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Abstract: Electrochemical migration (ECM) forming dendritic short circuits is a major reliability
limiting factor in microcircuits. Gold, which is a noble metal, has been regarded as a metallization
that can withstand corrosion and also ECM, therefore its application in high-reliability metallization
and surface finishing systems became widespread although it has a relatively high and fluctuating
price. Gold electrochemical short circuits have been found only in the case of halogen (e.g., chloride
containing) contaminants that can initiate the anodic dissolution of gold via complex ion formation.
The experimental results of the study demonstrate that gold can form dendritic shorts even without
the presence of halogen contaminants, therefore the direct anodic dissolution of gold must also
be supposed. This could also be a serious reliability influencing factor even when applying gold
metallization systems and must be taken into consideration. The theoretical background of the
classical (contaminant-free) model of gold is also discussed in the paper.
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1. Introduction

Various electrochemical corrosion-related failures [1,2] have received increased at-
tention due to the current miniaturization trend in terms of electronics. One of these
corrosion-related failure mechanisms is ionic or electrochemical migration (ECM) [34].
The first electrochemical model of ECM was reported regarding Ag migration [5]. In the
so-called classical ECM model, dendrites grow from the cathode towards the anode in an
aqueous electrolyte without any contaminants. The migrated electrical shorts appear at
random locations on the surface and emerge mainly under extraordinary conditions (i.e.,
fluctuating temperature and moisture). Later, it was discovered that several other metals
can also show signs of ionic migration and can form dendrites, such as copper, lead, tin,
nickel, gold, etc. However, contradictory statements can be read in the literature about the
ECM behavior of gold.

On one hand, the ECM susceptibility of Au was first detected on the surface finishes
of printed circuit boards (PCBs). On the other hand, numerous other investigations have
also found ECM processes of gold on ceramic thick film circuits as well as in ceramic
packages [6—15]. The reports described that the ionic surface contaminants (mainly halo-
gens such as chloride) can act a significant part in the case of gold ECM, while in chloride
ion-free cases, migration was not detected. According to the early publications, essentially
Cl, gas evolution and/or tetra-chloro-gold complex ion formation was supposed to occur
on the anode [10,12]:

Au +4Cl7 — AuCl 4 + 3e™ D

However, the formed negatively charged complex ion in Equation (1) leads to a
contradiction. The main problem of this model is that the electrochemical process according
to Equation (1) leads to the formation of anions, therefore their migration toward the
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cathode can hardly be imagined. On the other hand, tetra-chloro-gold complex ions might
be unstable and further chemical reactions had to be assumed. The main forms of gold in
solutions are complex ions of the type [16]:

[Au(OH),Cl,]**Y =4~ where (x +y < 4) )

Among these complexes, cations may also be present (for example, when x =y =1),
the migration of which toward the cathode is possible.

According to another theoretical explanation [17], the following chemical “chain
reaction” is also possible in acidic media, which are present in the anode region (since the
deposition of OH™ ions results in an enrichment of H* ions there) [16,17]:

AuCl— 4 + HY — H[AuCly] — HCl + AuCl; — H* + Au®" +4Cl~ (3)

The resulting Au®* ions are positive metal ions that can migrate toward the cathode
and can form dendrites similar to the classical model. Generally, the process of contaminant-
induced migration can be summarized in the following steps [5,16]:

1. Primary negative complex ion formation by anodic corrosion induced by halogen
contaminants (see Equation (1)).

2. A multi-step chemical process resulting in metal ions or secondary complex cations

(Equations (2) and (3)).

Cation migration through the electrolyte under the electrical field toward the cathode.

4.  Electrochemical deposition at the cathode forming metallic dendrites.

@

It should also be noted that some researchers published reports about the ECM of
gold without any contaminants. According to Noh et al., gold can also follow the classical
ECM model [18,19]. Accordingly, it is certain that gold has an ability for migration, but the
migration mechanisms of gold and its circumstances need further clarifications.

