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Abstract

Formation/growth behaviour, phase stability, and mechanical properties of interfacial
CueSns intermetallics influenced by micro-alloying in Pb-free solder joints, are of
ongoing interest as this phase is crucial to the service reliability of solder joints. Our
recent work has demonstrated that, after reflow, the homogeneously located micro-
alloying elements of both Ni and Zn in interfacial (Cu,Ni)s(Sn,Zn)s act to increase
phase stability and prevent the undesirable polymorphic phase transformation of
CugSns. This paper further investigates the influence of ageing on the phase stability
of interfacial intermetallics containing Ni, Zn and Au. Phase transformations of
hexagonal to monoclinic CusSns driven by ageing, was suppressed by alloying
Ni/Zn/Au, resulting in improvements in phase stability. The findings help to further
understand the reliability of interfacial structures in micro-alloyed Pb-free solder

joints.
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1. Introduction

“Micro-alloying”, i.e., the creation and development of new alloys through
minor/trace element additions [1], can greatly influence the solidification
microstructure and interfacial reactions in Pb-free solder joints [1-5]. Ni, Zn and Au
are candidates for the micro-alloying of Sn-rich solder alloys. The formation and
growth of the technically important CugSns intermetallic phase (in both bulk solder
and at the interface of solder joints) are influenced by these trace element
additions[2, 4, 6]. For instance, (Cu,Ni)sSns, Cug(Sn,Zn)s and (Cu,Au)sSns
intermetallics form at the solder/substrate interface when Cu or Sn atoms in CugSns
are replaced with microalloying elements [7]. Consequently the size, morphology,
growth orientation, growth kinetics and stability of interfacial intermetallics can vary
depending on the amount of alloying elements. Ni is found to be one of the most
effective alloying elements and has been proven to significantly improve the
microstructure and properties of Sn-0.7wt.%Cu solders [7-15]. With the addition of
trace amounts of Ni (0.05wt.%), Sn-0.7wt%Cu solder shows a refined eutectic
structure after solidifying at cooling rates from 2C/min to 30C/min [1, 16, 17]. The
Ni also acts to increase the fluidity of Sn-0.7wt%Cu during solidification[18]. During
soldering processes Ni also concentrates within the interfacial intermetallic layer to
form the (Cu,Ni)sSns phase which is adjacent to the Cu substrate [1, 19]. Meanwhile,
Ni suppresses interfacial CuzSn growth during both reflow and ageing processes [20,
21]. During interfacial reactions between molten Sn-0.7Cu-0.05Ni and Cu substrates,
Ni additions promote the nucleation of a larger amount of small CugSns compared to
Ni-free Sn-0.7Cu . The growth orientation of interfacial CusSnsis also altered by Ni

additions [22] and the impact strength is improved [23].



Zn significantly reduces the nucleation undercooling of B-Sn in Sn based Pb-free
solder alloys [24]. Cu-Zn intermetallics precipitates appear as dispersed patrticles
between the primary -Sn and eutectic regions in Sn-0.7Cu-0.15Zn alloys [25]. The
formation of precipitated Cu-Zn intermetallics can be correlated with an
enhancement of tensile strength and hardness. Au is another common element used
in Pb-free solder systems in both the metallization of substrates and the
microalloying of solder alloys. Huh et al.[26] found that the width of inter-dendritic
eutectic areas decreased as 1.0wt.% Au was added to Sn-0.7Cu, and AuSn, formed
at the region of the inter-dendritic eutectic [26]. Recently, Balyakov et al. [27]
discovered that AuSn, was a relatively ineffective catalyst for Sn nucleation
compared to NiSn,4, PdSn, and PtSny,

Interestingly, in terms of the crystallographic stability of CugSns, there are several
types of polymorphs [28-32], as detailed in Table 1 [33]. Ni stabilises the high-
temperature hexagonal (P63/mmc) polymorph n-CusSns in Pb-free solder
alloys/joints over the range of -80 to 240 [8, 13 ]. The solubility of Ni in the CugSns
phase can be as large as 17 at.% by replacing Cu atoms [8] (at room temperature),
while the minimum Ni concentration in (Cu,Ni)sSns required for preventing a
polymorphic phase transformation can be as low as 1 at.% [13]. Furthermore, in our
previous studies [34], it was found that Cug(Sn,Zn)s, (Cu,Au)sShs and Cug(Sn,In)s
(with In 27.1 at.%) remained stable as the high temperature hexagonal variant of
CueSns over the range of -80 to 240C, successfully suppr essing the polymorphic
phase transformation. Our recent findings [1] further showed that concurrent
additions of Ni and Zn in Sn-0.7Cu significantly refined the microstructure of the bulk

solder alloy, and also lead to a more continuous, refined and stable interfacial



(Cu,Ni)s(Sn,Zn)s layer. Concurrent Ni/Zn alloying minimises the thermal expansion
mismatch between interfacial CugSns and Cu.

