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1 Introduction

ABSTRACT

Solder joints of Au-20wt%5Sn (Au-20Sn) between real light-emitting diode Si
chips and AIN substrates were fabricated using thermo-compression (TC)
bonding. We investigated the microstructure of TC-bonded solder joints using
scanning electron microscopy, transmission electron microscopy (TEM), and
scanning transmission electron microscopy (STEM) and its effect on shear
strength. The metallization system for the Au-20Sn solder consisted of Pt/Ti
thin films on Si chips and an electroless Ni/Pd/Au layer on AIN substrates. The
TC bonding was carried out at 280, 290, 300, and 310 °C for 0.2, 0.6, and 1.2 s.
Samples were aged at 200 °C for up to 1000 h in a conventional oven. The
performance of the solder joints was sensitive to joining temperature. When the
solder joint was formed at a relatively low temperature, shear strength was low
due to the unbonded regions in the solder joints. The shear strength increased
with joining temperature and time. When the solder joints were formed at a
relatively high temperature, shear strength was high. The solder joints were
composed of -phase at both interfaces and {’-phase at the center. After aging at
200 °C for up to 1000 h, shear strength slightly decreased. The main fracture
modes before and after aging were Si cohesive fracture and interfacial fracture
between Si and Ti, respectively. TEM and STEM clearly indicated that the Pt
layer remained at the solder interface after aging. The high shear strength was
attributed to the strong interface between Pt and the Au-205n solder.

requirements that increase power consumption have
increased. The heat produced by high-power LEDs

As light-emitting diodes (LEDs) products are being ~ must be dissipated through their substrates. Thus, a
diversified and their field of application is expanded good thermally conductive interface between die and
to devices such as automobile lamps, drive current substrate is essential to maintain LED performance at
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Fig. 1 Schematic of solder joints formed between Si LED Chip and AIN substrate

Table 1 Thermo-compression

Bonding process conditions Conditions 1 2

Joining Temp. 280 °C
Joining Time (s) 0.2 0.6

290 °C 300 °C 310 °C
12 02 06 12 02 06 12 02 06 12

the maximum allowable junction temperature [1].
Among the die attachment materials used in high-
power LED packages, such as Ag paste, Sn-based
solders, and eutectic Au-Sn solder, Au-20wt%5Sn (Au-
205n) solder is notable due to its superlative thermal
resistance [2]. In addition, the high thermal conduc-
tivity of Au-20Sn makes it particularly useful for
bonding high-power devices that demand a good
capacity for heat dissipation [3]. Au—20Sn solder also
provides advantages such as flux-less soldering and
beneficial mechanical and electrical properties [4, 5].
Use of flux is prohibited, particularly for LEDs,
micro-electro-mechanical systems (MEMS), laser
diodes, and biomedical instruments packaging,
because the flux residue adversely affects the optical
performance and can induce corrosion [6, 7].

A system of Pt/Ti metallization on semiconductors
has been widely used for Au-Sn soldering [8-13].
A Ti layer provides adhesion between Si and Pt [7].
This Pt/Ti system has a good thermal stability [9],
and Pt is not easily oxidized and has a low dissolu-
tion rate with Sn. With these two beneficial charac-
teristics, a Pt layer can play the roles of both an
oxidation protection layer and a diffusion barrier
layer [10]. Ni and Cu are generally used as surface
finish metals [14-19]. Ni and Cu are the two most
common metals in direct contact with solder and are
widely used as a surface finish layer on metal bond
pads in the electronic packaging industry. In partic-
ular, electroless Ni/Au metallization has become
popular since it reduces processing costs while pro-
viding a good interfacial diffusion barrier [16].
Reflow soldering using Au-Sn solders is the most

widely used method for attaching LED chips to
substrates [1, 3, 11, 16]. Recently, thermo-compres-
sion (TC) bonding has been investigated for Au-Sn
soldering [20]. When considerable pressure is applied
during soldering, good contacts are established and
sufficient heat is transferred to the solder and met-
allization layer [21]. After contact between the Au-
205n solder and the metallization layer, the solder is
heated above its melting temperature so that it wets
the metallization layer. However, a thin Pt layer
might be dissolved completely into the molten solder
during soldering. If such dissolution occurs, the poor
wettability of the solder on the exposed Ti layer leads
to de-bonding at the interface [11, 22]. Intermetallic
compounds (IMCs) such as PtSn and PtSn, [8, 13] are
known to form at the interface between Pt and Au-
205n solder. As a result, a non-uniform joint is
formed, and excessive growth of the IMC layer can
degrade the performance of the solder joints [13].
Microstructure characterization of the interface
between Pt and Au-205n solder is important for
understanding how to optimize soldering conditions
to obtain high-quality solder joints.

