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Abstract: The effects of trace addition of Al,O3 nanoparticles (NPs) on thermal reliabilities of Sn—0.5Ag—0.7Cu/Cu
solder joints were investigated. Experimental results showed that trace addition of Al,Os NPs could increase the
isotheraml aging (IA) and thermal cyclic (TC) lifetimes of Sn—0.5Ag—0.7Cu/Cu joint from 662 to 787 h, and from 1597
to 1824 cycles, respectively. Also, trace addition of Al,O3 NPs could slow down the shear force reduction of solder joint
during thermal services, which was attributed to the pinning effect of Al,O3 NPs on hindering the growth of grains and
interfacial intermetallic compounds (IMCs). Theoretically, the growth coefficients of interfacial IMCs in IA process
were calculated to be decreased from 1.61x107'% to 0.79x107!° cm?/h in IA process, and from 0.92x107'° to 0.53x107!°
cm?h in TC process. This indicated that trace addition of ALO; NPs can improve both IA and TC reliabilities of
Sn—0.5Ag— 0.7Cu/Cu joint, and a little more obvious in IA reliability.
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1 Introduction

With the development of 5G communication
technology, the solder joint size was continuously
decreased to echo the requirement of smaller and
lightweight packaging [1,2]. However, smaller
solder joint means higher current density and
therefore more heat generation than before [3]. In
addition, frequent on-off operation and long-term
working of electronic devices often bring the
internal solder joints into a thermal change
environment, leading to an accumulation of stress
and strain in the joint region due to different
coefficients of thermal expansion of joint forming
materials. Hence, thermal reliabilities of solder joints,
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including isothermal aging (IA) and thermal cyclic
(TC) reliabilities will be greatly threatened [4]. It is
well established that the thermal reliabilities of
solder joints are strongly dependent on their
microstructures, including the interface and its
adjacent solder matrix [5,6]. In general, solder
matrix with a refined microstructure, teamed with a
thin and flat interfacial intermetallic compound
(IMC) layer is often beneficial to microstructural
stability, and thus enhancing thermal reliability.
Tailoring methods, such as solder modification
and barrier metallic film deposition are taken, the
former of which is more effective [7,8]. For solder
modification, various alloys, intermetallics, micro-
or nano-level oxides were selected to be added into
original solder, especially for cost effective low-Ag
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solders [9—11]. Among them, insoluble nano-oxides
can remarkably enhance the joint reliability since
the high stability characteristic of nano-oxides
enables them to consistently hinder the motions of
crystal defects and grain boundaries during IA or
TC [11,12]. For instance, WEN et al [13] prepared
Sn—1.0Ag—0.5Cu—0.05TiO, quaternary composite
solder via vacuum alloy melting method. In TC
reliability test, the shear strength of the joint doped
with 0.05 wt.% TiO, NPs showed a slower decline
of shear strength due to the inhibition effect on
interfacial IMCs growth. Also, the ball shear
strength of 1.0 wt.% TiO, NPs-doped Sn—0.7Cu
solder joint maintained a relatively high level even
after 8 cycles’ reflow [14]. TSAO et al [15]
electroplated a-Fe,Os NPs-doped Sn solder on Cu
substrate to fabricate a solder joint. The TC
reliability result showed that as the nominal doping
content of Fe,O3 NPs reached 0.032 g/L, the
decrease rate of shear strength reached the
maximum, due to the inhibited growth of interfacial
IMC layer. These foreign nano-oxides maintained a
relative dimensional stability during thermal service,
continuously hindering the motions of crystal
defects and grain boundaries, and finally decreasing
the thermal fatigue ratio.

As economic and highly available nano-oxides,
the valuable effects of «a-Al,Os; NPs on the
enhancement in properties of solder joint have been
extensively reported [16,17]. However, few studies
on the thermal reliabilities of Al,Os; NPs-doped
solder joint were conducted. In this study, the cost
effective Sn—0.5Ag—0.7Cu (SAC0507) low-Ag
solder was selected as the target to enhance its A
and TC reliabilities, as evaluated with Weibull
analysis. Multi-scale microstructure examinations
were performed on the developed solder joints to
deeply understand the microstructural factors of
reliability improvement. The results of the work
will promote the marketization of low-cost,
high-reliability Sn—0.5Ag—0.7Cu solder and enrich
the theory of modified solders with insoluble
nano-material.