When reflowed solder joints are subjected to subsequent ageing, diffusion of Ni
within CugSns is found to be very limited in Sn-0.7Cu-0.05Ni/Cu Ball Grid Array (BGA)
solder joints [20]. As a result the phase stability of CugSns is slightly comprised by Ni
segregation, resulting in n’ phase growth during 150C ageing. Meanwhile, as
mentioned above, after reflow, the combination of Ni and Zn are complementary in
refining the microstructure and stabilising interfacial (Cu,Ni)e(Sn,Zn)s intermetallics
[1]. However, the degree to which these benefits brought about by Ni/ Zn micro-
alloying are sustained with ageing are unclear, despite this being a critical issue for
the long-term reliability of solder joints. With respect to Au, although it is known that
Au completely stabilised n-CusSns in powder form [34, 35], its impact on the
interfacial (Cu,Au)sSns in both the as-reflowed and aged condition remains
unexplored, including the distribution of this element within CugSns.

In this study, based on our previous findings [1, 20, 25, 34], we aimed to further
explore the effects of ageing on the distribution of the trace elements Ni, Zn and Au
in micro-alloyed Sn-0.7Cu/Cu BGA joints, and the phase stability of the
(Cu,Ni)s(Sn,Zn)s or (Cu,Au,Ni)sSns intermetallic layer with respects to crystal
structure, by means of synchrotron glancing angle X-ray diffraction (XRD) and
synchrotron micro X-ray fluorescence analysis (XRF). The effect of alloying with Au
on the thermal expansion behavior of interfacial CugSns intermetallics was also
investigated for the first time. This study is an important progression of our previous

findings [1, 20], and investigates the influence of ageing on the stabilisation effects.



2. Materials and methods

Samples and experimental setup are shown in Fig.1(a-f). Solder joints (in wt.%)
were prepared by a reflow process and dipping method, respectively. Ball Grid Aarry
(BGA)s were manufactured with individual balls with a diameter in the range of 500
to 600 ym. The test samples were reflowed on organic solderability preservative
(OSP)-finished 30 um thick Cu plating on FR-4 printed circuit boards (PCBs) by
contact bonding. RM-5 flux (Nihon Superior Co., Ltd., Japan) was used for reflow
soldering. These samples experienced two reflows (a peak temperature of 250C
and half of the samples were also subjected to ageing at 150C for 500h and 1500h.
After soldering and subsequent ageing, samples were embedded in resin and
polished to a thickness of ~100 um, along the cross-sectional direction to the solder
interface, using conventional grinding and polishing techniques for sample
preparation. The thinned BGA sample is displayed in Fig.1(b). Dipping samples were
prepared by dipping the Cu plates (C1220P) of 10 mmx30 mmx0.3 mm with
Inorganic Acid Water Soluble Flux (Nihon Superior Co., Ltd., Japan) into the molten
solder in a solder bath at 270C. Selected samples were etched before and after
ageing at 150 in a solution of ortho-nitrophenol (35 g) and NaOH (50 g) in 1 L of
water at 80C to completely remove the Sn-rich part s of solder alloys, as show in
Fig.1(e-f). Samples were observed using a JEOL7001F Scanning Electron
Microscope (SEM) under the backscatter mode with an acceleration voltage of 20kV.

Micro-XRF experiments were carried out at beamline BL37XU of the SPring-8
synchrotron with experimental settings as illustrated in Fig.1a and 1d and also
identical to those detailed and Ref.[36]. The measurements were conducted at an X-

ray energy intensity of 12keV. The data was processed and analysed using Igor
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6.32A software. The penetration depth of the X-ray to the specimen is a critical value
to determine which part of the specimen was measured. Diffraction data were
obtained from the prepared dipped samples, in flat-plate asymmetric reflection
geometry at the powder diffraction beamline of the Australian Synchrotron [37, 38].
An X-ray energy of 15keV was used. The Wavelength (0.8266A) and 26 zero-error
were determined from a standard 0.3 mm capillary of a LaBg/Si mixture using
transmission geometry. The angle between the X-ray beam and the sample surface
was fixed at 5°% as shown in Fig.1d. In this case, the practical depth of analysis for
the CugSns layer with an X-ray beam is ~2um [39]. Indexing and whole pattern Le-
Bail refinement of XRD patterns was conducted using TOPAS 4.2 software. A
Fundamental parameter (FP) approach was employed in TOPAS to perform whole-
pattern profile fitting of the diffraction data collected in parallel-beam flat-plate
asymmetric reflection [38], as shown in Fig.1d (experiment setup) and Fig.2 (whole

pattern fitting).

