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ABSTRACT

In this work we studied the initid microstructure and microstructural evolution of
eutectic Au-Sn solder bumps on Cu/electroless Ni/Au. The solder bumps were
150-160 pm in diameter and 45-50 pum tall, reflowed on Cu/électroless Ni/Au, and
then aged at 200°C for up to 365 days. In addition, Au-Ni-Sn-aloys were made
and analyzed to help identify the phases that appear at the interface during aging.
The detailed interfacia microstructure was observed using TEM. The results
show that the introduction of Au from the substrate produces large islands of z-
phase in the bulk microstructure during reflow. Two Au-Ni-Sn compounds are
formed at the solder/substrate interface and grow dowly during aging. The
maximum solubility of Ni in the z-phase was measured to be about 1 at.% at
200°C, while Ni in the d-phase is more than 20 at.%. The electroless Ni layer is
made of severad sublayers with dightly different compostions and
microstructures.  There is, in addition, an amorphous interaction layer at the

solder/electroless Ni interface.
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INTRODUCTION

The microstructure of a solder joint, which governs its mechanicad properties, is
determined not only by its composition and therma history, but also by the reactions that occur at
the solder/substrate interface[1] When the joint is fine its compostion can be modified
significantly by diffusion from the substrate. The microstructures of fine eutectic Au-Sn solder
joints on Cu, for example, depend on the amount of Cu dissolved during the reflow process, [2]
and are further modified by the accumulation of Cu during aging. The dissolution of the substrate
may compromise the reliability of the joint through high substrate consumption or void formation,
[3] so itisdesrableto use substrate metdlizations that minimize the interaction between the solder
and the substrate.

Electroless Ni/Au metdlization has become popular in microglectronic packaging since it
reduces the process cost while providing a good interfacial diffusion barrier for most Sn-bearing
solders.[4-7] However, there has been some concern about the reliability of these joints, given the
weak interface between the eutectic Pb-Sn solder and the electroless Ni/Au metalization.[8-11]
This concern has motivated recent investigations of interfacia reactions [6,7] and failure
mechanisms [12,13] in joints that contain electroless Ni layers.

In the case of the eutectic Au-Sn solder, eectroless Ni plating is a promising under-bump
metalization.[14] However, the Au-Sn-Ni system is complex, and the influence of the electroless
Ni layer on the joint and interface microstructure is only partly understood. The present work
was undertaken to clarify the microstructure and microstructura evolution of eutectic Au-Sn
solder (80AuU-20Sn by weight) on Cu/electroless Ni/Au substrates, with a particular focus on the

solder-substrate interface.

EXPERIMENTAL PROCEDURE

The samples used in this work were made as 20x20 arrays of solder bumps of eutectic
Au-Sn solder (BOAU-20Sn by weight, 71Au-29Sn by molar content) on Si substrates with Cu (12
pm)/dectroless Ni (5um)/Au(0.1um). The bumps were spherical caps 150-160um in diameter
and 45-50 um tal, and the array had a pitch of about 500 um as illustrated in Fig. 1. The bumps

were made with the "bumped" variation of the Z-MAJI CTM process. [2,15] The reflow includes a
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75 sec. exposure above 280°C with a peak temperature of 315°C, dightly above the 280°C
melting temperature of eutectic Au-Sn (Fig. 2). [16]

The samples were aged at 200°C for up to 365 days. The cross-sectional microstructures
of both the as-soldered and aged samples were examined in a scanning electron microscope
(SEM) with a back-scattered electron (BSE) detector and an energy-dispersive X-ray (EDX)
andyzer. The detailed interfaciad microstructure was analyzed by a transmission electron
microscope (TEM) with EDX.

Three bulk Au-Ni-Sn dloys were made to study intermetallic phase formation at
compositions like those present at the interface. These were made by adding Ni contents of 10,
20 and 35 mole percent to eutectic Au-Sn.  The dloys were vacuum arc melted using 99.999%
pure elements, cast and then annealed at 200°C for 20 days.

