IEEE TRANSACTIONS ON COMPONENTS AND PACKAGING TECHNOLOGIES, VOL. 23, NO. 3, SEPTEMBER 2000 535

Mechanism of Contact Enhancing Chemicals for
Electrical Interconnection

Guilian Gao and Dongkai Shangguan

Abstract— Contact enhancing chemicals, the magic fluids which
vanquish intermittent contacts, have been in existence for many
years. However, their use has been very limited due to the lack of
understanding of their conduction mechanism. In this paper, elec-
trochemical experiments were conducted to reveal the mechanism
of conduction through the contact enhancing chemicals. The re-
sults have invalidated claims by several manufacturers of contact
enhancing chemicals that conduction takes place by means of “tun-
neling.” It has been demonstrated that these novel chemicals func-
tion through a rather common conduction mechanism, by serving
as an electrolyte for metal dissolution, ionic transport, and metal
deposition. Metallurgical examinations have provided direct evi-
dence of the existence of metallic dendrites between mating ele-
ments that have been treated with the chemicals, and confirmed
the electrochemical reaction mechanism for contact enhancement.

Index Terms—Conduction mechanism, connector, contact
enhancing chemicals, dendrite formation, dendritic growth,
electric contact, electrochemical testing, heal, intermittent failure,
ionic conduction, metal dissolution, metallic bridge, recovery,
re-deposition, wire crimp.

I. INTRODUCTION

ECHANICAL contacts, such as sockets, connectors and

wire crimps, are an integral part of the electrical in-
terconnect system. Despite the rapid advance in the quality of
many high technology electronic components, many mechan-
ical contacts still remain relatively unreliable and may become a
major cause of product failures due to intermittent contact. Ele-
vated temperatures, airborne contaminants, vibration, corrosive
gases and oxidizing environments all contribute to the degra-
dation of connection performance [1], [2], and this is particu-
larly severe in an automotive environment. It is estimated that
1800-2000 wire crimps are used in an average vehicle; Failures
due to intermittent contact of the wire crimp has been the cause
of concern for many years.

The conventional approach to protect the connection from
degradation includes the use of lubricants, mineral oils, and
sealer waxes [3], [4]. However, these chemicals tend to evap-
orate, degrade or polymerize over time, leaving an insulating
film on the surface. Other chemicals which improve the perfor-
mance of mechanical contact surfaces have been in existence for
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years [5]. In contrast to the conventional oils and grease which
can only be applied to new and clean surfaces, the contact en-
hancing chemicals can even work to “heal” connections which
have degraded over time.

However, despite the successful application of these con-
tact enhancing chemicals in mitigating intermittent contact
problems in the field, the mechanism of conduction remained
a mystery. Some manufacturers claimed that the conduction
took place through “electron tunneling.” In physics, electron
tunneling is a phenomenon that happens within the width of 1
nm [6]. The tunneling current is very sensitive to the width of
the barrier, and decays sharply when the width exceeds 1 nm.
For many mechanical connections, a gap of several microns
between the mating metal surfaces is commonly encountered.
Claims that the contact enhancing chemicals promote “electron
tunneling” through a barrier several microns wide have added
even more confusion to the subject.

In this paper, laboratory experiments using an inter-digitated
test pattern were designed to first investigate whether these
chemicals conduct through the “tunneling” mechanism claimed
by several manufacturers or any other novel conduction
mechanism operative in barriers of several microns wide. The
experimental results do not support the “tunneling” mechanism.
Instead, it has revealed a mechanism of metal dissolution, ionic
conduction and metal re-deposition through electrochemical
reactions.

In addition, wire crimps which failed due to very high contact
resistance were treated with the contact enhancing chemical;
Afterwards, these wire crimps were cross sectioned for metal-
lurgical examination. The metallurgical examinations confirm
the existence of a metallic bridge in the form of “dendrites”
between the mating elements (wires and barrel of the crimp),
which is formed through the electrochemical reaction and serves
to "heal’ the electrical contact between the mating surfaces.

II. EXPERIMENTAL PROCEDURES

A commercial contact enhancing chemical was used for the
study. It was claimed by the manufacturer that the chemical
functions through a novel conduction mechanism called “long
range quantum tunneling” through which electrons tunnel
through a space of several microns.

