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Abstract

In this paper, flux doped with 0.05, 0.1, and 0.2 wt% Cu,Sns nanoparticles (NPs) were reasonably believed to affect the
morphology and growth rate of the intermetallic compounds (IMC) between Cu substrate and Sn—3.0Ag—0.5Cu solder.
Reflowing was performed at 250 °C, then isothermal aging was conducted at 150 °C up to 360 h. The experimental results
show that the thickness of the IMC layer increased with the increment of aging time. When the aging time extended to 120 h
or more, the Cu;Sn layer appeared on the side of the Cu substrate and also thickened as time increased. The additions of
CuySns NPs into the flux did not change the type of IMCs while the total thickness of the IMC changed visually. It was cal-
culated that the corresponding growth rate constant of interfacial IMCs in solder joints with flux contained 0, 0.05, 0.1, and
0.2 wt% CugSns NPs were 0.14766, 0.14719, 0.14578 and 0.14726 um/h'%, respectively. It means that adding CusSns NPs
into flux could effectively inhibit the growth of IMC layer. The strongest inhibition effect on the growth of IMC layer could
be achieved when the content of CugSns NPs was 0.1%. Flux with CugSns NPs could also effectively inhibit the coarsening

of the interfacial IMC grains, and adding 0.1% NPs to the flux has the best inhibition effect.

1 Introduction

The development of modern electronic industry is inseparable
from the Pb and its compounds due to its outstanding perfor-
mance and cheap price. But Pb-based solders are believed to
gradually harm our living environment and human health in
the last few years because of its toxicity [1-3]. Many efforts
have been put into the work to replace the Pb-based solders
and numerous lead-free solders have been developed. Nowa-
days, lead-free solders such as Sn—Ag—Cu, Sn—Bi, Sn—Ag are
widely used on account of their non-toxicity and excellent
performances. SAC305 (Sn—3.0Ag—0.5Cu) is considered to be
the most likely substitute for conventional Sn—Pb solders due
to its relatively low melting point, thermal fatigue properties
and better compatibility with equipment component [4, 5].
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However, the long term reliability yet still is concerned to all
the researchers. One way to improve the reliability of tin-based
solders is to add suitable alloying elements [6—11]. Another
way is to add tiny particles to the solder systems [12—14].

The intermetallic compound (IMC) is an important ingre-
dient which forms between solder and metal substrate that
can determine the long range reliability of microelectronic
packaging. The excessive thickness of IMC will reduce the
mechanical properties of solder joints [7, 15]. Morphol-
ogy of IMC also plays an important role in affecting solder
joints. Therefore, the enhancement of solder joint can be
achieved through controlling the thickness and the morphol-
ogy of the interfacial IMC layer.

Among the previous studies and literatures, the addition
of nanoparticles were utilized to be an effective method to
promote the reliability of solder joint [16-20]. Nanoparti-
cles (NPs) have significant scientific research value because
they have advantages in many aspects that other materials
do not have. For example, nanomaterials have new proper-
ties in terms of optical, magnetic and electrothermal prop-
erties [21]; NPs generally have a large specific surface area
and relatively high surface tension [22, 23]; The mechani-
cal properties of nanomaterials tend to be superior to other
materials [23]. G.K. Sujan and A.S.M.A. Haseeb found that
the metallic NPs doped flux successfully had an impact on
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the solder/substrate interface [15, 24]. They conducted an
experiment, in which metal NPs like Ni, Co, Mo and Ti were
added to flux. They found that the addition of Ni NPs would
increase the wettability of the Sn-based solder, while the
additions of Co, Mo, Ti NPs reduced the wettability. On the
one hand, the additions of Mo and Ti NPs had little effect on
the interfacial IMC morphology, on the other hand, the addi-
tions of 0.1 wt% Ni and Co NPs made the interfacial IMC
morphology change from scallop-type to flat-type.

Compared with the Sn—Pb solders used in the past, lead-
free solders have much lower wettability. The wettability of
the solder on the substrate is closely related to the quality of
the solder joints and the reliability of the electronic product,
so it is important to improve the wettability of the solder [25,
26]. Shen et al. managed to add Ag nanoparticle into the flux
[27], they found that the wettability of Sn—3.0Ag—0.5Cu sol-
der on Cu layer was improved on account of the flux doped
with Ag NPs, which wetted the solder and covered the sur-
face of the molten solder as a surfactant to promote the effec-
tiveness of the flux during reflowing.

