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Abstract The interfacial reactions between Cu and
Sn3Ag0.5Cu (SAC305) solder reflowed under various
cooling rates were investigated. It is found that the
cooling rate is an important parameter in solder reflow
process because it influences not only microstructure of
solder alloy but also the morphology and growth of
intermetallic compounds (IMCs) formed between solder
and Cu substrate. The experimental results indicate that
only scallop-like CugSns IMC layer is observed between
solder and Cu substrate in case of water cooling and air
cooling, while bilayer composed of scallop-like CugSns
and thin layer-like CuzSn is detected under furnace
cooling due to sufficient reaction time to form CusSn
between CugSns IMC and Cu substrate which resulted
from slow cooling rate. Samples with different reflow
cooling rates were further thermal-aged at 423 K. And it
is found that the thickness of IMC increases linearly with
square root of aging time. The growth constants of
interfacial IMC layer during aging were obtained and
compared for different cooling rates, indicating that the
IMC layer thickness increased faster in samples under low
cooling rate than in the high cooling rate under the same
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aging condition. The long prismatic grains were formed
on the existing interfacial CugSns grains to extrude deeply
into solder matrix with lower cooling rate and long-term
aging, and the CugSns grains coarsened linearly with
cubic root of aging time.

1 Introduction

Due to concerns regarding the toxicity of Pb, which can
threaten the environment and the human health, the evo-
lution of a substitutional Pb-free solder solution has
become an important issue for electronic interconnection
materials [1-4]. Among all series of lead-free solders,
SnAgCu-based solders are one of the most promising Pb-
free solder alloys for aerospace applications and are
already used widely in domestic applications [1, 2, 5, 6]. It
is, therefore, important to thoroughly investigate the
microstructure and reliability of Sn—Ag—Cu solder.
During solder reflow, the molten solder reacts with the
metallization forming a layer of intermetallic compounds
(IMCs) [7-10]. Although the presence of IMCs at the
solder interface is an indication that a good metallurgical
bond has been formed, their inherent brittle nature and
tendency to concentrate stress and create defects often
undermine reliability under stress conditions, such as
thermal cycling. The excessive growth of intermetallic
compounds may be detrimental to the reliability of the
solder joint because of the brittleness of the intermetallic
compounds layer, and the stress concentration generated
from the volume change or complete consumption of the
solderable substrate. The layer of IMCs is mainly com-
posed of CugSns. When the solder joint is aged for at high
temperature or long time, a layer of CuzSn is formed
between the CugSns and the Cu substrate. Generally
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speaking, the layer of interfacial IMCs has remarkable
effect on the reliability of solder joints [11-13].

Additionally, in a soldering reflow process, post-reflow
cooling rate is an important parameter. In one hand, the
cooling requires being sufficiently slow to prevent thermal
shock damage to the packaging and substrate materials.
However, an excessively slow cooling rate may unneces-
sarily lengthen the fabrication process. Thus, an appropri-
ate cooling rate has to be chosen. In other hand, the cooling
rate affects the microstructure of the interfacial IMCs layer
of solder joints, which in turn affects the reliability of the
solder joints. Therefore, it is necessary to understand the
influence of the post-reflow cooling rate on the interfacial
IMCs layer. In the present study, the effects of cooling rate
on the morphology and growth kinetics of the IMC formed
between Sn3Ag0.5Cu (SAC305) and Cu substrate during
both liquid-state reaction and solid-state aging were
investigated. The growth mechanism of CugSns is dis-
cussed, too.

2 Experimental procedure

The substrate used in this study was prepared from pure Cu
plate (99.99 %) with dimensions of 40 x 40 x 2 mm?>.
The Sn3.0Ag0.5Cu solder alloy was prepared by induction
melting of high-purity raw materials (99.99 wt% Sn,
99.95 wt% Ag and 99.9 wt% Cu) in a purified Ar atmo-
sphere (99.999 %). The solder alloy was cut into sheet with
5 mm in diameter and 1 mm in thickness.

