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lectromigration was rarely
encountered in the days of
wide lead spacings. Howev-
er, its impact on today’s
closely spaced traces is grow-
ing rapidly.

Electromigration is an unwanted plat-
ing process that results in the growth of
parasitic conductors known as dendrites.
This growth of dendrites can occur at
any time in the lifetime of a product.

Moisture combines with 1onic
contaminants on a printed circuit board
PCB) to form a solution that will
conduct electric current and support
migration of copper. When this solution
covers two closely spaced traces across
which there is voltage, copper migrates
across the gap and forms unwanted
electrical connections.

Dendrites are generally fragile and
may result in intermittent product fail-
ure. Furthermore, the dendrite can
remain after the original moisture has
evaporated. This leads to the following
important conclusion: Even though
your product may not be specified to
operate in the presence of condensing
humidity, it will almost certainly
encounter condensation at some time
in its lifetime. When power is later
applied, latent moisture will then sup-
port growth of dendrites.
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Dendrites leave parasitic resistances
on PCBs that easily can be less than
1 kQ. Some low-impedance circuits will
immediately burn the dendrite away.
The performance of high-impedance cir-
cuits (an open collector output for exam-
ple) will be degraded. In some cases, total
product failure is possible.

Electromigration failures

Failures due to electromigration are
often blamed on other components.
Replacing the component fixes the prob-
lem because the desoldering procedure
and subsequent cleaning of pads
removed the dendrite that was present.
When the new part is installed and the
problem is gone,
the conclusion
that the compo-
nent was the
cause of the fail-
ure is irresistible.

Electromigra-
tion failures are
often misreport-
ed as “electrosta-
tic damage” or
“broken capaci-
tors.” If electro-
migration 1S Sus-
pected, careful
removal of “fail-
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ing” parts followed by examination
under a microscope sometimes can
reveal the presence of a dendrite. Den-
drites generally are very fragile and hence
may vanish during the desoldering
process. An ohmmeter also can be useful
in locating the parasitic resistance
presented by the dendrite. A final and
particularly revealing check is to put the
original component back into the circuit
after cleaning under it. Alternately, the
removed components can be checked on
an appropriate test fixture.

How to eliminate electromigration
The four items needed for electromi-
gration are voltage, exposed copper,

Electromigration Process
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Dendrite grows from cathode toward anode

Dendrite growth forms unwanted connections and leaves parasitic
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moisture and ionic contamination. An
examination of these four elements leads
to the following conclusions:

1. Voltage. Voltage is present on all
PCBs. Voltage cannot be eliminated to
avoid electromigration. Designers can,
however, try to limit high electric field
gradients by limiting high voltages
and/or increasing the spacing between
traces with higher voltages.

2. Copper. Reducing the amount of
exposed copper will reduce the occur-
rence of electromigration. Unfortunate-
ly, the hot air solder leveling (HASL)
used on most PCBs does not cover all
of the copper. This is particularly true if
the lands have been undercut by the
etching process.

No matter how good the HASL
process is, it is impossible to guarantee
that all copper is covered on an atomic
scale. Processes like immersion gold will
more totally cover the copper but are not
100 percent guaranteed to do so. Cop-
per also can be exposed where solder
mask coverage is not complete or where
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underetching repairs are made as is
allowed by many PCB specifications.

3. Moisture. Reducing exposure to
moisture will help to reduce the occur-
rence of electromigration. In particular,
PCBs that see only indoor use may be less
likely to support electromigration and
dendrite growth. Unfortunately, it is dif-
ficult to ensure that a circuit will never
see moisture. Furthermore, many in the
industry believe that high humidity is all
that is required for the electromigration
process to occur. In particular, PCBs that
have been contaminated with polygly-
cols from the HASL process will exhibit
the ability to absorb moisture from
humid air (hygroscopicity) and can sup-
port electromigration without any evi-
dence of visible condensation.

4. Ionic contamination. For the elec-
tromigration process to proceed, the
moisture must conduct electric current.
The water that forms from condensation
is normally almost totally free of ions and
hence will not conduct electricity very
well. If, however, a PCB has ionic cont-

amination, electric current will flow and
copper ions will begin to migrate
towards the cathode. Ionic contamina-
tion can be present on bare PCBs as
received from a PCB manufacturer or
can be deposited during the soldering
and assembly process. For most elec-
tronic assemblies, control of ionic conta-
mination is the only realistic way to elim-
inate the risk of electromigration.

Because most electronic components
sit very low on a PCB, it is impossible to
always clean ionic contamination from
under all components. It is therefore
imperative that bare PCBs are received
from the PCB shop in a clean condition.
After assembly and soldering, printed
circuit assemblies should be cleaned fol-
lowed by deionized water rinsing to
ensure removal of remaining ionic cont-
amination. The use of a final deionized
water rinse is mandatory for controlling
electromigration.