Non-metal NPs like oxide particles can refine the micro-
structure of solder joints through their addition [28]. Zhang
et al. [29] reported that La,0; NPs could reduce the growth
rate constant and activation energy of the IMC layer, and the
solder joint reliability could be improved after the addition
of NPs. The study of Tsao et al. [30] showed that the micro-
structure of composite solder was improved and the tensile
strength of solder was reinforced due to the addition of TiO,
NPs. After the addition of Fe,O; NPs, the wettability of the
solder was improved, and the formation and growth of the
IMC layer were suppressed [31].

According to the study of Zhong et al. [32], CusSns NPs
should be a promising low temperature sintering material.
Nevertheless, the research on the addition of CugSns NPs is
still relatively rare. In this study, CugSns NPs were doped
into the water soluble flux to investigate its effect on the IMC
layer between Cu substrate and SAC305 solder.

2 Experimental procedures

In this study, CusSns NPs were synthesized through
chemical method. The powders of SnCl,-5H,0 and CuCl,
were used as oxidizers, the powder of NaBH, was used

Fig. 1 Schematic diagram of the
solder joints using flux doped
with CugSns NPs

Nanoparticles
doped flux

—>

Cu Substrate

as reductant, the powder of sodium citrate was used as
dispersant. The molar ratio of Sn** and Cu?* should be
6:5 to make sure the formation of CugSns NPs. After the
calculation, 0.86 g of SnCl,-5H,0 and 0.4 g of CuCl, were
completely dissolved in 50 ml deionized water, meanwhile
0.7 g NaBH, was added into another beaker containing
150 ml deionized water, then 1.5 g sodium citrate was dis-
solved in the NaBH, solution to effectively keep the disper-
sive co-precipitation. After that, the SnCl,-5H,0-CuCl,
solution was dropped into the NaBH,-sodium citrate solu-
tion with a constant low speed. To ensure the reaction to

Owt% 0.05wt.% 0.1wt% 0.2wt.%

Fig.2 The fluxes doped with various contents of CusSns NPs

Fig.3 TEM images of CusSns NPs

SAC305 solder
balls

SAC305 solder

@ Springer



11554

Journal of Materials Science: Materials in Electronics (2019) 30:11552-11562

be completed, the mixed solution was stirred for 10 min. A
centrifuge was used to separate the product with a rotation
speed of 2500 r/min, then the remain solution were washed
with deionized water and ethanol for three times, respec-
tively. Finally, the product was dried in a vacuum drying
oven until the powder of CusSns NPs were completely dry.
The NPs were prepared by the same method mentioned in
the study of Hu et al. [33]. CusSns NPs were characterized
through transmission election microscope (TEM).

Figure 1 schematically shows the solder joint using
flux doped with NPs. Flux was doped with 0.05, 0.1 and

Fig.4 The SEM images of

the cross section structures of
SAC305/Cu joints reflowed
with undoped flux then aged for
aO0h,b24h,c120h,d 260 h
and e 360 h

Spectrum 1

4/18/2018 | det = mag HV  spot WD
10:27:56 AM BSED 6 000 x 20.00 kV' 3.0 13.1 mm!

Cu,Sn

4/18/2018 | det | mag HV |spot WD
10:42:20 AM BSED 6 000 x/20.00 kV' 3.0 112.7 mm

Cu,Sn

4/18/2018 = det mag HV  |spot WD
10:59:18 AM /BSED 6 000 x/20.00 kV' 3.0 12.1 mm

@ Springer

ATIOHTEMIER

0.2 wt% CugSns NPs powders, as shown in the Fig. 2. The
composite flux was placed on the surface of Cu sheets
(10x10x2 mm?, 99.99% purity) which were ground with
sandpaper and polished by a polishing machine. Then lead-
free Sn—3.0Ag—0.5Cu solder balls with a diameter of 0.4 mm
were placed on the top of Cu sheet. Samples were reflowed in
a reflow oven at a constant temperature of 250 °C for 5 min.
And then samples were placed in an oven for isothermal
aging at 150 °C for 0, 24, 120, 260 and 360 h, respectively.
Samples were cut in half, divided into two groups, group 1
and group 2. Scanning Electronic Microscopy (SEM) and
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Energy dispersive X-ray spectroscopy (EDS) were used for
the observation on the cross section structure of IMC layer
between SAC305 solder and Cu substrate of group 1. For
purpose of observing the top view of the IMC grains, the sur-
face of samples of group 2 were ground with sandpaper then
etched by 20% HNO; solution to remove the residual solders.

