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Abstract

This paper reports a study on the corrosion damage of a copper pad coated with electroless
nickel-phosphorus/immersion gold in a sulfur-containing atmosphere. For this purpose, the
surface and cross section of the pad showing localized corrosion products were analyzed by
optical microscopy, scanning electron microscopy/energy-dispersive X-ray spectroscopy and X-
ray photoelectron spectroscopy. According to the results, slightly nickel and predominantly
copper suffered from corrosion attacks, accompanied by the formation of mainly sulfide with a
small fraction of sulfate. Considering the characterized configurations of the pad and corrosion
products, a sequential mechanism was established to interpret the galvanic-pitting corrosion
attack of both species. In this regard, the nanoporous immersion gold surface acted as the

cathode in the bimetallic degradation of nickel, whereas the environmental attack of copper was
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accelerated because of its electrical contact with cathodic nickel and gold via the formation of a

trimetallic galvanic microcell.
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1. Introduction

There are various metals currently used in microelectronics, such as Cu, Al, Au, Ag, Ni,
Sn, Fe, Pd and so on, because of their appropriate electrical conductivity and solderability.
Concerning corrosion, most of these metals belong to the group of active-passive metals which
present suitable corrosion resistances in most circumstances, via the formation of passive films
which protect the underlying metal [1, 2]. However, they may suffer from serious corrosion
damages under especial atmospheres, including chloride and sulfur-containing environments. For
instance, Ni-based alloys present corrosion-cracking in hydrogen sulfide- and chloride-
containing environments at room temperature [3, 4]. Copper is also known to be susceptible to
sulfur-related environmental damages, particularly in H>S and SO2 humid atmospheres [5-7].

The corrosion problem in microelectronics is remarkable due to the following reasons [6,
8]. First, the current tendency toward the miniaturization of electrical components, regarding
both dimension and spacing, leads to provoking a disruption in operation even with an
insignificant damage. Second, the variety of materials used in this industry and their electrical
contacts, when exposed to a corrosive atmosphere, establish galvanic cells which enhance the
corrosion rate of the anodic or more-active species. Third, the existence of an electrical potential
difference between the connecting components of the circuit creates an electrochemical

corrosion potential difference, accelerating the corrosion attack in line with the current direction.
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On the other hand, most corrosion products having a creeping behavior are conductive enough to
form undesirable short circuits between the components. Furthermore, the loss of materials due
to corrosion damage in a conductor can create open circuits, where a loss of 107!? grams is
sufficient to disturb the function of an microelectronic device [6].

Depending on the device and service environmental characteristics, the different forms of
corrosion can dominate, including galvanic corrosion, gas-phase corrosion, cathodic corrosion,
stray current corrosion, and fretting corrosion [6, 7, 9-12]. In this study, a sequential galvanic-
pitting corrosion event was recognized in a copper-based pad coated with electroless nickel-

phosphorus/immersion gold surface finish exposed to in a sulfur-containing atmosphere.

2. Experimental procedure

An electrical board was working in an atmosphere with the specifications summarized in
Table 1. The board’s function was disturbed after almost 3 years of service in this environment,
accompanied by a reduction in the electrical conductivity of golden pads assembled on the board.
Typically, several black spots appeared on the pad’s surface, even visible to the naked eye (Fig.
1), due to environmental corrosion attack.

To analyze the corrosion failure, the cross section of the pad after mounting and grinding
by sandpapers to #3000 was assessed by optical microscopy (OM) and scanning electron
microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS). Moreover, the
surface of the exposed pad was characterized SEM/EDS and X-ray photoelectron spectroscopy
(XPS), especially on the spots. For SEM imaging, both backscatter electron (BSE) and secondary

electron (SE) modes were used to provide composition and roughness contrasts, respectively.
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Eventually, considering the results of the above-mentioned evaluations, a mechanism was

established to describe the damage.