2 Experimental

In order to prepare SAC0507—(nano)Al,O;
solder paste, trace amount of Al,O3 NPs (0.1 wt.%,
~50 nm, Fig. 1) were weighed and then dispersed in
ethanol and soldering flux sequentially. Afterwards,

low-temperature ball milling machine (QM—-DY4)
was adopted to mechanically blend SACO0507
solder paste with Al,Os3 NPs. Finally, organic
solvents like PEG-600 and water-soluble flux, were
added to ensure a suitable viscosity of composite
paste.

Frequency/%

Particle size/nm

Fig. 1 Morphology of Al;O; NPs (a) and particle size
distribution (b)

In order to measure the shear force of solder
joints during thermal services, several joint samples
were made with reflow oven (Puhui, T-973M). For
IA, the service temperature was adjusted to be
125 °C. For TC, the maximum and the minimum
temperatures were set to be 125 and —45 °C,
respectively, and the holding time was 20 min.
STR—1000 Micro-joint strength tester (Rhesca,
Japan) was used to measure shear forces of solder
joints. The shear speed and tool stand-off were set
to be 10 mm/min and 20 pm, respectively. In
addition, fracture morphologies of solder joints
were also observed with scanning electron
microscopy (SEM, Hitachi S—3000N) to judge
failure locations and analyze the underlying failure
reason. Weibull analysis was used to calculate
characteristic lifetimes of solder joint in different
thermal services. Each group had 50 samples to
obtain enough test data for Weibull distribution
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analysis. The cycle or time when solder joint had a
63.3% drop in shear force was considered as the
failure criterion.

In order to wunderstand the enhanced
mechanisms of joint reliability, interfacial samples
were prepared via soldering SAC0507 and SAC0507—
(nano)Al,Os onto Cu substrate. Afterwards, a
backscattered electron (BSE) detector-owned SEM
(Hitachi S—3000N), and transmission electron
microscope (TEM, LIBRA 200 FE) were assisted to
observe the interfacial morphology.

3 Results and discussion

3.1 Weibull distribution and characteristic life
The characteristic lifetimes of SAC0507/Cu
and SACO0507—(nano)Al,O3/Cu solder joints in TA
and TC services were calculated with Weibull
distribution analysis. Out of 50 samples for each
group, the failure numbers of SAC0507/Cu and
SAC0507—(nano)Al,O3/Cu in IA were 29 and 23,
respectively, and those in TC were 24 and 19,
respectively. In order to better fit the experimental
data, a Weibull
distribution function was used as a model [18]:

F(6)=0 for t<t, (1)
F(t)=1-exp[—(t—1,)/(n—1,)"] for >t (2)

three-parameter cumulative

where ¢ is failure time or cycle, #; is failure free time
or cycle, before which no failure occurs, # is the
characteristic lifetime to 63.3% failure, f is the
shape parameter with original time shifted to f.
Here, t values of SAC0507/Cu and SACO0507—
(nano)Al,O3/Cu solder joints in IA were 600 and
680 h, respectively, and those in TC were 1450 and
1700 cycles, respectively.

The cumulative density function F(¢) should be
estimated to calculate the characteristic lifetime. A
median ranking approach was used to describe
F(®) [19]:

F(H)=(i—0.3)/(n+0.4) 3)

where i is the failure sample order, and n is the
failure number.

Figure 2 provided the actual failure time, cycle,
and the corresponding F(¢). Based on the data and
Eq. (2), least-square analysis can be obtained as
follows:

In[~In(1-F(©))] = In(z ~1,) - f In( — 1) (4)
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Fig. 2 Data statistics of failure samples

Figure 3 showed the final plotted results of the
relationship between In[—In(1-F(¢))] and In(t—%).
These discrete points were linearly fitted, and the
final [A reliability formula of SAC0507/Cu and

SAC0507—(nano)Al,O3/Cu  solder joints were
expressed in Egs. (5) and (6), respectively:

In[—In(1- F(¢))]=1.47In(z — 260) — 7.59 (5)
In[-In(1- F(¢))]=1.31In(s —390) - 6.73 (6)

The TC reliability formula of SAC0507/Cu
and SAC0507—(nano)AlO3/Cu solder joints were
expressed in Egs. (7) and (8), respectively:

In[-In(1 - F(£))] = 1.18In(¢ — 750) — 6.62 (7)
In[-In(1 - F(£))]=1.17In(t —1150) - 5.79 (8)

The shape parameter f can be obtained
from the slope of linear fitted curve, and the
characteristic lifetime # can be calculated from the
intercept. It can be calculated that trace A1,O3 NPs
addition increased the IA characteristic lifetime of
Sn—0.5Ag—0.7Cu/Cu joint from 662 to 787 h, and
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Fig. 3 Weibull plots with failure time or cycle
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TC characteristic lifetime from 1597 to 1824 cycles.
In addition, a slightly higher enhancement was
observed in IA reliability (18.8%) than that in TC
reliability (14.2%). This was related with stress
impressed on the joint, distribution of Al,O; NPs,
and interfacial microstructure evolution during two
different thermal environments.

3.2 Shear force and fracture morphology

Figure 4 shows the changes of shear forces
under different thermal environments. It is clear that
as IA time or TC cycle increased, the shear forces
of all joints decreased, and a smaller decrease rate
occurred in the Al,O; NPs-doped joint samples.
However, with further increase in aging time and
thermal cycle, the drop rate of AlL,O; NPs-doped
joint became larger than that of the original
joint. It is probably due to the agglomeration of
ALOs; NPs that had the potential to initiate
micro-cracks. After aging for 402 h, the shear forces
of SAC0507/Cu and SACO0507—(nano)Al,Os/Cu
solder joints dropped to 33 and 43.8 N, respectively,
about 37.1% and 25.8% lower than the original. In
addition, after subjected to 1200 TC cycles, shear
forces of the above two kinds of joints decreased to
24.5 and 35.8 N, having a 52% and 37.5% drop,
respectively. It was clear that trace addition of
ALOs; NPs slowed down the decrease of shear
forces to some extent. Although the total IA time
was equivalent to the accumulated holding time of
TC at high temperature, the joint samples subjected
to TC were more prone to fail due to cyclic stress
and strain. The final increase in drop rate of shear
forces of Al,Os; NPs-doped joint samples may be
related to agglomeration of Al,O3; NPs.
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Fig. 4 Changes of joint shear forces during TC and IA

466.2

Generally, fracture morphology of one joint
can reflect the corresponding fracture mode [20].
Figure 5 presents the fracture morphologies
of SAC0507/Cu and SAC0507—(nano)Al,O3/Cu
solder joints before and after being subjected to
different thermal services. For as-reflowed
SAC0507/Cu solder joint, its fracture displayed a
typical ductile mode (Fig. 5(a)), which was the
same with that of Al,O3 NPs-doped joint, as shown
in Fig. 5(b). However, the dimples became more
circular, indicating an enhancement in joint strength.
When subjected to aging for 400 h, the dimples on
the fracture of non-doped solder joint were further
elongated and those of Al:O; NPs-doped also
became lager in diameter (Figs. 5(c) and (d)). But
the average sizes of dimples of Al,O; NPs-doped
solder joint were still smaller than those of the
non-doped solder joint. Moreover, coarsened
CusSns IMCs were found in the dimples of
non-doped solder joint, whereas smaller CusSns
IMCs besides tiny Al,Os agglomerations were found
in the dimples of Al,O; NPs-doped solder joint.
This indicates that the addition of Al,O3; NPs can
decrease the coarsening rate of IMCs in solder,
which is conducive to slowing down the joint
strength degradation. After 1200 TC cycles, the
fracture surface of the non-doped joint became
flatter. More obvious river patterns with a few
cracks were observed on the fracture surface
(Fig. 5(e)). The fracture location was identified to
be CueSns IMCs. This implies that the joint
fractured at interfacial CusSns IMCs with a brittle
fracture mode. However, for Al,Os; NPs-doped
joint, even after 1200 TC cycles, the fracture mode
was still the microvoid accumulation ductile
fracture (Fig. 5(f)). It can be concluded that doping
ALO; NPs into solder can enhance the TC
reliability of solder joint, which is a little bit more
effective in IA reliability due to different forms of
stress and strain impressed.