Chemical characterization has revealed that the material is a
glycol ether polymer. One distinct characteristic of such a ma-
terial is that it is very hydroscopic and absorbs moisture readily
from the air. Since water is a very good ionic conductor, the
absorbed moisture can make the material function as an elec-
trolyte. It was therefore postulated in this study that the chem-
ical probably conducts electricity through ionic conduction.
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Test boards with inter-digitated metallic test patterns were
used for the study (Fig. 1). Two types of samples were used.
One type of sample (pattern A) consists of aluminum conduc-
tors on an oxidized silicon substrate. The spacing between the
metal conductors for pattern A is 2 pm. In order to examine any
conduction mechanism other than metal dissolution and elec-
tromigration, metal dissolution must be minimized to prevent
formation of dendrites. Aluminum was chosen for the study be-
cause it forms a protective oxide in the air which greatly reduces
the rate of metal dissolution. The other type of sample (pattern
B) consists of copper conductors on an oxidized silicon sub-
strate. The spacing between the metal conductors for pattern B
is 50 pm. Copper was chosen for this study because it is the
metal used in most connectors and wires.

The test patterns were manufactured through sputter deposi-
tion of the respective metals followed by selective etching to
produce the desired spacing. During the test, the gap between
the two metallic conductors was filled with the material under
testing, effectively forming a metal/liquid/metal electrochem-
ical cell.

A Keithley 617 electrometer, combined with a Keithley
low current scan card, was used to provide a voltage bias
(AF) to the test pattern and to measure the corresponding
leakage current (/). Two test procedures were conducted. For
the first test procedure, the test started from AF =0 V be-
tween the two conductor lines and increased to AE =20 V
at the end of the test. 1 V increment and 5 min intervals were
used from O to 10 V; 2V increment and 5 min intervals were
used from 10 to 20 V. The current measurement was taken 5
min after each voltage change. For the second test procedure,
a constant voltage of 20 V was applied to the two conductor
lines, and the current from the test pattern was measured as
a function of time for 1 h.

Tests were conducted at the ambient condition (roughly
23 °C, 50% relative humidity, or RH) unless stated otherwise.
In one experiment, the test pattern was heated to 40 °C using a
hot stage. In another instance, the experiment was conducted at
40 °C and 60% RH inside a temperature/humidity chamber.

Wire crimps were also tested as a confirmation of the results
obtained using the inter-digitated test patterns. The height of the
wire crimp is 1.65 mm. As in most regular wire crimps, the wires
and the barrel are made of Cu, and the barrel of the wire crimp
is coated with Sn.

In this test, wire crimps, which have failed due to high con-
tact resistance in excess of 10 000 €2, were treated with the con-
tact enhancing chemical and subjected to a voltage bias of 12 V.
During the test, the wire side was the positive side and the barrel
side was the negative side. As a result of the test, the contact
resistance decreased significantly and the wire crimp intercon-
nection became functional again.

After the test, metallographic mounts were made for the
wire crimps, and cross sections were prepared. Observations
were made using light microscopy as well as scanning
electron microscopy (SEM) in both the secondary electron
image (SEI) mode and the backscattered-electron image
(BEI) mode. Energy dispersive spectroscopy (EDS) was
used to identify elements present in areas of interest, and
wavelength dispersive spectroscopy (WDS) microprobe

Fig. 1. Schematic diagram of the test patterns used for this study.

elemental mapping was performed on those areas to identify
the elemental distribution.

III. EXPERIMENTAL RESULTS
A. Electrochemical Test

The first experiment was conducted to study the effect of the
spacing between the metal conductors and the bias voltage on
the conductivity of the contact enhancing chemical. As shown
in Fig. 2, for test pattern A, when AE was increased from 1
to 20 V, current increased gradually, changing from 0.1 pA at
AE =1Vto 133 uA at AE = 20 V; asharper increase was
observed when A E was under 8 V. The same phenomenon was
observed on test pattern B; However, the magnitude of change
on test pattern B was greater, with current increasing from 6.7
nAat AF =1Vtol25uAat AE =20V.

In another experiment, the effects of temperature and hu-
midity on the conductive behavior of the chemical were studied
by imposing a 20 V bias on test pattern B and measuring current
as a function of time. After 1 h under a 20 V bias, the test pat-
terns were removed and examined using an optical microscope.

As shown in Fig. 3, at ambient condition, current increased
from 16.7 ;1A to 182 p1A in 1 h. When the temperature was in-
creased to 40 °C in the open air environment, current decreased
from 11.8 nA to 1.74 pA in 1 h. However, when the humidity
was increased to 60% RH at 40 °C, in contrast to the decrease
observed in the open air environment, current increased by 2.5
orders of magnitude in 30 min; Afterwards, current showed con-
siderable fluctuation.

