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This paper reviews and introduces the techniques for boosting the light-extraction efficiency (LEE) of AlGaN-
based deep-ultraviolet (DUV: 1 < 300 nm) light-emitting diodes (LEDs) on the basis of the discussion of their
molecular structures and optical characteristics, focusing on organoencapsulation materials. Comparisons of

various fluororesins, silicone resin, and nonorgano materials are described. The only usable organomaterial for
encapsulating DUV-LED:s is currently considered to be polymerized perfluoro(4-vinyloxy-1-butene) (p-BVE)
terminated with a —CF; end group. By forming hemispherical lenses on DUV-LED dies using p-BVE having
a —CF; end group with a refractive index of about 1.35, the LEE was improved by 1.5-fold, demonstrating a

cost-feasible packaging technique.
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1. INTRODUCTION

AlGaN-based light-emitting diodes (LEDs) are ultraviolet
(UV) light sources tunable between 365 and 200 nm, and
early-stage demonstrations of these LEDs were reported in
Refs. [1-8]. Due to the advantage of being mercury-free,
AlGaN-based LEDs are expected to be an alternative to
mercury lamps. To date, deep-ultraviolet (DUV)-LEDs with
wavelengths between 255 and 310 nm have been demonstrated
by manufacturers [9-13]. Although AlGaN-based DUV-LEDs
are expected to be used for sterilization and curing applications,
conventional high- and ultrahigh-pressure mercury lamps have
a wall-plug efficiency (WPE) of about 10%-15% and low-
pressure mercury lamps have a WPE of about 25%. For the
bare dies of AlGaN-based DUV-LEDs on sapphire substrates,
the reported WPEs have been about 5% [14]. Thus, the devel-
opment of a technique to improve the WPE is a high priority.
The WPE #ypg is expressed as

nwree = (E,/Vr) x neqe. (1)

NMEQE = TICIE * MQE * LEE- 2

Here, E,, is the luminescence photon energy (eV), and Vy is the
forward voltage of the LED. ngqE, #cies Miqe» and 7 gg denote
the external quantum efficiency (EQE), current injection effi-
ciency (CIE), internal quantum efficiency (IQE), and light-
extraction efficiency (LEE), respectively. CIE is the ratio of
the number of minority carriers injected into the quantum
wells (QWs) to the total number of carriers injected into
the LED die. IQE is the ratio of the number of generated pho-

tons to the number of minority carriers injected into the QWs,
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which expresses the effect of nonradiative recombination in
QWs. LEE is the ratio of the number of photons extracted from
LED dies to the number of photons generated in the QWs.
The LEE indicates the proportion of usable light because gen-
erated light is wasted, mainly due to absorption loss in the de-
vices. EQE is given by multiplying CIE, IQE, and LEE and
expresses the ratio of the number of usable photons to the num-
ber of carriers injected into the device. It is possible to deter-
mine EQEs and WPEs using an integrated sphere and a
standard light source. The margins of improvement in IQE,
CIE, LEE, EQE, and WPE are overviewed in the following.

IQEs are approximately estimated from the nonsaturated
conditions of laser pumping [15,16] or from current—
luminescence characteristics [17] of LED devices. In the wave-
length region for highly efficient DUV-LEDs between 260 and
300 nm [14,18], estimated IQEs often have exceeded 50%
[14,19-21] or been near 50% [16]. Also, the electrical effi-
ciency, which is given by multiplying CIE and IQE, has been
estimated to be around 60% [9] in the wavelength region be-
tween 280 and 300 nm, meaning that CIEs and IQEs of higher
than 60% have been achieved for the bare dies of 285 nm LEDs.
The ray-tracing calculation of LEE is currently limited to sim-
ulations neglecting the roughness of the diced dies and the non-
flat interface of the device layers in the LED. However, an LEE
exceeding 10% for bare dies with a p-GaN contact layer on a
sapphire substrate has not yet been reported [9]. Indeed, a large
margin of improvement in LEE remains compared with those in
IQE and CIE.

To improve LEE, various approaches to reduce the ab-
sorption loss in p-GaN contact or p-AlGaN cladding layers
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have been reported. There are approaches that use reflective
p-contacts with a p-reflective contact [22] and encapsulation;
EQEs of 20% [23] and 10% [24] are considered to be achiev-
able by increasing LEE. However, all of the reports mentioned
an increase in V¢ due to the insufficient electrical properties of
the p-AlGaN cladding layer and the highly resistive p-contact.
Thus, the improvement in WPE was significantly canceled by
the increase in V. Furthermore, the lifetime of DUV-LEDs
tends to decrease in the case of using p-AlGaN cladding and
contact layers. Although a decrease in lifetime was measured
by making a meshed p-GaN contact layer on p-AlGaN, the
decrease in optical output of the DUV-LEDs became larger
[22]. At present, a practical approach to improve LEE is to
use encapsulation [25] or lens-coupling [26] to utilize the light
traveling from the QWs towards the light-extraction surface
and the atmosphere. To distinguish the improvement in LEE
using a lenslike structure, the improvements in LEE are listed
in the tables. Table 1 shows the LEE enhancement ratios ob-
tained without reflective electrodes. Regarding the durability
against DUV light, durability of over 5000 h [11] for unknown
organomaterials and that of over 6000 h for a fluororesin [27]
have been reported. Also, a technique for coupling with a non-
organo quartz or sapphire lens [26] is considered to provide
durability against DUV light.