3. Results and discussion

3.1 Morphology of (Cu,Ni)sSns, Cug(Sn,Zn)s, (Cu,Ni)s(Sn,Zn)s and (Cu,Ni,Au)sSns

Fig.3 and 4 show that the back-scattered SEM images of the BGA solder joints
subjected to reflow and subsequent ageing at 150°C for 500h. Coarsening of the
CugSns intermetallic is more distinguishable in Sn-0.7Cu-0.4Zn-0.03Ni/Cu compared
to Sn-0.7Cu-0.06Au-0.05Ni/Cu. It is also noted that the IMC patrticles accumulated in
the near outer surface area of Sn-0.7Cu-0.4Zn-0.03Ni/Cu BGA balls as shown in
Fig.3 (c) and (d). This is likely due to the settling of some CugSns intermetallic

particles that have not been completely melted by the reflow process under the



influence of gravity. An alternative or complimentary mechanism may be the
heterogeneous nucleation and growth of CugSns[6], possibly catalysed by the
surface oxidation layer of the solder ball or impurity elements. Also in Sn-0.7Cu-
0.06Au-0.05Ni/Cu BGA joints, surface accumulation of CugSns is not so obvious,
possibily due to the differences in the solidification path compared to Sn-0.7Cu-
0.4Zn-0.05Ni/Cu. Fig.5 reveals the morphology of the interfacial layer of Sn-0.7Cu
BGA solder joints varied with micro-alloying Ni/Zn/Au elements. Sn-0.7Cu-0.4Zn-
0.03Ni, Sn-0.7Cu-0.06Au and Sn-0.7Cu-0.06Au-0.05Ni are compared to
compositions with Ni and Zn additions studied in previous works (Sn-0.7Cu, Sn-
0.7Cu-0.05Ni, Sn-0.7Cu-0.15Zn and Sn-0.7Cu-0.06Zn-0.05Ni) [1, 20]. The major
differences in these samples are the presence, morphology and thickness of CusSn
between the CusSns and Cu substrates.

Interfacial IMC growth is dramatically different in liquid-solid reactions compared
with solid-solid reactions during ageing, in terms of diffusion species, alloying
element distribution and interfacial phase growth kinetics. It is generally considered

1/3

that CugSns approximately follows t™ kinetics via Ostwald ripening in liquid/solid

interfacial reactions, whilst diffusion controlled kinetics generally follow a parabolic

law of t¥?

in solid-solid reactions[17, 40].Gong et al. [41] confirmed that the
CueSns/Cu3zSn/Cu sandwich structure formed at the interface during the early stage
of Cu/molten solder interfacial reactions and this structure remained throughout the
whole reflow process. The growth morphology and kinetics of interfacial CugSns are
basically determined by nucleation of CugSns and dissolution of Cu from the

substrate [42]. The migration of the CugSns/CusSn interface is controlled by the

supply of Cu and Sn atoms from both sides [41]. When the flux of Cu supplied from



the substrate is comparable with Sn contributed from the solder side during solid-
state ageing [41], the CusSns and CusSn layers have similar thicknesses, as shown
in Sn-0.7Cu/Cu of Fig.5. Alloying elements are found to significantly influence the
CueSn/CusSn thickness ratio [19, 43-45]. In our previous study we have identified
that interfacial CuszSn can be efficiently suppressed in Sn-0.7Cu-0.06Zn-0.05Ni [1].
Kao et al. [46] determined the threshold value for effectively suppressing CusSn in
Sn-2.5Ag-0.8Cu/Cu was 0.01 wt.%Ni at a minimum, when subjected to 2000h
ageing. In the present study (Fig.5), Zn as an individual addition suppressed the
growth of CuzSn similar to Ni when the content of Zn reached 0.4 wt.%. CusSn could
hardly be observed in the Sn-0.7Cu-0.4Zn-0.03Ni/Cu alloy after 500h ageing, with
the combined influence of both 0.4wt.%Zn and 0.05 wt.%Ni from the alloys. In
contrast, the CusSn layer was clearly present in Au containing samples of Sn-0.7Cu-
0.06Au/Cu and Sn-0.7Cu-0.06Au-0.05Ni/Cu. It is concluded that Au is not as
effective as Ni/Zn in terms of suppressing the growth of CusSn in the interfacial
intermetallic layer of the Sn-0.7Cu/Cu system. The following sections consider the
mechanisms of CuzSn suppression as they relate to trace element additions using
XRD focusing on the interfacial region.

3.2 Trace element analysis of Zn, Au and Ni in interfacial intermetallics

A focus of this study was to understand how ageing influences the Au/Zn/Ni
distribution in interfacial CusSns and also the phase stability of CugSns . XRF
mapping was performed by synchrotron radiation to achieve high-resolution (50 nm
at minimum) elemental mapping of the interfacial intermetallics. Due to the possibility
of different characteristic X-ray peaks overlapping, corresponding point analysis

(Point A-l in Fig.6-8) was conducted to ensure the accuracy of mapping.



