, the use of 1.0°-miscut sapphire enables the growth of a
2-3-um-thick AIN layer with a TDD on 5 x 10®/cm? on sapphire. The growth time for the AIN
layer did not exceed about 3 h, meaning that it is practically applicable to mass-produce DUV-LEDs.
Despite the decreased growth rate, the lower growth temperature solved the problem of a short
lifetime for the consumables in the growth chamber. The lifetime of the consumables is in a trade-off
relationship to the growth rate and the lower growth temperature increases the interval between
growth chamber maintenance. From an industrial viewpoint, increasing the yield of the dies in a wafer
as well as the yield of wafers due to reduced run-to-run fluctuation is also important and the reduction
of heat transfer due to infrared radiation contributes to reduce the run-to-run fluctuation. To conclude
this Section, the use of high-miscut sapphire is considered to be effective in the current situation.

5. Reflective p- and n-Electrodes

5.1. Transparent p-Cladding Layer and Reflective p-Contact

InGaN-based LEDs normally comprise a p-GaN cladding layer with transparency to the
wavelength about above 365 nm. Ag-based solder has reflectivity in A > 365 nm and many silver-colored
metals are well known to have significant reflectivity in NUV (A > 300 nm). The use of indium tin oxide
(InSnO: ITO) enables a conductive transparent (A > 365 nm) p-contact. By integrating such a cladding
layer and p-contact, when the metallized sapphire side of InGaN dies is bonded to the packaging,
the pair of transparent p-contacts and the Ag-based solder realizes a high light extraction efficiency
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(LEE). In addition, when the reflective p-contact is flip-chip bonded to the mount, the utilization of EL
reflected from the p-contact is possible.

Meanwhile, for DUV-LEDs, neither a transparent conductive p-cladding layer nor a low resistive
p-contact on p-AlGaN cladding layer can be practically used. The conventional p-contact metal of
Ni does not reflect DUV at A < 280 nm. Although as-deposited Al reflects DUV, Al is unsuitable
for formation of low-resistivity contacts on p-GaN, owing to its small work function. This explains
why many reports of DUV-LEDs with a p-reflective electrode show a high V. V¢ of 7 V [23] using
a short-period superlattice (SPSL) has been reported. In addition, Ni/Au and Ni/Al contacts with
an increased forward voltage of 2—4 V [114] when p-GaN contact layer is replaced by p-AlGaN.
Furthermore, a Ni/ Al contact with V¢ over 15V [42], a Rh electrode with V¢ =16 V [21], or a Ni/Mg
electrode with an embedded photonic crystal (PhC) structure without recording V¢ [43] were reported.
None of the reports [21,24,42,43,114] mentioned the lifetime. We also attempted to form a contact
on a p-AlGaN layer, resulting in LEDs with a very short lifetime. To suppress the increase in V¢
and reduction in the lifetime, a meshed p-GalN contact layer was used [40], which increased V to
67 V. Although the reduction in the lifetime was suppressed, the problem was not sufficiently solved,
as shown in Figure 6. The reasons for the short lifetime have not yet been clarified and the suggestion
of the local heat generation due to insufficient contact is possibly among the reasons. Since LEDs must
have a lifetime of over 10,000 h to be superior to the UV bulbs, a p-GaN contact layer is currently
thought to be necessary. Simple approaches of the reflective p-contact did not lead to a practical
solution. Attempts to solve the problem by inserting a thin InGaN layer [115-117], incorporating
quantum dots [118], or fabricating nanorods [119] are ongoing. However, major manufacturers
currently incorporate a p-GaN contact layer. Due to the insufficient conductivity of p-AlGaN [120]
of about 102/Qcm, the p-AlGaN contact resistivity of about 102 Qcm? [121], and the absence of a
practical reflective p-contact in DUV region, the waste EL towards the p-side is not expected to be
utilized in near future.
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Figure 6. (a) Meshed p-GaN contact pattern is shown by narrow white lines besides the black area,
which preserves the reflective area (black). Beside the hatched zone, a closed curve zone (white)
indicates the Al-based n-contact area with annealing treatment. (b) Result of the reliability test.
The reduction in the lifetime was suppressed. The reliability test was carried out at as low as 20 mA
to avoid the further reduction in the lifetime. ((a,b) are permitted to be reused from Jpn. J. Appl.
Phys. [40]. © Japan Society Applied Physics).

5.2. Interdigital Reflective n-Contact

The part of the EL traveling backwards to the device layers, which is reflected from the
sapphire-air boundary, is absorbed in the p-GaN layer of DUV-LEDs, resulting in the waste of the EL.
To reduce the waste EL on this mechanism, an n-reflective contact was investigated [40]. The sheet
resistance of the n-contact on Al,Ga;_,N (x > 50%) was recorded to be around 10~% Qcm? [122]
using vanadium. The carrier concentration of the n-AlGaN layer and the electron mobility were
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reported [123]. However, because the n-AlGaN cladding layer and the n-contact are highly resistive
compared with those of n-GaN, an interdigital n-electrode is usually applied [13,26] to supply the
current uniformly to the junction area, as shown in Figure 6. An increased length of the mesa sidewall
enables a narrow n-contact area adjacent the junction area. The reflectivity in DUV at n-contact is lost by
the annealing treatment to lower the contact resistivity. This annealing process is currently unavoidable
to minimize the increase in Vy. The part of the n-electrode adjacent to the junction area was annealed
to form a low-resistivity contact, and then the Al was post-deposited on the rest of the contact area
of n-AlGaN. As a result, an EQE was improved by 1.2-fold [40] with a small increase in V. Since the
area of an n-reflective electrode has a trade-off relationship with the junction area, the practical use
of n-reflective electrodes should be limited, because the current density in the junction area must be
reduced by increasing the junction area to obtain a longer lifetime. Therefore, a n-reflective contact is
not applied to our device layers.

6. Factors Inhibited Light Extraction at the Interfaces with Different Refractive Indices

Currently, the use of p- or n-reflective electrodes does not practically improve DUV-LEDs.
Since the waste EL comes mainly from the absorption in the p-GaN layer, the reduction of the
reflection loss at the boundary between sapphire and air is recognized as a priority task to extract
more light from the bare dies. Based on the concept without increasing both V¢ and WPE, the control
of the surfaces of sapphire or the AIN substrate opposite the device layer has been studied [18,37,62] to
increase LEE. AIN substrates are thinned to reduce DUV absorption at AIN. By roughening the thin AIN
surface, an enhancement of LEE greater than 1.5-fold was achieved [18,62]. A motheye (photonic crystal:
PhC) structure [124] was fabricated on sapphire substrate [37]. As a result, the EL output obtained by
wafer-based measurement without isolating into dies was improved 1.5-fold, as shown in Figure 7.
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Figure 7. Relative increases in EL output power measured by wafer prober without dicing the LED
wafers shown as a histogram. The inset is a scanning micro scope (SEM) image of the moth-eye (PhC)
structure fabricated on sapphire. After isolating into dies from the LED wafer with maintaining the
sapphire substrate thickness at 430 um, the improvement in the EL output was reduced to about 5%
because the contribution of sapphire sidewalls in increasing LEE. (Graph is permitted to be reproduced
from Appl. Phys. Express [37]. © Japan Society Applied Physics).