As shown in the tables, the improvement of LEE can be
recognized as a priority problem to be solved. In Table 2,
the initial performances of the reflective electrode also show
a large margin to improve LEE, although it is difficult to expect
DUV-LEDs with a practical lifetime in the case of using
p-reflective electrodes. On the other hand, when focusing on
encapsulation, silicone [(—O—Si—),,] resin did not show suffi-
cient reliability against DUV light [27]. Also, no papers have
commented on the lifetime of devices fabricated using silicone.
In fact, in a catalog of high-power 365 nm LEDs fabricated by

a major manufacturer [28], the window material is limited to
hard glass, and this manufacturer limits the use of silicone
to LEDs with wavelengths of 1 > 375 nm. To our knowledge,
the reports on DUV-LEDs employing durable polymers along
with their molecular structures are limited to our papers
[25,27,29]. One of the aims of this paper is to clarify a suitable
molecular structure of the organoencapsulation material by de-
scribing the detailed degradation mechanism of resins induced
by DUV light on the basis of additional data. Finally, the fea-
sibility of mass-producing packaged devices is demonstrated.

2. SILICONE RESIN

A manufacturer of InGaN-based 365 nm LEDs is mass-
producing packaged devices with a quartz window attached
on a ceramic container. 365 nm LEDs are being targeted as
an alternative to the i-line of high- or ultrahigh-pressure mer-
cury lamps [28]. Several papers have reported devices using sil-
icone resins [23,30]. With this background, we investigated
whether silicone resins can be used for encapsulation [27].
As a result, a silicone resin having methyl groups adjacent to
Si atoms, for which the silicone structure is considered to be
the most robust against UV light, exhibited cracks after a reli-
ability test on a 301 nm LED for 1050 h when the LED was
operated at 400 mA. For LEDs with wavelengths of 270 and
287 nm, cracks occurred earlier than for the 301 nm LED at
lower operation currents of between 200 and 250 mA and in
shorter reliability tests (see details in Ref. [27]). Although the
basic structure of silicone is considered to be sufficiently robust
against DUV light, cracks are considered to be caused by
undesired polymerization due to the activation of the
polymerization initiator by the DUV light during the reliability
test. Since the polymerization initiator is a catalyst used to syn-
thesize the silicone resin from the siloxane precursors, the

Table 1. LEE Enhancement Ratios Obtained Using Encapsulation or a Lens?
Material Refractive Index LEE Enhancement Ratio (Shape) Resin Reliability ©r" Group Ref.
Unknown’ 1.4 2 (hemisphere) [5000 h (270 nm)] Crystal IS [11]
Silicone’ {1.4} 1.3 n/a RIKEN [23]
Silicone 1.4 n/a <1050 h ® (301 nm) UV Craftory [27]
Fluororesin 1.35 1.5 (hemisphere) >3000 h ® (265 nm) UV Craftory [25]
Fluororesin 1.35 1.5 (hemisphere) >6000 h ™ (265 nm) UV Craftory [27]
Sapphire lens 1.8 1.9-2.2 (hemisphere) >1000 h ® (280 nm) Nichia [26]
Unknown n/a 1.33 n/a (278 nm) SETi [31]

“[ ] =Material test without fabricating devices.

P = Lifetime of the material obtained by fabricating packaged devices.

"= Effect of roughening or reflective electrode is not included.

{ } = Explicit refractive index is not given.
Table 2. LEE Enhancement Ratios with Reflective Electrodes Are Separately Given?

Refractive  Total LEE Enhancement/ LEE Enhancement

Material Index Reliability Test Technique Group Ref.
Unknown n/a 3.3 n/a p-reflective contact + encapsulation SETi (31]
Silicone {1.4} 4.7 n/a p-reflective contact + PSS substrate + encapsulation RIKEN [23]
Without encapsulation - 1.55 > 1000 h (at 20 mA) Meshed p-GaN electrode + n-reflective contact UV Craftory  [22]

“Due to commercial confidentiality, the encapsulation material is not indicated for several cases.
{ } =Not explicitly given in the references. The expected value for the encapsulation material is shown.
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Fig. 1. Cracks in silicone encapsulation of AlGaN-based (a) 270 nm, (b) 287 nm, and (c) 301 nm LEDs after the reliability tests. The time and
the operation current during the reliability tests are indicated at the top of the photographs. The insets are magnified images of the cracks.

