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Quelgues caracteristiques de la migration des

metaux dans ou sur la surface des isolateurs

par

R.B. Shields

Resume

Ce rapport passe en revue la migration des metaux,

principalement 1'argent, dans ou sur la surface des matieres

isolantes, au moyen de procedes electrolytiques. On decrit ces

procedes pour divers metaux, diverses matieres isolantes et

differentes conditions physiques. De nombreux examples sont

empruntes a la litterature. La conclusion est que la seule facon

sure d'empecher la degradation de I1isolation due a la migration

des metaux est d'eviter l'emploi des metaux predisposes a la

migration. Cependant, on mentionne d'autres mesures susceptibles,

selon certains, de reduire 1'importance de la croissance.
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ABSTRACT

This report reviews the migration of metals, principally

silver, in or on the surface of insulating materials, by elec-

trolytic processes. These processes are described for various

metals, insulating materials and physical conditions, with

numerous examples from the literature. While it is concluded

that the only sure way to prevent degradation of insulation

due to metal migration is to avoid the use of migration-prone

metals, some other measures are mentioned which have been

reported to reduce the extent of the growth.
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SOME CHARACTERISTICS OF METAL MIGRATION IN
OR ON THE SURFACE OF INSULATORS

by

R.B. Shields

1.0 INTRODUCTION

A few years ago, at one of Ontario Hydro's nuclear generating

stations, a particular type of resistance temperature detector

(RTD) began to fail at an unacceptable and accelerating rate. The

failures were characterized by intermittent electrical breakdowns

between one or more points in the platinum element winding and a

grounded silver thermowell in which the elements were cemented.

The observed shorts were of extremely low resistance. They

occurred only on the part of the element that was negative with

respect to the sheath and, in fact, could be made to disappear by

changing the circuit so that no part of the winding was below

ground potential. The initiation of breakdown was never observed

when the temperature of the elements was below 180 C, although a

few that had become continuously shorted at higher temperature

remained that way when they cooled down.

An intensive investigation led to the conclusion that the

cause of the failures was migration of silver from the thermowell,

through a very porous silicate cement and a less porous element

coating of flame-sprayed alumina.

A survey of the literature, begun at that time, showed at

once that metal migration exhibits itself in many ways. What was

not so immediately obvious, however, was the fact that it results

from many very different causes, with the various manifestations

often imitating those of another origin, so that they are easily

mistaken. For this reason, it was a much larger task than

expected to sort out the rather limited number of references on



- 2 -

migration in insulators from the vast body of literature on metal

migration as a whole. Moreover, to provide perspective for this

more restricted coverage, it seemed essential in this report to

introduce the subject in general terms and describe briefly some

of the other kinds first, before zeroing in on the forms that have

relevance to the problem at hand.

While the number of references given on forms of migration

other than in insulators is rather small, some of them have

extensive bibliographies, which will lead those interested to the

large volume of literature that exists on the overall subject.

2. MIGRATION IN GENERAL

In the broadest sense, mass transport by an electric current

has been known, and understood to some degree, since electrolysis

and ionic conduction were studied by M. Faraday (1832-3) and his

laws of proportionality and chemical equivalence discovered. The

migration of silver in or on the surface of insulating materials

is typically electrolytic and, as such, obeys Faraday's laws [10].

This type of metal migration is the main subject of this report

and will be discussed more fully in later sections. There are,

however, other forms of electrotransport that have been observed

for r.any years and which it is important to distinguish as basically

unrelated to that on insulators, although, at this point in time,

they largely dominate the literature.

In metals, for example, a small transport of metal ions can

take place under the influence of an electric field if other

conditions are favourable, but the process is extremely ineffic-

ient because electrons carry most of the current. Gerardin [54]

in 1861 first discovered metal migration in substantial amount in

a liquid lead-tin alloy, but for many years it was believed that

electrotransport could not occur at all in solid metals. However,

in 1924, Skaupy [60] showed a distinct influence of current on

surface mass flow and, since 19 38, Johnson [57] and others [58,59]



- 3 -

have shown that incandescent tungsten filaments operated on direct

current develop hook-like etching, caused by surface migration of

tungsten ions, and have a shorter life than filaments operated on

alternating current, which remain smooth.