3. Results and discussion

The cross-sectional OM micrograph of the mounted pad is displayed in Fig. 2, inferring a
thickness of about 55 pum for the pad assembled on an epoxy-based substrate. To characterize the
pad’s structure in more detail, the SEM/EDS study was also conducted on the related cross
section, as presented in Fig. 3. An overall EDS scan on the cross section yields the presence of
Au, Ni, Cu and P in the investigated area (Fig. 3c). Considering both the BSE-SEM micrograph
(Fig. 3a) and the horizontally-related linear EDS scans together for the detected elements of Au,
Ni, Cu and P (Fig. 3b), it is concluded that a layer of Ni-P with the mean thickness of almost 8
um and then an Au film of about 1 pum in thickness have been deposited on the Cu-substrate pad,
respectively. The individual compositions of each layer constituting the pad are also confirmed
by the corresponding point EDS analyses (Figs. 3d, 3e and 3f). Hence, it is concluded that the
pad is essentially composed of a Cu foil coated with electroless nickel-phosphorus/immersion
gold which is one of the most-commonly used surface-finish methods to improve solderability
and somewhat corrosion resistance in microelectronics [6, 13]. According to Fig. 4, the top layer
of the pad (Au) contains nanopores, which is typical for gold coatings obtained by immersion
processes [8, 12, 14], whereas the Ni-P interlayer is not porous.

Fig. 5 indicates the SEM micrographs and EDS spectra of the exposed surface. The

appearance of a dual contrast in the low-magnification BSE micrograph (Fig. 5a) infers a typical

difference in the chemical compositions of the spots (as the corrosion damage) and intact
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surface. Based on this micrograph, the spots present a wide range of size from submicron to 300
um, with a relatively rounded shape and uniform distribution on the surface. There is also
another contrast although at a smaller level on the spot’s its surface magnified by a BSE
micrograph (Fig. 5b) which can be attributed to a small compositional and/or topographic
difference. The related SE micrograph (Fig. 5c) indicates that the spot is a progression of a pit
filled and overflowed with corrosion products. The non-dense particulate nature of the corrosion
products is also evident in the high-magnification SE micrograph (Fig. 5d) which is in contrast to
the packed and integrated feature of protective passive corrosion films. The porous and oxide/salt
nature, in contrast to a packed metallic structure, of the corrosion products is responsible for a
lower density and thereby more volume for them, justifying their overflow from the pit’s edge.
The absence of obvious cracks in the corrosion scale also reveals a relatively constant humidity
level and temperature of the environment [15]. The EDS analysis (Fig. 5¢) demonstrates the
presence of Cu, Ni, S, O and C in the corrosion products, which can be attributed to the possible
formation of the S, O and/or C-containing compounds of copper and nickel. According to the
related quantitative analysis listed in Table 2, the significant amounts of Cu and S are
noteworthy, which suggests the domination of copper sulfides in the corrosion product. On the
other hand, the EDS analysis of the intact golden surface (Fig. 5f) indicates the existence of Au,
Cu and Ni, due to the multilayer feature of the pad.

The XPS analysis was also employed in order to further characterize the exposed surface
(Fig. 6). The de-convoluted spectrum of the Cu 2p orbital represents two typical peaks at 932.5
eV and 952.5 eV, which is attributed to the existence of Cu?" ions bonded to the sulfide and

sulfate functional groups, respectively [15-17]. The relative intensity of these peaks suggests the
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domination of sulfide to sulfate. In the S 2p spectrum, the strong peak of 161/8 eV and the weak
peak of 168.8 eV are indicative of a major level of sulfide and a minor content of sulfate,
respectively, which is in good agreement with the Cu 2p spectrum in both the type and amount of
the existing bonds. The Ni 2p orbital spectrum also shows two weak peaks at 853.5 eV and 872
eV belonging to the Ni** state [18, 19]. Considering the Ni 2p and S 2p spectra together, it is
speculated that a small amount of oxidized Ni in the form of sulfide/sulfate also exists in the
corrosion products, verifying the EDS analyses. In the Au 4f orbital spectrum, the two typical
peaks of 84 eV and 87 eV are related to elemental Au, suggesting the lack of corrosion for this
noble element, in agreement with EDS analysis done on the corrosion products. In this regard,
the absence of any XPS peaks related to nonionic Cu and Ni infers that the surface has been
covered by a film of Au, whereas the Cu and Ni species originate from the underlying layers to
form the corrosion products. In other words, the XPS and EDS analyses on the exposed surface
together show that the above-described cross-sectional studies, where the pad is a multilayer
composite with an intact upper film of Au and the bottom layers of Cu and Ni exposed to the
corrosion attack. Also, the corrosion products comprising Cu and Ni sulfide/sulfate reach the
surface through the porosity of the Au layer, as pointed out in Fig. 4. The XPS peaks of 532 eV
and 284.8 eV detected in the O 1s and C 1s spectra are also related to contamination adsorbed,
respectively. The absence of any XPS peak corresponding to chlorine verifies that Ni and Cu are
not susceptible to this species. In conclusion, the XPS and EDS analyses infer that predominantly
Cu and insignificantly Ni have experienced the environmental corrosion attack in the form of
principally sulfide with a small fraction of sulfate, whereas the gold species of the pad has