[Figure 1(c) is taken from Ref. [27]. Copyright Japan Society of Applied Physics.]

polymerization initiator should be dispersed uniformly in the
bulk. Thus, eliminating the polymerization initiator from
the silicone is difficult. Figures 1(a)-1(c) illustrate the cracks
in the silicone encapsulation on 270, 287, and 301 nm
LED dies after the reliability tests for 397, 1025, and
1050 h, respectively. Figure 2 shows the absorption spectrum
for silicone with a carefully chosen polymerization initiator,
with the molecular structure of the silicone having side chains
of methyl groups shown in the inset. Although this silicone did
not show significant absorptance at wavelengths below 250 nm,
the occurrence of cracks implies that this silicone is unsuitable
for encapsulating DUV-LEDs, even though it was carefully

chosen.

3. FLUORINE RESINS

A. Candidate Amorphous Fluororesins Having
Transparency in DUV Region

The binding energies of C—H, S—O, and C—F are 408.6-411,
443.7-452, and 482.2—485 kJ/mol [32,33], which correspond
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Fig. 2. Absorption spectrum of silicone with side chains of methyl
groups with the molecular structure shown as an inset. The weak ab-
sorption observed between approximately 250 and 280 nm is consid-
ered to be that of the polymerization initiator. (Reproduced from

Ref. [27]; copyright Japan Society of Applied Physics.)

to photon energies of 301-303.5, 274-279.5, and 256—
257.1 nm, respectively. However, the binding energy depends
on the neighboring molecule and the molecular structure. The
publicly available binding energies are considered to be criteria
for the photoinduced decomposition. The C—F structure is
generally stronger than Si—O, and a C—F-based resin can
potentially be used as an encapsulation material. A well-
known C—F-based polymer is poly(tetrafluoroethylene)
(PTFE:[—CF,—],), whose structure is similar to that of
polyethylene (PE:[—CH,—],). PTFE is synthesized from tetra-
fluoroethylene (TFE:[CF,=CF,]). Both PE and PTFE are
white in the form of their bulk polymers. The origin of the
white color is the scattered light due to the crystallization of
the polymer in the case of a straight simple molecular structure,
which is a fatal disadvantage for encapsulated LEDs. Another
disadvantage of PTFE is the absence of a solvent. To prevent
crystallization, a structure protruding from the straight struc-
ture is effective. Since fluoropolymers are generally synthesized
from TFE, five-membered ring structures can be formed
[34,35].  Fluoropolymers with five-membered rings of
(—C—C—0O—C—0—), having two oxygen atoms [35], and
(—C—C—C—0—C), having a single oxygen atom [34], are cur-
rently commercially available amorphous fluoropolymers hav-
ing transparency below 300 nm [36]. The former is synthesized
by the copolymerization of TFE and [perfluoro-2,2-dimethyl-
1,3-dioxole] (PDD) (PDD-co-TFE). The latter can be syn-
thesized by polymerizing perfluoro(4-vinyloxy-1-butene)
(BVE). Since polymerized BVE (p-BVE) is synthesized from
TFE using a C—H-based polymerization initiator, the polym-
erization initiator is decomposed during the polymerization.
Thus, undesired polymerization induced by DUV light does
not occur, which is an essential difference from the case of sil-
icone. PDD-co-TFE incorporates the (—CF,—) structure, and
the ratio of (—CF,—) in the main chain is limited to about 35%
to prevent crystallization. For p-BVE, the main chain consists
of BVE, and all variations of the p-BVE bulk have an amor-
phous structure. Thus, the protrusion of the five-membered
rings makes the bulk fluororesin transparent with absorption
edges around 220-250 nm when the terminal end molecules
are appropriately chosen. Furthermore, tris(trifluoromethyl)
lamine (CF;3);N is a typical solvent for both BVE and
PDD-co-TFE, which enables them to form flexible shapes.
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Fig. 3. (a) Transmittance spectra of p-BVEs with various end
groups and PDD-co-TEF; (b) molecular structures of (left) p-BVEs
with (—=R) (R = —COOH, —COOCHj;, and —CF;) end groups
and (right) molecular structure of PDD-co-TFE. (Figure 3 is repro-

duced from Refs. [25,27], copyright Japan Society of Applied Physics;
and Ref. [30], copyright Wiley-VCH Verlag GmbH.)

In addition, the modification of the end molecule of the chain
structure is possible. A series of p-BVEs with different end
groups (—R) of carboxylic acid (—COOH), methyl ester
(—COOCH;), and trifluoromethyl (—CF3) were prepared
and compared [27] because these end groups have significant
transmittance in the DUV region. Figure 3 shows the transmit-
tance of the p-BVEs with —COOH, —COOCHj3;, and —CF;
end groups and PDD-co-TFE terminated with PDD or
—CF; [35].