Since the Mohs hardness of sapphire is 9 (Vickers hardness of 2300), thinning the sapphire before
scribing the LED wafer is generally used to mass-produce commoditized wire-bonded InGaN-based
devices with a p-transparent electrode. For the flip-chip mounted devices, heat dissipation is mainly via
the p-contact and the thickness of sapphire layer is not a serious disadvantage. However, the thinning
process is normally applied before scribing sapphire due to its hardness. The use of thick sapphire



Appl. Sci. 2018, 8, 1264 12 of 36

became possible using the stealth-dicing-technique invented by Hamamatsu. When LED wafers were
isolated without thinning 430-pum-thick sapphire, the improvement ratio of LEE resulting from using
the moth-eye structure was decreased to around 5% because of the contribution of thick sapphire
sidewalls for increasing in LEE. The moth-eye (PhC) structure is still substantially effective because
there is no increase in V¢, no reduction of the lifetime, and disadvantages except for the cost. Currently,
thick sapphire is considered to be a useful material with a refractive index of 1.8, between those of
air and AIN (refractive index 2.1) [125]. Because of the improvement of only 5% by motheye (PhC)
structure on the sapphire surface opposite to the device layers in the case of using thick sapphire,
the encapsulation was focused on as a priority [14,15].

Due to the difference in the refractive indices between sapphire and AIN, the reflection between
the sapphire and AIN layer cannot be negligible. The use of pm-size PSS [39] was studied, keeping in
mind the future application of PhC instead of the um-sized PPS. The use of PSS was expected to reduce
this reflection loss and improve the quality of AIN crystal. For AIN to coalesce on PSS, the preferable
miscut angle of sapphire was determined to be lower than 0.3° [126]. The use of PSS conflicted with
the use high miscut sapphire. Consequently, the present device layers of DUV-LEDs were grown on
planar sapphire with 1.0° miscut.

7. Present Simple Bare Die

As described in Section 4, high miscut sapphire is useful for obtaining moderate crystallinity
with a TDD between 10® and 10° /cm?. As described in Section 5, reflective p-contact is considered
to reduce the lifetime. In addition, due to increase in V¢ due to the low electrical properties of the
p-AlGaN cladding layer and reflective p-contact, WPEs cannot be expected to increase remarkably.
In addition, reflective n-contact was not applied because the enlarging junction area in the limited die
size is considered to be practical. Thick sapphire is considered to be effective technique to increase
WPE and the moth-eye (PhC) structure is not currently used because it only increases the LEE by 5%
in the case of using thick sapphire.

Consequently, planar thick sapphire with a high miscut angle of 1.0° has been used to obtain
moderate crystallinity as well as to simplify the fabrication of DUV-LEDs. Figure 8a illustrates the
DUV-LED structure presented in the sections from 10 to 14 and Figure 8b shows the electrode pattern
and the dimensions of the die.
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Figure 8. (a) Block diagram of DUV-LED die on thick sapphire with 1.0° miscut and submount.
(b) Electrode pattern of interdigital n-contact on 1000 x 1000 um? die. The Au stud bumps used to
flip-chip the die onto the submount are indicated by circles in the junction area. Thirteen and four
bumps are located in the junction area and n-contact area, respectively. ((a,b) are permitted to be reused
from Jpn. J. Appl. Phys. [13]. © Japan Society Applied Physics).
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8. Packaging for DUV-LEDs

Packaging loss is often neglected in scientific research; however, even a simple mount such
as a TO-5 stem causes packaging loss. This is mainly because of the low reflectivity of metals in
the DUV region. AIN ceramic heatsink contains impurities because AIN ceramic is fabricated by
sintering, reducing the transparency to DUV. Accordingly, the measurement of EQEs is unavoidably
accompanied by packaging loss. Even though a high EQE is obtained, transverse or backward EL
emission to the normal vector of the sapphire light extraction plane opposite to the device layers is not
useful. It would be preferable to collect this EL closer to the light extraction side of devices. Practically,
an Al reflector around the die is effective to reduce the waste of EL. An Al coating on the surface of the
submount will also reduce the waste.

From the industrial viewpoint, packaging loss is a serious problem for DUV-LEDs. Today’s regular
DUV-LEDs are mounted on ceramic container-type package, which enables applying established
mass-production machines and attaching the quartz window, because it is well known that most
polymers are decomposed by DUV light. In addition, heat dissipation is important to enable the
injection of a larger current. High EQE does not necessarily lead to highly useful devices, and a high
absolute output power or irradiation intensity is often required. Robust InGaN LEDs are often driven
at a high current density over 50 A/cm? (500-700 mA per 1 x 1 mm? die).

Currently, WPEs of DUV-LEDs are less than 10% and the injected energy to DUV-LEDs is mainly
converted into heat. Since AlGaN, as well as InGaN, material is robust, to increase usable EL outputs,
heat dissipation of the packaging is the key to injecting a larger current. Sintered AIN ceramic
has a thermal conductivity coefficient of more than 170 Wm~!K~! and is durable against DUV
light. One of the current problems in AIN packaging originates from the reflection between the
quartz window and the atmosphere in DUV region. The loss at the quartz window is 8% or greater.
In addition, the coefficients of thermal expansion differ for AIN and quartz window. To attach the
packaged DUV-LEDs on the patterned circuit board (PCB), solder reflow process is desired to be
used, which needs to increase the furnace temperature up to 260 °C. Despite the problems of reflow
temperature and the reflection loss at the window, many manufacturers currently use precise ceramic
packaging with a quartz window. To attach the quartz window, AIN multilayer sintering technique
was applied to make the height of inner walls greater than the die thickness. However, the inner
walls cause serious packaging loss of the EL flux oriented to transverse to the axis of light extraction
direction, which is not expected to be highly reflected from the inner walls. The total packaging loss is
estimated to be 40%, resulting EL output of 45 mW in the case of packaging when the output of the
corresponding bare die is more than 70 mW [127]. To reduce the loss of the quartz window and low
reflection from the inner walls, encapsulation using a fluoro-polymer is considered to be useful [14,15].

9. EL Output Measurement for DUV-LEDs

Normally, packaging loss is difficult to completely separate from EQE measurements.
We attempted to attach an Al reflector on simple planar AIN submount and confirmed that the
measured EQEs increased by 5-8% when using a four-inch integrating sphere with the sample mounted
on the outer spherical surface. The following measurements do not incorporate reflector or a reflective
coating on the AIN mount. Thus, the determined EL outputs are not considered to be overestimated.
The container-type AIN packaging with inner walls were not used to determine the die performances.

When measuring DUV light, the absorption by the atmosphere, the sensitivity of sensors in the UV
region, and the accuracy of the standard light source must be carefully considered. The international
standard light source is based on the black body radiation and tungsten filament bulb (2855.6 K),
which is defined by commission internationale de l'éclairage (CIE). The standard light source
guarantees an accuracy of 5.6-11.6% for DUV in Japan, which might not differ significantly from the
standard of other countries. The UV emission of a tungsten filament is weak and it is not user friendly.
There are standard light sources with intense UV emission employing xenon or deuterium lamps
calibrated by Japan Calibration Service System (JCSS) for regular use. The lifetime of the standard light
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source for regular use is only 100 h despite the need for stabilization time before its use. To perform
a daily check between the checks using the standard light, a stable light source such as an NUV- or
DUV-LED is helpful.