Joining temperature and time are the main factors
that affect the quality and reliability of solder joints.
Han et al. proposed the optimum process conditions
for Au-Sn TC bonding based on of shear force mea-
surements [20]. However, the effect of the
microstructure in solder joints was not investigated.

In the present study, different microstructures of
solder joints were developed based on joining con-
ditions. We fabricated Au-205n solder joints using TC
bonding with real LED chips and AIN substrates. The
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Fig. 2 The SEM images of cross-sectional solder joints formed a 280 °C, b 290 °C, ¢ 300 °C, and d 310 °C. Joining time was 0.2 s for

all samples

metallization system for the Au-20Sn solders con-
sisted of Pt/Ti thin films on LED chips and a Ni/Cu
finish on AIN substrates. We characterized the
microstructures of the solder joints and investigated
their effects on joint quality and long-term reliability.

2 Experimental

The LED package structure used in this study is
shown in Fig. 1 and is composed of a 3 W blue LED
Si chip and an AIN substrate. The back side of the Si
chip was metallized with Pt/Ti barrier layers. This
films of Ti (0.15 um), Pt (0.05 pm), Ti (0.15 pm), and
Pt (0.2 pm) were sputtered sequentially on the Si chip
using direct current magnetron sputtering. The tol-
erance of thin film thickness was + 5%. Then, Au-
20wt%5Sn solder was co-deposited using an e-beam

evaporator. The AIN ceramic substrate was

@ Springer

electroplated with Cu using the direct plating
method [23]. The surface finish, electroless Ni/Pd/
Au (ENEPIG), was deposited on the Cu layer. The
thicknesses of the Ni(P), Pd, and Au layers were 5.0,
0.1, and 0.15 pm, respectively. The joining process for
die attachment was carried out via thermo-compres-
sion (TC) bonding at 280, 290, 300, and 310 °C with a
bond force of 1.47 N for 0.2, 0.6, and 1.2 s in Nj.
Table 1 lists the applied TC bonding conditions. After
TC bonding, an aging test was carried out at 200 °C
for 250, 500, and 1000 h in a conventional oven to
evaluate the long-term reliability of the solder joints.

Cross-sections of the Au-205n solder joints were
characterized using scanning electron microscopy
(SEM/ Inspection F, FEI, USA), transmission electron
microscopy (TEM/ NEO ARM, JEOL, Japan) with
energy dispersive X-ray spectroscopy (EDS), and
scanning transmission electron microscopy (STEM).
Samples for (5)TEM analyses were prepared using an
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Fig. 4 The portion of bleed-out region in as-joined solder joints

focused ion beam (FIB/ SCIOS, FEI, USA) system,
and analyses were performed using NEO ARM
equipment. Samples for SEM analysis were prepared
using standard metallographic methods. The die
shear test was carried out using a high-speed ball
shear tester (Dage 4000, Nordson, UK) to evaluate
solder joint strength. The shear height was 50 um
across the substrate, and the shear speed was
500 pm/s. The shear strength was defined as the
maximum load at fracture divided by the total joint
area of the chip. At least 10 samples were tested
under each condition to calculate the average shear
strength. The fracture modes were analyzed with
optical microscopy (OM) and SEM (FEI, Inspection
EF).

11005

3 Results and discussion

3.1 Microstructural characterization of Au-
20Sn solder joints

Figure 2 shows typical cross-sectional SEM images of
the Au-20wt%5n solder joints in the LED packages.
The images reveal an unbonded region was found in
the solder joints formed at 280 °C, and there were
voids in the Au-5n solder joints formed at 290 °C. In
contrast, good solder joints were formed with no
large voids at 300 °C and 310 °C. The proportion of
unbonded region in the solder joint depended on
joining temperature. The bonded region increased in
size with increasing joining temperature. There were
no unbonded regions found in the solder joints
formed at 300 °C or 310 °C. In addition, as the tem-
perature increased, the flowability of the Au-Sn sol-
der increased, causing Au-Sn solder to extrude
around the chip, known as bleed-out. Figure 3 shows
top views of two chips joined with AIN substrates:
one without bleed-out (Fig. 3a) and one exhibiting
solder bleed-out from the edge of the chip (Fig. 3b,
bleed-out marked with arrows). Figure 4 shows the
effects of joining temperature and time on the pro-
portion of bleed-out, calculated as a ratio of the bleed-
out area around the chip to the total chip area. The
proportion of bleed-out increases with increased
joining temperature and time. In a multi-chip pack-
age or a package with a small gap between elec-
trodes, the increased bleed-out region induces a risk
of short failure. Therefore, considering the propor-
tions of unbonded regions and the bleed-out regions,
the optimal joining temperature is 300 °C.

