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Abstract

The effect of plasma treatment on the adhesion strength of a moulding compound to a leadframe is evaluated on the
basis of leadframe pull-out tests. The contact angle measurement method and atomic force microscopy are employed to
quantitatively characterise the modified surface so as to correlate with the bond strength measurements. Process pa-
rameters including the type of gases used and the duration exposed in air before moulding are specifically studied. The
results indicate that plasma treatments of leadframe have three major ameliorating effects, namely, clean surface due to
the removal of organic contaminants, enhanced chemical compatibility with moulding compound and rough surface
with associated larger surface contact area for better mechanical interlocking. Exposure of plasma treated leadframes in
air before moulding is found detrimental to interface bond quality, recommending moulding operations immediately
after treatment. It is also shown that roughness on the nanoscale is an important surface characteristic that has a strong

correlation with the interface bond strength. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The encapsulant in plastic encapsulated microcircuits
(PEMs) is an electrically insulating moulding compound
containing plastics, silica particles and other additives.
The encapsulant is designed to protect the electrical
device and die-leadframe assembly from the adverse
environments encountered during handling, storage and
manufacturing processes as well as to dissipate the heat
generated from the die during service. The encapsulant
must possess adequate mechanical strength, adhesion to
various package components, good corrosion and
chemical resistance, matched coefficient of thermal ex-
pansion (CTE) to the materials it interfaces with, high
thermal conductivity and high moisture resistance in the
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temperature range used [1]. In particular, the ability to
form good adhesion with various package components
and to remain bonded under the adverse manufacturing
and service conditions is of paramount importance as
delamination along the interfaces is a major reliability
issue for PEMs [1,2].

Contamination of metallic leadframe surface through
the presence of oxides and hydrocarbons predominantly
due to the high temperature processes may degrade the
interface, causing premature debonding, and thus, a
clean leadframe surface is a vital pre-requisite for good
wetting and adhesion with moulding compound. Vari-
ous techniques have been used for this purpose to
modify the surface chemistry and topography of metals,
such as dipping into acid or caustic solutions with and
without the aid of electrolytes, metal plating, priming
with organic inhibitors, vacuum deposition, ion im-
plantation, UV cleaning and plasma treatments based
on various energy sources and gas media. Of these
techniques, the plasma treatment has gained much
popularity [3-5] amongst the electronic package manu-
facturers. Not only can the plasma cleaning process be
integrated into other manufacturing processes, but it
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also cleans sub-micron structures effectively. Another
major advantage is that only the top several molecular
layers of surface are altered, while the characteristics of
the bulk material remain the same. A study on copper
leadframe and die back surface [3] showed that the
higher the plasma RF power and the lower the chamber
pressure, the quicker the reduction of contact angle to a
desired level of lower than about 10°. The carbon con-
tamination detected on the leadframe surface was found
to be linearly proportional to the contact angle, indi-
cating the relative sensitivity of contact angle measure-
ment for determining surface contamination. In our
previous study on a similar plasma-treated copper
leadframe [14], the contact angle was found to increase
with the thickness of oxide layer. The longer the time
exposed at an isothermal temperature of 175° which was
designed to accelerate the oxidation process [8], the
lower the interface bond strength with the moulding
compound. The conclusion was that the thickness of
surface oxide layer is a predominant factor affecting the
wettability of leadframe, which in turn determines the
interface adhesion. Although these parametric studies
contributed significantly to the understanding of benefits
of plasma treatment, the surface energy and roughness
modified by plasma treatment for improving the inter-
face bond quality have remained largely unresolved.

The significance of the leadframe—encapsulant inter-
face characteristics for the reliability of plastic packages
has led to the applications of several experimental
techniques by destructive means to measure the interface
bond quality in PEMs. These include the 90° or 180°
peel test [6], leadframe pull-out test [7], double-lap shear
test [8], button shear test, tab pull test [9], cylindrical
bond test [10] and three-point bend test with an end
precrack [11]. Amongst these experimental methods, the
leadframe pull-out test has been one of the most popu-
lar, with which the present study is mainly concerned.
By analogy with the fibre pull-out test of various spec-
imen geometry that have been widely used to characte-
rise the interface properties in fibre reinforced
composites [12,13], the leadframe pull-out test measures
the force to pull the leadframe out of the encapsulant
after complete debonding.

Following our previous paper on oxidation of lead-
frame surface [14], the present work is part of a larger
project on evaluating the interface characteristics in
PEMs. An attempt was made to improve the interface
bond quality between leadframe and plastic encapsulant
by employing the plasma technique, which cleans and
thus reduces unwanted organic and inorganic contami-
nation on the gold-plated copper leadframe surface.
Several important process variables were specifically
studied, such as the type of gas media and duration of
treatment. The leadframes were exposed in air for
varying periods of time for up to 24 h before moulding
of encapsulant in order to study the effect of contami-

nation after plasma treatment on interface bond quality.
Surface characterisation techniques, including contact
angle measurement and atomic force microscopy
(AFM), were employed to evaluate the surface energy
and the roughness on the nanoscale that are affected by
plasma treatment and thus to establish the correlation
with the interface bond strengths measured from lead-
frame pull-out test.