Deconvolution of spectrums for selected elements was performed by extracting the
net peak intensity/width with fitting Gaussians to peaks (Point B in Fig.6, the detailed
procedure is documented in [1]). The processed mapping results in Fig.6, especially
Ni/(Cu+Ni) and Zn/(Cu+Zn), confirm that Ni and Zn are both relatively homogenously
distributed within CugSns in as-reflowed Sn-0.7Cu-0.06Zn-0.05Ni/Cu BGA samples.
This was consistent with the results in our previous work [1] in the form of dipped
samples of identical composition. The same conclusion can be made that the effect
of Ni was slightly stronger than Zn at a similar level of addition (0.06 wt.% Zn versus
0.05 wt.% Ni addition). It is also noted that (Cu,Ni)s(Sn,Zn)s intermetallic particles
formed within the solder matrix near the intermetallic layer after reflow.

In the case of Au/Ni concurrent additions (Sn-0.7Cu-0.06Au-0.05Ni/Cu), as
displayed in Fig.7, Au and Ni both concentrated in the interfacial CugSns and also the
intermetallics in the near-interface region of the solder matrix. After ageing for 500h
(Fig.8), CusSn was present between the (Cu,Au,Ni)sSns and Cu layers, as revealed
by both SEM imaging and also micro-XRF mapping. The Cu elemental mapping is
plotted twice in Fig.8 with a different colorscale to clearly show the two distinct
intermetallic layers of CugSns and CuzSn, with the help of an intensity mask
(intensities lower than 100 counts and higher than 2,200 counts are colored in grey).
In Sn-0.7Cu-0.06Au-0.05Ni after 500h ageing, Ni also segregated but was mainly
located in the CusSn, in contrast to Sn-0.7Cu-0.05Ni/Cu [20] and Sn-0.7Cu-0.06Zn-
0.05Ni [1]. Ni was concentrated within CusSn and only a small amount of Ni was
detected on the top of the CugSns phase. Obviously, the Ni concentration in CusSn
was higher than that in the adjacent CugSns layer, which was consistent with

previous studies by other researchers. It has been found that Ni was able to dissolve
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in CusSn by replacing Cu atoms during ageing [47, 48]. Au was still relatively
homogeneously distributed in CugSns and this was similar to the behavior of Zn in
interfacial (Cu,Ni)s(Sn,Zn)s phase [1], however, no obvious solubility of Au in CusSn
was found.

On the inter-diffusion of the solder/Cu system, there are three interfaces with four
potential interfacial reactions, listed as Reaction 1 to 4 [7, 49-52]. Minor Ni and Au
alloying elements are unlikely to form any other phases at the interfaces but would

dissolve into CuszSn or CugSns.

Interface 1  3Cu+Sn - CuzSn Q)
Interface 2 2Cu3Sn+3Sn - CugShs (2)

CugSns+9Cu - 5Cu3Sn 3)
Interface 3  5Sn+6Cu - CugSns 4)

As aforementioned, the migration of the CugSns/CusSn interface, i.e. either Reaction
(2) or Reaction (3) is dominant and is controlled by the diffusion of Cu and Sn atoms
from both sides. It is well documented that Ni dissolving into CugSns causes a
change of diffusion driving forces of Cu and Sn through interfacial CuzSn and
CueSns[53, 54]. As a result, this influences the diffusion fluxes and subsequently the
growth of phases. According to the thermodynamic assessment of the Sn-Cu-Ni
ternary system by Vuorinen et al.[55], the diffusion driving fluxes of both Sn and Cu
were increased with the content of Ni in (Cu,Ni)sSnhs. However, increase of Ni
content in (Cu,Ni)3Sn decreased the diffusion fluxes of Sn and Cu in (Cu,Ni)sSn[55].
Therefore, (Cu,Ni)sSns is more favourable and became the dominant phase, i.e.

Reaction (2) takes precedence over Reaction (3)and CuszSn growth is suppressed
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[51].

On the other hand, Ni content varies along the interfacial intermetallics due to the
local equilibrium requirements combining with mass-balance rules[53]. As explained
in Ref.[53], based on the Sn-Cu-Ni phase diagram, in the CugSns/CuzSn two phase
regions, at local equilibrium the Ni content in (Cu,Ni)sSn is expected to be higher
than that in (Cu,Ni)sSns. Thermodynamically the partitioning of Ni should occur
between (Cu,Ni)sSns and (Cu,Ni)sSn. The Ni content should decrease towards the
(Cu,Ni)3Sn/(Cu,Ni)eSns interface[53]. Moreover, the interdiffusion coefficient of the
CugSns phase at 150T is estimated to be 2.5 x 10 *® to 3.8 x 102 cm?/s [40, 56, 57],
whilst Ni interdiffusion coefficients in the CugSns are < 8.3 x 10 cm?/s at
150C[58].

