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Introduction

Gold (Au) surfaces in contact with SnPb in a solder joint is generally avoided in the production of electronic assemblies in order to avoid creating a brittle layer of AuSn4 intermetallic compound (IMC) within the joint, that can cause joint failure with mechanical stress.  The balance between the desire to use Au for its corrosion resistance and the desire to avoid AuSn4 production is usually achieved by removing the Au layer prior to soldering or by depositing a barrier layer prior to soldering.  The removal or over-plating of the gold is less desirable when the Au is a substrate finish in a hybrid microcircuit where the gold layer is providing not only corrosion resistance but also a wire bondable surface for some of the component connections.  In these cases one will tend to find Au-SnPb joints.  This is not unusual in hybrid microcircuits however there continues to be confusion about when it is acceptable and when it should be a cause for device rejection. This confusion is compounded by a significant lack of hybrid microcircuit failures that have been attributed to rupture in an AuSn4 layer in a solder joint.  

In a recent case, a hybrid microcircuit obtained for NASA flight hardware was found to contain joints that were suspected to be made with SnPb solder and gold-plated surfaces where Au-Sn IMCs may have formed.  A DPA was performed because it was assumed that an assessment of the presence of AuSn4 could not be evaluated non-destructively.  Also it was not obvious at the time that the industry “rule of thumb” limit of 3% by weight (wt%) of Au in SnPb solder was easily assessable.  Following DPA, the classic physical “needle-like” structure of AuSn4 was not observed and so there was uncertainty whether the IMC was dominated by AuSn4.  The joint that was examined was on a internal portion of the package pin where the wire was wrapped around and soldered to the pin.  There were many other joints as well that appeared to be Au-SnPb on the substrates that had different conductor-joint-pad configurations and it was unknown if any of these might also be a failure concern.  Since the need to avoid AuSn4 in solder joints is well known in the industry there was an interest in determining if the plating materials and their thicknesses or the solder materials used on the substrate may be providing protection against AuSn4 formation.

An evaluation was planned to:

1. inventory all of the joints in the hybrid, that could be seen, that appeared to be a Au-SnPb joint.

2. examine a few joints to determine the composition of the material interface between the solder and the substrate surface and the presence of > 3 wt% Au in SnPb.

3. build Au-SnPb and Au-SnAgCu joints on representative Au-plated substrates

4. age the joints to encourage precipitation of AuSn4 if possible.

5. crossection and pull the joints to observe the formation of AuSn4 at the interface and too measure the strength of a wire-to-substrate solder joint containing a AuSn4 layer, respectively.  
This report includes the results of steps 1 and 2 above.  This report also contains background information about AuSn4 IMC and an analysis that demonstrates that wt% calculations are not necessary to determine if AuSn4 IMC is present in Au-SnPb joints of the type generally seen at the substrate in hybrid microcircuits.  As Electroless Nickel Immersion Gold (ENIG) is becoming a very popular plating material for a variety of electronic packaging applications, a mention of its propensity for developing a brittle surface layer is also briefly described.
Section I:  Solder Joint Survey for a Space Flight Type Hybrid Microcircuit

I.1 Background
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The hybrid described in the introduction had substrates consisting of two different types of materials; BeO (Beryllium Oxide) and Alumina (Fig. 1a).  The internal construction included a variety of joints involving one-mil gold bond wires, five-mil aluminum bond wires, flex circuit connections, fine gauge magnet wire jumpers, surface-mount passives, semiconductor die, laser-trimmed thick-film resistors, and magnetic devices (Fig. 1b).  A corner section of the hybrid had 
[image: image2.emf]
been removed by the flight project to examine the joints on the internal end of the package pins for the presence of AuSn IMCs.  Photographs were taken for all of the remaining solder joints and numbers were assigned for each as shown in Fig 2.  Thirty-seven solder joints were identified and assigned numbers.  Solder joints 3A, 11D and12D shown in Fig 3 and Fig 4 were submitted for destructive analysis to discover if AuSn4 IMC structures were detectable.  Table 1 lists the solder joints for which the vendor reported the plating and solder specifications.
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Fig 1b.  Example of the variety of interconnections in a typical hybrid.
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Table 1.  Materials Specified by Vendor for the Solder Joints
	Solder Joint Type
	Description
	Materials