Since the early 1930s, many workers have demonstrated and

studied electrotransport in solid metals, usually using very high

currents, but for many years it remained only of academic impor-

tance. Work done up until 1963 was reviewed quite thoroughly by

Verhoeven [62], who suggested that the process might have practical

application in the refining of metals. Verhoeven's review also

includes electrotransport in semiconductors, which seems to have

been observed first by Kubaschewski and Rernartz in 1948 [63].

As recently as 1965, Blech [53] first correctly identified

electromigration as the cause of failure of thin aluminum metal-

lized strip conductors in microcircuits. At current densities

above ^10h A/cm2, metal piles up as hillocks toward the positive

end of the conductor, leaving voids at the other end which

ultimately result in open circuits. Since the direction of mass

transfer that occurs in metals at high current densities is opposite

to that for electrolytic migration, the dominant mechanism is

clearly different. The transport is attributed to momentum

exchange, or "drag friction", between the metal atoms (or ions)

and the moving charge carriers, usually electrons. Sometimes the

expression "electron wind" is used to describe the process.

Because of the great importance of thin-film conductors in planar

semiconductor technology, and the seriousness of this threat to

microcircuit reliability, there has been a veritable explosion

in the literature on electromigration over the last ten years, most

of it having to do with transport in metallic conductors. Since

that body of work is differently oriented from that of our main

concern here, viz. migration in insulators, it will not be dealt

with further, except to refer to two reasonably up-to-date review

articles, one with 82 references [55], the other with 115 [56].
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Before leaving the general treatment of the subject, a few

other seemingly related phenomena will be mentioned, some of which

are sufficiently controversial that their actual relation to

electrotransport is still uncertain:

(1) The destruction of field electron microscope tips made

of W, Mo and Pt has been reported at current densities of

10" A/cm2 and high electric fields, 4 x 10 7 V/cm [61].

(2) The application of an electric field in the plane of a

metal film during deposition of gold or silver induces

early coalescence of the initial island deposits, and

reduces the critical thickness at which an electrically

continuous film is obtained [9].

(3) The growth has been reported, principally in electronic

or electrical equipment, of a wide variety of unusual

metal formations, including whiskers, "streamers",

filaments (hair silver), ribbons, spheres (solder balls),

etc. Whiskers, the most widely observed and troublesome

in older style electronic equipment, grow on tin [66, 75,

76], zinc [66], silver [72], cadmium [66, 71], silicon [77]

and alumina [78]. They are usually regarded as resulting

from compressive mechanical stress [67], although in some

cases electrotransport does seem to play a part [68, 70

73, 75]. Hair silver is said to grow in an atmosphere

of volatile sulphur compounds [62] . Solder balls consist

largely of tin [69, 74], and have been variously attributed

to mechanical origin [69] , or heat and electrical stress

[68, 74].

3. METAL MIGRATION IN AND ON INSULATORS

In general terms, migration in insulators, as exemplified by

that observed in the RTDs as described in Section 1, is electrolytic.

It involves dissolution of metal at the anode, movement of metal

ions along a conducting electrolyte and re-deposition as metal,

usually at the cathode. It occurs at very much smaller currents
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than in metals or semiconductors because in an electrolyte

essentially all of the current results in ion transport. The

trouble arises because the metal deposit tends to grow in various

forms through or over the insulation, causing progressive degrada-

tion of the insulating properties and possible eventual breakdown.

3.1 Low-Temperature Migration

At low temperature, the usual conducting medium, and the

only one that seems to have achieved any recognition or importance,

is moisture, which exists either as a film on the insulator surface,

or as a bulk constituent by absorption, under conditions of high

humidity.

3.1.1 Early Observations

The first observation of the low temperature phenomenon seems

to have been in the early 1930s, and involved the migration of

silver in some Bell telephone equipment [51], although it was not

reported until some twenty years later. There is also a second-hand

report [5] of a similar problem with communication equipment under

tropical conditions during World War II, but we were unable to

confirm this in the references cited. We rather suspect that it

was whisker growth, which was fairly common under those conditions.