B. Metallurgical Examination

Fig. 4 gives the optical examination results of test pattern B
after 1 h under 20 V bias at 40 °C and 60% RH, as mentioned
above. It can be seen that the copper on the anode was largely de-
pleted. Copper dendrites were formed on the cathode. Some fil-
aments bridged the 50 p:m spacing between the two conductors.
Formation of dendrites was also observed on samples tested at
room temperature, although the extent of metal depletion was
not as severe.
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Fig.2. Leakage current as a function of bias voltage (A E) for pattern A (2 gm spacing) and pattern B (50 gm spacing) at the ambient condition (23 °C).
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Fig. 3.

Fig. 5 shows the optical microscopy photograph of the cross
section of the wire crimp after the test as described previously.
Structures of a dendritic morphology can be seen in the spaces
between the wires and the barrel. No such dendrites can be seen
(Fig. 6) in samples which are otherwise identical to the sample
in Fig. 5, except that they were not treated with the chemical.

SEM analysis was performed in order to identify the metallic
nature of the “dendrites” in Fig. 5. Fig. 7 shows the SEI pic-
ture of the cross section shown in Fig. 5, as well as close-ups
of the dendrites which have been formed between the wire and
the barrel, at higher magnifications. The WDS microprobe ele-
mental mapping for Cu is also shown, indicating that the den-
drite is made of Cu.

Leakage current measured on pattern B at AE = 20 V as a function of time.

IV. DISCUSSION

A. Electrochemical Reactions

If a novel conduction mechanism such as “long range
quantum tunneling” is operative over a spacing of several mi-
crons, then current measured on test pattern A (2 pm spacing)
should be much higher than that measured on test pattern B (50
pm spacing), since the spacing for the test patterns exceeds the
barrier width claimed by the manufacturer for the “long range
quantum tunneling” mechanism. However, the results in Fig. 2
indicate that this is not the case. The trends of current change
observed on the two test patterns are very similar when AE
was increased from 1 to 20 V, indicating that the conduction
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Fig. 4. Optical examination results of test pattern B after 1 h at 40 °C, 60%
RH and under 20 V bias, showing depletion of copper from the anode (lines
marked as A) and formation of dendrites on the cathode (lines marked as C).
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Fig. 5. Optical microscopy photograph of the cross section of a wire crimp
which was treated with the contact enhancing chemical. (50 %)

Fig. 6. Optical microscopy photograph of the cross section of a wire crimp
which was not treated with the contact enhancing chemical (50).

mechanism operative on the two test patterns are the same.
Despite the 25 times difference in the spacing of test patterns
A and B, the currents under AE = 20 V were very similar for
the two test patterns.
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Fig.7. SEI and BEI pictures and WDS microprobe elemental mapping for Cu
for the area indicated by the arrow in Fig. 5. Cell 1: SEI (200x); Cell 2: BEI
(200 ); Cell 3: SEI (1000 x ) for the area indicated by the arrow in Cells 1 and
2; Cell 4: Cu map for the area shown in Cell 3.

The more logical explanation is that it is an electrochemical
process that is taking place in the presence of an electrolyte and
a voltage bias. The gradual change of current with AZ in Fig.
2 can be explained by several electrochemical processes taking
place simultaneously in the electrochemical cell.

As illustrated in Fig. 8, when a bias voltage (A F) is imposed
on to the electrochemical cell, the following electrochemical
processes take place.

At the high voltage end (the anode), metal dissolution takes
place

M — M + ne. (D

The overpotential for the metal dissolution (77, ) can be ex-
pressed as

No = Qg + ba 1OgI (2)

where [ is the current, a, and b, are the anodic Tafel con-
stants [7].

The dissolved metal ions then migrate through the elec-
trolyte to the low voltage end (the cathode), where they are
deposited out

M™ +ne — M. 3)

Other reactions which take place at the cathode are oxygen
reduction and hydrogen evolution

Oz + 4e + 2HT — 20H™ 4)
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and a voltage bias.

2H' 4 2¢ — H,. 5)
Due to the absence of metal ions in the contact enhancing
chemicals, concentration polarization is likely to be signif-
icant. Therefore, the overpotential for the cathodic reaction
(7¢) can be expressed as [7]
0. = o+ bolog I — dlog(1 — 1/1I7) ©)
where
a. and b,  cathodic Tafel constants;
d diffusion constant;
I, limiting current density for the diffusion process
through the electrolyte.
Because of the very limited amount of charge carriers avail-
able in the electrolyte, as evidenced by the very low current
measured under the applied bias voltage, the ohmic resis-
tance of the cell (fZ,,) is also expected to be significant.
Taking into consideration all the reactions and processes,

the relationship between AE and current can be expressed
as [8]

AE =g + 1 + IRy @)
Combining (2), (6), and (7) gives
AE =a+blogl —dlog(l —I/IL)+ IRw 8)

where a and b are the Tafel constants which vary with the
metal and the nature of the electrolyte.