	
	Substrate Pads (all)
	Pad:  Au thick film

Pad barrier layer: Ag thick film

Pad finish:  90Pb10Sn

	2, 4, 7, 9, 10
	Magnet wire soldered to substrate pad
	Solder: 62Sn36Pb2Ag

Wire:  Cu

	8
	Ribbon conductor soldered to substrate pad
	Conductor metal: Cu

Conductor plating: 60-250 microinches Ni

Conductor finish (over Ni): 2-10 microinches Au

Solder: 62Sn36Pb2Ag

	11, 12, 13
	Ribbon conductor soldered to L-bracket, soldered to Mo tab, soldered to power diode
	Ribbon conductor: Cu

Solder between ribbon conductor and L-bracket: 62Sn36Pb2Ag

L-bracket: Cu

L-bracket plating: 1-250 microinches Ni

L-bracket finish: 10 microinches Au minimum

Solder between L-bracket and Mo tab:  60Sn40In

Plating on Mo tab: 10-50 microinches Au

	14, 15
	Wire soldered to direct bond copper (DBC)
	Wire: Cu
DBC plating: 100-250 microinches Ni

DBC finish : 1-10 microinches Au

Solder :  62Sn36Pb2Ag

	19
	Wire wrapped around and soldered to package pins
	Wire: Cu
Wire plating: 200-350 microinches Ni 

Wire solder dip: 300-500 microinches SnPb

Pin: Cu

Pin plating:  100-350 microinches Ni

Pin finish :  50-225 microinches Au
Solder: 62Sn36Pb2Ag


I.2. Solder Joint Analyses  

I.2.1. Solder Joint: 3A

Fig 5 and Fig 6 show solder joints 3A and 3B.   These joints consist of the solder pad material, the connection solder and an insulated and plated, magnet wire.  The material stack up was expected to be is as described above:  Au thick film, Ag thick film, 90Pb10Sn solder, 62Sn36Pb2Ag solder.  The green layer seen in the figures is an insulation layer that is used to limit solder flow to the defined pad area.
Solder joint 3A was cross-sectioned to examine the construction of the joint (Fig 7).  Several regions of the cross-sectioned joint 3A were selected to understand the detailed metallurgical construction and composition of the solder joint.  These selected regions were given identification numbers, SJ3-1 through SJ3-3. 

[image: image29.emf][image: image30.emf]
[image: image31.png]W L-bracket to moly tab attach solder.pgt
FS: 25000

Pb Pb

n)| | g Pb A B PbPb
T




[image: image32.emf]
[image: image33.emf]
[image: image34.png]Element | Line | keV | KRatio | Wt% | At% | AtProp | ChiSquared
Sn LAl | 3443 | 07529 | 73.00 | 8177 0.0 104.75
Au MAT1 | 2121 | 02471 | 27.00 | 1823 0.0 7774
Total 1.0000 | 10000 | 100.00 0.0 555




[image: image35.png]Element | Line | keV | KRatio | Wi% | At% | AtProp | ChiSquared
Pb | MAl | 2343 | 03222 | 3330 | 2235 | 00 9377
4g | Lal | 2054 |om7e | 173 | 22 0 402
Sn | LAl | 3.443 | 06601 | 6477 | 7543 | 00 169.25

Total 10000 | 10000 | 10000 | 08 869





[image: image36.png][nickel plated) moly tab on top of diode.pgt

FS: 10000

10

15



[image: image37.png]



[image: image38.png]



[image: image39.png]Mo LAl | 2.293 | 1.0000 | 100.00 | 100.00 0.0 1545
Total 1.0000 | 100.00 | 100.00 00 593



[image: image40.png]W ribbon wire to L-bracket solder.pgt
FS: 32000

5P Bb PbPh
5 10 15





[image: image41.jpg]



I.2.1.1 Region SJ3-1 (EDS Analysis)

Fig. 8 shows a magnified view of the SJ3-1 region in which several locations were chosen for EDS (Electron Dispersive Spectrometry) analysis.   