Our standard light source has been a Hamamatsu L7810-02 (xenon lamp) since the beginning of
our research on AlGaN-based LEDs. Standard light sources without the guaranteed intensity of DUV
region are on the market. UV measurement has pitfalls because of its similarity to that of visible light.
Regarding absorption of atmosphere, O, with a nonsymmetrical magnetic moment absorbs light with
a wavelength of around 210 nm. DUV light with wavelength between 100 nm and 230 nm creates
ozone with absorption from 350 to 250 nm. In addition, OH molecules have absorption structures
(ApX*"-XpZ™" transition) at around 245-315 nm [128], meaning the care of humidity is preferable.
Therefore, the absorption along the optical path between the LED and detector must be considered.
Our integrating sphere is a 4-inch sphere having a short optical path and with the inner sphere surface
coated by the fluoro-polymer (polymerized tetra-fluoro-ethylene (PTFE)). This is designed to be used
for DUV; however, the decomposition of PTFE by the DUV near 200 nm should be cared about.
Based on our experience, when it is located in a clean room, it will give comparable accuracy to that of
the standard light source at wavelengths of A > 250 nm. Nitrogen gas with a symmetrical molecular
structure is useful for purging the gas inside the sphere to eliminate UV absorption.

10. DUV-LED Layers with Uneven QWs Grown on Macrosteps

Figure 9 shows the result of AIN grown on 430-um-thick sapphire with miscut angles of 0.2°,
0.3°, and 1.0° relative to the m-axis of (0001) sapphire. This experiment was performed in parallel
with optimization of the growth recipe for AIN for two years. The growth temperature was set to be
between 1220 and 1280 °C during the growth of AIN layer. Based on the result shown in Figure 9,
the miscut angle of the sapphire substrate was set to 1.0° to fabricate LED wafers. The crystallinity
of 2-um-thick AIN in the case of 1.0°-miscut sapphire was stable [13]. The FWHMs of the w-scans
of (0002) and (10-10) XRCs were about 150 and 650 arcsec, respectively. The total of the FWHMSs of
the w-scans of (0002) and (10-10) XRCs was determined to be quite stable at about 800 £ 15.5 arcsec
because of the trade-off relationship between tilt (0002) and twist (10-10) [13]. A TDD of 5 x 108 /cm?
was estimated for our AIN in the case of using 1.0°-miscut sapphire. The AIN on the sapphire exhibited
dense macrosteps after optimizing the AIN growth recipe, as shown in Figure 5. In the case of the
1.0°-miscut sapphire, the terrace width was about 300 nm and the step height was often greater
than 10 nm, which is greater than the well thickness of 2-3 nm or the quantum barrier thickness of
6-7 nm. To determine the roughness of the quantum well, n-Al,Ga; _N cladding layers were grown
on AIN templates and atomic force microscope (AFM) images were taken for cladding layers with
x = 0.67 and 0.61, which were prepared for 265 and 285 nm LEDs, respectively. After characterizing
the n-Al,Ga;_xN, 3QW and 20 nm-thick-electron blocking (EB) layers were regrown on the n-AlGaN
templates. Figure 10 shows AFM images of the n-AlGaN templates and EB surfaces. Al-rich EB surfaces
were used to determine the roughness of the final surface of the MQW because the decomposition of
the Ga-rich MQW during the cooling process of MOCVD must be prevented. The large step edges on
the AIN surface were divided into multiple macrosteps on the n-AlGaN and EB surfaces for both the
x = 0.67 (265 nm) and 0.61 (285 nm) cases. This is considered as a footprint of mass transport during the
AlGaN growth. In addition, the step edges lost their sharpness at the AIN surfaces which can be seen in
Figure 5, suggesting that the macrosteps collapsed during the AlGaN growth. However, the height of
the macrosteps on n-AlGaN and EB surfaces often exceeded 10 nm, which is greater than the quantum
well and quantum barrier thicknesses. Since uneven QWs are thought to be unsuitable to grow QWs
on it, the authors’ group previously attempted to make a flat template [109]. EM groups also reported
n-AlGaN with a flat surface with an RMS of less than 0.3 nm [71,113]. We unexpectedly observed that
the uneven QWs function well. Then, samples with EB surfaces were used to regrow p-GaN layers,
where the thickness of each p-GaN layer was about 0.5 pm. A laser microscopic image of the p-GaN
surface is shown in Figure 11. Due to compressive strain given by the EB surface, the p-GaN growth
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became three-dimensional mode before forming a smoother p-GaN surface. A high miscut angle of
the sapphire prevented the formation of stepflow surfaces of p-GaN. Despite the surface having an
arithmetic average roughness (Ra) of 5.86 for 6 x 6 um? area, this thick p-GaN layer is considered to
be indispensable for obtaining a lifetime of over 10,000 h. Similar to the manufacturers of DUV-LEDs
using sapphire, manufacturers of DUV-LEDs on AIN bulk substrates also incorporate thick p-GaN
layers [30,62].
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Figure 9. Results of AIN template grown on sapphires with miscut angles of 0.2°, 0.3°, and 1.0°.
The numbers of samples with 0.2°-, 0.3°-, and 1.0°-miscut sapphire were 25, 20, and 43, respectively.
The FWHMSs of w-scans of the (0002) and (10-10) XRCs were 101 + 061 and 638 + 074 arcsec,
respectively, for the sapphire with a miscut angle of 1.0°. The thickness of AN was slightly greater

than 2 um and the growth rate was set to about 1 um/h. (Permitted to be reproduced from Jpn. J.
Appl. Phys. [13]. © Japan Society Applied Physics).
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Figure 10. AFM images of n-AlyGa;_N surface and EB surface used to determine the external forms
of uneven QWs for: (a) x = 0.61 (265 nm LEDs); and (b) x = 0.67 (285 nm LEDs). The Ra values for the
height plots along the yellow lines are 1.38 and 1.12 for the surfaces of n-Alg 41 Gag 39N and EB layers
in (a) and 1.42 and 1.43 in (b), respectively. The arrows in the AFM images are considered to be the
m-axis of the AlGaN. These AFM images are distorted because of the non-contact-mode measurement.
((a,b) are permitted to be reused from Jpn. J. Appl. Phys. [13]. © Japan Society Applied Physics).
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m-axis of sapphire

Figure 11. Laser microscopic image of p-GaN surface. The thickness of the p-GaN layer is 0.5 pm.
The roughness (Ra) is 5.86. The p-GaN surface was obtained by erasing the hexagonal pyramids via
three-dimensional growth. (Permitted to be reproduced from Jpn. J. Appl. Phys. [13]. © Japan Society
Applied Physics).