Although the relationship shown in Equation (8) is rather
complex since R, and I; change with time due to the influ-
ence of the reaction products formed at both electrodes, it can
be used to explain the experimental data qualitatively.

The difference in current for pattern A and pattern B can be
explained by the difference in the metal used for the conductor
and the conductor spacing. The first two terms in Equation (8)
are related to the corrosion and electrochemical properties of the
metal. For pattern A, aluminum is a very passive metal. It forms

e I
Metaly Electrolyte Metal J O
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Schematic illustration of the metal migration process that happens on the inter-digitated test pattern shown in Fig. 1 with the presence of an electrolyte

a dense and passive oxide in the presence of oxygen and mois-
ture, which renders the ionization process in Equation (1) very
difficult [9]. For the small amount of ions that did form in the
electrolyte, since aluminum is a very reactive metal, the energy
required to deposit out the ions is also considerably high. How-
ever, for pattern B, copper is not as passive as aluminum, thus
the ionization process in Equation (1) takes place more readily
[9]. Since the equilibrium potential for Cu/Cu®* is 2 V higher
that for Al/AI®T, the deposition process in Equation (3) also
takes considerably less energy for copper [9]. Such differences
in the reactivity and passivity of the two metals can explain why
even at the beginning of the test, current measured on pattern A
is only 15 times of that measured on pattern B, despite the fact
that the difference in the spacing for the two patterns is as much
as 25 times.

With the increase in AE, more metal ions enter into the elec-
trolyte, resulting in a gradual increase in the electrolyte conduc-
tivity (i.e., a decrease in Ryy) and the limiting diffusion cur-
rent Iy, which explains the nonliner relationship between I and
AFE as shown in Fig. 2. As discussed earlier, since ionization of
copper happens at a much higher rate, the increase in /1, and the
decrease in Ry also happen at a much higher rate. This explains
the gradual narrowing of the difference in current measured on
the two test patterns.

If the conduction mechanism by electrochemical reactions as
mentioned above is true, the absorbed moisture should play a
key role in supporting the electrochemical reactions because it
provides the free moving charge carriers H and OH™. Re-
sults shown in Fig. 3 prove that the moisture level in the air
indeed has a major effect on the conductivity of the chemical.
At the ambient condition, current under AE = 20 V on pat-
tern B increased gradually with time, due to the change in the
electrolyte conductivity as discussed above. When test pattern
B was placed on a hot stage at 40 °C in the open air envi-
ronment, the relative humidity around the sample dropped to a
much lower value, since the moisture content at 23 °C and 50%
RH is only equivalent to 19% RH at 40 °C, and the decrease in
RH adversely impacted moisture absorption. Consequently, cur-
rent decreased by almost 1 order of magnitude from the start to
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the end of the experiment. At the end of the 1 h measurement,
current measured at 40 °C is nearly two orders of magnitude
lower than that measured at the ambient condition. However,
when the test was conducted in a humidity chamber set at 40 °C
and 60% RH, moisture absorption was expected to increase due
to the higher temperature and humidity. As expected, current
measured also showed a much more rapid increase with time,
and current measured at the end of the 1 h test is also higher
than that measured at the ambient condition.

B. Contact Enhancement

Optical examination of the pattern tested at 40 °C and 60%
RH shows that the copper in the conductor is largely depleted
from the anode (Fig. 4), and metallic dendrites were formed
on the cathode. Some of the dendrites almost bridged the gap
between the two electrodes. The result shown in Fig. 4 also
explains the current fluctuation shown in Fig. 3. current started
to decrease as copper was depleted from the anode. However,
when metallic dendrites bridged the space between the two
electrodes, conduction through metal took place, resulting in a
higher current. If the higher current burned off the dendrites,
current would again decrease.