At Wavetek, electromigration was
first encountered on high-impedance cir-
cuitry. High-impedance circuits would fail
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randomly in the presence of high humidi-
ty. The original problems were observed
on a product that uses a surface mount
microprocessor. This microprocessor
would fail to boot under high humidity.
Initial investigations indicated that a high-
impedance portion of the microproces-
sor’s phase-locked clock circuit was not
working when the humidity was present.
This circuit was already known to be
intolerant of parasitic resistances.

Another high-impedance circuit also
was seeing field returns. This circuit often
was fixed by removing parts and clean-
ing under them. Troubleshooting occa-
sionally revealed the presence of parasitic
resistance under chip capacitors, inte-
grated circuits, etc. These resistances
typically were in the range of 10 k() to
100 k€ and would go away when the
chip capacitor or IC was removed and
cleaned underneath.

On some boards, the presence of a
dark material was visible on the PCB.
The question was: What is the origin of
the parasitic resistance and why haven’t
we seen this before?
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Exposure of Copper

Contamination may
interfere with coverage

Solder (HASL)

Complete coverage of
copper land not
always present

Exposed copper increases the likelihood of electromigration.

Most of our mysterious failures often
were accompanied by strange explana-
tions of how the problem was fixed.
Technicians would remove and replace
the same part and this would fix the
board. Sometimes residues were
observed under the failing parts. This
lead us to believe that there must be
something wrong with our printed cir-
cuit board cleaning procedure.

Beyond traditional limits
Cleanliness of PCBs has traditionally

been measured using equipment such as
the Omegameter, Ionograph, or Zero
[on. Other products are available, how-
ever all work on basically the same prin-
ciple. Deionization columns remove
lonic contaminants in an isopropyl alco-
hol and water solution until a high resis-
tivity of the water alcohol solution is
achieved. The board to be tested is then
placed in the IPA/water solution and the
drop in resistivity of the solution is then
measured. The drop in resistivity is a
function of the ionic contamination and
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has been calibrated to equivalent ug of
NaCl contamination. An operator must
enter the dimensions of the board under
test and then the final reading may
be calibrated in ug/in? of equivalent
NaCl (the actual ionic contaminant is
usually unknown).

Since these systems measure the aver-
age cleanliness across a PCB, their value
in predicting a PCB’s resistance to elec-
tromigration is limited. Furthermore, it
has been demonstrated by Wavetek that
some PCBs, when cleaned to 0.0 ug/in“ as
indicated by cleanliness equipment of this
type, can still support electromigration.

Average 1onic contamination mea-
surements are useful to verify that a
cleaning process is not totally out of con-
trol, however the limits of this metric for
predicting the susceptibility to electromi-
gration are being reached. Test methods
such as IPC 2.6.13 more accurately sim-
ulate the failure mechanism as it occurs
on actual PCBs while in service.

Although IPC 2.6.13 is useful, it does
not specify limits for the time to electro-
migration. Wavetek has developed a vari-
ant of this specification to improve PCB
cleanliness beyond the limits of tradition-
al 1onic contamination measurements.

The Wavetek specification for elec-
tromigration testing was developed in
association with Joe Keller of Keller
Associates and is a variation of the IPC
2.6.13 specification. The test requires a
power supply, micro-ammeter, micro-
scope (~100x), clean Exacto knife and
deionized water. Pads on a PCB under
test are selected as a test site and are
wired to the power supply and micro-
ammeter. The power supply is set to 3V
per 0.010 in. of spacing. For consistency,
most testing has been done with 0.010 in.
spaced pads. Some newer Wavetek
boards now have electromigration test
patterns on the breakaway portion of the
PCA. Because the site that has been
selected may not contain exposed cop-
per, the solder coating (HASL) is nicked
with a clean Exacto knife to simulate a
worst-case condition.

A drop of deionized water (at least 1
M(QQ-cm) is placed across the gap while
simultaneously starting a stopwatch.
The stopwatch is stopped when the
ammeter indicates more than 300
uAmps (equivalent to 10 k() or a visible
dendrite bridges the gap. Times to
electromigration greater than one minute
are considered acceptable, however,

times as high as five minutes and more
have been demonstrated.

Cleanliness must be monitored at
several points along the manufacturing
process with the electromigration test.
Incoming bare boards must come
from the board shop in an already clean
condition. Internal handling and
assembly procedures cannot add exces-
sive contamination. Electromigration

testing after final washing should be
done to monitor the overall process
and can be used to trouble-shoot the
process for weak links.
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