Enlarged cross-sectional SEM micrographs of sol-
der joints in the as-joined samples are presented in
Fig. 5. As the joining temperature increased, solder
joint thickness decreased due to the bleed-out effect.
The solder joints were composed of layers of 3-phase
(dark constituent) at the Pt and Ni interfaces and of
{’-phase (bright constituent) at the center of the sol-
der joint in all samples. Our observation was con-
sistent with previous results of thin Au-Sn solder
joints [24, 25]. Since the Sn-rich 3-phase has a lower
surface tension than the Au-rich {’-phase [26], the Sn-
rich d-phase tends to migrate toward the edge of the
solder joint, leaving the center as Au-rich {'-phase
[24]. In addition, Pt layers (thin white layers marked
with arrows in Fig. 5) were observed in all samples.
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Fig. 5 Cross-sectional SEM images of the solder joints formed; h 300 °C, 0.6 s, and i 300 °C, 1.2's, j 310 °C, 0.2 s, k 310 °C,
a 280 °C, 0.2's, b 280 °C, 0.6 s, and ¢ 280 °C, 1.2 s,d 290 °C, 0.6s,and 1310 °C, 1.2 s
0.2s, €290°C, 0.6s, and f 290 °C, 1.2's, g 300 °C, 0.2's,
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Two representative samples of solder joints were
prepared using FIB to analyze the solder joints more
clearly under TEM: a solder joint formed at 300 °C for
0.2 s and one formed at 310 °C for 1.2 s. In order to
characterize the phases more clearly, solder joints
were observed in STEM mode in addition to TEM
mode. Figures 6 and 7 show the cross-sectional
(STEM images of the solder joints formed at 300 °C
for 0.2 s and at 310°C for 1.2 s, respectively. Chemical
analyses of the regions marked with numbers in
Figs. 6 and 7 were preformed using EDS and are
summarized in Tables 2 and 3. Figures 6a and 7a are
low magnification STEM images of whole Au-20Sn
solder joints between the Pt/Ti and Ni interfaces. The
microstructures observed in these STEM images are
similar to those in the SEM images shown in Fig. 5g
and 1. Magnified (S)TEM images near the Pt interfaces

d-phase

C-phase

200 nm

('-phase

Fig. 6 Cross-sectional (S)TEM images of the solder joint formed
at 300 °C, 0.2's; a a low magnification STEM image; b a
magnified TEM image of region b in a near Pt interface; ¢ STEM

11007

are shown in Figs. 6b, ¢ and 7b, c and near the Ni
interfaces in Figs. 6d, e, and 7d, e. The Pt/Ti double
layers, Ni(P) layer, 6-phase, and {’-phase were easily
identified using EDS line scan and point analyses
(Tables 2 and 3). The thicknesses of Pt/Ti double
layers in Figs. 6 and 7 are almost the same as the set
values explained in the Experimental section except
where the Pt layers were in contact with the Au-20Sn
solders, as these Pt layers are consumed during the
reaction with Au-205n solder during TC bonding.
The reduction in Pt thickness was minimal in both
samples. This thickness reduction is reasonable since
the dissolution rate of Pt into the Au-205n solder was
approximately 0.6 pm/min at 330 °C [11]. A consid-
erable amount of Pt was detected in the d-phase near
the Pt interface since Pt atoms dissolved into the -
phase layer. The Sn concentration was constant

image and EDS line scan from A and B; d a magnified TEM image
of region d in (a) near Ni interface; e STEM image and EDS line
scan from C and D

@ Springer
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image and EDS line scan from A and B; d a magnified TEM image
of region d in a near Ni interface; e STEM image and EDS line
scan from C and D