In many cases, complex metallization systems (multi-layer or compound structures)
are investigated. Sputtered or evaporated pure gold thin films cannot be realized on bare
substrates because of the pore adhesion of the film, therefore, underlying chromium, nickel,
or titanium-platinum/palladium film is always present that can strongly influence the
electrode potential of the film and thus the electrochemical processes on the surface [10,15].
Gold finishes on printed wiring boards are generally prepared on copper with a nickel
diffusion barrier interface (such as electroless nickel, immersion gold (ENIG)) and may
contain alloying compounds such as nickel, or other chemical species like phosphor [18-22].
To avoid the effect of metallic compounds other than gold, thick film technology with pure
gold metallization was used for sample preparation. Thick films generally also contain
glass frit as an inorganic binder material that can also influence the migration processes,
but these glasses do not provide ionic compounds for the migration itself. The situation is
worse with oxide frits that may show “virtual migration”, e.g., in the case of copper oxide,
but this can be distinguished from gold processes [5,8,23,24]. Therefore, in this study, the
ECM behavior of Au was investigated on cleaned thick film samples (test boards) with
conductive lines made of glass fritted gold paste. The experiment was performed using
water drop (WD) tests [25].

2. Experimental

The samples were fabricated by using classical thick film technology using 96% alu-
mina ceramic substrates. A glass bonded pure gold thick film metallization paste was
applied by screen printing and it was fired at 850 °C. The thickness of the film was around
12 um. A simple structure with two parallel strips with a gap of 0.2 mm was used for the
ECM tests. The test setup (Figure 1) was able to provide the in situ observation of the
dendrite formation with the use of an optical inspection system while recording real-time
voltage data on a series resistor [26]. According to the voltage data, dendrite growth
processes were followed, and time-to-failure values were determined.
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Figure 1. Schematic of the measuring platform for ECM WD tests.

The test solution used for the water drop (WD) tests was double-distilled water
(18.2 MQxcm) to minimize the effect of contaminants and to check the ECM suitability of
gold to the classical model. Before each test, the surface of the test board was washed
out with deionized (DI) water and was also cleaned with isopropyl alcohol (IPA). In each
experiment, a droplet of 10 puL of double-distilled water was placed onto the test surface.
Between the electrodes, 1, 3, 5, and 10 VDC biases were used. Time-to-failure (short-
circuit) measurement from voltage diagrams was carried out based on the “first-jump”
phenomenon. Therefore, the failure criterion was the first appearance of a significant jump
in the voltage signal (Figure 2). All ECM tests were repeated more than ten times to reach
adequate reproducibility.
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Figure 2. Example of time-to-failure value determination with voltage jump, as failure criterion.

After the tests, photographs were taken from the surface of the test boards using optical
microscopy. Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM-
EDS, FEI Inspect S50 and Bruker Quanta EDX) methods were also used to investigate the
composition of the dendrites and precipitates on the boards.

3. Results of the WD and SEM-EDS Investigations

In the cases of 1 V and 3 V bias potential, no dendritic growth could be observed in
the experiments, but oxidization of the gold surfaces occurred. In the cases of the 5 and
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10 V experiments (see Figures 3 and 4, respectively), both oxidization and dendritic growth
could be observed, as shown in the optical photographs.

Figure 4. Gold dendrites after a WD test with an applied 10 V bias potential.

It can be seen that when applying 5 V (Figure 5), the dendrites and the gold deposition
cover a larger area in comparison with the sample prepared with 10 V (Figure 6), where the
dendritic growth is much more concentrated. One reason for this could be the difference
in the speed of the dendrite growth between both samples: the slower the process, the
larger its extension before the short circuit occurrence. Furthermore, the oxidation seems
to be stronger in the slower 5 V process thanks to the longer duration of the anodic
electrochemical process during the WD test.
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Figure 5. SEM micrographs of the structure shown in Figure 3: (a) backscattered electron micrograph; (b) backscattered

electron micrograph with a color overlay representing the elemental distribution by X-ray mapping (Au red, Al green),

(with 5 V bias).

Figure 6. SEM micrographs of the structure shown in Figure 4: (a) backscattered electron micrograph; (b) backscattered
electron micrograph with a color overlay of the elemental distribution by X-ray mapping (Au red, Al blue), (with 10 V bias).