EDS analysis of two locations, A1 and A2, within the solder fillet showed an identical spectrum of material compositions (Fig 9 and 10).  These materials were Sn and Pb as expected however the expected Ag was not detected.   Figure 8 indicates that the gold layer was ~ 20 μm thick.




Line scan analysis for the location A3 in Fig 8 was performed and the results are shown in Figs 11 and 12. Scanning was made starting at the substrate which is left-most in Fig 11, and proceeded through a gold, a gold-tin layer, and then to a lead-rich SnPb layer on the far right of Fig 11.  Fig 12 shows dominant material as scanning passes from one layer to the other.  The blue lines indicates the direction of scanning movement, and vertical dotted lines represent each region of the solder joint layer.  











The Au-Sn layer indicated by the red arrow in Fig 11 and 12 was quantitatively analyzed to determine the percentage of elemental constituents within the region.  The EDS spectrum (Fig 13) shows 82% tin, 18% gold, (at%) which according to the Sn-Au phase diagram (Fig 14), should support precipitation of the AuSn4 intermetallic.  The literature generally cites a 2 -3 wt% limit for Au in Sn and a 4 at% limit to avoid formation of AuSn4 intermetallic. [1, 2].
I.2.1.2 Region SJ3-2 (X-Ray dot Map Image Analysis)

A closer view of the region SJ3-3 in Fig 7 is shown in Fig 15.  X-ray dot map images for Cu, Pb, Sn, Au, O and Al were acquired and show the locations of the various elements in the region examined (Figs. 16 – 21).  The thin line visible along the interface between the magnet wire and the solder (Figs. 15, 18 and 19), which appears as a Au-Sn material, demonstrates findings cited by Zribi, et. al. and Laurila, et. al [3, 4] that AuSn4 tends to form near solder-Ni interfaces.  This is further supported by the Pb-rich area near this line of Au-Sn. 

Fig. 
14.  Au Sn Phase Diagram [4]





I.2.1.3  Region SJ3-3

Fig 22 shows an EDS spectrum of the region SJ3-3 in Fig 7 and simply confirms the material of the magnet wire.

I.2.2.  Solder Joint: SJ 11D and 12D

Figs. 23 and 24 shows solder joints which include ribbon conductor soldered to “L” brackets, which are soldered to molybdenum tabs, which are soldered to high power diodes. According to the manufacturer, the L bracket was plated with a minimum of 10µinches (0.254 μm) of Au over 100 µinches (2.54 μm) ~ 250 µinches (6.35 μm) of Ni (Nickel).  The copper ribbon is unplated and soldered to the strap with SnPbAg solder. The Mo (molybdenum) tab was plated with 10 µinches (0.254 μm) ~ 50 µinches (1.27 μm) Au over Ni.  The copper bracket was soldered to the Mo tab with PbIn solder.  The Mo tab was soldered to the diode with PbIn solder.  Figures 25 – 30 show EDS spectra for these joints.
  . 













All of the EDS spectra shown above match with the vendor’s specifications.  There was not any indication of the presence of Au-Sn IMC in the joints associated with the power diodes, though Au and In can precipitate a brittle IMC (AuIn2).

I.3  Conclusions from the Solder Joint Analysis
For solder joint 3, several regions were examined to understand the material structure of the solder joint and the presence of Au-Sn IMCs. There are many images and data analyses showing the presence of an An-Sn IMC layer that have the characteristics of AuSn4.  Contrary to the information provided by the manufacturer, there was no evidence of Ag (silver) being used in the joint as a barrier between the Au and the solder.  For the L-bracket solder joint, there was no evidence of the presence of the AuSn4 IMC. The results match the specifications the manufacture provided.  

Section II.  Estimating wt% of Au in a “Joint 3” Type Solder Joint
II.1  Background on AuSn IMC

Gold (Au) plating is ubiquitous in electronics packaging because it provides excellent wettability, conductivity, resistance to corrosion and a wire-bondable surface. Gold plating methods also offer the ability to manufacture very well defined and small pitch conductor spacings on advanced substrate materials that are needed for high performance multi-chip modules and hybrid microcircuits.  However the brittleness of the AuSn4 intermetallic compound, which can form when a gold/solder joint cools, presents a reliability concern for electronic assemblies that will experience mechanical stress during service life.  