The literature on the subject does not really begin until

the mid 1950s, by which time several groups had carried out

considerable investigation [15, 24, 26, 33, 41, 50].

3.1.2 Type of Metal

The tendency of various metals to migrate varies widely, as

indicated in Table 1. Nearly all of the observations listed are

only qualitative and tend also to be rather subjective, reflecting

a range of standards of observation and experimental conditions.

Hence there are some apparent contradictions. However, it is clear

that silver stands out by a wide margin. With few exceptions, all

forms of pure silver, and alloys containing j> 92% silver, migrate

freely.



TABLE 1

THE REPORTED TENDENCY OF VARIOUS METALS TO MIGRATE

METAL

Aluminum

Bismuth

Brass

Cadmium

Copper

Copper-plated s i lve r

Gold

Gold/Palladium

Indium

Lead

Lead-tin solder

Lead-tin solder ,
silver-bearing

Mercury

Nickel

Palladium

Platinum

Rhodium

Silver

Silver paint

Silver electroplate

Silver, hot-pressed
powder

Silver, fired-on

Silver, chemically-
deposited

NONE

[ 4 , 7 , 8 , 2 4 , 2 5 , 4 4 ]

[24,25]

[7,8,25,44]

[24,50]

[25,32]

[32]

[7,8,44]

[7,8,24,44]

[50]

[8]

[25]

[7,8]

[25,44]

[4,7,8,24,25,44,50]

[8]

[21]

[51]

SLIGHT

[8]

[8,44]

[28]

[5,28]

APPRECIABLE

[3]

[7,44]

[3]

SEVERE

[ 3 , 4 , 5 , 6 , 7 , 8 , 1 0 , 2 4 , 2 5 , 2 6 , 4 1 , 5 0 ]

[8,41,50]

[8]

[8]

[31,41,50]

O1

I



TABLE 1 (CONTINUED)

METAL

90% Silver-10% Antimony

Silver/Cadmiuir.

90% Silver-10% Cadmium

>92% Silver-<8% Copper

90% Silver-10% Copper
(Coin silver)

80% Silver-20% Copper

72% Silver-28% Copper
(eutectic)

95% Silver-5% Gold

90% Silver-10% Lead

80% Silver-20% Palladium

>67% Silver-<33%
Palladium

67% Silver-33% Palladium

95% Silver-5% Platinum

95% Silver-5% Tin

85% Silver-15% Tin

Tin

NONE

[24,25,50]

SLIGHT

[8]

[8]

[10]

[8]

[28]

[44]

[7,44]

APPRECIABLE

[32]

[8]

[20]

[44]

[8]

[8]

SEVERE

[8]

[8]

[8]

[8]



Silver is unique in this respect, for several reasons.

Unlike the more noble metals, such as gold or palladium, which do

not tarnish in air, silver has a very low free energy of oxidation

and is readily attacked anodically. Further, the oxides formed

readily dissolve in water, unlike those of some other metals, such

as copper, nickel or aluminum, which form nonreactive (passive)

barriers. Finally, because of the low oxidation energy, the sol-

uble product is readily reduced to metallic silver, whether by

electrodeposition at a cathode, by photochemical reduction, or by

reaction with weak reducing agents in the medium. All three

processes may occur in insulating materials [26].

Because it is particularly prone to migrate and is of

greatest importance in the present context and elsewhere, what

follows in the next few sections applies specifically to silver,

unless stated otherwise.

3.1.3 Type of Insulator

Table 2 lists the reported susceptibilities of the more

common electrical insulating materials to silver migration. As

in Table 1, the observations are largely qualitative and the same

remarks about subjectivity, etc. generally apply. The ability to

support silver migration is in most cases directly related to the

ease with which moisture forms a surface film, or is absorbed.

For example, glass, which invariably has a moisture film on its

surface (typical surface resistivity is ^108 fl/cm2 at 60% R.H.

[79]), supports silver migration, whereas water-repellant materials,

such as Kel-F, Teflon and the silicones, or non-polar plastics such

as polystyrene and polyethylene, generally do not. Similarly,

materials with high water absorption, such as paper-base phenolic

laminates, are particularly bad, as are the cellulosic materials

which, in addition to being highly absorbent, tend to be somewhat

hygroscopic as well.



