


but only once mechanical integrity is degraded: sufficient void evolution prevents continued diffusion

from remaining Au.
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1. Introduction

Gold (Au), as a surface finish, is used extensively in high reliability electronics due to excellent
solderability, wire bondability, and corrosion resistance [1-3]. While consumer electronics has gone Pb-
free due to the Restriction on Hazardous Substances (RoHS) environmental policy, high-reliability
electronics used in military, aerospace, and satellite systems employ eutectic SnPb solder in conjunction
with Au protective finishes. The drawback of soldering to a Au surface finish is the possibility for Au
embrittlement. The Au embrittlement phenomenon is well known and has been described in literature
dating back to the early 1960s [1, 4-15]. The need for the improved solderability afforded by the Au

surface finish must be balanced against the risk of joint embrittlement.

The embrittlement mechanism itself is usually reported as a bulk material embrittlement of the solder
caused by the presence of Au-Sn intermetallic compound (IMC) particles, typically, AuSn4. Regarding
63Sn-37Pb solder (wt.%, abbreviated SnPb), the AuSn4 particles form as precipitates upon solder
solidification since the solubility of Au decreases from 16 wt.% to 3 wt.%, from the liquid to solid phase,
respectively. [5, 8, 14, 15]. A SnPb solder joint, which contains less than 3 wt.% of Au upon solidification,
is unlikely to form AuSn4 particles; therefore, the risk is low of Au embrittlement [2, 8, 10, 14]. The 3

wt.% Au concentration is cited as the maximum limit to avoid Au embrittlement.



Another, much less discussed, Au embrittlement mechanism, occurs at the interface between a retained
elemental Au layer (from the surface finish) and the IMC layer that initially formed between it and the
liquid state [16-18]. Continued development of the IMC layer occurs by solid-state diffusion and reaction
mechanisms. A consequence of these solid-state processes is the formation of Kirkendall voiding along
the interface between the remaining Au layer and the developing (solid-state) Au-Sn IMC layer. This

voiding can compromise the electrical and mechanical performance of the solder joint.

The 3 wt.% rule is not valid towards mitigating embrittlement by this interfacial mechanism. For
example, even a thin layer of Au may remain at the interface because the soldering process did not
completely dissolve the layer into the molten solder. Although the overall wt. % of Au calculated to be
incorporated into the joint is below the 3 wt.% limit; the retained Au is sufficient to potentially cause
interfacial voiding that degrades solder joint performance. This interfacial embrittlement poses a greater
risk to functional loss by a solder joint than the bulk embrittlement mechanism. The bulk embrittlement

mechanism is therefore not further discussed in this article.

A third Au embrittlement mechanism is that the Au dissolved in the solder can diffuse back to the
substrate/solder interface. This behavior has been observed for a copper (Cu) base material as well as
both electroless and electroplated nickel (Ni) solderable finishes [19, 20]. This “return of Au”
phenomenon has two consequences, the first of which is formation of a brittle IMC layer comprised of
the returning Au; Cu or Ni; and Sn component of the solder. The second consequence is unique to SnPb
solders. The solid-state growth of the Au-(Ni or Cu)-Sn IMC layer rejects the Pb component of the
solder, resulting in a layer of the softer Pb-rich phase along the solder/IMC interface. This Pb-rich layer
reduces both the time-independent (monotonic loading) strength and thermal mechanical fatigue

(TMF) resistance of the solder joint [3].



Longstanding mitigation strategies exist to prevent Au embrittlement but have limited practicality in
today’s electronics industry. These strategies include increasing the solder joint volume, decreasing the
Au thickness, and hot solder dipping that replaces the Au layer with a solder layer. The miniaturization
of devices has resulted in surface mount solder joints that are also decreasing in size and so too is the
solder volume in them. The advent of immersion Au when used in both the electroless Ni, immersion Au
(ENIG) and electroless Ni, electroless palladium (Pd), immersion Au (ENEPIG) surface finishes, has
reduced the Au thickness on the PCB side of the joint. However, device terminations must still use an
electroplated Au finish, the minimum thickness of which is 20 — 50 microinches to assure complete
protection of the Ni solderable layer. The termination is a significant source of Au in the solder joint.
Lastly, many package terminations, whether leaded or leadless, have configurations and geometries that
cannot accommodate hot solder dipping without increasing the risk of defects at next assembly. Of
course, hot solder dipping is accompanied by additional manufacturing cost and schedule considerations

[21].