3.3 Evolution of interfacial microstructure

Figure 6 shows the interfacial microstructures
of SAC0507/Cu and SAC0507—(nano)Al,O3/Cu
solder joints before and after being subjected to 1A
and TC services. For the as-reflowed solder joints,
the rod-like CusSns IMCs were distributed
in the solder matrix near the interface, which were
refined into short rods after trace doping of Al,O3 NPs
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1A, 400 h As-reflowed

TC, 1200 cycles

Fig. 5 Fracture morphologies of SAC0507/Cu (a, ¢, ¢) and SAC0507—(nano)Al,Os/Cu (b, d, f) solder joints

(Figs. 6(a) and (b)). Also, the morphology of the
interfacial IMCs was changed from hill-like to
layer-shaped. Few Agz;Sn IMCs were observed due
to low Ag content. After IA for 400 h, the CusSns
IMCs coarsened and the interfacial IMC layer
thickened along with the formation of a new CusSn
IMC layer for both solder joints, with a lower
coarsening/thickening rate for nano-Al,Os-doped
solder joint (Figs. 6(c) and (d)). It corresponded
well to the decrease tread of shear forces. Specifically,
Al O3 agglomerations were found near the interface
of IMCs, which may become a potential threat and
induce micro-cracks. For solder joints subjected to
TC (Figs. 6(e) and (f)), coarsening of CusSns IMCs
distributed in solder matrix and thickening of
interfacial IMC layers also occurred. As expected,

ALLO; NPs-doped solder joint shows a low
coarsening/thickening rate. Unlike IA solder joints,
a few cracks were observed after 1200 TC cycles.
Such a difference can be attributed to different forms
of thermal stress in both cases. Figure 7 shows the
detailed microstructure of solder matrix near the
interface after IA and TC. It is clear that in both
cases, Al,O3 NPs were still round in shape, with a
size of 90—120 nm, and easily distributed at the
grain boundaries. This suggests that despite the long
time of thermal service, AILbOs; NPs can maintain
their nano-size effect, pinning the movements of
grain boundaries or dislocations and ultimately
improving the thermal reliabilities of solder joint.
The high dislocation density around the Al,O3; NPs
justifies the role they play in dislocation hindrance.
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Fig. 7 TEM images of SAC0507—(nano)Al,Os/Cu solder matrix: (a) IA for 400 h; (b) TC for 1200 cycles

3.4 Evolution of interfacial IMC layer

Figure 8 shows the BSE micrographs of
interfacial IMC layers at SACO0507/Cu and
SAC0507—(nano)Al,Os/Cu interfaces. Prior to IA or

TC service, scallop-shaped mixed with hill-like
IMCs grew at SAC0507/Cu interface (Figs. 8(a)
and (b)). With 0.1 wt.% Al,Os; NPs addition, the
CueSns grains coalesced into layer-like due to
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hindering atom interdiffusion. When subjected to
IA, the interfacial IMCs of both SAC0507/Cu and
SAC0507—(nano)AL,O3/Cu solder joints had a
further growth with the emergence of interfacial
CuzSn IMCs, and the morphology of interfacial
IMC layer changed to layer-like morphology
(Figs. 8(c) and (d)). It is clear that doping of 0.1 wt.%
AlL,Os; NPs could slow down the growth of
interfacial IMC layer at the SAC0507/Cu interface,
with the layer thickness measured to be 7.1 and
4.6 um, respectively. For both solder joints
subjected to 1200 TC cycles, the morphology of
interfacial IMCs also became layer-like morphology
(Figs. 8(e) and (1)), and the thickness of interfacial
IMC layer increased to 8 and 4.9 pm, respectively.
A few cracks emerged at the interfacial IMCs of
non-doped solder joint.

Table 1 summarized the detailed thickness
change during IA and TC processes. Here, the
observation interval time (67 h) of the aging
sample is approximately equivalent to the total high

1A, 400 h As-reflowed

TC, 1200 cycles

temperature holding time of 200 cycles in TC.
Whether in IA or in TC process, the growth of
interfacial IMC layer is a process of solid—
solid diffusion, following the classic diffusion
formula [21]:

x,=x, +Dt 9)

where x; is the thickness of interfacial IMC layer
after IA and TC service for time #, xo is the initial
thickness of interfacial IMC layer, and D is the
average diffusion coefficient. According to Eq. (9),
linear fitting was operated between the layer
thickness of interfacial IMCs and the square root
of aging time in [A and TC (Fig. 9). The slopes
of linear fitted curves of SAC0507/Cu and
SACO0507—(nano)Al,O3/Cu solder joints during IA
are 0.127 and 0.089, respectively, and those during
TC are 0.096 and 0.073, respectively. After
calculation, the average diffusion coefficients of
interfacial IMC layers at SAC0507/Cu and
SAC0507—(nano)Al,03/Cu interfaces during [A