3 Result and discussion

Figure 3 shows the TEM image of CusSns NPs, as can be
seen from the Fig. 3, the shape of the CusSns NPs is near-
spherical. In addition, the diameters of the CusSns NPs are
measured to be about 30-40 nm. Figure 4a—e show the SEM
images of the cross section structures of SAC305/Cu joints
treated with undoped flux then aged at 150 °C for (a) O h,

Fig.5 Cross-section EDS
analysis of SAC305/Cu joints
treated with undoped flux, a
spectrum 1, b spectrum 2 and ¢
spectrum 3

O
c

Sn
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(b) 24 h, (c) 120 h, (d) 260 h and (e) 360 h, respectively.
During reflowing, the interfacial reaction between SAC305
solders and Cu substrate eventually resulted in the formation
of CuySns IMC layer [34]. EDS was used to determine the
chemical composition of the IMC layer. Figure 5a shows the
composition of the spectrum 1, the weight percentages were
53.73 wt% Cu and 46.27 wt% Sn, respectively, which could
be identified as CugSns. A new IMC layer formed between
Cu4Sns IMC layer and Cu substrate when isothermal aging
time extended to 120 h. Figure 5b shows the composition of
the spectrum 2 (composited of 76.11 wt% Cu and 23.89 wt%
Sn) which was identified as Cu;Sn, so that CusSng and Cu;Sn
IMC layers appeared at the interface of SAC305/Cu joint as
the aging time extended to 120 h. The Cu;Sn IMC layer was
produced by following reactions of Cu+ Sn— Cu;Sn and
Cu+ CugSns— Cu;Sn [33], because the growth of Cu;Sn was

Spectrum 1
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considered as a diffusional and a reactive type [35], therefore
the formation of Cu;Sn required more reaction time. It is
clearly seen from Fig. 4a that the morphology of CusSns IMC
layer is scallop-type when aging time was relatively short.
The IMC layers transformed form scallop type to planer type
when the aging time increased, as shown in Fig. 4a—e. It can
also be seen that a white spot-like phase appeared on the
interface between the IMC layer and the solder as the aging
time extended to 24 h, Fig. Sc exhibits the composition of the
spectrum 3 (composited of 74.31 wt% Ag and 25.69 wt% Sn),
which indicated that the ingredient of the spectrum 3 was

Fig.6 The SEM images of
the cross section structures of
SAC305/Cu joints reflowed
with flux containing 0.05 wt%
CugSns NPsaOh,b24h, ¢
120 h, d 260 h and e 360 h
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Ag;Sn, this phenomenon has already been mentioned in the
previous literature. Ag;Sn was produced by the combination
of Ag and Sn atoms diffusing from the solder. Furthermore,
the thickness of Cu;Sn layer and CugSns layer gradually
increased with the prolongation of aging time and the thick-
ness of total IMC layers was determined to be (a) 2.96 pm,
(b) 3.12 pm, (c) 4.04 pm, (d) 5.25 pm and (e) 5.53 pm.

The SEM images of the cross section structures of SAC305/
Cu joints treated with flux containing 0.05 wt% CuzSns NPs
and then aged at 150 °C for (a) O h, (b) 24 h, (c) 120 h, (d)
260 h and (e) 360 h are shown in Fig. 6a—e. The CusSns IMC

Cu 6Sn5
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layer appeared during reflow process, the appearance of Cu;Sn
IMC layer after 120 h of aging proves that the appearance time
of Cu;Sn layer does not change with the addition of CugSn,
NPs. The morphology of the IMC layer converted from scal-
lop-type to planer-type with aging time extended from 0 to 360
h, therefore, the additions of NPs did not alter the morphol-
ogy of the IMC layer. The thickness of CusSns IMC layer and
Cu,;Sn IMC layer both increased with the extension of aging
time. The total thickness of IMC layer increased significantly
and the thicknesses were measured as (a) 1.58 pm,(b) 2.80 pm,
(c) 3.25 pm, (d) 3.70 pm and (e) 3.85 pm.