11. EQEs, WPEs and IQEs of AlGaN-Based Bare Dies with Uneven QWs

Due to the thickness of the p-GaN layer, approximately half of the generated EL propagating
to the p-side is immediately absorbed in the p-GaN. To avoid the waste of EL propagating to the
n-cladding layer, 430-um-thick sapphire was used without thinning. Four samples of DUV-LEDs were
fabricated: 266 and 271 nm LEDs were grown on a 265 nm template group (x = 0.67) and 283 and
297 nm LEDs were fabricated on a 285 nm template group (x = 0.61). Dies were placed on an AIN
submount (3 x 3 mm?) with a thickness of 0.015 inch (0.381 mm) and then mounted on TO-5 headers.
The specific heat dissipation for TO-5 is limited to 120 mW. Figure 12 shows the EL intensity as a
function of the injected current (I-L characteristics) with the I-V characteristics shown in the inset.
Figure 13 shows corresponding WPEs. The peak EQEs were obtained at 40 mA. EQEs of 3.5% at
266 nm, 3.8% at 271 nm, 6.1% at 283 nm, and 6.0% at 298 nm were achieved. The load of 40 mA is
slightly larger than the specific heat dissipation of TO-5 headers because V¢ is between 5 and 6 V.
The peak WPEs were 3.0% at 266 nm, 3.4% at 271 nm, 5.4% at 283 nm, and 5.5% at 298 nm at DC
currents of 40, 20, 10, and 5 mA, respectively. At 100 mA, the WPEs were reduced to 2.7, 3.1, 4.4,
and 4.3% at 266, 271, 283, and 298 nm, respectively.

The IQEs of these samples could not be precisely determined. However, rough estimates of IQEs
are possible using I-L curves [129]. The LEE of the structure with p-GaN has been estimated by several
groups to be 8-9% using ray tracing [24,41]. We also estimated on LEE of 8% for our DUV-LEDs.
Assuming a fixed LEE and eliminating the effects of the shunt and parallel resistances of the LEDs,
the relationship between the EL intensity and injected current density in the junction area enables
the current injection efficiency (CIE) and IQE to be calculated. However, this method is based on
a fixed LEE and the effect from such as a chipping of sapphire sidewalls was neglected. Therefore,
the IQEs were conservatively estimated assuming a LEE of 10% and an improbable CIE of 100%. Thus,
conservative IQEs of 35, 39, 61, and 60% were estimated for the 266, 271, 283, and 298 nm LEDs,
respectively. The high IQEs of these samples are recognized. Because the TDD was on the order of
108 /cm?, these IQEs led us to consider the carrier localization effect. From our many CIE estimations
based on I-L characteristics, CIE at around 265 nm is considered to be about 20-30% smaller compared
with that at around 285 nm. The CIE of 70-80% at around 265 nm is considered to be moderately
conservative, and the expected IQE ranges are shown in Table 2. The samples correspond to the solid
red circles in Figure 1.
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Figure 12. EQEs and I-V characteristics of AlGaN-based DUV-LEDs. The four samples correspond to
the solid red circles in Figure 1. (Permitted to be reused from Jpn. J. Appl. Phys. [13]. © Japan Society
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Figure 13. (a) WPEs of AlGaN-based DUV-LED bare dies; and (b) their EL spectra, with an LED
with a GaN well (354 nm) having a spectral width of 75 meV shown for a reference without ternary
disordering. The samples are the same as those in Figure 12 and the EL spectral widths are greater
than 200 meV for the AlGaN wells, also suggesting potential fluctuation at the QWs. ((a) is calculated
WPE from Figure 12. (b) is permitted to be reused from [13]. © Japan Society Applied Physics).

Table 2. IQEs estimated from the fixed LEE and CIE. To show the expected range of the IQE at 40 mA,
the values in the lower rows are considered to be the more probable IQEs. The values with CIE/LEE of
100/10 are conservative estimates for 283 and 298 nm LEDs. The values with CIE/LEE of 80/10 are the
possible conservative estimates for the 266 nm LEDs, assuming that the CIE at 265 nm is 20% less than
those of 283-298 nm LEDs. (Calculated from the data at 40 mA in Figure 12.).

CIE/LEE (%) 266 nm 271 nm 283 nm 298 nm

100/10 (35) (38) 61 60
90/10 (39) 42 68 67
80/10 43 48 76 75

70/10 50 54
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12. Reliable DUV-LEDs with Uneven QWs

QWs or MQWs are generally controlled to be flat. Accordingly, a tremendous number of reliability
tests have been performed to determine that uneven QWs are robust and reliable using about
1000 wafers and 10,000 dies. In the following reliability test, a 5 x 5 mm? AIN submount and a
patterned circuit board (PCB-MT) (16 x 16 mm?) with an isolation layer of diamond-like carbon (DLC)
on an oxidized aluminum layer on 1.5-mm thick duralumin were prepared. Dies were mounted on
the AIN submount, which was then mounted on the PCB-MT. Figure 14 shows the results of the
reliability tests for 265 and 285 nm LED dies at an injected current of 350 mA. The current density in
the junction area was more than 100 A/cm?. Despite this heavy load, no serious reduction in their
lifetimes was observed. By improving the bottleneck of heat dissipation due to the multiple bumps
between the submount and the dies, the commercially available products show a lifetime much greater
than 10,000 h.
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Figure 14. Reliability tests for 265 and 285 nm LEDs. The tests were carried out at 350 mA
(>100 mA /cm? in the junction area), which is 3.5 times higher than 100 mA in our previous report [13],
demonstrating the robustness of the AlGaN-based uneven QWs.

13. Characteristic Behaviors of Uneven QWs

13.1. Redshift of EL Spectra with Increasing Number of Macrosteps

The FWHMs of the XRCs for the (0002) and (10-10) w-scans in Figure 9 indicate a TDD higher
than 108 /cm?2, which led us to consider the carrier localization effect for both 265 and 285 nm LEDs.
The carrier localization effect for AlGaN QWs has been reported [86,130]. In addition, it is well known
that reducing the TDD increases the IQE in QWs by reducing the number of nonradiative recombination
centers (NRCs) [77]. Therefore, the following experiments are considered to be affected by both the
lowered TDD and the enhanced carrier localization resulting from the use of high-miscut sapphire.