In contrast, with Sn-0.7Cu-0.06Au-0.05Ni/Cu, Ni was mainly traced in the CusSn
phase strongly indicating that Ni hardly diffused through CugSns/CusSn, and
Reaction (3) was dominant so the growth of CusSn is distinct after 500h ageing.
Therefore, the Au addition was ineffective in suppressing CusSn growth separately,
and harmful to the Ni suppression effect with Ni/Au concurrent additions. This differs
from the minimal amounts of CuzSn phase that existed along with (Cu,Ni)s(Sn,Zn)s
and Ni segregation within (Cu,Ni)s(Sn,Zn)s [1]. It was also noted that the solubility of
Au in (Cu,Au)3Sn was slightly lower than that in (Cu,Au)sSns and the apparent Au
distribution is richer in both the interfacial CugSns layer and the CugSns particles
located in the solder matrix (Fig.8). This result is consistent with the findings in
Ref.[59-61], where the Au solubility in CusSns was apparently higher because the Cu
diffusion coefficient was approximately 1 order of magnitude larger than the diffusion

coefficient of Au in (Cu,Au)sSns[59]. In this case, Au diffuses much faster than Ni in

12



CueSns, and furthermore, Au does not increase the diffusion flux of Cu and Sn in
CueSns and decrease those in CusSn. Therefore, compared to the significant effects
of Ni and Zn, Au does it appears that there is no obvious influence in the thickness
ratio of CugSns/CusSn. Moreover, Au has a poisoning effect on the Ni suppression of
Cu3Sn in Sn-0.7Cu-0.06Au-0.05Ni/Cu as both (Cu,Au)sSns and (Cu,Au);Sn are
present after 500h ageing. This differs from the domination of (Cu,Ni)¢Sns over
CusSn in Ni/Zn containing solder joints.

3.3 Influence of ageing on the phase stability of interfacial (Cu,Ni)sSns,

Cug(Sn,Zn)s, (Cu,Ni)s(Sn,Zn)s and (Cu,Ni,Au)sSns

The polymorphic phase transformations of CusShs are suppressed by alloying
elements (Ni, Zn, Au, In and Pd) or fast cooling rates [1, 20, 34, 35, 62, 63]. Using
high-resolution synchrotron XRD, it has been found that the monoclinic CugSns
phase formed during the normal cooling period of reflow, as shown in Ref. [1] and
Sn-0.7Cu/Cu at Oh in Fig.9. However, in the as-soldered condition, a relatively
homogeneous distribution of Ni/Zn in CugSns (Fig.6) could be beneficial to phase
stability and hence prevent polymorphic phase transformations of CusSns [1]. Based
on our previous findings in the powder form of (Cu,Au)sSnhs [35], it can be expected
that Au suppresses the polymorphic phase transformation of interfacial CugSns
intermetallics similar to Ni/Zn. Ni and Zn are relatively homogeneously distributed
within the interfacial CusSns, however, the concentration of Ni in CusSnhs was larger
than that of Zn. The presence of Ni and Zn within the interfacial CusSns resulted in a
more stable interfacial layer, inhibiting the polymorphic phase transformation of
CusSns. Consequently, the thermal expansion mismatch between interfacial

CusSns and the Cu substrate was further minimised. In contrast to the as-reflowed
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state, ageing may cause two changes to the phase stability, including segregation of
the alloying elements within CugSns and also acceleration of the hexagonal-
monoclinic phase transformation in interfacial CusSns based on the temperature-
time-transformation (TTT) diagram of CugSns[29, 63]. In Sn-0.7Cu-0.05Ni/Cu, the
phase stability of interfacial (Cu,Ni)sSns is compromised by the limited solid-state
diffusion of Ni in CugSns and the inhomogeneous Ni distribution during ageing [20].
Therefore, there is insufficient Ni supplied in CugSns to fully stabilise the hexagonal
phase when the hexagonal-monoclinic transformation is driven by ageing.

The sustainability of the stabilisation effect brought by Ni/Zn during the ageing
process needs further investigation. Moreover (Cu,Au,Ni)sSns stabilisation also
needs to be compared to that of (Cu,Ni)s(Sn,Zn)s, under conditions of both reflow
and aged. Synchrotron XRD patterns in Fig.9 provide a comprehensive/direct
comparison on the phase stability of interfacial CugSns intermetallic, as influenced by
ageing and alloying composition variations. Firstly, it is noted that interfacial
(Cu,Au)sSns was stabilised and remained hexagonal after reflow. The phase stability
of interfacial CugSns intermetallic in BGA solder joints obviously degraded with the
process of ageing at 150C. Pure Cu ¢Sns (without alloying elements) experienced a
solid-state polymorphic (metastable hexagonal to monoclinic) phase transformation
during ageing. In Sn-0.7Cu/Cu, additional peaks indexed as the monoclinic phase
(as indicated by arrows) are gradually discernable from Oh to 1,500h ageing.