Fig.7 The SEM images of
the cross section structure of
SAC305/Cu joints reflowed
with flux containing 0.1 wt%
CugSns NPsaOh,b24h, ¢
120 h, d 260 h and e 360 h
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Figures 7a—e and 8a—e show the morphologies of the
IMC layer of SAC305/Cu joints treated with flux contain-
ing 0.1 wt% and 0.2 wt% CugsSns NPs. The emergence,
morphology and growth of CusSns IMC layer and Cu;Sn
IMC layer were accordant with previous rule, CuzSny IMC
layer was produced between solder and Cu substrate during
reflowing. Cu;Sn IMC layer was appeared when the aging
time has reached 120 h. The IMC layer morphology changed
from scallop-like to planer-like. The thickness of CugSns
and Cu;Sn IMC layers increased gradually. The thickness of
IMC layer of the solder joints treated with flux containing
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Fig.8 The SEM images of
the cross section structures of
SAC305/Cu joints reflowed
with flux containing 0.2 wt%
CugSng NPsaOh,b24h, ¢
120 h, d 260 h and e 360 h

HV [spot| WD
D [20.00 kV| 3.0 [13.7 mm

mag | det | HV |
000 x| BSED |20.00 K [14.0 mm|

0.1 wt% and 0.2 wt% CugSns NPs were determined to be
1.77,1.88, 2.85, 3.76, and 4.46 pm (0.1 wt%) and 2.60, 2.89,
3.91, 4.52 and 5.30 pm (0.2 wt%), respectively.

Table 1 presents the average thickness of IMC layers in
solder joints treated with flux containing multiple groups of
CuySns NPs after different aging time. The growth kinet-
ics of IMC layer during isothermal aging is controlled by
diffusion mechanism, which can be described as a formula
[36, 37]:

X =X, +Ar" (D)

@ Springer
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Table 1 Average thickness of IMC layers in solder joints treated with
flux containing various contents of CusSns NPs under different aging
time

Nanoparticle mass
fraction (%)

The average thickness of IMC layer (pm)

Oh 24h 120 h 260 h 360 h
0 2.96 3.12 4.04 5.25 5.53
0.05 2.20 2.32 3.08 4.49 4.75
0.1 1.77 1.88 2.85 3.76 4.46
0.2 2.60 2.89 391 452 5.30
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where X represents the total thickness of IMC layer at the
aging time #, X, represents the thickness of IMC layer after
reflow process. A represents the growth rate constant and n
represents time index. Previous studies have shown that the
growth of the IMC layer follows parabolic dynamics, which
indicates that the growth is controlled by volume diffusion
mechanism. Thus, the time index n can be 0.5.

Figure 9 demonstrates the linear relationship between
the total thickness of interfacial IMC layers in four differ-
ent kinds of solder joints and the square root of isothermal
aging time. The growth rate constant of interfaical IMC of
samples treated with flux containing different mass fraction
of CugSns NPs (0 wt%, 0.05 wt%, 0.1 wt% and 0.2 wt%)
were determined to be 0.14766, 0.14719, 0.14578 and
0.14726 pum/h!2, When the content of CusSng NPs increased
from O to 0.1 wt%, the growth rate constant increased, and
when the content of CugSns NPs increased from 0.1 to
0.2 wt%, the growth rate constant reduced, but compared
with the CugSns NPs-free flux, the growth rate constant of
the solder joints treated with flux containing 0.2 wt% CugSns
NPs was smaller. The result indicates that the addition of
CugSns NPs into flux could inhibit the growth of IMC layer,
and the most obvious inhibition effect could be achieved
when the content of CugSns NPs was 0.1 wt%.

Similar phenomenon was mentioned in previous study
[38], in the case of SAC305-xTiO, (x=0, 0.02, 0.05, 0.1,
0.3 and 0.6 wt%) solder joints reflowed for 3600 s, the
thickness of IMC layer decreased with the increment of the
mass fraction of TiO, NPs. This situation continued until
the mass fraction of TiO, NPs reached 0.1 wt%. A further
increment in the concentration of TiO, NPs would result
in the thickening of the IMC layer, which revealed that the

[ 0%
[] 0.05%
0.1%
0.2%

slope=0.14766 slope=0.14726

o slope=0.14719

slope=0.14578

IMC thickness /pm

1 T T T T T
0 10 20

The Aging time /h"?

Fig.9 The linear relationship between the total thickness of IMC lay-
ers in four groups of solder joints and the square root of isothermal
aging time

inhibition effect on the IMC layer was most effective when
the content of TiO, NPs was about 0.1 wt%. According to
the work of Gu et al. [31], the inhibition effect on the IMC
layers is attributed to the ability of the interface between
solder/substrate to adsorb NPs. With the increment of
the amount of NPs, the adsorption ability also increased,
therefore the suppression effect was getting better. The NPs
would gather together and turn into larger particles when
the mass fraction of NPs surpassed the criticality value.
As a result, the adsorption ability of interface on NPs was
reduced.