The redshift of the EL spectra as a function of miscut angle was observed in the case of high-miscut
sapphire as shown in Figure 15. To minimize the run-to-run fluctuation, simultaneous growth using
multiple wafer trays was performed several times and no exceptions to the results in Figure 15 were
observed. In Figure 15a, the results for two pairs of the simultaneously grown 260 and 280 nm LEDs
are shown, and in Figure 15b the results for three pairs of simultaneously grown 265, 285, and 300 nm
LEDs are shown. The reasons for the spectral redshift in the case of higher-miscut sapphire are next
hypothesized. The enhancement of compositional and thickness modulation by macrosteps may be
among the reasons for the increased potential modulation. The potential nonuniformity will increase
the IQE in MQWs due to the localized carriers. Note existence of a spectral shoulder at around
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295 nm in two of the spectra in Figure 15b shown by a gray dashed line. The wavelength of the
shoulder is common for the 285 and 300 nm LEDs and suggests the existence of quasi-stable AIN
in AlGaN. This quasi-stable AIN is suggested to be related to the high-EQE region between 280 and
300 nm in Figure 1. The peak EQE of 295 nm can also be seen in the EQE mapping of Figure 1.
Thus, enhanced compositional nonuniformity should occur around this wavelength, and the carrier
localization induced by the compositional nonuniformity is considered to boost the IQE. Note that
this does not imply that the compositional fluctuation on a flat terrace should be neglected, because
somewhat lower EQEs were reported for flat QWs for the DUV-LEDs with p-GaN [19,21]. In addition,
the enhanced mass transport near the macrosteps may cause thickness modulation because it is
reasonable to consider the different growth rate between the surfaces of the step-edge and (0001)
surface of AlGaN. The growth rate on the step-edge should be larger. Therefore, the enhanced carrier
localization may be due to a complicated combination of mechanisms.
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Figure 15. (a,b) Redshift of EL spectra observed in case of using high-miscut sapphire. The spectra in
(a) were controlled to have single peaks. (c,d) I-L characteristics of 260 and 280 nm LEDs for different
miscut angles of sapphire, respectively. Graph (b) includes spectra with a shoulder to show the possible
existence of quasi-stable AIN in AlGaN. The indices above the spectra or I-L characteristics in (b,d)
denote the miscut angles of sapphire. Both (c¢,d) show that the EL output increases with increasing
miscut angle of sapphire for the samples in (a). ((b) is permiited to reuse from [13] and (a,c,d) are
permitted to reuse from Proc. SPIE 9926, 99260C (2016) [131].).
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In Figure 15a, a smaller spectral redshift and less spectral broadening with the increase in the
miscut angle of sapphire can be seen for the 260 nm LEDs. To explain the somewhat lower EQEs for
the 260 nm LEDs, it is reasonable to consider the lower CIEs due to insufficient electrical properties of
electron blocking layer compared with those for 280 nm LEDs. In addition, the lower mass transport
and the lack of quasi-stable AIN for the QWs of the 260 nm LEDs may be a reason for the smaller
enhancement of carrier localization than that for the 280 nm LEDs. Thus, the lower IQEs for the 260 nm
LEDs than those for the 280 nm LEDs can be understood. Accordingly, the lower EQE for the 260 nm
must be due to both lower CIE and lower IQE.

It is reasonable that the broadening of the EL spectra is accompanied by a redshift when the
overlapped spectral structures are considered. Accordingly, Figure 15 shows indirect evidence of
carrier localization due to enhanced potential modulation adjacent to the macrosteps for both the
265 and 285 nm LEDs. There might be a difference between the 265 and 285 nm LEDs due to the
presence/absence of quasi-stable AIN. Although there are detailed differences between 265 and 285 nm
LEDs, the EQEs can be increased by the use of high-miscut sapphire, which can be attributed to the
increased IQEs achieved by reducing the TDD. To provide further indirect evidence of increased IQEs
due to enhanced potential modulation adjacent to the macrosteps, the analysis of DUV-LEDs with a
similar TDD is desirable to isolate the effect of the potential nonuniformity from that of the TDD.

13.2. EL Spectral Broadening with Increase in EL Output for the Same TDD

Higher output power is obtained for broader EL spectra when the miscut angle of sapphire is
varied. However, the above results cannot eliminate the effect of the increase in EQE caused by the
reduction of the TDD, because the TDD is improved by the use of high-miscut sapphire. Although
the spectral redshift and the increase in EL output were accompanied with an increase in the number
of macrosteps, increase in the EL output for the broader EL spectra was not clear for the sapphire
with the same miscut angle. The authors expect that a simple mapping of the EL spectral width to the
EL output power for the same TDD will reveal the positive relationship between the EL output and
spectral width. Due to the large run-to-run fluctuation for AlGaN and AIN growth, it was difficult
to ensure the relationship between EL output and spectral width during the improvement of the
growth recipes. Countermeasures to the run-to-run fluctuation problem were intensively investigated
before mass production. Next, a positive relationship between the EL output and spectral width was
observed when the miscut angle was fixed to 1.0° in the routine growth of DUV-LEDs. Although it is
difficult to separate the effects of potential fluctuation on the terrace and potential modulation adjacent
to the macrosteps, the effect of carrier localization related to EL broadening in our experiments can
be extracted.

LED wafers grown on n-AlGaN templates with similar XRCs were collected to minimize the
effect of the TDD. In this procedure, the balance between the FWHM S of the-scans of the (0001) and
(1010) XRCs was considered in the analysis of 285 nm LED wafers, where the detailed procedure is
described in Ref. [13]. The EL outputs determined by a wafer prober were collected for both 265 and
285 nm LED wafers. The n-AlGaN templates have a TDD of about 5 x 10%/cm?. The wafer prober
measurement at the wafer center was strongly correlated with the EL output after fabricating LED
dies at the wafer center, where the XRC measurements were performed. The linearity of the EL output
measurements obtained with the wafer prober and the integrating sphere after isolation into dies was
confirmed to be within 20%. To eliminate the wavelength dependence shown in Figure 1, the LED
wafers were sorted into groups according to the wavelength of the peak EL output. Then, positive
correlations between the spectral width and EL output power were observed for 265 and 285 nm
LEDs, as shown in Figure 16a, b. These figures provide further evidence that the higher EL output is
related to enhanced carrier localization due to increased potential nonuniformity. Using templates
with similar TDDs and surfaces with macrosteps grown on 1.0°-miscut sapphire, an increase in the EL
output for a broader spectral width was also observed. The results in Figure 16 cannot definitively
conclude the enhancement of carrier localization by potential modulation adjacent to the macrosteps.
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However, this is considered to be in agreement with the hypothesis of the enhancement of EL output
by carrier localization. Detailed microscopic analyses are in progress. Cathode-luminescence (CL)
spectral peaks besides the macrosteps were confirmed to be redshifted, increasing the plausibility of
the hypothesis that enhanced carrier localization is related to macrosteps.
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Figure 16. (a,b) Increased EL output in accordance with EL spectral broadening. The sapphire miscut
angle was set to 1.0°. The TDD values and the density of macrosteps of the templates are considered
to be within a narrow range. The numbers of (a) 265 nm and (b) 285 nm LED wafers were 11 and
23, respectively. For (b) 285 nm LEDs, the dependence of EL output on FWHM of EL spectra is
vague to see the relationship between EL output and spectral width when the EL output and spectral
width were simply mapped. When the samples wafers were grouped by the wavelength of peak EL,
a positive correlation between the EL output and spectral width was seen for all groups of 285 nm
LEDs, as indicated by the “+” symbols above the insets. The arrows indicate two overlapping data
in graph (a). The dotted line in (b) shows the weak positive correlation. (Figures are permitted to be
reused from Jpn. J. Appl. Phys. [13] © Japan Society Applied Physics).

14. IQEs of AlGaN-Based Uneven QWs

Many of the reported IQEs are determined using the ratio of photoluminescence (PL) intensity at
room temperature (RT) to that at a low temperature (LT). The model for this measurement is simplified
by considering one type of NRC. This model requires other assumptions. The electron (#.) and hole (1)
densities are assumed equal to the representative carrier density (1) at QWs, and the recombination
terms are separated according to the order of the carrier density n: An, Bn?, and Cn®.