TABLE 2

THE REPORTED TENDENCY OF VARIOUS INSULATING MATERIALS
TO SUPPORT SILVER MIGRATION

MATERIAL

Alumina

Aluminum s i l i c a t e
(Mullite)

Cellulose, regenerated
(Cellophane)

Cellulose acetate
(Tenite I)

Cellulose acetate
butyrate (Tenite II)

Ceramics, misc.

Diallyl phthalate,
unfilled

Diallyl phthalate,
glass-filled

Epoxy-glass laminate

Glass

Kel-F

Melamine, glass-filled

Mica, ruby

Mica, glass-bonded
(Micalex 400, machinable)

Mica, glass-bonded
(Micalex 410, moulded)

Neoprene

Nylon

Paper, f i l t e r , Whatman

Paper, kraft

NONE

[6,24,25,26]

[10]

[8]

[8]

[8]

[7]

SLIGHT

[26]

[24,25,26]

[7]

[6,7]

[24,25,26]

[24,25,26,31]

APPRECIABLE

[4,5]

[24, 25,26]

[41]

[10]

[6,7]

[6,41]

[24,25]

[24,25,26]

SEVERE

[15,50]

[8]

[6,7]

[15]

[6,8]

[6,7]

[26]

I
vo
I



TABLE 2 (Continued)

MATERIAL

P a p e r , l e n s

Paper, white, cotton-rag

Paper, white, wood-pulp

Phenolic, unfilled
(1 stage)

Phenolic, unfilled
(2 stage)

Phenolic, paper-base

Phenolic, linen-base

Phenolic, mica-filled

Phenolic, nylon-filled
(N-l)

Polyacetal

Polycarbonate

Polyethylene

Polystyrene

Polyvinyl chloride

Porcelain, ultra-

Porcelain , radio-

Quartz, single crystal

Quartz, fused

Rubber, hard

Silicone, glass-
filled

Spinel

Steatite, glazed

Steatite, unglazed

Teflon

Teflon, glass-filled

NONE

[24,2 5,26]

[7]

[10]

[10]

[7]

[7,10,24,25,26]

[7]

[24,25,26]

[8]

[8]

SLIGHT

[24,25,26]

[31]

[6]

m
[3]

[7]

[26]

[6,8]

APPRECIABLE

[24,25]

[24,25,26]

[24,25,26]

[24,25,26]

[8,10]

[3,4,5]

[3,4,5]

[8]

[3,4,6]

[7]

SEVERE

[26]

[6,8]

[33]

o
I
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The form and surface condition is sometimes crucial, as

exemplified by the great difference in the behaviour of Micalex

400 and Micalex 410. Possibly the sealed surface glaze of the

moulded form affords considerable protection, or it could have been

the water repellancy of the mould-release age..t. Where a fibrous

filler is mainly responsible for the mois:ure absorption, as with

most composites, this determines the extent of the silver migra-

tion.

3.1.4 Form of the Deposit

On an insulator surface, which with non-porous materials and

low temperatures is the only place it can occur, the silver deposit

usually grows as a dendrite, rooted at. the cathode and branching

back towards the anode. This form led to the erroneous impression

by early observers that the growth originated at the cathode and

grew like a whisker [10, 26]. Actually, it grows at the tips of the

branches and is deflected completely by a continuous insulating

barrier [31], whereas a single-crystal whisker, which grows from

the base, can (and will) penetrate an insulating film with ease

[66]. This dendritic form led another early observer to the con-

clusion (also mistaken, we believe) that the growths were associated

with corona [15]. Kohman [26] very quickly pointed out the

distinction, but remarked on the strong resemblance between the

ionization pattern associated with high voltage in a gas and that

due to a very much lower voltage in a water solution, which

determines the shape of the silver deposit.

A diffuse or colloidal deposit is sometimes present as a

result of the reduction of silver by photochemical or other

reactions, as mentioned in Section 3.1.2 above. Such a deposit

is often found in a zone close to the anode, or it may be spread

over the interelectrode space. Since the silver particles are

usually widely dispersed, this kind of deposit does not often

account for much of the total observed electrical leakage [26].
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In fibrous laminar or porous materials, the silver follows

the direction of the fibers or pores, and leads to as wide a

variety of silver deposits as there are fabrics or formulations

used.