remained intact.
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Considering the characterizations conducted on both the pad and the corrosion products, a
sequential mechanism was established to describe the corrosion damage (Fig. 7), as follows:
Step I: The environmental humidity adsorbed on the board and forms an electrolytic layer of
water on the pad’s surface. For this purpose, at least 40 % humidity is needed [10], whereas the
board was exposed to the environment of 50 % to 70 % humidity (Table 1).

Step 2: Regarding the considerable concentration of hydrogen sulfide in the environment (Table
1), several protons as a corrosive species are produced by the consecutive ionization reactions of
hydrogen sulfide (H2S — H" + HS" — 2H" + S%). In addition, a small amount of sulfuric acid is
formed probably via the reaction SO> + O2 + Ho O — H2SO4, where the existence of SO» traces is
possible in the environment. As a result of the ionization of sulfuric acid (H2SOs — 2H" + SO4*
), some sulfate is also created in the electrolyte.

Step 3: According to the electromotive force (EMF) series, Au is noble with respect to the
hydrogen reduction reaction. This means that the Au top layer of the pad is not corroded in this
environment, which is compatible with the XPS and EDS analyses done on the corrosion film. In
the ideal state, the Au top layer should be dense (like Fig. 7a), but it is nanoporous in practice
according to Fig. 4. The open pores of the Au layer, as schematically shown in Fig. 7b, allows
the corrosive electrolytic adsorbed layer to diffuse toward the Ni-P intermediate layer.

Step 4: A galvanic cell is formed at the bottom of the open pores inside the Au layer, where Au
acts as the cathode and Ni acts as the anode, based on the EMF series. The exposure of both
cathode and anode to the electrolyte and their electrical contact lead to the localized corrosion
attack of Ni (Fig. 7¢). The above-mentioned concentration cell also assists the fast propagation of

corrosion pits in the vertical direction, whereas a minor growth along the horizontal occurs. The
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sensitivity of Ni to sulfur attacks has been also pointed out in the literature [3, 4]. No
contribution of chloride to this pitting corrosion event was verified above by the XPS analysis
(Fig. 6), where the shielded porosity of the Au layer provides the requirements of this reaction.
The above-mentioned mechanism for pitting corrosion is in good agreement with studies
conducted on substrates coated with porous gold layers [8, 12, 14].
Step 5: By progression of pitting in the Ni layer, the electrolyte reaches the Cu substrate and the
corrosion damage of Cu becomes dominant (Fig. 7d). This hypothesis is supported by the facts
that, first, the unexposed Ni-P interlayer is nonporous and dense (Fig. 4) and, second, the
corrosion products accumulated on the Au layer surface are composed of both Ni and Cu (Figs. 5
and 6). Note that in the EMF series, Cu is more noble than Ni; however, Cu is more susceptible
to sulfur attacks. It means that in this studied sulfur-containing environment, Cu is corroded in
this trimetallic layer galvanic cell in which Ni and Au act as the cathode with a larger surface
area, dictating a faster corrosion for anodic Cu.
Step 6: Considering the lower electrical conductivity of the Cu and Ni sulfide/sulfates in
comparison to the related metals, the pad’s operation is disturbed by progression of the corrosion
event because the loss of the metals in the pits reduces the electrical conductivity in the own
pads. Moreover, the overflow and projections created by the corrosion products on the edge and
in the vicinity of the pits disadvantageously affect the electrical connection between the pads’
surface and the components of adjacent boards.