20mA, 95 h

m

B. Comparison of End Groups

To determine the possible molecular structures of suitable
amorphous fluororesins, the terminal molecules were investi-
gated using p-BVE with various end groups. Figure 4 shows
photographs of the damage to electrodes for various end groups
of p-BVE after reliability tests. Except for the case of the —CF;
end group, damage to the electrode was observed, and serious
leakage occurred. In the case of —COOH and —COOCHj; end
groups, damage to the electrode occurred after the operation of
265 nm LEDs for 95 and 397 h at 20 mA, respectively. During
the reliability tests, the 265 nm LED was operated under a low
optical output of a few milliwatts’ order. Even in the case of a
285 nm LED using p-BVE with the =COOH end group, dam-
age to the electrode was observed after 804 h (see details in
Ref. [25]). In contrast, the p-BVE with the —CF; end group
did not show any visible electrode damage after 1033 h of op-
eration for a 265 nm LED. The p-BVE with the —COOCH;
end group is considered to be less chemically active than that
with the =COOH end group [27]. In general, the decompo-
sition of the COO structure is considered to be induced by
DUV light.

Figure 5 shows photographs of DUV-LEDs after 20 mA of
operation followed by heating to show outgassing from the bulk
resin. The outgassing from the bulk resin was observed as bub-
bles in the cases of =COOH and —COOCHj end groups. In
contrast, in the case of the —CF; end group, no bubbles were
seen, providing indirect evidence of the decomposition of
—COOH and —COOCHj;. The transmittance spectra for
p-BVE with —COOH and —COOCH]; end groups are shown
in Fig. 3(a). The absorption below around 280 nm for p-BVE
with —COOH and —COOCHj3; end groups is considered to be
related to the bubbles. Meanwhile, p-BVE with the —CF; end
group did not produce bubbles or damage the electrode. The
transmittance spectrum for p-BVE with the —CF; end group
does not show significant absorption between 240 and 300 nm
in the DUV region, suggesting that p-BVE with the —CF; end
group was not involved in the photolysis induced by

265 nm light.

C. Main-Chain Structure

PDD-co-TFE with terminal molecules of PDD or —CF; and
p-BVE with —CF; end groups were compared to determine the
main-chain structure [29]. Dies on a submount were wrapped

20 mA, 397 h 20mA, 1033 h

Fig. 4. Photographs of the damage to the electrodes after reliability tests using 265 nm LEDs. A similar phenomenon was observed for p-BVE
with the =COOH end group for a 285 nm LED after a reliability test for 804 h [25]. When the damage to the electrodes occurred, a significant
increase in the leakage current occurred. (Taken from Ref. [27]; copyright Japan Society of Applied Physics.)



20mA, 105 h

20mA,32h

Vol. 7, No. 8 / August 2019 / Photonics Research B59

20 mA, 660 h

Fig. 5. Bubbles appearing after reliability tests for 32 and 105 h followed by heating up to 230°C for the p-BVE with —COOH and —COOCH;
end groups, respectively. The reliability tests were carried out using 265 nm LEDs under an operation current of 20 mA. [Figures 5(a) and 5(c) are
taken from Ref. [27]; copyright Japan Society of Applied Physics. Figure 5(b) is taken from Ref. [37]; copyright is shared by the authors and SPIE.]

using PDD-co-TFE and p-BVE with —CF; end groups. These
samples were used to compare the main-chain components. In
Section 3.B, a comparison of the end groups was performed
under 20 mA of operation; however, the investigation of the
main-chain structure needed 200 and 350 mA operation for
262 and 289 nm LED dies, respectively, meaning that a much
larger dose of DUV light was necessary to damage the electrode
and increase the leakage current. For the 262 nm LED, p-BVE
did not result in any visible damage to the electrode after the
reliability test for 3137 h, as shown in Fig. 6. The increased
leakage was confirmed for the case of PDD-co-TFE using
the 262 nm LED after 832 h of operation. For the case of
the 289 nm LED wrapped with PDD-co-TFE, similar damage
to the electrode was observed after the reliability test for 4100 h
(see details in Ref. [29]), although the cause of the increased
leakage was not definitively determined for the 289 nm
LEDs. Thus, PDD with the (C—O—C—0O—C) structure is
considered to be decomposed by DUV light. The dose of
DUV irradiation until the electrode was damaged for PDD-
co-TFE was 2 orders larger than those for the —COOH and
—COOCH]; end groups. This means that the five-membered
PDD ring is stabler than —COOH or —COOCH;. However,
PDD, —COOH, and —COOCH]3; all have the (—O—C—0—)
or (O=C—O—) structure, incorporating two oxygen atoms ad-
jacent to the carbon atom, and are considered to be unsuitable