Figure 10a—d show the IMC grains of solder joints treated
with flux containing (a) 0 wt%, (b) 0.05 wt%, (c) 0.1 wt%
and (d) 0.2 wt% CusSns NPs and then aged at 150 °C for
24 h and Fig. 10e—h show the IMC grains of solder joints
treated with flux containing (e) 0 wt%, (f) 0.05 wt%, (g)
0.1 wt% and (h) 0.2 wt% Cu¢Sns NPs and then aged for
260 h. It is seen from Fig. 10a-h that the diameters of IMC
grains increased as the aging time increased. The work of
Yang et al. [39] reported that the relationship between the
diameter of IMC grains and aging time can be describe as
following formula:

d=Ct'/? )
where d represents the diameter of IMC grains, C repre-
sents the growth coefficient of IMC grains and ¢ represents
the aging time. According to the Table 2, Fig. 11 illustrates
the liner relationship between the diameter of IMC grains
and cube root of aging time. The growth coefficient of IMC
grains of samples treated with flux containing different mass
fraction of CugSns NPs (0, 0.05, 0.1 and 0.2 wt%) were
determined to be 0.38376, 0.31401, 0.28515 and 0.3724 pm/
h'3. The flux contained CusSns NPs had the same inhibition
effect on the growth of IMC grain as on the growth of IMC
layer. Whether the growth of IMC grains or the growth of the
IMC layer, the restraining effect was most significant when
0.1 wt% CugSns NPs were added into the flux.

Liu et al. [40] found that the addition of 0.01 wt% and
0.05 wt% SiC NPs into the composite solder could inhibit
the growth of IMC grains, however, the IMC grains had
the same size when the solder was added with 0.2 wt% and
0.01 wt% SiC NPs. This may be due to the van der Waals
forces made the SiC NPs entangle with each other when the
weight percentage of SiC NPs achieved 0.2 wt%, reducing
the inhibition effect of IMC grains diameter. In summary,
the increment of the weight percentage of CuzSns NPs could
increase the adsorption of NPs by the interface, which could
inhibit the growth of IMC grains. But when the concentra-
tion of CugSns NPs reached a certain level, the NPs become
entangled with each other and reduced the adsorption ability
of NPs by the interface, therefore the suppression effect on
the IMC grains were weakened.
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Fig. 10 The IMC grains of
solder joints reflowed with flux
containing a 0 wt%, b 0.05 wt%,
c0.1 wt%, d 0.2 wt%, e 0 wt%,
£0.05 wt%, g 0.1 wt% and h

0.2 wt% CugSns NPs then aged
for a—d 24 h; e-h 260 h

@ Springer
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Table2 The diameter of IMC grains of samples processed with flux
containing various contents of CugSng NPs under different aging time

Nanoparticle mass The diameter of IMC grains (pm)
fraction (%)

Oh 24h 120 h 260 h 360 h

0 1.73 3.00 3.40 4.30 4.50
0.05 1.58 2.80 3.25 3.70 3.85
0.1 1.55 2.51 3.08 3.39 3.60
0.2 1.60 2.88 3.31 4.11 441
= 0%
o 005%  slope=0.37346
1 0.1% slope=0.38376
0.2% P slope=0.31401

slope=0.28515

Diameter of IMC grains /pm

1 T T T
0 3 6 9

The Aging timc/h”3

Fig. 11 The liner relationship between the diameter of IMC grains
and cube root of aging time

4 Conclusions

(1) The Cu4Sns IMC layer appeared on the interface
between solder and Cu substrate during reflowing,
Cu;Sn IMC layer appeared between CugSns IMC layer
and Cu substrate when aging time extended to around
120 h. The IMC layers were transformed from scallop
type to planer type, besides, the thickness of Cu;Sn
IMC layer and CugSns IMC layer increased with the
prolongation of aging time.

(2) The inhibition effect on the thickness of IMC layer of
solder joints reflowed with flux containing CusSns NPs
during reflow process was significant. What’s more,
the flux doped with 0.1 wt% CugSns NPs had the most
obvious inhibitory effect on the growth of IMC layer.
The growth rate constant of solders were 0.14766,
0.14719, 0.14578 and 0.14726 um/h''?, respectively.

(3) The coarsening of IMC grains was restrained after
Cu,Sn; NPs were added into flux. The inhibition effect
on the growth of IMC grains was most conspicuous
when flux was doped with 0.1 wt% CugSns NPs.
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