O.A. Short [41] observed a form that does not appear to have

been reported elsewhere, which he describes as "cloud-like".

This occurred only with a resin-demineralized water film. The

deposit quickly spread across the interelectrode gap from cathode

to anode, was very adherent, and caused a high-resistance short.

With slightly less-pure water, in contrast, the growth was

dendritic, was not adherent, and formed a dead short, if and when

it reached the anode.

3.1.5 Miscellaneous Properties

Evidently, the silver electrodes must actually touch the

insulating material that supports the growth for migration to occur.

For example, silver-plated printed circuits, where silver was used

as an etch resist and thus only remained on the top surface of the

conductor, showed migration only where there was an occasional

overhang of the plating due to mechanical deformation [6].

The presence of dust may be all that is required to complete

the circuit, in which case the dust ultimately becomes charged

with silver [26] . Ironically, sometimes the otherwise best

materials, such as polystyrene, accumulate dust electrostatically

by specific virtue of the fact that they are such good insulators

[10].

Contamination of any insulator with ionizable salts,

especially with those that may be hygroscopic as well, contributes

greatly to the severity of silver migration [7, 10, 26, 50]. Such

contaminants can be perspiration from fingerprints, printed-circuit

processing chemicals, solder-flux residues, mould-release agents,

plasticizers, products of microorganism growth, or a wide range of

aerosols. In one case, sulphur air pollution was found to

decompose an alkyd insulator, producing products that were capable

of reducing silver, whereas the same material performed well under
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clean conditions [10].

In general, silver migration is a problem only with direct

current, and where silver is the anode. The few tests reported

using alternating current indicate that it produces either none

at all [51], or far less migration [8] than direct current. It

could only be detected at low frequency, 60 Hz, and not at 400 Hz

[8]. In one case, migration with alternating current was observed

to start from both electrodes and meet in thu middle [41].

Under favourable conditions, migration can take place over

considerable distances and extremely fast. The greatest distance

reported seems to be 19 mm (3/4 in.) in less than 16 h, i.e.

1.2 mm/h [50]. But the speed record surely belongs to O.A. Short

[41], who observed the bridging of a 1.6 mm (1/16 in.) gap in less

than 15 s, with less than 2 V applied.

3.2 High Temperature Migration

In glasses and ceramic bodies generally, the electrical

conductivity produced by elevated temperature can replace that of

a moisture path as a means of metal transport, provided the metal

is available in a form that is soluble in the solid electrolyte.

This phenomenon has been known much longer, and studied more

systematically and scientifically, than migration due to moisture.

Agreement with Faraday's laws for migration in single crystal quartz

was established late in the last century [48]. Both amorphous and

crystalline ceramics may exhibit varying degrees of both electronic

and ionic conduction, although in most glasses it is more likely to

be ionic.

Silver was apparently first electrolyzed in soda-lime glass

by Kraus and Darby [27] in 1922 and, as in aqueous electrolytes,

it shows the same strong migration tendency. Although the ionic

transport in solids is more selective than in water solutions,

migration of Na, Li, Cu, Mg, Bi and Pb has been observed [3, 45].
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The form of the deposit varies widely, depending on the

temperature and other conditions. Hornung [17] produced well-

developed dendrites at the cathode in borosilicate glass, but

they were very small and required. 100X magnification to be seen

clearly. In single-crystal quartz, migration occurs only in the

[0001] direction (along the c-axis) and has numerous spectacular

attributes. "Geometric" patterns on the crystal face are sometimes

produced in as little as 0.1 s after applying the potential [45].

A sharp diffusion front, or platelet, which images the features of

the silver electrode, is commonly reported. Threads perpendicular

to the platelets, and formations described as "ganglia", "corduroy"

and "spikes" have also been observed [45]. The formation of colour-

centres is common, often at crystal dislocations [36], and this has

been applied as a practical method for making them visible [23]. On

the other hand, another observer [22] could find no correlation with

lattice defects of any kind.

Various changes in the physical properties of the materials

have been noted as a result of dissolution of silver, including a

decrease in resistivity together with an increase in dissipation

factor (tan 6) [3], and a slight change in refractive index [37].