The metallurgical examination of the wire crimps which have
been treated with the contact enhancing chemical also reveals
the existence of dendrites between the mating members, as de-
scribed previously. In a regular crimp, the failure mechanism
due to intermittent contact is primarily due to an increase in
the contact resistance because of separation between the con-
tact surfaces and the build-up of an oxide layer in between. Once
this happens, in the presence of an electrical field, an electrical
potential comes into existence between the contacting surfaces
(i.e., the wires and the barrel), with the wire side being the posi-
tive side and the barrel side being the negative side in the exper-
iment under discussion here. Subsequently, for wire crimps that
have been treated with the chemical, in the presence of an elec-
trolyte (i.e., the contact enhancing chemical), an electrochem-
ical reaction takes place between the anode (i.e., the wire in this
case) and the cathode (i.e., the barrel). As discussed previously,
metals (Cu) in the anode (the wire) become ionized and migrate
toward the cathode (the barrel), and get deposited there. This
is evidenced by the fact that the metallic structure between the
wires and the barrel is made up of Cu from the wire material,
instead of Sn which coats the barrel surface.

As a result of the electrochemical reaction, metallic dendrites
are formed. The growth of the dendrite provides a “bridge” be-
tween the mating elements (the wires and the barrel), thus pro-
viding a “healing” mechanism for contact enhancement. The
formation of the dendrites is the concrete evidence that the con-
duction mechanism of the contact enhancing material is electro-
chemical reaction and ionic conduction.

Compared with oils and greases that are traditionally used on
mechanical interfaces for electrical connection, the contact en-
hancing materials that have limited ionic conductivity and pro-
mote dendritic growth have several advantages. As illustrated in
Fig. 9, on a microscopic scale, the surface in contact is rather
jagged, and metal to metal contact only happens at the high
points. As a result, the current densities at these contact points

Fig.9. Schematic illustration of the microscopic view of mating metal surfaces
for electrical connection.

are very high. The high current density at these points can result
in localized heating and oxide film build-up, and the oxide film
at these points in turn gives rise to high resistance. In addition,
physical gaps can also develop between the mating surfaces due
to vibration, thermomechanical loading, etc., thereby inducing
high contact resistance. The high resistance ultimately leads to
the failure of the connection.

A contact enhancing material with some ionic conductivity
improves the electrical connection by several means. First, the
ionic conduction lowers the current density at the contact points,
effectively increasing the surface area for electrical passage by
many times. The dissolution of metal and oxygen [Equations (1)
and (4)] into the liquid phase in turn greatly enhances electrical
conductivity due to a dramatic increase in the amount of charge
carriers. Secondly, the ionization process at the anode prevents
oxide build-up. Thirdly, the metallic dendrites formed as a result
of ionic migration serve as metallic bridges between the mating
surfaces, effectively eliminating any physical gaps.

It must be cautioned that the enhancement in conductivity
comes at the expense of metal corrosion. Corrosion has been
a known failure mechanism for contact surfaces. The contact
enhancing chemical may enhance conductivity in the short term,
but may lead to degradation of long-term reliability by inducing
corrosion failure. A previous field and laboratory study [4] has
shown that a commercial contact enhancer similar to the subject
of current study caused more corrosion than most conventional
lubricants.

In addition, the chemical causes significant decrease in not
only the resistance between the mating surfaces of a contact
system, but also the insulation resistance between the pins that
operate at different voltages. That may lead to failure due to high
leakage current or even shorting. Therefore use of such material
on connectors with tight spacing between pins, such as edge card
connectors for high density electronic circuit boards, can be very
dangerous.

V. CONCLUSION

This study has shown that the conduction mechanism behind
novel contact enhancing chemicals for electrical connection is
electrochemical in nature. The chemical has limited ionic con-
ductivity, and serves as an electrolyte for dissolution of metals at
the high voltage end, transportation of metals through the phys-
ical gaps, and re-deposition of metals at the low voltage end. As
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aresult of the electrochemical reaction, dendrites are formed be-
tween the mating elements, thereby providing contact enhance-
ment. Metallurgical examinations have directly revealed the ex-
istence of a dendritic bridge between the mating elements in the
presence of the contact enhancing chemical, and confirmed the
electrochemical reaction mechanism for contact enhancement.

The experimental results do not support any kind of unusual
conduction mechanism such as “long range tunneling” as
claimed by some manufacturers of contact enhancing chemi-
cals.

Chemicals that enhance electrical connection through ionic
conduction outperform conventional oils, greases and sealer
waxes, because it can effectively increase the surface area
for electrical conduction, prevent oxide build-up, and bridge
the physical gap through the formation of metallic dendrites
between the contacting members.

Great caution should be exercised when considering such
chemicals for any contact system. Its use on the contact
surfaces of wire crimps may have some merits provided the
extent of electrochemical reaction does not induced corrosion
failure. Use of such chemicals should be avoided for connection
systems that have tightly spaced pins operating at different
voltages since the material degrades the insulation resistance
between the pins.
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