The domination of Cu to Ni in the corrosion attacks and products is due to the following
reasons. First, Ni is corroded in a bimetallic cell with Au, while the anodic reaction of Cu is

accompanied by a large cathodic surface. Second, upon the arrival of the pits to the Ni/Cu
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interface, both Au and Ni are cathodically protected by Cu which acts as a sacrificial anode.
Third, the thickness of the Ni layer is much smaller than that of the Cu substrate. This means that
the pits travel to the Ni layer fast, so that the propagation of the pits in Cu is assigned to most of
the exposure period. The domination of sulfides to sulfates in the corrosion products is also
attributed to the above-described concentration cell, where the oxygen required to form sulfate is

depleted in the shielded pores.

4. Conclusion

An electrical board containing copper-based pads with electroless nickel-
phosphorus/immersion gold surface finish was exposed to a sulfur-containing humid atmosphere.
The average thickness of the upper Au layer of the pads was about 1 pm, whereas that of the Ni-
P interlayers was 8 pm. The environmental exposure of the board created several pits filled with
corrosion products on the pad. According to the EDS and XPS analyses on the corrosion
products, it was found that mainly the Cu substrate and slightly the Ni interlayer experienced the
corrosion attack. The corrosion products also contained predominantly sulfide with a small
fraction of sulfate. Based on the characterization done on the pad and corrosion products, a
synergistic galvanic pitting corrosion event was realized to be responsible for the attack. The

nanoporous nature of the Au layer played a critical role in this regard.

References

[1] G. Schnable, R. Comizzoli, W. Kern, L. White, A survey of corrosion failure mechanisms in
microelectronic devices, RCA Review, vol. 40, Dec. 1979, p. 416-445. Research supported by RCA;, 40
(1979) 416-445.



This is the accepted manuscript (postprint) of the following article:

E. Salahinejad, R.E. Farsani, L. Tayebi, Synergistic galvanic-pitting corrosion of copper electrical pads treated with
electroless nickel-phosphorus/immersion gold surface finish, Engineering Failure Analysis, 77 (2017) 138-145.
https://doi.org/10.1016/j.engfailanal.2017.03.001

[2] R.P. Frankenthal, Passivity and corrosion of electronic materials and devices, Corrosion science, 31
(1990) 59-68.

[3] R.D. Kane, M.S. Cayard, Roles of H~ 2S in the Behavior of Engineering Alloys: A Review of Literature
and Experience, in: CORROSION-NATIONAL ASSOCIATION OF CORROSION ENGINEERS ANNUAL
CONFERENCE-, NACE, 1998.

[4] J. Mendoza-Canales, J. Marin-Cruz, Corrosion behavior of titanium and nickel-based alloys in HCl and
HCl+ H2S environments, Int. J. Electrochem. Sci, 3 (2008) 346-355.

[5] D. Rice, P. Peterson, E.B. Rigby, P. Phipps, R. Cappell, R. Tremoureux, Atmospheric corrosion of
copper and silver, Journal of the Electrochemical Society, 128 (1981) 275-284.

[6] R. Ambat, P. Mgller, A review of Corrosion and environmental effects on electronics, The Technical
University of Denmark, DMS vintermgde proceedings, (2006).

[7] B.V. Salas, G.L. Badilla, J.d.D.O. Diaz, J.T. Gaynor, L.V. Osuna, M. Stoycheva, M.S. Wiener, M.C.
Beltran, R. Zlatev, H2S pollution and its effect on corrosion of electronic components, INTECH Open
Access Publisher, 2012.

[8] D. Cullen, The Path to Robust Electronics-Preventing Corrosion of PCB Assemblies, OnBoard
Technology, 57 (2008).

[9] P. Marcus, Corrosion mechanisms in theory and practice, CRC Press, 2011.

[10] R. Schueller, Creep corrosion on lead-free printed circuit boards in high sulfur environments, SMTA
News and Journal of Surface Mount Technology, 21 (2008) 21.

[11] J. Vimala, M. Natesan, S. Rajendran, Corrosion and Protection of Electronic Components in Different
Environmental Conditions- An Overview, Open Corrosion Journal, 2 (2009) 105-113.

[12] P. Mazurkiewicz, Accelerated corrosion of printed circuit boards due to high levels of reduced sulfur
gasses in industrial environments, in: INTERNATIONAL SYMPOSIUM FOR TESTING AND FAILURE
ANALYSIS, ASM International; 1998, 2006, pp. 469.

