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Abstract: The effect of Na;SO4 concentration on electrochemical migration (ECM) of copper and tin
was investigated applying an in-situ optical and real-time electrical inspection system. According to
the Mean-Time-To-Failure (MTTF) values, the ECM susceptibility of copper has increased at low
concentration levels. However, the ECM susceptibility of copper has decreased at the medium and
stopped at the high and even saturated concentration levels. On the other hand, the ECM
susceptibility of tin has increased at low levels. Afterwards the ECM ability of tin was hindered and
even stopped at medium level. Interestingly, the ECM susceptibility of tin was reappeared at high
concentration levels.

1. INTRODUCTION

Electrochemical migration (ECM) is a kind of humidity induced failure, which can lead to high reliability
risk from the operating electronics point of view [1]. According to the classical model of ECM, the failure
mechanism starts on the anode with the dissolution of metals and forms metal ions. The directions of the metal
ion migration are dominated by the applied voltage (electric field) towards to the cathode, where they can
deposit as pure metals and resulted in dendrites (See Fig 1). So, the dendrites are kinds of conductive filaments
and therefore, they can form shorts. Many types of metals that are widely used in the electronics have relevant
ability for ECM, such as tin, silver or copper [2]. Next to Ag, Cu and Sn are also widely studied from the ECM
point of view [2-10].

Usually, ECM investigations are carried out by the following methods; water drop (WD) tests [11],
environmental tests using climatic chambers [12] and by various electroanalytical technics, such as cyclic
voltammetry [13] or electrochemical impedance spectroscopy [14]. The electrochemical corrosion and ECM
tests of Cu and Sn were usually investigated in bulk solutions [2, 4, 6, 10, 15]. On the other hand, the
importance of thin electrolyte layer (TEL) tests are growing [16, 17], hence ECM susceptibility depends also on
the thickness of water layer [18]. Furthermore, the types of the applied electrolytes had a wide variety as well:
high purity water [2], acidic or alkaline electrolytes [19] and also salt solutions [20], which simulate the
different contamination effects.
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Fig.1. Dendrites caused by ECM.

Among the applied technological processes of electronics and used materials a common contaminant is the
sulphate ion, which has an effect on the electrochemical corrosion processes and thus, also on the migration
behavior of copper and tin. Copper and tin ions can combine with [OH] " groups and also with [SO,]* and form
complexes in sulphate contained agueous solutions [2, 7, 21, 22]. On the other hand, the influence of [SO,]* on
copper and on tin ECM is not deeply addressed in the literature. Furthermore, simulating the effect of sulphate
ion contamination on ECM is an important factor, hence sulphate ions can be found in the different
technological processes. In this study, different concentrations of Na,SO, solution were investigated in order to
find out the effect of sulphate ion concentration on ECM in terms of copper and tin.

2. EXPERIMENTAL

Pure copper and electroplated tin on copper with the dimensions of 2 mm x 5 mm were prepared on an FR4
substrate using conventional printed wiring board technology. The gap size between the conductor traces on the
test board was 0.5 mm (See Fig. 2).

Fig. 2. Prepared sample used in WD tests.
The platform (See Fig. 3) can follow the different ECM processes with visual (in-situ) and also with a real-
time voltage measurement. The real-time voltage measurement is characteristic for the dendrite growth (sort
formation).

Fig. 3. Schematic of the measuring platform for ECM investigation.



Before each experiment, the sample surfaces were rinsed with deionized (DI) water, degreased with
isopropyl alcohol subsequently, and dried in cool air. The electrolyte was Na,SO, bulk solution with various
concentrations (0.1mM, 1mM, 10mM, 500mM and saturated), which was prepared from DI water (18.2 MQcm
in resistivity) and from analytical grade reagents. As a reference the ECM susceptibility of Cu and Sn was also
measured in DI water as well. In each experiment 10 ul droplet was placed onto the traces of the sample (See
Fig. 2) using a micropipette. The test voltage was 3 VDC in all cases. Simultaneously, the different
electrochemical processes were in situ observed using a USB microscope. To check the reproducibility, all the
ECM tests were repeated at least ten times. The Mean-Time-To-Failure (MTTF) and deviations were also
calculated from the real-time voltage measurements, where the failure criterion was the first voltage jump (See
Fig. 4).
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Fig. 4. Example for MTTF calculation.

3. RESULTS AND DISCUSSION

3.1 ECM results of Cu in Na,SO,

During the first experiments, deionized water was used as reference. In this case only dendrites were grown
(See Fig. 5) and the MTTF was about 149 sec.
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Fig. 5. Cu dendrites were formed during the WD test using DI water.

In case of 0.1 mM Na,SO, the only difference was that the failure process (dendrite growth) was faster
(MTTF = 68.5 sec). In case of 1ImM Na,SO, the MTTF was about 61 sec. Furthermore, next to the dendrite
growth, H, outgassing (Fig. 6) and a small amount of residue were also detected (See Fig. 7). After increasing
the concentration up to 10 mM Na,SQ,, significant changes occurred. Namely, the MTTF was increased up to
472 sec, while the outgassing was more intense (See Fig. 8) and a huge volume of residue (Fig. 9) was also
formed. This trend was continued at 500 mM and even at saturated levels. That means the migration process
was stopped at high concentration levels, hence no dendrites were detected. On the other hand, the gassing
mechanism was extremely intensive next to huge volume of residue formations (Fig. 10).
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Fig. 9. White and blue-green residues were formed during WD test using 10 mM Na,SO,.