The above scenarios have necessitated a re-examination of the Au embrittlement phenomenon. The
objective of this investigation was to improve our understand of this behavior beyond the simple bulk
embrittlement mechanism in order to develop the appropriate mitigation approaches that will assure
solder joint reliability. This report focuses specifically on the effect of Au layer thickness on the

mechanical strength and associated microstructure of representative solder joints.

The strength of the solder joint is the critical property for three reasons. First, because failure
determines whether or not, the interconnection can reliably provide functionality, that is, to meet its
electrical and mechanical environments. Second, the fact that the solder joint is comprised of both bulk
solder and interface complicates the strength performance, especially when the interface
microstructure can change as a function of relatively modest, solid-state aging conditions (temperatures

<100 °C and times on the order of days). Third, the history of solder technology has shown numerous



misconceptions/hypotheses between joint strength and the interface microstructure. Therefore, it is
necessary to document that correlation, if any between joint strength, which is the “final” performance

metric, and the changing interface microstructure due to solid-state aging.

2. Materials and Methods

Test coupons were fabricated with one of three Au layer thicknesses. Pins were soldered to the coupons
with SnPb solder. The test specimens were subjected to isothermal aging. After aging, the pins were
pulled to failure to determine joint strengths and failure modes, thereby allowing for the assessment of
Au embrittlement on joint performance. Fracture surface analysis and metallography were performed
by the combination of scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) analysis.

Details are provided below of the experiments.

2.1. Coupon Fabrication

Test sample coupons had the dimension of 25.4 x 25.4 x 0.51 mm and were fabricated from Alloy 52TM
sheet (UNS N14052, Ni-49Fe). This material was selected because its constituents would not diffuse into
the Ni or Au layers. Nickel (Ni) and Au were then sequentially electroplated onto the coupon surfaces.
The Nilayer was nominally 1-2  and served as the solderable layer. The Au layer, which protects the
Ni layer surface from oxidation and contamination, had thicknesses of nominally 2, 5, or 10 um thick.
These three thickness values were selected to (a) make sure that a retained layer of Au at the interface
was present after reflow, and (b) to determine if the thickness of the retained Au layer affected the
interface microstructure since interfaces are non-equilibrium constructs that can generate unexpected
behaviors. The 2 thickness represents typical manufacturing practices that specify a Au thickness in
the range of 1.3-2.5 [22]. The 10 Au thickness provided sufficient Au to assure retention of the
layer following the liquid state interface reactions — Au dissolution and liquid-state IMC development —

to support solid-state (aging) reactions. The 5  thickness served as an intermediate data point with



which to discern trends. Figure 1a shows a scanning electron microscope (SEM) image of a Focused lon
Beam (FIB) cross section made from a coupon having the 2 um thick Au layer. The grain structure is

readily visible in the Au layer.

Cu pins to be soldered

Deposited SnPb
solder paste

Ni Au-coated
coupon

Fig 1. (a) FIB cross-section showing a coupon substrate, Ni solderable layer, and Au protective layer; (b) Preparing
the 9-spot fixture for soldering; (c) the assembled fixture; (d) A fabricated 9-spot pin coupon; and (e) A 9-spot

coupon assembled in the testing fixture.

The pull test sample was created by soldering nine (9) copper (Cu) pins to a coupon surface in a three-
by-three array. Copper was selected for the pin material to assure excellent solderability. The Cu pins
surfaces were cleaned by degreasing in a solvent; rinsed in isopropyl alcohol (IPA), and lastly etched in

6M HCI for 30s followed by a rinse in deionized water.



The pins were then soldered to the substrate by the following steps: 1) 63Sn-37Pb solder paste was
deposited onto the nine sites on the coupon; 2) The Cu pins were aligned onto the solder paste deposits
using the fixture shown in Figure 1b; and 3) The solder paste was reflowed on a hot plate at a peak
temperature of for 10 s. The fixture and test specimen were removed from the hot plate and
allowed to air cool. This procedure could be controlled very consistently, sample-to-sample. A

completed test sample is shown in Figure 1d. Duplicate samples were fabricated per aging condition.