Fig. 7 Cross-sectional (S)TEM images of the solder joint formed
at 310 °C, 1.2's; a a low magnification STEM image; b a
magnified TEM image of region b in a near Pt interface; ¢ STEM

Table 2 EDS results of

corresponding positions shown Analysis Composition (at%) Phase

i Fi Point

in Fig. 9 om Ti Pt Sn Au Ni P
(c) #1 100 Pt
#2 44.69 43.63 11.68 (Pt, Au)Sn
#3 16.31 48.56 35.13 (Au, Pt)Sn
#4 10.91 89.09 {’-AusSn
(e) #5 48.47 41.49 10.04 (Au, Ni)Sn
#6 48.65 24.22 27.13 (Au, Ni)Sn
#7 82.59 17.41 Ni-P

throughout this d-layer, which can be divided into
two sublayers: a Pt-rich (Pt,Au)Sn layer near the Pt
interface and an Au-rich (Au,Pt)Sn layer far from the
Pt interface. Formation of PtSn phase has been
reported between an Au-Sn layer and Pt [9, 12]. Pt
reacts preferentially with Sn in Au-5n solder to

@ Springer

produce an intermediate layer [9]. Detailed analysis
of these two layers is in progress. No other com-
pounds, such as PtSny, were observed. In addition, Ni
was detected in the -phase near the Ni(P) interfaces.
Ni atoms from the Ni(P) layer dissolved into the 3-
phase layer to form (Au,Ni)Sn phase, as 6-phase has
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Table 3 EDS results of
corresponding positions shown
in Fig. 10

11009
Analysis Composition (at%) Phase
Point I )

Ti Pt Sn Au Ni P

(c) #1 100 Pt
#2 41.98 45.37 12.65 (Pt, Au)Sn
#3 12.35 4791 39.74 (Au, Pt)Sn
#4 10.51 89.49 {’-AusSn
(e) #5 11.36 88.64 {’-AusSn
#6 51.31 41.88 6.80 (Au, Ni)Sn
#7 48.85 25.45 25.71 (Au, Ni)Sn
#8 78.30 21.70 Ni-P

149 nm

Fig. 8 Cross-sectional STEM images of the solder joints; a 300 °C, 0.2 s, as-joined; b 300 °C, 0.2 s, aged for 1000 h; ¢ 310 °C, 1.2 s,
as-joined; d 310 °C, 1.2 s, aged for 1000 h
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Fig. 10 Typical SEM fractographies of the solder joint (AINP>
substrate side) which was formed at 280 °C, 0.2 s, a SE mode,
b BSE mode, and ¢ a magnified SE image shown (c) in (a)

high Ni solubility [16]. In previous studies,
(Ni,Au);Sn, phase has been found at the Ni interface
[15-17, 24, 25]. This phase was not identified in our
experiment, possibly because it could not form in
very short soldering times (1.2 s or less) or because
the (Ni,Au);5n; layer was too thin to be detected.
Figure 8 shows STEM images of the sample joined
at 300 °C for 0.2 s and at 310 °C for 1.2 s before (as-
joined samples) and after aging for 1000 h. Since the
interfaces between Pt and Au-205n solder are
important, these regions were closely observed. The
same STEM images of as-joined samples (Figs. 6c and
7c) are presented again in Fig. 8a and ¢ for compar-
ison with images of the aged sample. The decrease in
thickness of the Pt layer was greater with higher
joining temperatures and longer joining times, as the
Pt atoms react and dissolve into the molten solder
during TC bonding. After aging, the thickness of the
Pt layer was further reduced due to solid-state reac-
tion with Au-20Sn solder. However, a considerable
portion of the Pt layer remained. The Pt-rich
(Pt,Au)Sn layer and the Au-rich (AuPt)Sn layer
could be distinguished due to the contrast difference
within the 6-phase. The interface between these two

270
240 +

210 4

Shear Strengrh (MPa)
2 8 8 8 B
1 1 1 1 1

—=—0.2s
—o—-06s
—A—12s

w
o
| -

o

T T T T T T T
280°C 290°C 300°C 310°C
Joining temperature

Fig. 9 Shear strength of the as-joined solder joints as functions of
joining temperature and time
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Fig. 11 Typical SEM fractographies of the solder joint (AIN
substrate side) which was formed at 310 °C, 0.2 s, a SE mode,
b BSE mode

layers is indicated with a dotted line for clarity. The
average thickness of the Pt-rich (Pt,Au)Sn layers was
96 nm in the sample joined at 300 °C for 0.2 s and
97 nm in the sample joined at 310 °C for 1.2 s. The
thickness of the Pt-rich (Pt,Au)Sn layer increased
with time since Pt atoms continuously diffused into
the solder during aging. After 1000 h, the Pt-rich
(Pt,Au)Sn layer and the total é-phase layer became
quite thick.