However, for practical purposes, the dielectric constant does not

change appreciably for loadings of up to 5% silver [18] . After severe

and prolonged migration, profound structural changes occur, resulting

in dielectric breakdown [4] and eventually cracking and fracture [45].

Although slightly off the subject, there are two other

related processes that should be mentioned, because they have had an

effect on the operation of electronic equipment. By definition,

electrolytic conduction requires the transfer of electrons between

the mig ating ions and the electrodes. This typically accompanies

the dir.sct plating-out of arriving cations, but it need not always

work that way. Even though the migrating ion is a metal, such as

Ag , interactions with materials in the insulator may require the
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silver ions to accept electrons from any available source nearby.

This could be 0 ions, which would result in the release of atomic

oxygen [40]. The second process concerns the local removal of

semiconducting material to form voids, which may be replaced by

either higher- or lower-conductivity material, either of which will

affect the operation of the device. In one case, voids in silicon

filled with aluminum [52], and in another, an insulating layer grew

in a device [64].

3.3 Reported Manifestations

The following is a list of specific reported instances, in

approximate chronological order, where metal migration has been

responsible for the degradation or failure of insulation in

electrical or electronic equipment, or for anomalous behaviour of a

material other than a metallic conductor:

- In the 1930s, after four years service, silver migration

from silver-plated brass terminals in telephone stepping-

switch banks caused cross-talk trouble in the early stages

[26], but later, puncture and carbonization of paper-base

phenolic separators caused inaccurate pulsing and consequent

wrong numbers [24].

- There have been numerous reports of failure of both silvered-

mica and silvered-ceramic capacitors, as a result of silver

migration over the dielectric materials [12, 13, 14, 15, 31,

41, 51]. (In mica capacitors, the silver is usually

evaporated on, whereas in ceramic capacitors it is usually

fired on.)

- Linen-base-phenolic circuit boards broke down in the

Whirlwind I computer at MIT, as a result of silver migration

[33].

- Printed-circuit boards with chemically-deposited and

electroplated, as well as foil and fired-on silver

conductors, have failed due to silver migration [41, 51].
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- Silver-charged dust has caused malfunctions in telephone

equipment. The growth was so adherent that normal cleaning

procedures were ineffective [26].

- Both chemically-deposited and electroplated silver

electrodes have led to failure of quartz frequency-control

crystals [8, 51].

- Resistors with fused-silver terminals have .failed [51].

- Silver or silver-plated terminals and contact springs have

caused failures in a wide range of components, including

switches, connectors, tube sockets, a relay and a coil

form, with various insulating materials, including paper-

base and mica-filled phenolics, nylon and unglazed steatite

[8, 51].

- In British telephone equipment, silver migration first gave

trouble on a large scale in the mid 1950s, in silver-plated

contacts in shelf-plugs and jacks [10].

- During aging tests of ceramics, the use of fired-on silver

electrodes caused changes in resistivity, dissipation factor

and eventually premature breakdown [3].

- During an investigation of surface resistivity of insulating

materials, the use of silver electrodes on ceramic, glass-

bonded mica and organic test samples caused early leakage

due to migration [50].

- Migration of silver was found to restrict the useful service

temperature of multi-pin glass-to-metal seals, where silver/

glass-frit mixes were used for transition layers [46].

- Some time in the mid-1950s, the writer recalls problems

with leakage between the pins of miniature tubes that had

been running very hot. It was concluded that this was

caused by electrolytic conduction in the glass bases, with

consequent deposition of metal from the pins.



- 17 -

- Also from the writer's memory, in the 1950s, some metal-

film resistors in a 50 kV charging power supply in a

Van de Graaf generator at the Chalk River Nuclear

Laboratories failed due to the mysterious disappearance of

silver-metallized end connections where they were bolted

to an acrylic circuit panel. Why the silver disappeared

only where it touched the insulation was not understood

at the time, but from this perspective it seems quite

consistent with the migration process. (The atmosphere was

SF6.)

- During high-temperature tests of ceramic dielectrics,

migration of silver from the electrodes, both over the

ceramic surface and into the material, led to higher test

currents, uneven heating and cracking [5].