PDD-co-TFE

s sol
WL

Fig. 6. Damage to the electrodes after reliability tests for 3137 and
832 h at a driving current of 200 mA for 262 nm LEDs wrapped with
(a) p-BVE with the —CF; end group and (b) PDD-co-TFE. Similar
damage to the electrode was observed on a 289 nm LED when using
PDD-co-TFE [29]. (Taken from Ref. [29]; copyright Wiley-VCH
Verlag GmbH.)

as an encapsulation material for DUV-LEDs, because the local
dipole moment of carbon with two neighboring oxygen atoms
is considered to play a key role in the photolysis. Accordingly, a
possible main-chain component is determined to be p-BVE
with a —CF; end group.

4. DUV-INDUCED PHOTOLYSIS OF FLUORINE
RESINS

A. Approaches to Analyzing the Photolysis Induced
by DUV Light

To investigate the photolysis of p-BVE with a —COOH end
group and PDD-co-TFE induced by DUV light, three types of
fluororesins, including p-BVE with a —CF; end group as a
reference sample, were put in the sample container of a temper-
ature-programmed desorption mass-spectrometry (TPD-MS)
system. Using a 261 nm DUV-LED bare die as a light source,
samples were prepared with and without the irradiation of the
261 nm LED to determine the species generated by the DUV
irradiation treatment. The irradiation time for p-BVE with the
—COOH end group was 479 h, and the output of the 261 nm
LED was set to 1.5 mW [25], which is referred to as the weak
irradiation condition in this paper. To show the robustness of
p-BVE with the —CF; end group against DUV light, a strong
irradiation condition of 6.5 mW was applied using the 261 nm
LED, which is the same as that for the PDD-co-TFE sample.
The irradiation time was 473 h [29]. The distance between the
sample and the 261 nm LED was set to 5 mm. To obtain
stronger signals, the quantity of the samples was increased
in the case of strong irradiation. Thus, the signals of m/z =
18 and 28 for p-BVE with the —CF; end group became about
2 times stronger than those in our previous report under the
weak irradiation condition [25].

In addition, 200-pm-thick film samples were prepared for
analysis by infrared (IR) spectroscopy. Using a Fourier-trans-
form IR (FT-IR) absorption spectrometer, measurement was
performed before and after exposure to a 253.7 nm mercury
line. FT-IR measurement also enables the species generated
by the DUV irradiation to be determined, corroborating the
results obtained by the TPD-MS system. The irradiation time
for the film samples of the p-BVE with the =COOH or —CF;
end group and PDD-co-TFE was 12 h. Differential absorp-
tance was obtained by subtracting the FT-IR spectrum without
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DUV irradiation from that with DUV irradiation to determine
the increase or decrease in the molecular vibrational level.

B. Photolysis of p-BVE with the —COOH End Group

In the case of p-BVE with the =COOH end group, strong CO,
CO,, H,0, and CFO signals with a peak of the desorption
temperature were detected by TPD-MS. In our previous report
[25], the weak CFO signal was not shown but is added in this
paper. Figure 7(a) shows the result of TPD-MS for p-BVE with
the —COOH end group after the weak DUV irradiation, and
Fig. 7(b) shows the result of TPD-MS for p-BVE with the
—CF; end group after the strong DUV irradiation. In the case
of p-BVE with the —COOH end group, the intensity of the
signals at 1774 and 1811 cm™ in the FT-IR spectra, which
are assigned to the —COOH end group, decreased after the
DUV irradiation [38]. The result given by FT-IR was in agree-
ment with the results of TPD-MS, as shown in Fig. 7(c). In the
case of p-BVE with the —CF; end group, the TPD-MS spectra
of CO, CO,, and occluding H,O signals after the 261 nm
strong DUV irradiation are similar to those in our previous re-
port [25] showing the overlapping TPD-MS spectra before and
after the UV irradiation. Accordingly, p-BVE with the —CF;
end group is robust against DUV light. Thus, the main path
generating CO, CO,, and H,O in the case of the =COOH

end group is considered to be as follows:
2COOH — CO + CO, + H,0. (3)
The signal of m/z = 47 in the TPD-MS spectra in Fig. 7(a)

also indicates CFO generation, which is in agreement with the
increased FT-IR peak at 1890 cm™ in Fig. 7(c), which is as-
signed to CFO [38,39]. In the case of p-BVE with the —CF;
end group, as seen in the TPD-MS spectrum of CFO in
Fig. 7(b), a significant signal was not obtained. Thus, the gen-
eration of CFO induced by the photolysis of p-BVE with the
—COOH end group can also be used to describe the photolysis
of p-BVE with the —COOH end group. The CFO signal in
the case of p-BVE with the —COOH end group in Figs. 7(a)
and 7(c) is considered to be additional evidence of the removal
of the =COOH end group. When the —COOH end group is
removed, a dangling bond of the (—CF,—) appears. The CFO
is considered to be generated when the dangling bond of the
(—CF,—) reacts with an oxygen source. The promising oxygen
source to the dangling bond of the (—CF,—) end is H,0,
although there are several possible oxygen-containing mole-
cules. On the basis of this idea, CFO is considered to be
generated as follows:

(—CF—) + H,0 — (—F) + CFO + H,1. (@)

On the basis of the above analyses, the assumed decomposition
mechanism of p-BVE with the =COOH end group is shown
in Fig. 8.

C. Photolysis of the PDD Ring Structure
The PDD-co-TFE sample used in our work is considered to be
terminated by PDD or —CF; [35]. Thus, a comparison
between p-BVE with the —CF; end group and PDD-
co-TFE enables us to compare the robustness of the BVE
and PDD ring structures.

In the case of the TPD-MS analysis of PDD-co-TFE, CO,
and CFO signals were observed after the strong 261 nm
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Fig. 7. TPD-MS spectra for H,O (m/z = 18), CO + (N,)
(m/z = 28), CO, (m/z = 44), and CFO (m/z = 47) (a) after the
weak irradiation treatment using the 261 nm LED for p-BVE with
—COOH ends and (b) p-BVE with the —CF; end group after the
strong irradiation treatment, which overlaps those without UV irradi-
ation. Differential FT-IR spectra before and after the 253.7 nm irra-
diation (c) for p-BVE with the —COOH end group and (d) for
p-BVE with the —CF; end group. The irradiation time was 12 h for
p-BVE with the =COOH and —CF; end groups. Although the CO
(m/z = 28) signal of TPD-MS cannot be isolated from the back-
ground of N, (m/z = 28), the signal of 7/z = 28 in (a) has a strong
relationship with that of CO,, which enables us to conclude that the
peak curve of m/z = 28 is mainly due to the CO signal. [Figure 7(a) is
reproduced from Ref. [25] with the CFO signal added.]

DUV-LED irradiation, as shown in Fig. 9(a). No CO signal
was identified. The FT-IR spectra were different before and
after the 253.7 nm DUV irradiation for 12 h, as shown in
Fig. 9(b). A clear CFO peak was observed at 1890 cm™'.
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(a) Decomposition paths for p-BVE with —COOH end group; (b) alignment of the end group on the electrode surface in the case of

—COOH. The neighboring—COOH is one of the reasons for the early occurrence of electrode damage in the case of p-BVE with the =COOH end

group.

The slight increase at 1860 cm™! is considered to be due to a
ketone (>C=0) [40]. Also, an increase in the OH signal in-
tensity was observed at about 3620 cm™!, suggesting that H,O
is related to the decomposition of PDD-co-TFE. From the re-
sults of the TPD-MS and FT-IR analyses, the five-membered
PDD ring with two oxygen atoms was determined to be de-
composed by the DUV irradiation, which was followed by
CFO generation [29]. Figure 10(a) shows TPD-MS spectra
of N, + CO (m/z = 28) and O, (m/z = 32) molecules.
The TPD-MS signal current of CO, in Fig. 9(a) is about
10719 A, and the signal current of CO + N, (m/z = 28) is
about 10™ A. On the basis of the idea that the CO, and
CO signals are comparable, the signal of 72/z = 28 can be as-
signed to be mainly N,. Also, the TPD-MS spectrum of
N (m/z = 14) was similar to that of m/z = 28. Thus, the
CO signal is considered to be negligible in the m/z = 28 sig-
nal. In contrast to the result of p-BVE with the —CF; end
group in Fig. 7(b), the signal current of H,O decreased for
PDD-co-TFE after the DUV irradiation, as shown in
Fig. 10(b). The decreased amount of H,O in the bulk
PDD-co-TFE suggests that H;O may be involved in the pho-
tolysis of PDD-co-TFE, because the increases in the amount of
O, and N, are considered to be caused by the adsorption from
the ambient atmosphere. In addition, the small increase in the
OH FT-IR signal intensity, as shown in Fig. 9(b), also led us to
consider that H,O was involved in the decomposition reaction.
From the data in Figs. 10(2)-10(b), void creation by the
decomposition of the PDD rings in the main chain of
PDD-co-TFE can be concluded.