RESULTSAND DISCUSSION

A. Microstructure of bulk solder
The typica cross-sectional microstructure of the as-solidified bump is shown in Fg. 3.

The bright congtituent in the eutectic microstructure is the z-phase (nominaly AusSn) while the
darker constituent is the d-phase (AuSn). In the as-solidified eutectic Au-Sn bump on Cu, Cu is
present throughout the bulk solder due to its high dissolution into the molten solder during
reflow.[2] In contrast, Ni was not detected outside the immediate neighborhood of the interface.
This result suggests that the dissolution rate of Ni into molten Au-Sn solder is low as compared to
that of Cu. Thisis consstent with the low solubility of Ni in the binary Au-Ni and Ni-Sn systems
at the reflow temperature. [17]

The bulk of the joint is predominantly z-phase (AusSn). The large idands of z are due to
the thin protective layer of Au on the initia substrate, which is deposited to ensure wetting by the
solder. Once the solder is molten, between 280°C and 315°C, the top Au layer dissolves and
dightly increase the overdl Au content of the liquid solder into Au-rich off-eutectic composition

(Fig. 2), resulting in the formation of proeutectic z-phase during solidification. A smilarly
prominent z-phase is found at the as-solidified interfaces of Au-Sn bumps on Cu. However, thisis

not just the Au-Sn binary z-phase observed in the present system, but is rather a z-phase with a
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high Cu solubility (z(Cu)). This phase is formed by the high dissolution rate of Cu into the liquid
solder and the high solubility of Cu in z-phase.[2]

The eutectic lamellae in the Au-Sn solder bumps on Ni are much coarser than those found
in as-solidified eutectic Au-Sn bumps on Cu (Fig. 4) which had the same geometry and thermal
history. The reason is unclear, but must also be an effect of the Cu dissolution into the solder.

An irregular-shaped intermetallic phase was observed at the interface between the solder
and the electroless Ni metdlization as shown in Fig. 3(b). High magnification BSE imaging was
used to clarify the morphology of this phase. The average thickness of this intermetallic phase
was about 0.7mm.  Compositiona anaysis by EDX shows that it is a Au-Ni-Sh compound of the
measured composition (22-25)Au(35-38)Ni(38-41)Sh (in atom percent), which corresponds to the
NizSn, phase with a high Au solubility, (Au,Ni)sSn,. While no other interfacial phases were
noticed in the SEM micrographs, an additiond Au-Ni-Sn phase was found by EDX. It forms a
layer between the (Au,Ni)3Sn, and the Au-Sn binary phases in the bulk solder, and is identified as
a d phase with Ni, specifically (Au,Ni)Sn, with composition (42-45) A u(5-8) Ni(46-49) Sn.

The same binary phases with the solubility of a third eement were found in the bulk Au-
Ni-Sn dloys. The results are summarized in Table 1 and compared to those inferred from
reported isotherma sections of the ternary phase diagram a room temperature [18] and
400°C.[19] Ni is much more soluble in the z-phase than in the d-phase. The maximum solubility
of Niin z was about 1 at.% at 200°C, while the d-phase dissolved more than 20 at.% Ni. It
follows that Ni reacts primarily with the d-phase rather than z-phase in solder joints, as is
confirmed by compositional analyses of the two phases at the interface of aged solder bumps,
reported below.

Figure 5 shows the microstructure of eutectic Au-Snon Ni after aging at 200°C. As the
joint ages, the eutectic lamellae in the bulk solder coarsen and become globular. As Ni gradualy
diffuses into the solder, the irregular (Au,Ni)3Sn, intermetallic layer at the interface becomes flat
and the d-based (Au,Ni)Sn becomes more distinct (Fig. 5(c)). The measured compositions of the
(AuNi)3S, and (AuNi)Sn layers in Fig. 5(c) are (22-26)Au(34-38)Ni(40-41)Sn and (32-
35)Au(21-24) Ni(44-46) Sn, respectively. The composition varies across each layer with the Au
content dightly higher on the solder side and Ni content higher toward the substrate. The
thickness of the totd interfacia intermetalic layer is plotted as a function of time in Fig. 6. The
layer thickens with 2, as is normal for diffusion-controlled growth. The growth rate of the
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interfacia layer in this system is only about half the growth rate of the interfacid layersin eutectic
Au-Sn bumps on Cu. [2]