Fig. 10. Black and dark blue residues were formed during WD test using 500 mM and satureted Na,SO,,

The summary of MTTF values of copper ECM can be seen in Fig. 11. According to the Mean-Time-To-
Failure (MTTF) values, the velocity of dendrite growth has increased at 0.1mM and 1 mM Na,SO, compared to
the case of deionized water. However, the velocity of dendrite growth has decreased at the 10mM and stopped
(MTTF = 0 sec) at the 500 mM and even saturated concentration levels. This phenomena is caused by the
formed residues with all likelihood.
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Fig. 11. MTTF and deviations (1 o) after WD test of Cu using different Na,SO, concentrations.

3.2 ECM results of Sn in Na,S0O,

During the first experiments deionized water was used as reference. In this case only dendrites were grown
(See Fig. 12) and the MTTF was about 166 sec.
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Fig.12. Dendrites were formed during the WD test using DI water.

In case of 0.1 mM Na,SO, the only difference was that the failure process (dendrite growth) was faster
(MTTF = 83 sec) and some H, gas evolution was detected. However, in the case of 1 mM Na,SO,, the ECM
ability was significantly decreased (MTTF = 582 sec) and next to the more intense gas evolution some residue
was occurred as well (Fig. 13).



Fig. 13. Dark blue residue and dendrites were formed during WD test using 1 mM Na,SO,,

In the case of 10 mM Na,SO4, no dendrites were detected (MTTF = 0 sec), while a relative huge volume of
residue was formed (Fig. 14).

Fig. 14. Blue residue wall was formed during WD test using 10 mM Na,SOy,,
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Fig. 15. Salt crystals and dendrites were formed during WD test using 500 mM and saturated Na,SO,.

Interestingly, the ECM susceptibility of tin was reappeared at 500 mM concentration and even at saturated
levels. In both cases salt crystals and dendrites (Fig. 15.) were remained after WD test.

The main difference between the two cases was the ECM susceptibility. The MTTF value in the 500 mM
case was about 231 sec, while in the saturated solution the MTTF was 467 sec. The summary of the MTTF
values can be seen in Fig. 16.
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Fig. 16. MTTF values and deviations (1 o) after WD test of Sn using different Na,SO, concentrations.

According to the Mean-Time-To-Failure (MTTF) values, the velocity of dendrite growth has increased at
0.1mM Na,SO, compared to the case of the deionized water. However, the velocity of dendrite growth has
decreased at the 1 mM and stopped at the 10 mM concentration level (MTTF = 0 sec). This phenomena is
caused by the formed residue wall with all likelihood. However, the ECM ability was reappeared at 500 mM
and at saturated concentration levels, which is an unexpected result. In order to explain unexpected result,
further investigation are needed to identify for example the elemental composition and/or the chemical state of
the formed residues caused the different electrochemical processes.

4, CONCLUSIONS

The effect of Na,SO, concentration on electrochemical migration of copper and tin was investigated
applying an in-situ optical and real-time electrical inspection system. Mainly the dendrite and residue
formations were observed visually using water drop test. On the other hand, the short formation mechanism was
measured by electrically to calculate the Mean-Time-To-Failure (MTTF) data. According to the MTTF values,
the ECM susceptibility of copper has increased at low concentration levels (0.1 mM and 1 mM). However, the
ECM susceptibility of copper has decreased at 10 mM and stopped at 500 mM and even saturated concentration
levels. On the other hand, the ECM susceptibility of tin has increased at 1 mM concentration. Afterwards the
ECM ability of tin was hindered and even stopped at medium level (10 mM). Interestingly, the ECM
susceptibility of tin was reappeared at high concentration levels (500 mM and saturated), which was an
unexpected result. Further investigations are needed to explain this result.

ACKNOWLEDGEMENTS

The work reported in this paper was supported by the Janos Bolyai Research Scholarship of the Hungarian
Academy of Sciences.

REFERENCES

[1] V. Verdingovas, M. S. Jellesen, R Ambat, "Effect of pulsed voltage on electrochemical migration of tin in electronics.",
Journal of Materials Science: Materials in Electronics, Vol. 26, 2015, pp. 7997-8007.

[2] B. Medgyes, B. Ill¢s, G. Harsanyi, "Electrochemical migration behaviour of Cu, Sn, Ag and Sn63/Pb37. ", Journal of
Materials Science: Materials in Electronics, Vol. 23, 2012, pp. 551-556.

[3] G. W. Warren, "The Role of Electrochemical Adsorption on the Reliability Substrates Migration and Moisture of
Metallized Ceramic", Journal of Electronic Materials, Vol. 18, No. 2, 1989, pp. 339-353.