Before reflowing, the copper surface was carefully
polished by using 0.1-pm diamond paste and then rinsed in
water and methanol alcohol. Five solder sheets were placed
on the fresh Cu pads employing rosin mildly activated
(RMA) flux, as schematically shown in Fig. 1, which was
used in previous study [4]. In the reflow process, the solder
sheet was placed onto the Cu pad prepared as the above
procedure and then sent into a reflow oven. Three ther-
mocouples were used to monitor the temperature change
during reflow process. The temperature profiles were con-
trolled such that the solder was heated at the rate of 2 K/s
to a peak temperature of 523 K (33 K above the melting
temperature of Sn3Ag0.5Cu solder) and held for 300 s.
Then, the samples were cooled in oven, air and quenched in

solder bump

O

Cu substrate

-
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Fig. 1 Schematic diagram of solder joints
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water with cooling rate of 0.35, 3.0 and 45 K/s (hereafter
referred to as slow, medium and fast cooling rate),
respectively. The cooling rate was calculated in the tem-
perature range from melting point to 30 K below the
melting point of solder alloy. These reflowed solder sam-
ples with different cooling rates were aged at 423 K for 24,
120, 240 and 360 h, respectively.

Reflowed and aged samples were prepared for obser-
vations on the cross-sectional structure and top view of the
IMC morphology under SEM. The common metallography
practice was followed to reveal the cross-sectional view. In
order to observe the top view of intermetallic compounds,
majority of the solder was ground away first, followed by
etching in 2 % HCI to dissolve the remaining solder.

As well known, the shape of the interfacial IMC layers
is irregular, as shown in Fig. 2a, their equivalent thickness
was digitally measured by using the software “Image J.”
And, the average equivalent thickness of the IMC layers
(X) at the interface of solder joints was calculated through
dividing the integrated area (A) by the length of the IMC
layers (L), as shown in the following equation:

X =— (1)

Each sample was measured for more than ten locations.
In order to study the coarsening behavior of the inter-
facial CugSns grains, their top view of micrographs was
captured via SEM, and the mean equivalent spherical
diameters of the interfacial CugSns grains were then

Fig. 2 Schematic of interfacial microstructure, a cross section, b top
view
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determined by using the “Image J” program through
dividing the length (L) by number of grains (&), as
schematically shown in Fig. 2b. Over 200 individual grains
were measured for each experimental condition. The errors
of the IMC equivalent thickness and equivalent diameter
were obtained by using the standard deviation function
from the measured data.

3 Results and discussion

Figure 3 shows the morphology of the IMCs layer at the
interface between the SAC305 solder and Cu substrate
after water quenching (Fig. 3a), air cooling (Fig. 3b) and
furnace cooling (Fig. 3c). It is clearly seen that, in both
cases, the interfacial reaction between SAC305 solder and
Cu substrate leads to the formation of a scallop-like CugSns
phase. The CugSns phase grows as scallop-like grains into
the solder, which results in a very rough interfacial mor-
phology between the IMC layer and the solder. After
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reflowing, only CugSns IMC layer can be observed obvi-
ously in case of water and air cooling, but a tiny thin CuzSn
layer can be detected between CugSns and Cu with furnace
cooling.

From the cross-sectional SEM micrographs, it is obvi-
ously seen that the IMC thickness is greater when the
cooling rate is lower during reflow. The thicknesses of
interfacial IMCs layer for each cooling condition, calcu-
lated by dividing IMC layer area by interface length
(schematically illustrated in Fig. 2a), is shown in Fig. 3d.
The thicknesses of the interfacial IMC layers correspond-
ing to water cooling, air cooling and furnace cooling is
3.86, 5.48 and 8.35 pum, respectively. The thickness of the
IMC layer with water cooling is slightly less than that with
air cooling. It is indicated that the Cu—Sn IMC layer is
mainly formed during the reflow stage (liquid-state reac-
tion). The IMC layer is only slightly thicker after air
cooling because the time for growth of interfacial IMC
under this cooling condition is longer than that under water
cooling condition. According to the study proposed by