The increases in the TPD-MS signal current of O, and
N, in Fig. 10(a) enable us to explain the void creation in
PDD-co-TFE molecules. Note that the O, and N, TPD-
MS spectra do not have a characteristic peak. The TPD-
MS spectra without a peak desorption temperature in
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Fig. 9. (a) TPD-MS spectra of CO, and CFO for PDD-co-TFE

before and after the 261 nm irradiation; (b) differential FT-IR spec-
trum with a signal of a ketone (>C=0), CFO, and OH after
253.7 nm irradiation for 12 h obtained by subtracting the FT-IR spec-
trum before the irradiation treatment. The peak at 1890 cm™ can be
assigned to CFO and the increase in the signal intensity at 1860 cm™
is assigned to a ketone. The peak at 3620 cm™ is assigned to OH.
(Figure 9 is taken from Ref. [29]; copyright Wiley-VCH Verlag
GmbH.)
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the increased occlusion of N, and O,; thus, the source of the oxygen
to decompose PDD is likely to be H,O. The m/z = 28 signal current
can be attributed mainly to Nj.
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Figs. 10(a)-10(b) imply occlusion. Both N, and O, molecules
are sufficiently small compared with the voids corresponding
to the five-membered PDD rings. Thus, void creation due to
PDD photolysis can be concluded. Figure 11 illustrates the
void creation model for PDD-co-TFE with various possible
decomposition paths.

On the basis of the TPD-MS and FT-IR spectra in Figs. 9
and 10, the following photolysis model is possible. One pos-
sible hypothesis (Case 1: following the arrows from the center
of Fig. 11 to the left) is based on the assumption that diper-
fluoromethylketone [CF;—CO—CF;:(CF;),CO] is generated,
which is based on ketone creation during the photolysis.
(CF3),CO is considered to be undetectable because of its
low vapor pressure, analogous to the absence of a signal for
the solvent (CF;);N in our TPD-MS measurements. After
the removal of (CF3),CO, one oxygen atom in the ring can
create CFO. In this case, the five-membered ring will be en-
tirely broken, and the main chain will be cut, resulting in
the creation of voids with a size of the five-membered ring hav-
ing two —CFj. In this case, one CFO can be created using the
oxygen atom in the ring. The additional CFO can be explained
by the external supply of oxygen, such as from H,O. Another
possible decomposition path (Case 2: following the arrows to
the right in Fig. 11) is based on the assumption that CO, is
directly generated from the O—C—O structure in the five-
membered ring. In this case, two neighboring free —CF;
should be created adjacent to the five-membered PDD ring
when CO, is generated, which should form C,F4. C,F; has
a high vapor pressure of 3 MPa, possibly resulting in nonde-
tection. In Case 2, an oxygen source is necessary to generate
CFO. When oxygen is supplied to the dangling bonds of
the polymer after CO, removal, the main chain of PDD-
co-TFE will be cut, and a void will be created in the bulk resin.
In Case 2, there is another possible path for the formation of
(—CF=CF—) without cutting the main chain, resulting in the
creation of a smaller void. In both cases, it is reasonable to
consider the decrease in the TPD-MS spectrum intensity for
H,O after the DUV irradiation. The possible paths for the

decomposition are summarized in Fig. 11.
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(Upper) Path for the creation of voids in the case of PDD-co-TFE and (lower) structure after the void creation. The undetectable species
due to the high vapor pressure are indicated by
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5. EFFECT OF REFRACTIVE INDEX ON
INCREASE IN LEE

Figure 12 shows the dependence of the light-extraction en-
hancement ratio (R gg) on the refractive index using a hemi-
spherical nonorgano lens or hemisphere resin encapsulation,
which includes the results from Refs. [11,25,26] in Table 1(a).
Our additional results for the hemispherical quartz lens and
silicone encapsulation are additionally given by hollow sym-
bols. All of the data in Fig. 12 are based on devices with a
p-GaN contact layer. It is well known that an encapsulation
material with a higher refractive index is preferable, as shown
in Fig. 12. The refractive index for p-BVE with the —CF; end
group is 1.35 and Ry g is 1.5. In general, an organomolecule
with a higher refractive index results in a weaker structure
against DUV-induced photolysis. Thus, a different concept
is required for further improvement in Rypg using p-BVE.
An attempt to increase Ry gp by mixing AIN particles has been
reported [41]. If the content of the particles is not excessive,
p-BVE with the —COOH or —COOCHj; end group can
be mixed with ZrO, or Al, O3 nanoparticles owing to their sur-
face matching with hydrophilic end groups [42]. However, uni-
form mixing with p-BVE with the —CF; end group is
considered to be difficult because the —CF; end group only
has an affinity to carbon fluoride materials. Generally, it is dif-
ficult to obtain a higher refractive index using p-BVE with the
—CFj; end group except by the compression of the bulk resin.
Accordingly, the improvement of the interface between the sap-
phire substrate and the p-BVE with the —CF; end group is
considered to be the next priority. For example, the fabrication
of nanostructures on sapphire substrates [10] may reduce the
loss of light in LED dies. Also, there is a challenge of attaching a
sapphire lens on the DVU-LED dies using a technique based