- During studies of silver-ion transport in a-quartz, gross

fracture occurred, frequently originating at the silver-

platelet edges [45].

- During breakdown tests of insulating films of NaCl, LiF

and Na-jAlFg, the use of evaporated-silver electrodes was

found to give lower breakdown voltages than when gold or

aluminum electrodes were used [49].

- The transfer of silver from one conductor through thick-film

insulants in a multilayered array was found to be accompanied

by gas-bubble formation, probably C>2, at a gold/ or

palladium/insulant interface [40].

- Electrolytic conduction between biased metallization paths

has been identified as a failure mechanism in plastic-

encapsulated integrated circuits. Sometimes, anodic

removal of the metallization, rather than electrical leakage,

is the primary cause of failure [35].
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- Anodic attack, leading to breakage of the external leads of

hermetically-sealed integrated circuits, has been observed

in a high-humidity, biased exposure [35].

- RuO -based thick-film resistors may evidently be trimmed by

high-frequency discharge. The mechanism of the resistance

change for Ag-doped resistors has been found to be increased

concentration of silver in the trimmed area [65],

- Silver migration has been observed in the glassy binder that

holds a-Al 0 grains together in sintered-body substrates

used for microcircuits [20].

- Silver migration has been observed through glass dams

applied to microcircuits to localize the flow of solder

[20].

- Migration of gold, causing shorts, was observed on the surface

of circuit chips, as a result of contamination and moisture

[16].

- In chalcogenide memory switches, one degradation mode has

been attributed to the growth, by "electromigration", of an

insulating layer in the device [64]. Unlike oxide glasses,

the conductivity characteristics of chalcogenide glasses

are very sensitive to the concentration of impurities [80].

3-4 Prevention

Short of eliminating the use of silver entirely, very few

workers claim to have found a method of preventing silver migration

completely. However, many measures have been suggested or recommended

for considerably reducing its extent, some of which were regarded as

successful for the particular situation in question. These preven-

tive measures are discussed below.

3.4.1 Composition or Treatment of Conductors

Alloying silver with 10% or more Cu has been found to reduce

migration to between 0.1% and 1% of that of pure silver [8]. The
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use of 10% Cd was also quite effective, almost as good as Cu [8].

Alloying with Mg is reported to be good [2 8] , as is Pd [28, 44] or

Pd + Pt [44]. An Sb alloy is said to increase the time-to-failure

by up to 20 times [41], while alloys with Pb, Sn or Pt resulted in

a slight improvement. It should be noted that the conductivity of

all alloys is much poorer than that of pure silver and that other

properties, such as solderability, may also be affected.

Electroplating with Au [7, 10], Cd [8] and Cr [41] were found

to prevent silver migration, provided the coverage was continuous

and compleLe. Gold plating that did not cover the edges of the

conductors on printed-circuit boards was found ineffective [41].

Likewise, solder coating is recommended by some [41, 44], but,

while it delays and reduces the total amount of migration, it does

not always reduce the tendency to cause shorts [7, 8], because of

the difficulty of ensuring that it is continuous.

3.4.2 Choice and Treatment of Insulation

Wherever possible, insulating materials that do not support

silver migration to any significant extent, of which there is a

fair selection, should be used [see Table 2], If laminates must be

used, they should be those with the highest degree of resin

impregnation, or alternatively, composite laminates with built-in

impervious layers [26]. It has been further suggested that one

should not rely on the nominal properties of a material, but select

it only on the basis of specific qualification tests for moisture

absorption, ionic-salt content and silver-reducing power [10]. One

authority has suggested adding an agent, such as Sb~S, , to the

insulation which will forestall the buildup of silver by

precipitating it in non-metallic form, such as silver sulphide,

before it can reach the negative conductor [26].