2.2. Solid-State Aging Parameters

The aging temperatures were 25°C, 70°C, and 100°C. The aging times were 5 and 40 days. The samples
aged for 5 days at were referred to as the “as-fabricated” condition. The high temperature aging
conditions were selected because they represent an acceleration of the typical service lifetimes for high-

reliability electronics and include a 2x safety factor.

2.3. 9-Spot Pin Pull Test

The XYZTECTM mechanical tester (manufactured by XYZTEC, Netherlands) applied a tensile load to the
solder joints. The test setup is shown in Figure 1le. Eight (8) pins per coupon were tested to failure. Peak
loads were recorded as the joint strength. The strengths were represented by the mean of those
measurements and an error term that was plus-or-minus one standard deviation. One (1) pin per

coupon was cross sectioned for microanalysis.

2.4. Microstructure Characterization and Failure Mode Analysis

Aged solder joints were characterized before and after pull-testing via metallographic cross sections.
Fractographic (surface) analysis was applied to represented samples after pull testing. Fracture surfaces
were characterized on both the pin and corresponding coupon test sites using the SEM and EDX analysis
techniques. The SEM and EDX equipment were the Zeiss Supra 55VP, (Zeiss, MN, USA) and Oxford N-

Max, 80 mm? detector (Oxford Instruments, England), respectively. Both systems were operated with a



20 KeV electron beam. Post-pull tested coupons were also cross sectioned to allow for a further analysis

of the fracture characteristics using the same SEM and EDS techniques.

3. Results and Discussion

3.1 Metallographic Characterization (Pre-Pull Test)

The SEM macrograph in Figure 2 shows a cross section of a solder joint representative of the as-
fabricated condition (aged 5 days at 25°C). The Au thickness was 2 um in this instance. The red box
indicates the location of the high magnification SEM images shown in Figure 3, which show the details of

the interface microstructures as a function of Au thickness and aging condition.
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Fig 2. Low magnification SEM image of the pin soldered to the Alloy 52 substrate.
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Fig 3. Higher magnification SEM images show the solder joint microstructure as a function of Au thickness and test
sample condition where (a), (b), (c) show the joints made to 2, 5, and 10 um Au layers, respectively, after 5 days at

25 °Cand (d), (e), and (f) show the joints made to 2, 5, and 10 um Au layers, respectively, after 40 days at 100 °C.

The discussion of the interface microstructures begins with the samples having the 2 um Au layer. The
Au metallization was almost completely consumed in the as-fabricated condition. Only a few small
regions of Au remained of the original Au layer. The gray tones in the backscattered electron (BSE)
images indicated that two different IMC compositions were formed by the liquid-state reaction between
SnPb and Au; they are labelled as “IMC 1” and “IMC 2” in Figure 3 . The EDS maps in Figure 4
qualitatively confirm the multiple stoichiometries. Note that the IMC layer, which formed between the
Cu pin and the solder, had a (Au, Cu)-Sn composition. A significant driving force caused some Au to
diffuse across the gap and form the IMC at the pin-side rather than remain at the solder/substrate
interface and form the Au-Sn IMC layer. This behavior is a result of the non-equilibrium condition

generated explicitly by the interface.
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Solid-state aging for 40 days at consumed the remaining Au regions as shown in Figure 3 for the
thin (2 um) Au case. The multiple layer compositions, which were observed in the as-fabricated
condition, transitioned to a single composition. This observation was confirmed by corresponding EDS

map in Figure 4.

Fig 4. SEM/EDX maps showing elemental compositions of the images in the previous figure, for Cu, Ni, Pb, Au, and
Sn, where (a), (b), (c) show the joints made to 2, 5, and 10 um Au layers, respectively, after 5 days at 25 °C and (d),

(e), and (f) show the joints made to 2, 5, and 10 um Au layers, respectively, after 40 days at 100 °C.

The as-fabricated solder joint, which was made to the 5  thick Au layer, contained a significant
thickness of residual Au layer. Two Au-Sn IMC compositions were observed in the SEM image and
confirmed by the EDX data. Very little Kirkendall void formation was observed between the IMC and Au
layers. After aging 40 days at the remaining Au was almost entirely consumed by solid-state IMC
growth in which the two IMC compositions were transformed into a single phase. The joint fractured

during the routine handling required for metallographic sample preparation. The fracture occurred