[4] G. Harsanyi, "Copper May Destroy Chip-Level Reliability: Handle with Care—Mechanism and Conditions for Copper
Migrated Resistive Short Formation", IEEE Electron Device Letters, Vol. 20, No. 1, 1999, pp. 5-8.

[5] J. Park, Y-B Jo, J-K Park, G-R Kim, "Propensity of Copper Dendrite Growth on Subassembly Package Components
Used in Quad Flat Package", IEEE Transactions on Device and Materials Reliability, Vol. 8, No. 2, 2008, pp. 368-374.

[6] D. Minzari, M. S. Jellesen, P. Mgller, R. Ambat, "On the electrochemical migration mechanism of tin in electronics",
Corrosion Science, Vol. 53, 2011, pp. 3366-3379.

[7] X. Zhong, G. Zhang, Y. Qiu, Z. Chen, W. Zou, X. Guo, "In situ study the dependence of electrochemical migration of
tin on chloride", Electrochemistry Communications, Vol. 27, 2013, pp. 63-68.

[8] D. Minzari, F. B. Grumsen, M. S. Jellesen, P. Mgller, R. Ambat, "Electrochemical migration of tin in electronics and
microstructure of the dendrites", Corrosion Science, Vol. 53, 2011, pp. 1659-1669.

[9] B. Medgyes, B. Illés, D. Rigler, M. Ruszinko, L. Gal, "Electrochemical Migration of Copper in Pure Water used in
Printed Circuit Boards", IEEE, 19th International Symposium for Design and Technology in Electronic Packaging:
SHITME, Galati, Romania, 2013.10.24-2013.10.27, pp. 267-270.

[10] S-B. Lee, M-S. Jung, H-Y. Lee, T. Kang, Y-C. Joo, "Effect of Bias Voltage on the Electrochemical Migration
Behaviors of Sn and Pb", IEEE Transactions on Device and Materials Reliability, Vol. 9, No. 3, 2009, pp. 483-488.

[11] B. I. Noh, J. W. Yoon, W.S. Hong, S.B. Jung, “Evaluation of Electrochemical Migration on Flexible Printed Circuit
Boards with Different Surface Finishes”, Journal of Electronic Materials, Vol. 38, No. 6, 2009, pp. 902-907.

[12] B. Medgyes, B. Illés, R. Berényi and G. Harsanyi, "In situ optical inspection of electrochemical migration during THB
tests", Journal of Materials Science: Materials in Electronics, Vol. 22, 2011, pp. 694-700.

[13] G. Harsanyi and G. Inzelt, "Comparing migratory resistive short formation abilities of conductor systems applied in
advanced interconnection system”, Microelectronics Reliability"”, Vol. 41, 2011, pp. 229-237.

[14] V. Verdingovas, M. S. Jellesen, R Ambat, "Solder Flux Residues and Humidity-Related Failures in Electronics:
Relative Effects of Weak Organic Acids Used in No-Clean Flux Systems", Journal of Electronic Materials, VVol. 44,
No. 4, 2015, pp. 1116-1127.

[15] V. Verdingovas, M. S. Jellesen, R Ambat, "Impact of NaCl Contamination and Climatic Conditions on the Reliability
of Printed Circuit Board Assemblies", IEEE Transactions on Device and Materials Reliability, Vol. 14, No. 1, 2014,
pp. 42-51.

[16] X. Zhong, G. Zhang, Y. Qiu, Z. Chen, X. Guo, C. Fu, "The corrosion of tin under thin electrolyte layers containing
chloride”, Corrosion Science, Vol. 66, 2013, pp. 14-25.

[17] B. Medgyes, X. Zhong, G. Harsanyi, "The effect of chloride ion concentration on electrochemical migration of
copper”, Journal of Materials Science: Materials in Electronics, Vol. 26, 2015, pp. 2010-2015.

[18] X. Zhong, G. Zhang, X. Guo, "The effect of electrolyte layer thickness on electrochemical migration of tin", Corrosion
Science, Vol. 96, 2015, pp. 1-5.

[19] O. Devos, C. Gabrielli, L. Beitone, C. Mace, E. Ostermann, H. Perrot, "Growth of electrolytic copper dendrites. I1:
Oxalic acid medium", Journal of Electroanalytical Chemistry, VVol. 606, 2007 pp. 85-94.

[20] B. Medgyes, L. Gal, D. Szivos, "The effect of NaCl on water condensation and electrochemical migration”, In: IEEE,
20th International Symposium for Design and Technology in Electronic Packaging (SIITME). Bucarest, Romania, pp.
259-262, 2014.

[21] J-Y. Jung, S-B. Lee, H-Y. Lee, Y-C. Joo, Y-B. Park, "Effect of lonization Characteristics on electrochemical
Migration Lifetimes of Sn-3.0Ag-0.5Cu Solder in NaCl and Na2SO4 Solutions", Journal of Electronic Materials, Vol.
37, No. 8, 2008, pp. 1111-1118.

[22] J. S. Vimala, M. Natesan, S. Rajendran, "Corrosion and Protection of Electronic Components in Different
Environmental Conditions - An Overview", The Open Corrosion Journal, Vol. 2, 2009, pp. 105-113.