During the reflow process, the Au-plated surface dissolves rapidly (1.3 μm/sec at 209ºC [3,5]) into the solder and IMCs of AuSn, Au5Sn, AuSn2 and AuSn4 are formed.  The Ag in SnPbAg solder does not participate in the formation of Au-Sn IMCs [6].  If the weight % (wt%) of Au exceeds 3% in the solder, then IMCs of Au-Sn will precipitate as the solder cools and solidifies.  Solder reflow time and temperature can affect the distribution and types of the IMCs present however Au will diffuse into the solder and brittle AuSn4 will continue to precipitate even after the alloy has solidified (though at a rate two orders of magnitude slower than for Au that has been dissolved into the solder during a reflow operation) [6].  AuSn2 may form first followed by AuSn4 due to their non-equilibrium cooling behavior.  During cooling, Pb-rich regions are left behind at the IMC interface (Figs. 31-33).  
AuSn4 can nucleate at the substrate interface or within the bulk solder.  The Pb-rich region at the AuSn4/SnPb solder interface also contributes to the overall reduction in plasticity at and around the AuSn4 IMC region.  This interfacial failure mechanism is called “gold embrittlement”.  Zribi, et. al showed a flattening of the reduction of strength of a Ni/Au/SnPb joint after thermal annealing at 150ºC between 80 and 150 hours [3].  In the Zribi study, un-annealed joints were brought to a ductile type fracture and annealed joints failed by brittle fracture. 
Gold embrittlement has been documented for nearly four decades and continues to be a concern especially for joints that will experience mechanical flexing such as gold stud bumped die and packages, die bonded to daughter cards, and stacked packages (package-on-package).







     Steps 1 through 11 below describe how an MSExcel worksheet was set up to calculate wt% of Au in joints that could be made within the geometric boundaries of the type of joint shown in Fig 34 and Fig 8.  Table 2 shows the wt% values calculated for different joints where the volume of solder was varied and the Au pad thickness was varied.
1. Assume a 5 μm thickness of the Au film is wetted and dissolved (at 1.3 μm/sec this takes  = 3.8 sec)
2. Convert all dimensions to μm.

3. Calculate the volume of the wetted Au surface using an ellipse with r1 = ½ * length of the solder joint and r2 = ½ * width of the solder joint.  (Fig. 8 indicates that the entire solder pad was not wetted)
4. Using the density of Au in μm3 (1.93E-11 g/μm3), calculate the weight of the dissolved Au.
5. Calculate the volume of the captured portion of the wire
6. Calculate the volume of the solder joint using ½ * volume of an ellipsoid with r1 = ½ * length of the solder joint, r2 = ½ * width of the solder joint and r3 = height of the solder joint.  Remove the volume of the captured portion of the wire.

7. Calculate the number of Sn, Pb and Ag atoms in 0.0001g of solder using the wt% indicated in the 62Sn36Pb2Ag solder formulation multiplied by 0.0001g (6.20E-05g, 3.60E-05g and 2.00E-06g, respectively) and by 1/molar weights of Sn, Pb and Ag in atoms/g  (5.07E+21, 2.91E+21 and 5.58E+21 respectively).
8. Calculate the volume occupied by each element in 0.0001g of 62Sn36Pb2Ag solder using 1/density (μm3/g) of the element and the molar weight of each element (g/atoms).  Add the volumes for the total volume of 0.0001 g of 62Sn36Pb2Ag solder.
9. Calculate how many 0.0001g units occupy the solder volume (from 6. above).

10. Calculate the weight of each element in the solder joint by multiplying the number of 0.0001g solder units in the solder joint times the weights determined in 7 above.
11.  Calculate the wt% of the Au in the solder using only the weights of the Sn and Pb portion as the Ag does not participate in the IMC formation.