It should be emphasised that alloying elements Ni/Au/Zn into Sn-0.7Cu were able
to decelerate the progress of this phase transformation. Although, the ability of
delaying this phase transformation among these alloying elements differs. In Sn-

0.7Cu-0.4Zn-0.03Ni/Cu after 500h ageing, CusSns remained as hexagonal phase
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and no monoclinic phase was found. The fraction of monoclinic phase remained
minimal after 1500h, indicating that the interfacial layer mainly remained as
hexagonal (Cu,Ni)s(Sn,Zn)s. In contrast, the stabilising effect of Au (Sn-0.7Cu-
0.06Au-0.05Ni/Cu and Sn-0.7Cu-0.06Au/Cu) is not as strong as the effect brought
on by adding 0.4wt.% Zn showing in both Sn-0.7Cu-0.4Zn/Cu and Sn-0.7Cu-0.4Zn-
0.03Ni/Cu, and just slightly stronger than (Cu,Ni)s(Sn,Zn)s in Sn-0.7Cu-0.06Zn-
0.05Ni/Cu. This can be rationalised with reference to distribution of alloying elements
in Fig.8, where Ni remained in the growing CusSn and Au was still relatively
homogeneously distributed within CugSns. Consequently, the phase largely became
(Cu,Au)sSns and only trace Au was responsible for stabilising the CugSns. In
summary, the ageing process would compromise the phase stability of CugSns,
whereas alloyed CusSns would delay the hexagonal-monoclinic transformation and
improve the stability. This stabilisation effect on hexagonal CugSns was also found to
be sensitive to the amount of alloying elements doped within the CugSns,

Overall, Ni and Zn concurrent additions seem to have most significant stabilising
effects on Sn-0.7Cu/Cu solder joints among these candidates. The stabilisation
effects includes refinement of the microstructure[1], domination of (Cu,Ni)sSns and
suppression of the growth of CuszSnin the interfacial layer[1] and inhibiting the
polymorphic phase transformation of CugSns[34, 35], as well as minimising the
thermal expansion mismatch between interfacial CugSns and the Cu substrate[1].
This is explained by the fact that Ni and Zn additions alter the solidification path of
Sn-0.7Cu solder alloys and lead to a more thermodynamically stable CugSns. The
present study has shown for the first time, that micro-alloying Ni/Zn stabilisation

effects can remain effective even after 1500h ageing.
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3.4 Effect of Au on the thermal expansion behaviour of (Cu,Au)sSns and

(Cu,Au,Ni)sSns .

We have previously discussed how the Ni/Zn stabilising effect minimises the
thermal expansion mismatch between interfacial CugSns and the Cu substrate [1]. It
was of great interest in this study to compare the influence of Au alloying, on the
minimisation of thermal expansion mismatch to that of Zn alloying. In-situ XRD
patterns of Sn-0.7Cu-0.06Au/Cu and Sn-0.7Cu-0.06Au-0.05Ni/Cu were measured in
the range of 30C-250C (Appendix B). The complete indexing of peaks of the
patterns performed by Le-Bail fitting can be found in Appendix A. It clearly shows
that 20 of peaks shifted towards a lower angle as the temperature increased. But
qualitatively the shift extent of each peak varied, which indicated the anisotropic
behaviour in thermal expansion of the intermetallics. This can be quantified by the
change in the c/a ratio of CugSns crystals with whole pattern fitting. Fig.10 (a-c)
shows the relative change in lattice parameters and cell volume of CugSns
(with/without alloying) with temperature. Discontinuity in expansion in the
temperature range of 180-210C, was caused by a pol ymorphic phase
transformation of CugSns[1]. It was noted that Au (when it is solely added into Sn-
0.7Cu with the composition of Sn-0.7Cu-0.06Au) had an impact on reducing the
CugSns/Cu thermal expansion mismatch and also resulted in slightly isotropic
thermal expansion behavior. However, it was surprising in Fig.10b and c that
concurrent Ni and Au alloying in a Sn-0.7Cu-0.06Au-0.05Ni/Cu couple exhibited a
similar behavior to that of Sn-0.7Cu/Cu and was not beneficial in terms of reducing

the expansion mismatch.
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4. Conclusions

Based on the previous findings, this study was performed to explore the influence

of ageing on the phase stability of interfacial (Cu,Ni)s(Sn,Zn)s and (Cu,Au,Ni)gSns

intermetallic in Pb-free BGA joints. The following conclusions can be made;

1) Alloying elements influenced the thickness ratio of the interfacial

2)

3)

4)

CugSns/CusSn layers during aging. Unlike Zn microalloying, 0.06wt.%Au was
not able to suppress interfacial CuzSn growth in Sn-0.7Cu-0.06Au/Cu and

also hindered the Ni suppression effect in Sn-0.7Cu-0.06Au-0.05Ni/Cu.