[13] P.T. Vianco, An overview of surface finishes and their role in printed circuit board solderability and
solder joint performance, Circuit World, 25 (1999) 6-24.

[14] K. Zeng, R. Stierman, D. Abbott, M. Murtuza, Root cause of black pad failure of solder joints with
electroless nickel/immersion gold plating, in: Thermal and Thermomechanical Proceedings 10th
Intersociety Conference on Phenomena in Electronics Systems, 2006. ITHERM 2006., IEEE, 2006, pp.
1111-1119.

[15] P.Yi, K. Xiao, C. Dong, K. Ding, M. Liu, X. Li, Field Studies of Corrosion Behaviour of printed circuit
board and hot air solder levelling During the Marine Environment of Industrial Pollution, Int. J.
Electrochem. Sci, 10 (2015) 7754-7770.

[16] V. Hayez, A. Franquet, A. Hubin, H. Terryn, XPS study of the atmospheric corrosion of copper alloys
of archaeological interest, Surface and interface analysis, 36 (2004) 876-879.

[17] D. Persson, C. Leygraf, Vibrational spectroscopy and XPS for atmospheric corrosion studies on
copper, Journal of The Electrochemical Society, 137 (1990) 3163-3169.

[18] R.S.C. Smart, W.M. Skinner, A.R. Gerson, XPS of sulphide mineral surfaces: metal-deficient,
polysulphides, defects and elemental sulphur, Surface and interface analysis, 28 (1999) 101-105.

[19] R. Bhosale, S. Kelkar, G. Parte, R. Fernandes, D. Kothari, S. Ogale, NiS1. 97: A New Efficient Water
Oxidation Catalyst for Photoelectrochemical Hydrogen Generation, ACS applied materials & interfaces, 7
(2015) 20053-20060.

[20] D.A. Jones, Principles and prevention of corrosion, Macmillan, 1992.

[21] M.G. Fontana, Corrosion engineering, Tata McGraw-Hill Education, 2005.

10



This is the accepted manuscript (postprint) of the following article:

E. Salahinejad, R.E. Farsani, L. Tayebi, Synergistic galvanic-pitting corrosion of copper electrical pads treated with
electroless nickel-phosphorus/immersion gold surface finish, Engineering Failure Analysis, 77 (2017) 138-145.
https://doi.org/10.1016/j.engfailanal.2017.03.001

Tables

Table 1. Specifications of the service environment.

Temperature (°C) H:S (ppm) Humidity (%) Cl1 (ppb)

15-25 30-50 50-70 <4

Table 2. Quantitative EDS analysis on the corrosion products located on the pad’s surface.

Elements
Concentration
Cu Ni S (0) C
at% 37.4 4.0 35.6 12.8 10.2
wt% 58.2 5.7 28.0 5.1 3.0
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Figures

Fig. 1. Macrograph of a part of the exposed board with typical spots on golden pads, as indicated

by an arrow.
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Fig. 2. Cross-sectional OM micrograph of the unexposed pad.
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Fig. 3. Cross-sectional BSE-SEM micrograph of the unexposed pad (a) with the corresponding
linear EDS scans for Cu, Ni, Au and P, where RA refers to Relative Abundance in the vertical
axis (b), overall EDS pattern of the cross section, (c¢) and point EDS patterns of the different

layers of the pad: the top layer (d), middle layer (e) and bottom layer (f).
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Fig. 4. Cross-sectional SE-SEM micrograph of the layers of the pad before the environmental

exposure.
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Fig. 5. BSE-SEM micrographs of the exposed pad’s surface in two magnifications (a, b), SE-
SEM micrographs of the pad’s surface in two magnifications (c, d) and EDS patterns taken of a

spot on the pad’s surface (e) and the intact pad’s surface (f).
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Fig. 6. Total and de-convoluted XPS spectra taken of an exposed surface.
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Fig. 7. Schematic illustration of the corrosion attack mechanism involved: ideal configuration of
the pad (a), real configuration of the pad before the environmental exposure (b), the pad at the

initial stages of the corrosion attack (c) and the pad after the developed corrosion damage (d).
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