Table 2.  Variables Used to Calculate wt% Au in Fig. 34 Solder Joint

	
	Area of Au wetted by solder joint
	Au thickness
	Time at liquid
	Length of wire in joint
	Solder Joint Height
	Wt% Au

	1
	Ellipse :  r1 = 15 mil, r2 = 12 mil
	5 μm
	3.8 s
	19.2 mils

 (60% of max)
	12 mils
	4.3%

	2
	Ellipse :  r1 = 20 mil, r2 = 12 mil
	5 μm
	3.8 s
	27.2 mils

 (85% of max)
	12 mils
	6.1%

	3
	Ellipse :  r1 = 25 mil, r2 = 12 mil
	5 μm
	3.8 s
	30.4 mils

 (95% of max) (estimate for joint in Fig. 34 above)
	12 mils
	7.6%

	4
	Ellipse :  r1 = 30 mil, r2 = 12.5 mil
	5 μm
	3.8 s
	30.4 mils

 (100% of max)


	12 mils
	9.5%

	5
	Ellipse :  r1 = 25 mil, r2 = 12 mil
	2 μm
	1.5 s
	30.4 mils

 (95% of max)
	12 mils
	3.2%


The calculations showed that only a very thin (<2μm) layer of Au can be used in a solder joint like that shown in Fig. 34 while meeting the ~3 wt% rule.  Examples 1 through 4 showed that as the solder joint got larger, more of the wire was captured nulling any gain in the Sn to Au ratio.  Many of the joints found in the example device had a similar configuration in that the captured wire/conductor was fairly large compared to the volume of solder in the joint.  This leaves only the plating thickness as the variable that must be managed.  In this type of joint the inspectors need only know the design thickness of Au on the substrate ( and the duration of time the solder was liquid) to compute whether the gold that has been consumed and made available for IMC production is greater than 3 wt%.  The calculation is simply (liquid time in seconds)/1.3 = thickness of the gold consumed in μm.   To comply with the 3 wt% rule then the answer should be 2 μm or less.
The question remains however whether a layer of AuSn4 will necessarily lead to a failed joint in the hybrid microcircuit.  Pull tests on representative joints may be useful for describing how thick the AuSn4 layer must be or how extreme a environmentally induced mechanical stress (such as shock or vibration) must be to actually cause a failure and how long it would take.

II.2
Au-based IMC Issues Related to ENIG Surface Finish 

Electroless Nickel Immersion Gold (ENIG) surface finish is becoming a popular alternative for thick film printing of gold on substrates and for creating a corrosion-resistant finish on fine pitch printed circuit boards that is also wirebondable.  The ENIG process enables a very thin (0.05 – 0.15 μm) gold layer on top of nickel which does not have to be removed prior to soldering since it will not conflict with the “3 wt%” rule.  It has also been shown to be capable of creating a very even thickness finish around complex three-dimensional surfaces.   However, this plating system can also support brittle interfacial layers and corrosion products that prevent soldering.  During plating the hypophosphate reducing agent in the Nickel (Ni) bath contributes Phosphorous (P) that is co-deposited on the plated surface with the Ni.  An overly aggressive Au plating bath can deplete the Ni leaving a P-rich surface which is not solderable.  If the P content on the Ni-P layer below the Au is initially not too high to prevent soldering, the soldering process itself can starve Ni out of the surface leaving behind an overly P-rich region which is brittle. [7, 8].  Cracks have been known to form in the brittle P-rich layer which propagate through the outer layers leading to exposure of the base material to atmospheric corrosion [9].  
Conclusion and Recommendation


Though there is a well established industry rule-of-thumb for the maximum thickness of gold plating on surfaces that are designed to host a solder joint, a device supplied for space flight use contained multiple joints that appeared to ignore this rule (though not all of the solder joints in the unit used Sn-based solder).  One joint that was examined in crossection was found to contain a layer of Au-Sn intermetallic material.  Calculations of the wt% of gold in SnPb in the joint, based on the joint’s geometry, an apparent normal wetting of the pad, a normal solder fillet on the wire, and the amount of the magnet wire captured in the joint, showed that the Au-Sn layer could be predicted based solely on the thickness of gold that would have dissolved into the liquid solder during soldering using the 1.3 μm/sec solution rate from the literature.  The existing literature on the behavior of Au-Sn IMC growth in solder joints provided an ability to predict the presence of Au-Sn IMC which was observed using physically destructive methods.
To address the question of why these joints are not routinely causing failures in hybrids, a second phase of the project is recommended to build and pull Au/SnPb and Au/SnAgCu joints that have and have not been aged to determine if the pull strength is beyond the levels of stress that would be imparted to these types of joints in hybrids, especially those which are part of coil assemblies where there is significant mass attached to the joint.
Though ENIG surfaces meet the 3 wt% rule it should not be assumed that they are free of solder joint intermetallic and solderability concerns.  Inspectors should verify that the printed circuit board or substrate plater understands how to design and maintain ENIG baths to control Phosphorous content both during the initial deposition of Ni-P and during the Au plating portion of the process.
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Fig 34.  Example gold-tin solder joint.
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Fig 31. Typical distribution of  tin and lead regions in 63Sn37Pb eutectic solder. This image was captured  by Backscattered Electron SEM image at 1700X at moderate to rapid cooling rate. Courtesy of Ed. Hare, SEM Lab, Inc.