40

19.1 mm FEI Qua

water cooling air cooling furnace cooling

Fig. 3 SEM images of SAC305/Cu solder joints, a water cooling; b air cooling; ¢ furnace cooling; d thickness of interfacial CusSns IMC layer
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Yang and Zhang [14], there are two mechanisms of growth
of interfacial CugSns. One is that Cu atoms from the sub-
strate react directly with molten Sn. Because there is a
concentration gradient of Cu atoms between CugSns grains
with different radius, Cu atoms can diffuse from small
grains to large grains, inducing growth of large CugSns
grains and shrinkage of small grains [15]. Another is dif-
fusion of Cu atoms from small CugSns grains to large
grains formed by reaction with Sn atoms at the solder/
CugSns interface. And the second mechanism dominates
the growth of interfacial CugSns layer with low cooling
rate during reflow, such as the air or furnace cooling.
Besides, the cooling rate during reflow not only affected
the growth of interfacial IMCs, but also influenced the
precipitation and morphology of IMCs in the solder bulk.
As shown from Fig. 3a—c, no obvious CugSns or Ag;Sn
IMCs were detected in the solder bulk of solder joint

11/11/2014 nag HV  |spot| vac mode WD |
X

"
11:38:03 AM | 2 000

20.00 kV| 2.5 [High vacuum|17.0 mm 2

11/2014 | mag HV
32 AM | 2 000 x [20.00 kV

WD |
16.9 mm|

vac mode
High vacuum

40 pm ————
FEI Quanta200F

40 pym ————

quenched in water. In contrast, some chunk-like CugSns
and Ag;Sn particles were observed in the solder matrix of
solder joints cooled with air and furnace, and the sizes of
CueSns and AgzSn increased with the decreasing cooling
rate.

Summarily, high cooling rate favors nucleation, while
since the holding time at high temperature stage is shorter,
resulting in a shorter effective time for IMCs growth.
Subsequently, a thin layer and fine IMCs form at the
interface and in solder bulk.

All SAC305/Cu solder joints reflowed for 300 s and
cooled in various mediums (water, air and furnace) were
aged at 423 K for different duration time. Figures 4, 5 and
6 show the cross-sectional microstructure of samples
reflowed for 300 s then cooled in water, air and furnace and
aged at 423 K for various hours, respectively. It can be
found that the morphologies of the interfacial IMC layer

11/11/2014 | mag HV spot| vac mode WD ‘ 40 pm ———
11:41:58 AM |2 000 x|20.00 kV| 2.5 [High vacuum|[17.2 mm FE| Quanta200F

vac mode WD
5 [High vacuum [18.4 mm

11/11/2014 | mag HV
11:50:18 AM | 2 000 x|20.00 kV

40 ym ———
FE| Quanta200F

Fig. 4 Cross-sectional microstructure of solder joints reflowed at 523 K for 300 s, cooling in water and aged at 423 K for various time, a 24 h,

b 120 h, ¢ 240 h and d 360 h
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Fig. 5 Cross-sectional microstructure of solder joints reflowed at 523 K for 300 s, cooling in air and aged at 423 K for various time, a 24 h,

b 120 h, ¢ 240 h and d 360 h

are not dramatically changed in all samples, comparing
with those of as-reflowed soldered samples. In Figs. 4 and
5, there is only a single CugSns layer at interface in the
aged samples for both 24 and 120 h, and a thin Cu3Sn layer
can form between CugSns and Cu as the aging time is
prolonged to 240 h or 360 h. In the case of furnace cooling,
double layer of CugSns and CuzSn IMCs is detected for all
aged solder joints, as presented in Fig. 6.

The formation of Cu;Sn is affected by the phase stability
of CugSns according to the following reaction,

CugSns + 9Cu — 5Cu3Sn (2)

It can be deduced that slow cooling rate during reflowing
will result in more Cu atoms and can diffuse toward to
CueSns to form CuzSn phase within a sufficient time.
Because the high aging temperature and long-term aging
can lead Cu atoms to diffuse from substrate toward to

CueSns/solder interface with enough time, subsequently,
more Cu atoms can participate into the reaction with the
existed CueSns phase to form CuzSn phase. Thus, thicker
Cu;Sn IMC layer can be observed when the aging time
increases, as shown in Figs. 5d and 6d.