Here, A is a nonradiative recombination coefficient related to the Shockley—Read-Hall (SRH)
NRCs, which is related to the probability for the carriers to be captured by NRCs. Thus, A strongly
varies with temperature (T). B is an emission coefficient linear to the Einstein A coefficient based on
the concept of the possibility of a radiative combination of electron-hole pairs at the QWs. Thus,
B is multiplied by the square of the carrier density in the QWs assuming free carriers. C implies
nonradiative Auger recombination concerning three carriers, and the 7% term is multiplied. In the
case of a device with a high carrier density such as LDs, the C-term is necessary. For LEDs, C is often
approximated to be negligible [77]. At the LT limit, SRH-NRCs are assumed to be occupied and frozen
out; thus, all the injected carriers are considered to be converted to EL. When SRH-NRCs are frozen at
LT, the quantum yield (¢) can be near 100% by freezing A(T — 0) to zero. The quantum yield (¢) with

a function of T is defined as 5
n

¢(T) = A(T) 1 Bn 1)
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When the number of carriers (n) injected into QWs is sufficiently large to be A > Bn, ¢(T) is
overestimated at T > 0. Therefore, nonsaturated excitation is necessary to obtain appropriate
IQE values in this measurement. The junction temperature (T}) is considered to be increased by
a high-energy excitation. The saturated excitation makes it difficult to assume T; with approximation
to the temperature of the sample holder.

In the discussion on IQEs, the reported data [24,25,41,61,90,113,132-137] are collected and shown
as solid symbols (o, [, H, ®, M, @, @) for the measurements under the nonsaturated conditions.
Figure 17 shows the IQEs as a function of wavelength. The hollow symbols in Figure 17 indicate the
calculated or measured IQEs reported without mentioning nonsaturated excitation. There is another
method of enabling the separation of IQE and CIE [129] using I-L characteristics. However, it is based
on the given LEE and considered to be a rough estimate. Thus, our IQEs (A and V) were calculated
to be conservative estimates from I-L characteristics by assuming a fixed LEE of 10% and high CIEs
ranging from 70% to 100%, as shown in Table 2. Our estimates of the IQEs of the uneven MQWs
are compared with solid symbols (¢, 7, B, ®, M, @, @) of the MQWSs, which are considered to be
flat. In the 265-290 nm range, the uneven QWs show equal or higher values than the reported ones
measured with flat MQWSs on AIN grown on a sapphire substrate (M, ®) and on a bulk AIN substrate
(@). In the 255-265 nm region, data for AlGaN wells grown on the bulk AIN spread over a wide range
of IQEs from 15 to 80% (® and @). In the 230-245 nm region, IQEs on the macrosteps were reported
for the samples grown on the bulk AIN substrates (©) as well as on the sapphire substrates (7). Also,
flat MQW without Si doping grown on a sapphire substrate is indicated by (M).

1 — T T T T
s gof 1
E 60 |
w v iR H
£ ®
3 I { 0
S 40} R S — -
- 1 |
(<] ] 1 H
- ¢
£ : i . i 1EM :
€ ; P Sai @ : 5 ;
- @ AINT; | ; ,
0 T2 B I S N NN
220 230 240 250 260 270 280 290 300
Wavelength (nm)

Figure 17. The reported IQE dependence on the wavelength is collected and mapped. This graph
includes the calculations and IQEs under unclear excitation conditions, as shown by hollow symbols.
The solid symbols @ [61], ® [137], ® [24], M [25], M [90], and [136] denote the nonsaturated excitations
for flat MQWs. Our estimated ranges for the uneven QWs are shown by (A and V). AIN? indicates
the uneven MQW grown on bulk AIN with a miscut of 3.0° shown by @, and ™ refers to the flat
MQW grown on sapphire [136]. EM denotes the enhanced migration method used for AIN growth on
sapphires. MBE indicates samples prepared by a molecular beam epitaxy method.

Figure 18 shows a map of the relationship between TDD and IQEs, eliminating the IQE data
measured under unclear excitation conditions. Our IQE ranges are shown by violet triangles. The upper
solid triangles (A) are conservative estimations for our DUV-LEDs using LEE/CIE of 10%/100%.
The IQEs for undoped and Si doped MQWs are shown by M and @, respectively [90]. In Figure 18,
IQEs determined considering excitation conditions are added (@M® A [77] with blue line) as the
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references of flat MQWs. For the AIGaN QWs, the aluminum vacancy (V1) is demonstrated to act
as NRC. Si-doped MQWs show higher IQEs than that of the undoped MQW because of decreasing
Va1 [90]. The results of MQWSs grown on the bulk AIN substrates are plotted at a TDD of 10 /cm?
because of unknown TDDs at the MQWs. The IQEs for MQWSs on the bulk AIN substrates range from
10 to 80% (@, @, ®). The EL wavelength for the samples (®, ®) are located between 255 and 265 nm
and the AIN content in AlGaN QWs are higher than those of our samples. Thus, V 5; is considered be
among the reasons for the IQE difference [60,137]. The IQE estimates of the uneven MQWs (A and V)
are above the IQE-TDD trend curve (blue) similarly to Si-doped MQWs (®) compared with undoped
MQW (M), suggesting the boosted IQEs due to macrosteps. It is possible that the macrosteps cause the
mass transport of Ga and GalN components in AlGaN [138] during the growth of the MQWs. It led us
to consider the possibility that the number of Vaj has been reduced by the mass transport adjacent to
macrosteps in addition to the enhanced carrier localization due to potential modulation. In Figure 17,
the IQE of MQWs on the macrosteps on an AIN bulk substrate with a miscut of 3.0° (¢) and that of a
flat MQW grown on a sapphire substrate (/) are added. The increased IQE (@) on a 3.0°-miscut AIN
substrate also supports the boosted IQE for AlIGaN MQWs on the macrosteps.
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Figure 18. The reported IQEs as a function of TDD are mapped. The data for the flat AlGaN MQWs
determined under nonsaturated conditions are plotted with @ [61], ® [137], @l [24,25], W [90] and

[136] solid symbols. The solid blue plots are the measured IQEs considering excitation conditions
for the flat MQWs with wavelengths 230 nm (@), 250 nm (H), 300 nm (4), and 350 nm (A), and the
blue curve show the relationship between TDD and IQE [77]. AIN indicates the use of the bulk AIN
substrate, which is gathered at TDD of 10°/cm?. The violet symbols denote the uneven MQWs on
macrosteps for our samples from Table 2. The gray circles (o) indicate the IQE boosted by Si-doped
MQW [90] and the rest is considered to be data for undoped MQWs (colored symbols). AINT indicates
the uneven QWs.

15. Prospects for EQE and WPE with Advanced Packaging

For the devices with a p-GaN contact layer and no reflective p-contact, improving the LEE from
the sapphire side is important. Using thick sapphire without thinning, the increase in the surface area
of sapphire can increase the extraction of EL propagating to the sapphire. However, the shape of the
sapphire opposite the device layers of dies is a rectangular parallelepiped, resulting in a significant
amount of EL being wasted. EL from the MQWs is reflected at the sapphire-air boundary. Thus,
a part of the EL returns to the device layers and is absorbed in the p-GaN or not reflected from the
n-electrode area. The shape effect has not been sufficiently utilized to increase LEE. A material with
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a spherical shape is considered to be effective for improving our rectangular parallelepiped dies.
However, the shaping of the thick sapphire is difficult due to its hardness. In addition, the difference
between the refractive indices of sapphire (1.8) and air is large. The use of a material with a refractive
index between those of air and sapphire is also desired.