Ni and Au co-existed and were relatively homogeneously distributed in the
interfacial CugSns layer after reflow in Sn-0.7Cu-0.06Au-0.05Ni/Cu. With the
progress of ageing, CuszSn grew substantially and Ni was mainly located in
CusSn at the interface. Au remained homogeneously distributed in the newly
grown CugSns, which was in contrast to the Sn-0.7Cu-0.4Zn-0.05Ni/Cu

system[1].

Interfacial hexagonal CugSns phase continuously transformed to monoclinic
CugSns with the progress of solid-state ageing at 150C. Alloying Ni/Zn/Au,
especially with 0.4 wt.% Zn into Sn-0.7Cu, decelerated this progress and
phase stability of interfacial CugSns was improved, compared to CugSns in the

Sn-0.7Cu/Cu system.

On ageing, Au stabilising effects on (Cu,Au,Ni)sSns by 0.06wt.%Au and
0.05wt.%Ni additions was still slightly stronger than (Cu,Ni)s(Sn,Zn)s in Sn-

0.7Cu-0.06Zn-0.05Ni/Cu.
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5) 0.06wt.%Au addition into Sn-0.7Cu had an impact on reducing the CusSns/Cu
thermal expansion mismatch, but not in the case of concurrent additions of Ni

and Au in Sn-0.7Cu-0.06Au-0.05Ni/Cu.
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Figure Captions

Fig.1 Experimental setup for synchrotron XRF and XRD; (a) XRF setting at BL37XU
of SPring-8, (b-c) sample of cross-sectioned BGA joint sample with 100um thickness,
used for XRF; (d) glancing angle XRD in reflection mode at Powder Diffraction
beamline of Australian Synchrotron, and (e-f) samples of interfacial intermetallic

layer of Sn-0.7Cu-0.05Ni-0.06Zn/Cu used for XRD; (e) as-soldered and (f) after aged
at 150 for 1500h.

Fig.2 Le-Baill fitting and indexing of interfacial CugSns (hexagonal, P6s/mmc) and Cu,
as well as the layer of CuzSn.

Fig.3 Cross-sectioned views of Sn-0.7Cu-0.4Zn-0.03Ni/Cu BGA solder joints under
(a-b) as-reflowed and (c-d) 500h ageing conditions.

Fig.4 Cross-sectioned views of Sn-0.7Cu-0.06Au-0.05Ni/Cu solder joints under
conditions of (a-b) as-reflowed; (c-d) 500h ageing.

Fig.5 Cross-sectioned views of interfacial intermetallic layers of BGA solder joints
after annealing at 150C for 500 hours. Sn-0.7Cu-0. 4Zn-0.03Ni, Sn-0.7Cu-0.06Au
and Sn-0.7Cu-0.06Au-0.05Ni are compared to compositions with Ni and Zn additions
studied in previous work [1, 25] (Sn-0.7Cu, Sn-0.7Cu-0.05Ni, Sn-0.7Cu-0.15Zn and
Sn-0.7Cu-0.06Zn-0.03Ni).

Fig.6 Synchrotron XRF mapping of interfacial (Cu,Ni)s(Sn,Zn)s intermetallic layers of
as-reflowed Sn-0.7Cu-0.06Zn-0.05Ni/Cu BGA solder joint (Exposure time: 0.3 s,
scan pitch is 100 nm).

Fig.7 Synchrotron XRF mapping of interfacial (Cu,Ni,Au)sSns intermetallic layers of
as-soldered Sn-0.7Cu-0.05Ni-0.06Au/Cu BGA solder joint (Exposure time: 0.3 s,
scan pitch is 100 nm).

Fig.8 Synchrotron XRF mapping of interfacial (Cu,Ni,Au)sSns intermetallic layers in
Sn-0.7Cu-0.05Ni-0.06Au/Cu BGA solder joint after 500h ageing (Exposure time: 0.3
s, scan pitch is 200 nm, arrow is used for location reference).

Fig.9 Glancing angle synchrotron XRD diffraction of interfacial intermetallic layer of
BGA solder joints (a) as-soldered, (b) after 500h ageing and (c) after 1500h ageing.