2'5 T I 1 I
UV Craftory
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2+ e ’ .
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® Hemisphere resin (unknown)
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Fig. 12. Light extraction enhancement ratio (R gg) plotted against
the refractive index for different materials. Red solid circles indicate the
cases with a hemisphere sapphire lens [26]. The blue solid circle in-
dicates the case of encapsulation with an unknown resin [11]. The
violet solid square indicates the case of fluororesin encapsulation
[25,27]. Hollow circles indicate the initial R; g observed in the experi-
ments by the authors.

on inorganic bonding [26], because an organoadhesive between
a nonorgano lens and sapphire is lacking,

6. DEMONSTRATION OF MASS PRODUCTION
OF ENCAPSULATED LEDS

High- and ultrahigh-pressure mercury lamps cost between 100
and 1000 USD, and provide about 15 W UV light emission.
Also, low-pressure mercury lamps providing 4-25 W UV emis-
sion cost 30—100 USD. Assuming a power of 100 mW per
DUV packaged device, a price of 1-10 USD is considered
to make such devices competitive with conventional mercury
lamps and will enable DUV-LED:s to be feasible alternatives to
mercury lamps. Currently, commercially available DUV-LEDs
are mostly based on fully hermetic ceramic packaging [43—45].
However, because a quartz window is attached onto a sintered
AIN ceramic container with sidewalls, a significant proportion
of the DUV light from the dies is not extracted from the pack-
aging. This packaging loss has been estimated to be 40% [43],
and the EQE of packaged commercial DUV-LEDs is currently
limited to around 3%, although the bare dies exhibited EQEs
of more than 6% between 280 and 300 nm [9]. Also, attaching
a reflector onto the submount can reduce the packaging loss
[46]. Although a low refractive index such as 1.35 is a funda-
mental property of fluororesins having robustness to DUV,
resin encapsulation will enhance the LEE 1.5-fold [25,27]
in addition to reducing the packaging loss. Thus, although
Ry gk is limited to around 1.5, establishing a mass production
technique for devices with fluororesin encapsulation is consid-
ered to be a priority, because the device output is expected to be
twice that of the conventional packaged devices [14]. Thus, a
demonstration of the mass production of 3535 chip-on-sub-
mount (COS) packages isolated from a 50.8 mm x 102.4 mm
AIN sheet was performed [47]; the results are shown in Fig. 13.
A low-viscosity fluoropolymer requires strict control of the sur-
face when a metal mold with hemispherical concaves is used,
which may result in DUV-LEDs being uncompetitive with
conventional mercury lamps in terms of cost. Thus, the mold
of the lens array used in this demonstration was a soft material
made of silicone, which can also act as a release agent. The au-
thors believe that this method will contribute to the fabrication
of cost-feasible devices.

Fig. 13. (a) Photograph of the fabricated lens array on a 50.8 mm x
102.4 mm AIN sheet. (b) Isolated 3535 COS packages. This simple
device mount reduces the loss of light resulting from the use of a con-
ventional container-type ceramic package with a quartz window and
enhances the light extraction 1.5-fold relative to that of the bare die.
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7. SUMMARY

The terminal molecular structure of fluoropolymers that can be
used to encapsulate DUV-LED:s is considered to be limited
to the —CF; end group. The absorption with wavelengths
of around 280 nm or less arising from (—O—C—O—) or
(—O—C=0) structures with two oxygen atoms adjacent to
the carbon atom should cause the photolysis of the fluororesin
induced by DUV light. Within the current C—F chemistry, the
destination of the fluoropolymer synthesized from TFE is lim-
ited to five-membered rings incorporating noncarbon atoms in
the five-membered ring structure, and a single oxygen atom can
be incorporated. Accordingly, p-BVE with the —CF; end group
is currently the only resin that can be used as an encapsulation
material for DUV-LED:s.

The disadvantage of this fluoropolymer is its low refractive
index of around 1.35. The affinity of p-BVE with the —CF;
end group does not match with a ceramic heat sink or sapphire
substrate. Thus, the anchor effect should be utilized. Despite
the low refractive index and the difficulty in handling the flu-
ororesin with the —CF; end group, mass production of a COS
package has been demonstrated using a silicone mold and
p-BVE with the —CF; end group. The encapsulated DUV-
LEDs are expected to reduce the loss of light due to the wall
of a container-type packaging and increase the LEE 1.5-fold.
The low refractive index is considered to be a drawback of
the fluoropolymer having a DUV transmittance. To further im-
prove the LEE, the authors believe that searching for a way to
reduce the loss at the interface between the sapphire and resin is
the next priority. For DUV-LEDs to be an alternative to mer-
cury lamps, a semiconductor process such as nanoimprinting,
which is suitable for mass production, should be applied to
reduce the loss at this interface.
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