To overcome these problems, resin encapsulation using silicone [54], fluorine [13,14],
and unknown type of resins [17,19] has been reported. Our intensive studies on the use the
fluoropolymer to encapsulate DUV-LED dies clarified a molecular structure with robustness against
DUV [13,14,139]. The LEE and WPE were improved 1.5-fold in the case of hemispherical encapsulation
using the fluoropolymer. In addition to the encapsulation, the minor practical improvements of:
(i) using an Al reflector around the die; (ii) forming an Al coating on the submount; and (iii) forming
an Al coating on the insulation film on the mesa sidewall are thought to be effective for improving
the net WPE without reducing the lifetime due to the use of p-AlGaN and a reflective p-contact.
In addition, (iv) the formation of a moth-eye (PhC) structure on the sapphire surface can also increase
the net EQE and WPE without reducing the LED lifetime. Although the flexible shaping of sapphire is
difficult, (v) chamfering the sapphire of the die is considered possible and may be an effective measure
in addition to encapsulation using a fluoropolymer. Based on our limited experimental attempts,
an additional 1.2-fold improvement is conservatively expected by adapting (i)—(v). In Figure 13,
the 1.5-fold WPEs at 100 mA are estimated to be 4.1%, 4.6%, 6.6%, and 6.5% at 266, 271, 283, and 298 nm,
respectively, from the WPEs corresponding to red solid circles in Figure 1. In addition, when additional
improvement of 1.2-fold is assumed, WPEs of 4.9%, 5.5%, 7.9% and 7.8% at 100 mA are expected.
A single bare die in the market fabricated by our group demonstrated about 80 mW at 285 nm
on AlN-sheet submount at 350 mA without using an encapsulation nor the techniques of (i)—(v).
Only with the use of encapsulation to the current product, more than 100 mW per die is considered to
be sufficiently feasible by increasing LEE.

High- or ultrahigh-pressure mercury lamps have broad spectra due to the pressure broadening
effect. Thus, light is wasted due to the wavelengths outside the region of interest. For example,
the application of UV curing is based on a photoinduced chemical reaction, and photons with energy
lower than that of the wavelength to activate the polymerizing initiator scarcely contribute to the
chemical reaction, limiting the utilization factor of the light from UV bulbs. Although the WPEs of UV
bulbs are as high as 10-15% for the overall emission, the total efficiency is not always high compared
with that of monochromatic DUV-LEDs. Thus, encapsulated DUV-LEDs with uneven MQWs are
expected to have practical applications because their lifetimes are much longer than those of UV bulbs,
and their total efficiency is considered to exceed those of conventional mercury lamps.

16. Frontiers of Current AlGaN-Based DUV-LEDs

In Figure 1, a difficulty of the DUV-LEDs in the wavelength region where A is less than about
270 nm can be seen. The EQE rapidly decreases as the wavelength decreases from around 270 nm.
A possible reason for the low EQE (A < 270 nm) is the increased number of NRCs due to V5 with
increasing AIN content. Thus, lower IQE can be one of the reasons. The decrease in the CIE also limits
the LED performance due to the insufficient electrical properties of EB layer. When we performed
beryllium (Be) doping using MOCVD in an attempt to improve the EB layer and low CIE, Be was not
detected in the AlGaN film and no significant result was obtained. In addition to the low CIE and IQE,
the polarization of light emitted from AlGaN QWs changes from transverse electric (TE) (C_LE) to
transverse magnetic (TM) (C||E) [140,141] at a high AIN content of around 60%. TM polarization is
considered to be suitable for LDs [142-144] due to the edge emitting device structure, and the control
of the polarization for DUV-LEDs has also been studied [145] to solve the lowered LEE. The use of
a nanorod structure [146] to extract TM light has also been studied. Moreover, very thin QWs and
quantum disks (QDs) for generating TE-polarized emission at wavelengths of A < 240 nm have been
reported [147-149].
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LEDs with emitting wavelength range between 300 and 350 nm appear to have lower EQEs as
shown in Figure 1. The EQEs of InGaN LEDs tend to decrease with increasing wavelength away from
the blue-to-NUYV regions [16,66] with increasing In content in InGaN. Similarly, the EQEs of AlGaN
LEDs tend to decrease from 300 nm to 350 nm with increasing Ga in AlGaN. For an AlGaN-based LED
with GaN wells, an EQE of 6.7% at 345 nm was obtained; for this LED, ELO technique was used to
reduce the TDD of the n-AlGaN cladding layer [35,36]. Thus, reducing the TDD is considered to be
among the key methods for improving 300-350 nm LEDs if the carrier localization effect is limited due
to a high GaN content. This wavelength region is expected to be used in the application related to the
protein from the industrial viewpoint.

AlGaN-based DUV-LEDs produced by several manufacturers are already on the market. Novel
uneven MQWs are an example of the application of the unexpected features of nitride materials.
The mechanism of the higher EQEs by virtue of the relatively high IQEs in uneven MQWs has not yet
been clarified, although the enhanced carrier localization due to macrosteps has been suggested [13].
After InGaN-based LEDs were on the market, the mechanism of the carrier localization in InGaN QWs
was clarified. The study of the detailed mechanism of AlGaN-based LEDs with uneven MQWs is also
expected to accelerate the improvement of LEDs.

17. W/cm?-Class Irradiation Modules and Applications

Figure 19a illustrates the wavelengths of interest for various applications. The wavelengths
used with sensors are widely spread between 200 nm and 365 nm, and two representative examples
of light sources for urea sensors and high-performance liquid chromatography (HPLC) are shown.
The urea sensor in a dialyzer was partially replaced by 285 nm DUV-LEDs and compact HPLC system
is expected to be used to measure the water quality of the sewage. Among the sensor applications,
these two examples are highly substantial. However, even niche semiconductor industries cannot
be free from today’s production machines and subcontracting companies. Sensor applications do
not need a high output power and considered to be accessible market at the beginning of laboratory
production. However, the number of LEDs used in sensor application is not enough, even for the niche
semiconductor industries. Accordingly, an irradiation application might be the key to increasing the
quantity of production. The sterilization of air and water, UV curing and printing (photochemical
applications), deodorizing, the excitation of photocatalyst, phototherapy, medical applications, and so
forth, should be indispensable applications for the DUV-LED industry to stand by itself. As described,
an output of 100 mW per chip and WPE of over 7% are in sight. This means that W/cm? irradiation
modules corresponding to the performance of conventional mercury-based bulbs are within reach.