SEM-EDS methods were also applied to analyze the composition of the dendrites and
residues on the boards. Surface morphology is shown in the secondary electron (SE) images,
while backscattered electron (BSE) images give elemental contrast according to the atomic
number of the elements. Elemental X-ray mapping can be added to SEM pictures where the
different colors represent the distribution of the elements. Energy-dispersive X-ray spectra
can be used for qualitative and quantitative chemical analysis (See Figures 5 and 6).

Figure 7 indicates, with the spectrum in Figure 8, that the material of the dendrite is
pure gold. The spectrum in Figure 9 came directly from the conductive layer. The Al line
originates from the substrate, while the Si and Pb lines indicate the presence of classical
frit material inside the conductive layer: lead-borosilicate glass (PbO/B203/SiO2). In
the experiments, a retro-type frit bonded gold paste was used to prevent the migration
of reduced oxide compounds which is typical for oxide bonded pastes [5,24]. A typical
spectrum of the dendrites is shown in Figure 8. The samples were covered by a thin
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carbon layer to avoid electrical charging during the analysis. It can be seen that gold and
aluminum lines are dominating the spectrum. Aluminum and oxygen are present because
the substrate is alumina ceramic, and carbon is the cover layer. No other elements could be
detected, not even any halogen contaminants (such as chlorides).

(a)

Figure 7. Close-up SEM micrographs of the dendrite structure: (a) rough and (b) very fine line
Scheme 10 V bias.
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Figure 8. Typical EDS spectrum of the thin dendrite structures on the substrate.
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Figure 9. Typical EDS spectrum of the conductive layer.

4. Discussion

Electrochemical corrosion behavior of gold has been studied by chemical experts for
many years [27-31]. The investigated circumstances are, however, very different from
those that are typically present in microcircuits. In the latter case, no real electrolyte is
available: the dew is formed by humidity deposition that results in practically clean water
and only the dissolved surface contaminants may form an electrolyte. Often, processes
within the very thin high-purity water film should be supposed, therefore the WD tests
were performed with double-distilled water. Low voltage bias in microelectronics means a
level under 10 V, which is, however, very high in comparison with the typical standard
electrode potentials and polarization voltages used in electro-analysis.

The experiments and the analyses have demonstrated here that pure gold dendrites
were formed during the WD tests between the gold electrodes. No contaminants were
found on the samples, neither on the substrate nor on the conductive layer and dendrites.
Therefore, it must be supposed that gold can also follow the classical model of ECM without
complex ion formation:

1. Auion formation by anodic corrosion:

Au — Au® +3e” (4)

2. Cation migration through the electrolyte under an electrical field toward the cathode.
3. Electrochemical deposition at the cathode forming metallic dendrites:

Au®t +3e” = Au (5)

The gold ECM process was found between the electrodes only in the case of relatively
high bias: 5-10 Volts. In the case of 1 and 3 V, no ECM process was found. This can also
resolve the contradictory statements of the literature in connection with the migration of
pure gold—it may start only above a threshold polarization voltage level—the value of
which may vary with many other characteristics (such as geometry, substrate material, etc.).
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According to the Pourbaix diagram of gold [32], it is theoretically possible that in the case
of “higher” polarizing potential ranges (outside of the water dissociation zone), Au®>* ions
can be formed in pure water. This confirms the abovementioned ECM model of gold.

5. Conclusions

Electrochemical migration (ECM) forming dendritic short circuits is a major reliability
limiting factor in the electronics industry. Gold is a noble metal which has been regarded as
a metallization/surface finish that can withstand corrosion and also ECM for many years.
Gold electrochemical short circuits have been found only in the case of halogen-rich (e.g.,
chloride) contaminants to date. A WD test was performed with double-distilled water on
pure gold thick film conductors. The EDS analysis of the samples demonstrated that gold
can form dendritic shorts even without the presence of a halogen-rich contaminant, but
this is electrical potential dependent. Therefore, the direct anodic dissolution of gold must
also be supposed. On one hand, this means that gold can follow the so-called classical
(contaminant-free) model next to the known contaminant-induced ECM model. On the
other hand, this also means a serious reliability influencing factor when applying gold
metallization systems and must be taken into consideration in the material design aspects
of microcircuits.
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