11011

3.2 Shear strength and fracture analysis

The effects of joining temperature and time on the
shear strength of the as-joined Au-205n solder joint
are shown in Fig. 9. The shear strength of the solder
joints formed at 280 °C was about 140 MPa and
increased with increasing joining temperature and
time. Joining temperature was the more sensitive
factor in its influence on shear strength. The shear
strength of the solder joints formed at 280 °C was
relatively low since solder joints only partially
formed, as seen in Fig. 2. All shear strength values
were measured to be about 200 MPa when the solder
joints were formed at 290 °C, 300 °C, and 310 °C. In
previous studies with similar metallization systems,
the shear strength of Au-20Sn solder joints was
between 24.5 MPa and 152 MPa [24, 25, 27]. Even
considering that the shear strength can be affected by
joining conditions and specimen geometries, the
values obtained in our study were much higher than
those of previous studies. High strength values mean
that the Au-Sn solder joints are very strong.

After the shear test, the fracture modes were
characterized. Observation of fracture surfaces
revealed several fracture modes (substrate side)
(Figs. 10 and 11). The chemical compositions of the
regions marked with numbers in Figs. 10 and 11 were
analyzed using EDS and are summarized in Tables 4
and 5. Figure 10 shows SEM images of the fracture
surfaces of the solder joints (AIN substrate side)
formed at 280°C for 0.2 s. Chemical compositional
analyses of regions #1 in Fig. 10a and #6 in Fig. 10c
indicate that these regions were ENEPIG layers. The
magnified SE image of region #6 clearly showed the
morphology of an as-plated surface. These regions
were identified as unbonded regions. Figure 11 dis-
plays SEM images showing the fractured surface of
the solder joints (AIN substrate side) formed at 310°C
for 0.2's. Region #2 is composed of Au and Sn
(Table 5). This region corresponds to the solder
bleed-out region, as seen in Fig. 3b. The composition
of region #4 is 100% Si, indicating that fracture
occurred inside the Si chip. The BSE image in Fig. 11
shows that the Si cohesive fracture was the main
fracture mode in this sample, as has been reported in
previous studies [25]. Considering SEM fractogra-
phies and EDS analyses, the fracture modes can be
classified into Si cohesive fracture, interfacial fracture
between Si and Ti adhesion layer, solder fracture, and
unbonded region fracture. The fractured surfaces of

@ Springer



11012 ] Mater Sci: Mater Electron (2022) 33:11002-11016

Table 4 EDS results of

corresponding positions shown Analysis point Composition (at%) Phase
in Fig. 13 Ti Pt St  Au Pd  Ni P
(a) #1 40.29 1341 463 ENEPIG
#2 11.37  88.63 Au-Sn Solder
#3 4.05 82.99 1296  Solder/ Ni(P)
#4 1452 75.37 10.11 Au-Sn Solder
#5 63.69 2685 9.46 Ti/Pt Layer
(b) #6 42.08 13.07 44.85 ENEPIG
#7 1249  87.51 Au-Sn Solder
#8 87.05 1295 Ni(P)

Table 5 EDS results of

corresponding positions shown Analysis Composition (at%) Phase
. . P 1 t
in Fig. 14 o Si T Pt Sn Au Ni Cu
(a) #1 13.97 86.03 Au-Sn solder
#2 100 Chip - Si
#3 57.47 42.53 Ti/Pt Layer
#4 66.23 33.77 Ti/Pt Layer
#5 63.11 36.89 Au-Sn solder
#6 65.55 34.45 Au-Sn solder
2% 2%
‘ ‘ 8% ‘
17% 17% 16% { ¥2% 20% 19%
28% 1 27% e e ‘27% :
‘ 36% : :
54% ‘ e “0/ e e
| e S -
e 30 o t1%
B79%4 5v:lit»( o e
5% | p1g | e .
80% T T RS
69% 0
b | b
b i B9V 12% #09%
[:_7_‘ 1394