Although there are some examples of LED production where LEDs with a specific wavelength are
produced on demand, the range of wavelengths tends to be limited. The semiconductor industry is
geared to the production of very large quantity. The spectra of conventional mercury lamps are shown
in Figure 20. The advantage of LEDs to UV bulbs is thought to be located at wavelength of around
270-300 nm. For UV printing (315 nm) and photocatalyst excitation (325 nm), light sources with
a shorter wavelength (280-300 nm) can be used because they are related to excitation. The DUV
light required for UV curing has an intensity of about 0.5 W/cm?. Keeping a UV printing in
mind, sub-W/cm? modules with a dense layout of dies have been demonstrated. Figure 21 shows
photographs of various irradiation modules. For sterilization, DUV-LEDs must be cost-feasible and
convenient in comparison with low-pressure mercury lamps. As shown in Figure 19, the absorption
of DNA occurs around 265 nm (A < 290 nm). DUV-LEDs with wavelengths of 270-280 nm are also
expected to be useful because of their high-EQE region. Light flux of about 33 mW/cm? at 254 nm
is sufficient to kill bacteria, although there is some variation depending on bacteria. The efficiency
of sterilization at 280 nm is more than half of that at 254 nm according to Figure 19b. Light flux
of 1 mW/cm? at 280 nm for 1 min can kill bacteria. DUV-LEDs with a wavelength of 280 nm and
100 mW output can potentiality be used for sterilization. Accordingly, the wavelength that should be
focused on mass-production is around 280-300 nm, including sterilization or bacteriostatic applications.
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However, medical applications (310-315 nm) cannot employ shorter wavelengths owing to the need
for weak absorption on the lower-energy side to avoid the destruction of genes. The advantage of
using DUV-LEDs is considered to be the tunability of the wavelength and the shorter start-up time
before reaching the constant output compared with discharge lamps.
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Figure 19. (a) Map of application wavelengths for DUV-LEDs; and (b) absorption of DNA,
AGTC nucleic acids, uracil in ribonucleic acid, and sterilization efficiency related to their absorption.
Sensor applications are expected involve various wavelengths. UV light sources in HPLC (254 nm)
and urea sensors (285 nm) in a dialyzer are considered as examples. A larger quantity of DUV-LEDs
is expected to be used for the applications of sterilization and photochemistry including UV curing.
In addition, the weak excitation of proteins is useful for medical and biotechnology applications,
where the wavelength used is between 305 and 315 nm. ((a) Permitted to be reproduced from
Oyobutsuri [22] (© Japan Society Applied Physics) and (b) is reproduced from Hikari Alliance [150].).
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Figure 20. Spectra of low pressure (red), high-pressure (dark gray), and ultrahigh-pressure mercury
lamps (light gray). The wavelength range of DUV-LEDs with high efficiency (270-300 nm) does not
overlap the strong spectral lines of mercury lamps, showing the advantage of the DUV-LEDs to UV
bulbs. [Permitted to be reproduced from Hikari Alliance [150].].
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Another advantage of DUV-LEDs over UV bulbs is their weak infrared irradiation. The application
of UV curing is often limited by the strong heat flux due to infrared irradiation mixed with UV
light. Monochromatic DUV-LEDs are expected to reduce the damage in the UV coating of paper,
polymerfilms, cloth, and wood panels.

Figure 21. (a—d) Photographs of 285 nm irradiation modules. (a) Lighting; and (b) non-lighting
3 X 4 array module with encapsulation, respectively. The output power is 472 mW at the injected
current of 200 mA for each die. The total AIN submount area of the 12 diode array is 10.0 x 13.2 mm?.
Modules without encapsulation: (c) photograph of 3 x 16 array module with dies having 3.4 mm
pitch; and (d) LED dies with denser layout of 2.5 mm pitch. The die size is 1300 x 1300 um?. ((a,b) are
reused from Jpn. J. Appl. Phys. [15] (© Japan Society Applied Physics) and (c,d) are reused from Proc.
SPIE 9926, 99260C (2016) [131].).

18. General Conclusions and Future Outlook

Owing to the insufficient crystallinity of the AIN template on a sapphire substrate, AlGaN-based
DUV-LEDs had a low EL output due to the low EQE. The quality of the AIN template with a TDD of
over 10°/cm? was insufficient. Since the carrier localization is expected for AlGaN-based LEDs as well
as for InGaN-based LEDs, a simple method of producing an AIN template with a TDD between 10® and
107 /cm? was desired. Through studies on the use of PSS, the growth of a thick layer of AIN, and the
use of high-miscut sapphire, the use of high-miscut sapphire was considered to be most suitable for
the mass production of AlGaN-based DUV-LED:s to obtain an AIN template with TDD on the order
of 108/cm?. The reasons for using high-miscut sapphire are somewhat complicated. One reason is
to reduce the growth temperature to less than 1300 °C. In fact, there is MOCVD equipment used
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to grow SiC that can be operated at 1400 °C. The difference between 1300 and 1400 °C for AlGaN
growth is caused by fluctuation of radiant heat transfer mainly from the wafer tray. When growing
SiC devices, the compositional difference between layers is small, such as impurity in SiC. However,
during the growth of AlGaN-based LED layers, the target AIN content varies throughout the multilayer.
This causes a change in the radiation rate due to the deposition inside the growth chamber, resulting
in the fluctuation of the effective growth temperature even though the control temperature is fixed.
Furthermore, the number of materials that can be used inside the growth chamber is limited when
the growth temperature is more than 1300 °C. From an industrial viewpoint, stable production is
necessary and a lower growth temperature will be beneficial. In the case of a lower growth temperature,
the growth time for the LED wafers tends to be longer, which is not normally desirable. A suitable
balance between growth time and stable production with moderately high AIN crystallinity was found
to be obtained between the temperatures of 1200 and 1300 °C in the case of high-miscut sapphire.
Furthermore, the utilization of this temperature range enabled the realization of single LED wafers
with a larger effective area. Fortunately, the use of high miscut sapphire resulted in a high EQE without
reducing the lifetime of LEDs. We consider that the edge of the macrostep functions as a domain for
carrier localization and the detailed study on such carrier localization is in progress. However, it is
suggested that the thickness and the compositional modulation on the macrosteps enhanced the carrier
localization. This effect unexpectedly gave the merit of achieving LEDs with higher IQE.

The device layer of DUV-LEDs is unique compared with conventional LEDs having an EL
wavelength greater than 365 nm. On the AlGaN-based EB layer, p-GaN is used, even though the
incorporation of AlGaN QWs by many manufacturers and p-GaN layer seriously limit LEE. In addition,
an AlGaN-based EB layer with a high AIN content limits the CIE for wavelengths shorter than 280 nm.
These problems might not be solved in short-term research. Accordingly, the use of encapsulation in
addition to a thick sapphire layer is considered to be a practical solution. Despite the disadvantages
of using a p-GaN layer, the WPE reached a competitive level, meaning that our device can be used
as an alternative to high- and ultrahigh-pressure mercury lamps, and then Sub-W/cm? irradiation
modules for UV curing were demonstrated to be alternatives of high- and ultrahigh-pressure mercury
lamps. Low-pressure mercury lamps have high efficiency and the market price is reasonable. The most
important potential application of DUV-LEDs is the sterilization of air and water, which is currently
performed by low-pressure mercury lamps. The performance of DUV-LEDs is not yet sufficient to
be used an alternative to mercury lamps. However, a relatively short-term improvement in IQE at
wavelengths of 265-280 nm is considered to be possible by reducing the point defect density of V 4;.
For example, incorporating Si-doped QWs is effective to reduce the number of V,j, although it is
difficult to improve the CIE. From an industrial viewpoint, the authors consider that the cost-feasible
production of the sterilization application is a priority; thus, the development of the larger growth
apparatus and cost-feasible packaging should be tackled as priority tasks.
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