Fig 23.   Solder joint 11D of L-bracket shown in dotted circle area.  
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Fig 26. EDS spectrum and quantitative analysis for the solder used to attach the ribbon wire to the L-bracket.  








Fig 29. EDS spectrum for the InPb solder used to attach the Mo tab to the power diodes.  
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Fig 12. Line scan data obtained from region shown in Fig 11. 





Fig 16 X-ray dot map for the Cu of the magnetic wire. Light aqua indicates the Cu. 
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Fig 11. SEM image is shown rotated 90 degrees from the Fig 8 view. 
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Fig 17.  X-ray dot map for lead (Pb) in the fillet area.  A lead-rich layer is apparent around the periphery.





Fig 20.  X-ray dot map for oxygen.  (Part of AlO3 substrate).  
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Fig 21. X-ray dot map for aluminum.  Part of Alumina substrate.





Fig 15. SEM image of SJ3-3 in Fig 7 is shown in magnified view. 
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Fig 32,  Image taken at 3400X BSE SEM shows Au-Sn IMC which appears as the long, thin structures.  Courtesy of Ed. Hare, SEM Lab, Inc.
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Fig 30. EDS spectrum and Quantitative analysis for the power diodes. 
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Fig. 10.  Another location A2 within the solder fillet area used to attach the wire to the substrate shows identical material composition, Sn and Pb with the one shown in Fig 9.
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Fig 7, Cross-sectional view of the joint 3A is shown in Fig 5 and 6. Yellow squared areas were selected for EDS analysis and elemental DOT mapping.  





Fig. 8   Magnified view of the area SJ3-1 shown in Fig 7. 
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Fig 28. EDS spectra of Mo (molybdenum) tab.  
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Fig 1a.  The hybrid microcircuit with two different substrate material identified; BeO and Alumina
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Fig 25. EDS spectra of L-bracket confirms its material. 
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Fig 13 Spectra obtained from within the gold-tin  region of location A3. 
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Fig.22. EDS Spectrum for magnetic copper wire. 
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Fig. 9  EDS analysis on location A1 in Fig 8 reveals that solder compositions used to attach the copper wire to the substrate solder pads.   
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Fig 18. X-ray dot map for Sn (Tin) in joint fillet area and IMC region.   The thin line running along the copper wire appears to contain Sn.
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Fig 24. Cross-section view and material construction of L-bracket solder joint. 





Fig 27. EDS spectra of InPb solder used to attach L-bracket to the (gold plated) molybdenum tab on the power diodes 
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Fig 5. A view of the solder joint 3A and 3B before cross-sectioning. 
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Fig 4.   Solder joints 11C,11D & 12C, 12D are shown.  These solder joints were cross-sectioned for examination.  





Fig 3. Solder joints 3A and 3B are shown.  Solder joint 3A was cross-sectioned for examination.





Fig 2. DCDC Converter with the solder joints identified with alphanumeric codes.





Fig 6. Close-up view of the solder joint 3A and 3B at different angle before cross-sectioning.
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Copper Wire





Fig 19. X-ray dot map for Au. The thin line running along the copper wire appears to contain Au.
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Power Diode (Fig 30)





SnPbAg (Fig 26)
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Sn62/Pb36/Ag2 solder used to attach wire to pad





Fig 33.  Image captured at 1513X  shows distribution of Sn-phase, Pb-phase and Au-Sn IMC.  Courtesy of Ed. Hare, SEM Lab, Inc.
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