Fig.10 Thermal expansion behaviour of interfacial CugSns and Cu substrate Cu in
the temperature range 30-250<C: (a) the variation i n lattice parameters of (a) Sn-
0.7Cu-0.06Au and (b) Sn-0.7Cu-0.06Au-0.05Ni compared to previous solder
compositions investigated; (c) volumetric thermal expansion behaviour compared to
previous solder compositions investigated, and (d) variation of c/a ratio with
temperature. Thermal expansion (%) = (at-ag)/ag x100% (ao is lattice parameter at
room temperature; and ar is lattice parameters at temperature T.)
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Table Captions

Table 1 Crystal structure of CusSns and CusSn phases

Phase

Space group

Formula

Prototype

System

Pearson
Symbol

Lattice
parameters

Stable
Temperature range

Reference

r]’ Cug Sns

n Cug Sn;s

n ** Cug Sns

€ Cuz Sn

Cl2/c1

P63/mmc

P1

Cmcm

Cug Sn;s

CugSns (CuSn)

Cuges Sna;

Cuz02SNg.08

CusSns

NiAs

Monoclinic

Hexagonal

Triclinic

Orthorhombic

mS44

hP4

aP332

0S80

a=11.022(5)
b=7.282(4)
c=9.827(2)
B=98.84(4)

a=4.1980
c=5.0960

a=92.2410(8)

b=7.31077(7)
c=9.879989
B=118.952

5.529(8)
47.75(6)
4.323(5)

<186C

>186C
or >210C

<210TC

[41]

(35]

(5]

[42]
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Fig.1 Experimental setup for synchrotron XRF and XRD; (a) XRF setting at BL37XU
of SPring-8, (b-c) sample of cross-sectioned BGA joint sample with 100um thickness,
used for XRF; (d) glancing angle XRD in reflection mode at Powder Diffraction
beamline of Australian Synchrotron, and (e-f) samples of interfacial intermetallic
layer of Sn-0.7Cu-0.05Ni-0.06Zn/Cu used for XRD; (e) as-soldered and (f) after
being aged at 150C for 1500h.
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Fig.2 Le-Baill fitting and indexing of interfacial CusSns (hexagonal, P6s/mmc) and Cu,
as well as the layer of CusSn.



(c) 500h (d) 500h

Fig.3 Cross-sectioned views of Sn-0.7Cu-0.4Zn-0.03Ni/Cu BGA solder joints under
(a-b) as-reflowed; (c-d) 500h ageing;



(c) 500h (d) 500h

Fig.4 Cross-sectioned views of Sn-0.7Cu-0.06Au-0.05Ni/Cu solder joints under
conditions of (a-b) as-reflowed; (c-d) 500h ageing.



500 hrs at 150°C

Sn-0.7-Cu

20 um

Fig.5 Cross-sectioned views of interfacial intermetallic layers of BGA solder joints after annealing at 150<C for 500 hours. Sn-
0.7Cu-0.4Zn-0.03Ni, Sn-0.7Cu-0.06Au and Sn-0.7Cu-0.06Au-0.05Ni are compared to compositions with Ni and Zn additions
studied in previous work [1, 25] (Sn-0.7Cu, Sn-0.7Cu-0.05Ni, Sn-0.7Cu-0.15Zn and Sn-0.7Cu-0.06Zn-0.03Ni).
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Fig.8 Synchrotron XRF mapping of interfacial (Cu,Ni,Au)sSns intermetallic layers in
Sn-0.7Cu-0.05Ni-0.06Au/Cu BGA solder joint after 500h ageing (Exposure time: 0.3

S, scan pitch is 200 nm, arrow is used for location reference).
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Fig.9 Glancing angle synchrotron XRD diffraction of interfacial intermetallic layer of BGA solder joints (a) as-soldered, (b) after
500h ageing and (c) after 1500h ageing.
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Fig.10 Thermal expansion behaviour of interfacial CugSns and Cu substrate Cu in the
temperature range 30-250C: (a) the variation in la ttice parameters of (a) Sn-0.7Cu-
0.06Au and (b) Sn-0.7Cu-0.06Au-0.05Ni compared to previous solder compositions
investigated; (c) volumetric thermal expansion behaviour compared to previous
solder compositions investigated, and (d) variation of c/a ratio with temperature.

Thermal expansion (%) = % x 100% (ao is lattice parameter at room temperature;
0
and ar is lattice parameters at temperature T.).



Highlights

0.06wt.%Au was not able to suppress interfacial CuzSn growth in

Sn-0.7Cu/Cu.

* Auremained homogeneously distributed in interfacial (Cu,Au)sSns after 500h

ageing.

» Interfacial CugSns phases with a metastable hexagonal generally transform to

monoclinic during ageing.

» This transformation during ageing was suppressed by Ni/Au/Zn at different

levels.