Opinions on the value of various moisture-repellant coatings

applied to the insulation vary considerably. In most cases, varying

degrees of retardation have been found, but sometimes none of the
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coatings were practical in a given situation. One investigator

found the best coatings were the paraffins, such as petrolatum and

parawax [26] , while another found silicone fluid most effective

[50]. The latter must surely have been messy, and a real dust

collector. Silicone polymers were not found to be as eftective as

might have been expected; the best one, DC-F4141, reduced the

migration by 75% [8]. In one case, the adhesive layer between the

laminate and the conductor on printed-circuit boards was found to

inhibit migration [51]. One proprietary treatment disclosed by IBM

consists of a layer of SiO_, deposited from silicon acetate and

heated to <200°C, followed by a layer of polymeric silicone cured

at a similar low temperature [1].

It should be emphasized that plastic surface coatings are not

totally impervious to moisture, but only retard absorption, hence

silver migration, in the device or circuit during intermittent

exposures to high humidity. For sustained exposures, the insulation

eventually reaches equilibrium with the average humidity of the

environment and differences in moisture permeability of the coatings

cease to be of significance. Further, the presence of any soluble

or hygroscopic contamination left on the insulator surface can

render even the best coatings ineffective, since the moisture tends

to be retained through dry periods. Thus, stringent cleaning must

form an integral part of the overall coating procedure [41].

Finally, in the writer's experience, all moisture-retardant coatings

tend to become ineffective after about two years and must be renewed

periodically.

3.4.3 Mechanical Design

Various design practices have been suggested to reduce

problems with migration-prone systems. The most common is to use

care, in circuit layout, to minimize voltage gradients, by keeping

contacts, terminals and conductors with large dc potentials well

apart [6, 10]. One designer suggests a rule-of-thumb of 1 mm

minimum line separation per 6 V potential difference [44]. Such a

rule would, of course, be a real hardship if applied generally, and
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it emphasiaes the importance of dealing with the problem more

directly, if possible, by avoiding conductors that migrate in the

first place. If there is a choice, silver parts should be used

only for the more negative conductors [44] . In printed-circuit

boards, the use of gold-line migration barriers has been

recommended [41].

In the design of moulded insulators, recesses which can

accumulate dust and absorb moisture should be avoided. Care should

be taken to position flash lines so that they occur only where

voltage gradients are small [10].

To take advantage of the high conductivity of silver contacts,

without the usual problems, the use of bi-metallic silver/phosphor-

bronze springs has been suggested, arranged so that only the bronze

touches the insulator [10].

3.4.4 Environmental Conditions

The main environmental parameters that can be controlled are

temperature, humidity and atmospheric contamination. To the extent

that they affect the moisture absorbed in, or on, an insulator,

temperature and humidity may be interdependent, depending on the

situation. For example, silver migration was almost unknown in

electronic equipment that used electron tubes because, whatever the

environmental humidity, the equipment usually ran so hot that the

relative humidity inside was invariably low and the insulators

kept thoroughly dry [21]. For equipment running near room temper-

ature, if no other measures were taken to prevent it, silver

migration could occur at as low as 30% R.H. [6].

For one particular base material, XXXP phenolic, a nomograph has

been developed from experimental data, relating relative humidity,

temperature, applied voltage and migratory-silver appearance time

[8]. If conditions are known, it allows the designer to predict,

with an uncertainty of ±50%, how much trouble-free life to expect.
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This would normally be used only with circuits having a relatively

short life requirement.

With regard to contamination, it has been recommended that

measures be taken to minimize exposure to dust and atmospheric

pollution, particularly that containing SO2 [10].

4. SUMMARY

Metals may migrate in solid materials, as well as in liquids,

under various kinds of electrical stress. In metals, migration

occurs only at extremely high current densities and results from

momentum exchange with electrons. In semiconductors and insulators,

the transport is electrolytic. In insulators, conduction may be

initiated by contamination or moisture at low temperatures, or it

may be thermally stimulated at higher temperatures. In all cases,

silver in most pure forms is uniquely prone to migrate, and has

been responsible for many instances of failure of electrical and

electronic components and circuits.

Numerous methods of preventing silver (and other metal)

migration, including alloying, plating, moisture-retardant coatings

and mechanical design, have achieved varying degrees of success,

but sometimes at the expense of desirable physical properties.

5. BIBLIOGRAPHY

The following references cover mainly the literature on metal

migration by electrolytic processes in insulators, and only in that
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other electromigration processes, the list has been limited
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We reiterate the fact that of the few papers listed on
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