As well known, a thick interfacial IMCs layer is feasible
to result in crack within the IMCs because of the brittle
property of IMCs. So it is reasonable to explain that a crack
is observed in the interfacial IMC layer of solder joint with
furnace cooling and aged for 120 h, which is illustrated as
the red arrow in Fig. 6b. According to the previous
researches [16, 17], the Kirkendall void forms mainly
within the Cu;Sn layer with long term of solid-state reac-
tion, as indicated with the white circles in Fig. 6d.

Figure 7 and Table 1 show the measured thickness of
interfacial IMCs layer of all samples investigated in the
present paper. It is indicated that both the thicknesses of
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Fig. 6 Cross-sectional microstructure of solder joints reflowed at 523 K for 300 s, cooling in furnace and aged at 423 K for various time, a 24 h,

b 120 h, ¢ 240 h and d 360 h
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Fig. 7 IMC growth with aging time

CugSns and CusSn increase with decreasing cooling rate or
increasing aging time. The kinetics of IMCs growth can be
dominated by the diffusion or interfacial chemical reaction

@ Springer

[18]. The growth kinetic parameters of an IMC layer can be
determined by plotting its measured thickness as a function
of the aging time at a given temperature, such as given in
Fig. 8. In the present work, accordingly, the growth of
interfacial IMC during solid-state aging procedure is con-
trolled by the diffusion. Accordingly, the relationship
between IMC layer thickness and aging duration can be
expressed as the following equation [19, 20]:

X, =Xo+ KVt (3)

where X, is the IMC layer thickness at aging time ¢, X, is
the initial IMC layer thickness after soldering and K is the
diffusion coefficient as a function of temperature. And, the
values of K respond to solder joints cooled with various
rates are listed in Table 1.

In order to determine the diameter of the interfacial
CueSns IMC grains at the SAC305/Cu interface and com-
pare the coarsening behavior of IMC grains in terms of
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Table 1 Results of statistical analysis for the mean IMCs thickness of the SAC305/Cu solder joints

Aging time (h) IMCs thickness (pum)

Water cooling Air cooling Furnace cooling

Total IMC  CugSns CuzSn  Total IMC  CugSns  CuszSn  Total IMC  CugSns  CusSn
0 3.86 3.86 - 5.48 5.48 - 8.35 7.69 0.66
24 5.46 5.46 - 6.33 6.33 - 10.997 10.167  0.83
120 6.14 6.14 - 7.75 7.33 0.42 12.37 10.97 14
240 6.97 6.29 0.68 8.486 7.736 0.75 13.05 11.05 2
360 7.52 5.53 1.99 9.97 7.77 2.2 15.82 13.33 2.49
Growth rate constant (1073 pm sf'/z) 2.32 3.08 4.79

=™ Furnace cooling
€ Air cooling

B Water cooling

Total IMC thickness (um)
>
1

T T T T T T T T T
-200 0 200 400 600 800 1000 1200 1400 1600

Aging time (s'?)

Fig. 8 Total interfacial IMC thickness in SAC305/Cu soldered joints
aged at 423 K

diameter and thickness (as shown by the cross-sectional
views: Figs. 4, 5, 6), IMCs were also examined from the
top view. Figures 9, 10, 11 show the top views of the IMCs
that formed at the interface of as-reflowed or aged joints
cooled in water, air and furnace, respectively. The solder
portion was entirely removed so that the surface mor-
phology of the CugSns IMC grains could be observed.
Interestingly, the morphologies of the CugSns grains form
in the water, air and furnace cooling cases are different.
As indicated in Fig. 9, the interfacial CugSns IMC of
SAC305/Cu solder joints exhibits stone-like morphology
after reflow and aging treatment. The morphologies of
those IMCs are scallop-like for all solder joints irrespective
to aging duration. According to Kim’s research [15], the
growth of scallop-like CugSns grains is because of two
kinetic processes, one is ripening and another is interfacial
reactions. Comparing with the interfacial CugSns grains in
the case of water cooling, the grains in the case of air
cooling are coarser than that of water cooling with the same
reflowing or aging processes, as shown in Fig. 10. With
further decreased cooling rate, the scallop-like CugSns