The phase digribution at the interface changes quaitatively on aging. The d-phase
adjacent to the interfacial layer is gradually replaced by the z-phase, which eventually covers the
interfacial layer as shown in Fig. 5(b). This microstructural change results from the Ni solubility
difference in the z- and d-phases. Since Ni solubility in the z-phase is below 1 at.%, Ni is not
incorporated into the z-phase. Instead, the z near the interface acts as a source of Au and Sn for
the interfacial phases which are relatively rich in Sn.  As the interfacia layers grow, Au is
obtained by consuming the z-phase. On the solder side, the d-phase, which has a high Ni
solubility, incorporates Ni and releases Au as it converts into the (Au,Ni)Sn phase. The Au that is
released causes lateral growth of the z-phase and increases its volume fraction at the interface.
The idands of z-phases spread along the interface and contact to form a continuous layer. Once
the z-phase covers the interfacia layer, it acts as a diffusion barrier that inhibits the flow of Ni to

the bulk solder. In fact, the Ni in the bulk solder is small even after aging for 365 days at 200°C.

B. Detailed interface microstructure

The typica dectroless Ni plating used in electronic packaging involves phosphorus (P).
The P content and the thermal history determine the structure and properties of the electroless Ni
layer. [20-21] In generd, as-plated electroless Ni(Ni-P) layer is amorphous at high P contents (P
greater than about 10 at.%) and tendsto crystalize on anneding. There are no significant
compositiona changes during crystallization. [21]

The P content of the electroless Ni layer used in this work was measured to be about 12
a% in the very fine grain region near the Cu substrate. Figure 7 is a cross-sectionad TEM
micrograph of the interface between the eutectic Au-Sn solder and the electroless Ni in the as-
solidified bump. Different regions of the Ni layer differ in grain size, but al regions are crystaline
except for athin layer immediately beneath the (Au,Ni)3Sn, compound. This suggests that the as-
plated amorphous e ectroless Ni in this system crystallized during the reflow process.

The microstructure of the Ni layer varies with distance beneath the (Ni,Au)zSn,
intermetallic at the interface. The sequence of microstructures begins with a thin amorphous
reaction layer (0.16~0.18mm thick), followed by a fine-grained P-rich region (0.15~0.2ym), a

relatively coarse grained Ni-P region within which the grain size gradually decreases into a fine-
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grained Ni-P(~1.28mm), and a uniformly fine-grained Ni-P that borders the Cu substrate. The
interfacia reaction for the formation of the (Ni,Au)3;Sn, intermetallic compounds involves either Ni
diffusion towards the solder side or P diffusion backwards in the electroless Ni layer, which
results in the compositiona variation of the Ni-P layer near the interface. Considering the fact
that the grain size of the electroless Ni-P is related to P content, [20] it appears that about one-
third of the electroless Ni layer participated in the interfacial reaction during the reflow process.
We discuss these distinct microstructures in turn.

The interlayer between the interfacial compound and NisP has a relatively smooth
interface with the (Ni,Au)sSn, compound, but an indistinct interface with the lower NisP layer.
All of the four chemical species in the system are involved in this layer; its overall composition is
(7-10)Au(60-65)Ni(13-20)Sn(9-13)P. A Hective-area diffraction pattern (SADP) of this layer
(Fig. 7) shows diffuse ring patterns with weak spots of NizP, suggesting that this layer has an
amorphous character with some fine crystalline NisP. While the formation of this amorphous
reaction layer is not well understood, it may be partidly attributed to the solid-state amorphization
found in meta/metal and meta/S systems.[22,23] The presence of Au may contribute to the
formation of this interlayer, since no amorphous layer was observed at the interface between
eutectic Pb-Sn and eectroless Ni.[6,7] Since an amorphous thin layer is metastable, it is expected
that the layer found here will transform into stable crystalline phases, (Ni,Au)3;Sn, and NizP, during
aging.