Fig. 8 BSE micrographs of interfacial IMCs of SAC0507/Cu (a, c, ¢) and SAC0507—(nano)Al,O3/Cu (b, d, f) solder

joints

Table 1 Detailed thickness values during IA and TC

Thickness of interfacial IMCs/um

Solder alloy IA time/h

TC cycles

67 134 200 267 333

400 200 400 600 800 1000 1200

SAC0507 56 59 62 65 68
SAC0507—(nano)ALOs 34 3.7 40 41 43

7.1 6.0 6.4 6.9 7.3 7.5 8.0
4.6 3.5 3.8 4.1 43 4.5 4.9
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Fig. 9 Detailed thickness change of interfacial IMC layer
during IA and TC

were 1.61x107'% and 0.79x107'° cm*h, and those
during TC were 0.92x107'% and 0.53x107'° cm*h,
respectively. Clearly, trace addition of ALL,O; NPs
can effectively reduce the average diffusion
coefficients of interfacial IMC layers. In addition,
the decline rates in IA and TC were 50.9% and
42.6%, respectively. Also, it indicated a little bit
more effective inhibition effect on interfacial IMCs
growth during [A.

4 Conclusions

(1) Trace addition of Al,O3 NPs enhanced both
IA and TC reliabilities of solder joints, especially
the TC reliability. The calculated characteristic
lifetimes of SAC0507/Cu and SAC0507—
(nano)Al,O3/Cu solder joints during IA were 662
and 787 h, respectively, and those during TC were
1597 and 1824 cycles, respectively.

(2) During TC and IA services, the shear
forces of solder joints decreased with increasing TC
cycle and aging time, and Al,Os NPs-doped solder
joint had a slower decrease rate of shear force.

(3) Adding AlL,Os NPs helped SAC0507—
(nano)Al,O3; maintain a higher ductility than the
non-doped solder joint. The fracture of Al,O3
NPs-doped solder joint displayed a typical ductile
fracture mode with smaller dimples, whereas an
obvious brittle fracture occurred in the
SACO0507/Cu solder joint in TC.

(4) During IA and TC service, the coarsening
of matrix microstructure was slowed down in the

AlL,Os; NPs-doped solder joint. In addition, doping
AlL,O3; NPs effectively decreased the average growth
coefficients of interfacial IMCs at SACO0507/Cu
and SAC0507—(nano)Al,Os/Cu interfaces from
1.61x1071° to 0.79x107'° cm%*h in IA, and from
0.92x107'%t0 0.53x107"° cm*h in TC.
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Sn—0.5Ag—0.7Cu—0.1AL0s/Cu & SRR AT 14

X F, KB, M, BB K F!

1. P RCHEHLRS: SRR R 5 TR, f At 210003;
2. PR R TR SHARSR, Bk 519082;

3. AN RS MBS 5HOR %P, B R 210016;
4. R TRY MRS T2, Al 210016

B E: IRBINME ALOs FLKEFHRINT Sn—0.5Ag—0.7Cu/Cu 18 ST FEVERI M. SIb st BRI
ALOs ZRTUR AT LUK Sn—0.5Ag—0.7Cu/Cu $2k FIFAIT JURFAE A i AL 662 h 38512 787 h, N4k M AIEIMFFIE A

AN 1597 IRFEEZE 1824 IR, BEAb,

I ALOs GHARFIURE T LAk AR ST BT D) I BRI, XA 35T ALOs 4%

KITURL 1T HL 2% R TT CABELAS Sk AN &2 B R4k & OMCs) A K . BE b, SRR FEE R S IMCs (P34 K
ZHH 1.61x1071° cm?h FEZ 0.79%1071° em?/h;  #EF LR AL IMCs P4 R 5l 0.92x1071° em?/h FE R
0.53x1071° cm%h. XKW, BINHE ALO: YKBRIAT LA S Sn—0.5Ag—0.7Cu/Cu 23k [ FHT Z5ORI FAJE IR 7T 4
PE,  H AR TS IR AR BN A 2 .
KA Sn—0.5Ag—0.7Cu £FRl; ALO: YUKk, SIRETRG #IEFE; ATHEME
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