grains possess larger size, which are illustrated in Fig. 11.
Interestingly, some long prismatic grains form on the
existing interfacial CueSns grains, as shown in Figs. 10c
and 11c. The causes for the formation of prismatic CugSns
IMC have been explained by Yang et al. [21, 22], who
found that the long prismatic CugSns extruded deeply into
solder matrix as the precipitated Cu was enough in quantity
during solidification of solder alloy and long-term aging.
Additionally, some white microparticles were detected on
the surface of CugSns grains, which were identified to be
Ag;Sn phase formed in the solder bulk. It is obviously seen
that the grain size increases with aging time.

In order to investigate the coarsening mechanism, the
diameters of IMC grains after reflow and thermal aging
were measured from the top morphology, and the rela-
tionship between the mean diameter of grains and the
cubic root of aging time was established, as illustrated in
Fig. 12. This relationship was inconsistent with the
coarsening mechanism developed by Tu et al. [15, 23].
According to the FDR model [23], it shows that the
CueSns grains dispersed at the interface grow by a
ripening process controlled by volume diffusion in solder.
And, the detailed relationships between interfacial CugSns
grain diameter and cubic root of aging time for water, air
and furnace cooling conditions were obtained as follow-
ing equations:

d =577 + 0.037:'/3 (4)
d=17.12 + 0.045/'/ (5)
d=9.1+ 0.059/'? (6)

where d is the diameter of CugSns grain and ¢ is the aging
time. It is obviously seen that there is a linear relationship
between the CugSns grain diameter and cubic root of aging
time. This relationship is consistent with the theoretical
analysis of coarsening mechanism of CugSns grains at the
interface developed by Tu et al. [15, 23], in which the
grains are assumed to grow in a self-similar manner, i.e., a
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Fig. 9 Morphologies of interfacial CugSns grains for water cooled
SAC305/Cu solder joints aged for a 0 h, b 24 h and ¢ 240 h

constant aspect ratio between perpendicular length and
lateral width is preserved, and the average grain size is
expected to follow a 1/3 power law in aging time.
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Fig. 10 Morphologies of interfacial CugSns grains for air-cooled
SAC305/Cu solder joints aged for a 0 h, b 24 h and ¢ 240 h

4 Conclusion
Scallop-like CugSns and thin layer-like CuzSn IMC grains

are formed between SAC305 solder and Cu substrate with
different cooling rate during reflow process. When cooling
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Fig. 11 Morphologies of interfacial CueSns grains for furnace-
cooled SAC305/Cu solder joints aged for a O h, b 24 h and ¢ 240 h

rate decreases, both the thickness of interfacial IMC and
amount of chunk-type IMC in solder bulk increase,
meaning that the interfacial IMCs layer was not only
affected by the reaction between liquid solder and solid

18] ™ Furnace cooling
@ Air cooling
B Water cooling

Cu,Sn, grain diameter (um)

0 — T T ‘' T T T " T " T " T " T

-20 0 20 40 60 8 100 120 140
Aging time (s"*)

Fig. 12 Average grain diameter of CugSns of SAC305/Cu solder

joints after solid aging for various hours

substrate, but also by the solidification of solder alloy
during cooling.

During aging process, the IMC growth has linear rela-
tion with square root of aging time. The growth constants
of interfacial IMC layer are 232, 3.08 and
479 x 1073 pm s™'2 for water, air and furnace cooling
condition, respectively. The mean diameters of the CugSns
grains are found to increase with decreasing cooling rate
during reflowing as well as increasing aging time, and the
grains coarsened linearly with cubic root of aging time.
The long prismatic grains are formed on the existing
interfacial CugSns grains to extrude deeply into solder
matrix with decreasing cooling rate and long-term aging.
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