The materid immediately benesth the amorphous layer, is a P-rich region with the
composition (22-23)P and with a grain size of about 20nm. SADP analysis shows that this region
is a mixture of pure Ni and the NisP phase. This microstructure apparently forms by
crystalization during reflow as described above.

The coarse-grained layer benesth this, which was not observed in the Pb-Sn system on
Ni-P, [6,7] has an average grain size of about 60nm and a P content of 5~8 a%. The grain size
gradually decreases across this layer towards the Cu side with an associated increase in the P
content. The innermost Ni-P layer has a uniform grain size and composition.

A TEM study on the evolution of the interfacial microstructureis in progress.

SUMMARY

The typica microstructure of a eutectic Au-Sn solder bump on a Cu/electroless Ni/Au

substrate contains large proeutectic z-phases due to the dissolution of the Au protective layer
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during soldering together with a z- d lamellar eutectic constituent. At the interface, two different
Au-Ni-Sn compounds form in an interfacia intermetallic layer that thickens at only about half the
rate Cu-Au compounds at the interface of eutectic Au-Sn/Cu.

The maximum solubility of Ni in the z-phaseis~1 at.% at 200°C, while Ni solubility in the
d-phaseis more than 20 at.%. It follows that Ni reacts primarily with the d-phase rather than the
z-phase

The electroless Ni layer is made of several sublayers with dightly different compositions
and microstructures. Thereis, in addition, an amorphous interaction layer at the solder/electroless

Ni interface.
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FIGURE AND TABLE CAPTIONS

Figure 1. Schematic diagram of the sample geometry.

Figure 2. Au-AuSn binary phase diagram.[16]

Figure 3. Cross-sectiona micrographs of as-solidified solder bump on Cu/electroless Ni/Aul.
(8) SEM image at low magnification (b) BSE image at high magnification
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Figure 4. Cross-sectional SEM image of as-solidified Au-Sn solder bump on Cu. (z(Cu) denotes
the binary z phase with ahigh Cu solubility.)

Figure 5. Cross-sectiona micrographs of solder joints aged at 200°C (@) for 50 days (SEM image),
(b) for 365 days (SEM image) and (c) for 365 days. (BSE image at high magnification)

Figure 6. Thickness of total Au-Ni-Sninterfacial intermetallic layers with the square root of aging

time at 200°C.
Figure 7. TEM image of the interface between the solder and the electroless Ni in the as-solidified
bump.

Table 1. Comparison of congtituent phases in different isothermal sections.
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Figure 1. Schematic diagram of the sample geometry.
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Figure 2. Au-AuSn binary phase diagram.[16]



(@)

(b)

Figure 3. Cross-sectional micrographs of as-solidified solder bump
on Cu/electroless Ni/Au

(8) SEM image at low magnification

(b) BSE image at high magnification

Figure 4. Cross-sectional SEM image of as-solidified AuSn solder bump
on Cu. (z(Cu) denotes the binary z phase with a high Cu solubility.)
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(b)

(Au,Ni)zSns

(c)

Figure5. Cross-sectional micrographs of solder joints aged at 200°C (a) for
50 days (SEM image), (b) for 365 days (SEM image) and (c) for 365 days
(BSE image at high magnification)
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Figure 6. Thickness of total Au-Ni-Sn interfacia intermetallic layers
with the square root of aging time at 200°C.
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Figure 7. TEM image of the interface between the solder and the electroless
Ni in the as-solidified bump



Table 1. Comparison of constituent phasesin different isothermal sections.

Eutectic AuSn
with 10 at.%Ni

Eutectic AuSn
with 20 at.%Ni

Eutectic AuSn
with 35 at.%Ni

AU(Ni, Sn)

Room Temperature z+d(Ni)+Ni;Sn,(Au) +2(Ni)+Ni.Sn(AL) N/A
32
° . . . . Au(Ni, Sn)+
200°C Z+d(Ni)+NiSn(Au) Z(Ni)+NizSn,(Au) Ni3Sn(A(u)+Ni3%n2(Au)
400°C Au(Ni, Sn)+

z+L+NiSn,(Au)

z(Ni)+Ni,Sn,(Au)

Ni,Sn(Au)+Ni .Sn,(Au)