02s 0.6s 12s 02s 0.6s 12s 02s 0.6s 12s 02s 0.6s
280°C 290°C 300°C 310°C

[ESi cohesive failure O Interfacial fracture between Si and Pt/Ti layer  £1Solder failure Unbonded region

Fig. 12 Fracture mode distribution of the as-joined solder joints after shear test
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Fig. 14 Fracture mode distribution with aging time. The solder®™
joints were formed at 280 °C, 290 °C, 300 °C, and 310 °C for
a02s,b06s,andc1.2s

all samples were characterized after performing the
shear test, and the distribution of fracture modes of
the as-joined samples is presented in Fig. 12. The
proportion of unbonded region was 17-28% in the
samples joined at 280°C, while unbound regions were
not observed in the samples joined at 300 °C and
310 °C. A relatively large proportion of unbonded
region in the solder joints indicates that the solder
joint is very weak; the shear strengths of these joints
were low. Unbonded regions and voids in the solder
joints also degrade their thermal performance [2]. As
joining temperature increased, the ratio of Si cohesive
fracture to interfacial fracture between Si and Ti layer
increased. These two fracture modes indicate that the
Au-205n solder strength is higher than the Si cohesive
strength and the interfacial strength between Si and
Ti. The shear strength of Au-205n solder has been
measured to be about 275 MP [28], which is much
higher than the shear strength of the Au-205n solder
joints obtained in this study. When the thin Pt layer is
completely dissolved into the molten solder, de-
bonding due to spalling can occur door to poor
wettability of the solder over Ti [11, 21]. However, a
considerable amount of the Pt layer remained during
soldering, as shown in Figs. 6 and 7. The interface
between Au-20Sn solder and the Pt layer should be
strong [27], as reflected by the very high shear
strengths observed from these samples (Fig. 9).
Figure 13 shows the changes to shear strength in
response to aging at 200°C. As the aging time
increased to 1000 h, the shear strength slightly
decreased in all samples. The trend of the shear
strength decrease with increased aging time was
independent of joining temperature and joining time.
The shear strength was above 200 MPa after aging at
200 °C for 1000 h in the samples joined at 300 °C or
310 °C. The distribution of fracture modes of the aged
samples is presented in Fig. 14. There was no
remarkable change to the fracture mode distribution
upon aging in any of the samples. A considerably
large proportion of unbonded regions was found in
the sample joined at 280 °C, even after aging. The
main fracture modes were Si cohesive fracture and
interfacial fracture between Si and Ti in the aged
samples joined at 300 °C and 310 °C. The thickness of
the Pt layer in contact with Au-20Sn solder was
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reduced by aging. However, a fairly thick Pt layer
remained, as seen in Fig. 8. High shear strengths
above 200 MPa observed after aging suggest that the
solder joints have high long-term reliability.

4 Summary

Au-20wt%5Sn solder joints were fabricated between
LED Si chips and AIN substrates by TC bonding.

1. The microstructure of the solder joints was
characterized using SEM and (S)TEM with EDS.
The solder joints were composed of 3-Au-Sn
phase at both interfaces and {’- AusSn phase at
the center. The 6-layer at the Pt interface was
divided into a Pt-rich (Pt,Au)Sn layer and an Au-
rich (Au,Pt)Sn layer. After aging, the thickness of
the Pt-rich (Pt,Auw)Sn layer increased. A fairly
thick Pt layer remained even though Pt reacts
with Au-205Sn solder during TC bonding and
aging.

2. When TC bonding was carried out at 280 °C, the

shear strength of the solder joints was relatively
low since the solder joints formed only partially.
The shear strength increased with increasing
joining temperature and time.
When TC bonding was carried out at 300 and
310 °C, unbonded regions were not observed and
the shear strength of the solder joints was very
high. Since the interface between Pt and Au-205n
solder is strong, Si cohesive fracture and interfa-
cial fracture between Si and the Ti adhesion layer
occurred. When the joining temperature was
high, the proportion of solder bleed-out increased
due to the increased flowability of the Au-Sn
solder. Increased bleed-out induces a risk of short
failure between the LED chips.

3. After aging at 200 °C for 1000 h, the shear
strength slightly decreased, but the fracture mode
did not change. Spalling was not observed in the
Pt/ Au-Sn solder interfaces since a fairly thick Pt
layer remained after aging. As a result, the Au-
205n solder joints maintained high shear strength
even after aging, which means that they have a
good long-term reliability.
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