2. Experiments
2.1. Materials and preparation of specimens

The leadframe materials used in this study consisted
of gold plating of 0.5 pm in thickness on a thin (0.1 pum)
nickel coated standard copper alloy C-194 base. The
moulding compound used to form the encapsulant was
standard epoxy-based Nitto MP-180S, which has a
nominal flexural strength and modulus of 118 MPa and
12.1 GPa at room temperature, respectively. The plasma
system, PX-1000 (March Instrument), which is a large
capacity RF plasma system ideal for batch operation,
was employed to apply plasma treatments on the lead-
frame. Three gases were used in this study, including
argon, oxygen and hydrogen. Four different combina-
tions of gas were employed: (i) O, (50%) and Ar (50%),
(ii) H, (50%) and Ar (50%), (iii) O, (50%) and Ar (50%)
followed by H, (50%) and Ar (50%), and (iv) Ar. The
treatment time was 5 min for each combination of gases.
The gas pressure was in the range of 234-300 mTorr,
and the power used was 400 W.

The transfer moulding machine (Kras VSKO-120/E)
combined with a high frequency pre-heater (Hisen HDP
523M) was used to prepare the leadframe pull-out
specimens. The moulding conditions followed the man-
ufacturer’s instructions. A pre-heating temperature of
90°C was applied to the mould preform, and the
moulding was conducted at 170°C at a transfer speed of
160 mm/min. To study the effect of surface contamina-
tion after plasma treatment on interface bond strength,
the treated leadframes were exposed to air at room
temperature and R/H of 50% for up to 24 h before
moulding the compound. The embedded length of
leadframe was maintained constant for all the specimens
prepared. Fig. 1 shows a schematic drawing of lead-
frame pull-out specimen.

2.2. Contact angle measurements

One of the oldest theories of adhesion is wetting of a
solid by a liquid. The wettability can be quantitatively
defined by reference to a liquid drop resting in equilib-
rium on a solid surface, and the contact angle is ob-
tained by measuring the angle between the tangent to the
profile at the point of contact. The theoretical consid-
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Fig. 1. Schematic drawing of leadframe pull-out specimen.

erations of wetting are generally based on the Young—
Dupre equation that defines the work of adhesion, W,,
between the liquid and solid as a function of the contact
angle, 0:

Wa = (1 4 cos0)y.y. (1)

Eq. (1) indicates that the solid surface is said to be
wetted only when the contact angle is smaller than 90°,
and a large contact angle means a low work of adhesion
and subsequently poor wettability. The work of adhe-
sion and thus the surface energy consist of two com-
ponents, namely, the polar and dispersive components,
71y and 7¢y, and these components can be determined
based on the geometric mean approximation combined
with Young-Dupre equation:

(1+ cosO)yry = 2[(ngVdLv)l/2 + (”/gv”/iv)l/z}a (2)

where yLy and ysy are the surface free energies of liquid
and solid, respectively, and the superscripts p and d refer
to the polar and dispersive components, respectively.
Measurements of contact angles with two liquids of
known polar and dispersive components of surface en-
ergies, 77y and 7¢,, allow determination of the polar and
dispersive components of solid (i.e., leadframe) surface
energy, 78y and yd,.

The contact angle experiment was carried out using a
goniometer [16]. Micro syringes were used to dispense 2
ml droplets of standard test liquid on leadframe. De-
ionised water and glycerol were used, whose polar and
dispersive surface energies are 51.0 and 21.8 dyne/cm,
respectively, for de-ionised water, and 26.4 and 37.5
dyne/cm, respectively, for glycerol. The contact angle
readings were taken within 45 s of droplet formation to
avoid evaporation of liquid that might affect the mea-
sured results. With the aid of an illuminator and a
camera, the images of droplets were captured, which
were then analysed using an image analyser to determine
the contact angles. Experiments on three different spots

for a given leadframe were carried out to obtain the
average of ten readings for each spot.

2.3. Debond load measurements

An Instron universal testing machine was used to
measure the leadframe-encapsulant interface bond
strength. An external force was applied to one end of the
leadframe while fixing the end of the encapsulant. All
tests were carried out at room temperature at a cross-
head speed of 2.54 mm/min. The load-displacement
curves were recorded, from which the maximum values
were taken as the debond load. No attempt was made to
calculate the leadframe-encapsulant interface bond
strength based on the simple geometric surface area due
to the complicated stress components occurring near the
interface edges and the absence of appropriate debond
criteria [15].

2.4. Atomic force microscopy

The surface profiles and roughness of leadframes on
the nanoscale were characterised using an atomic force
microscope. The leadframe specimens were treated in Ar
for a varying period of 5 to 20 min, followed by treat-
ment in Ar + H, for 5 min, while the power (400 and 600
W) and total pressure (238 and 432 mTorr) were varied.
The power spectral density function approach was used
to calculate the equivalent root-mean-square (RMS)
values from the roughness data obtained on a scan area
of 50 x 50 um? with 1 pm/cycle wavelength.

3. Results and discussion
3.1. Contact angle measurement

The variations of average contact angle with respect
to exposure time after plasma treatment are shown in
Fig. 2 when de-ionised water was used. Fig. 3 presents a
summary of two component surface energies as a func-
tion of exposure time, which were determined using both
de-ionised water and glycerol. As expected, the plasma
treatment reduced the contact angle, the degree of re-
duction being dependent on the type of gases used. It is
highlighted that the contact angle increased, whereas the
total surface energy decreased with increasing exposure
times, a clear indication of increased surface contami-
nation with time for all gases used. A small contact angle
indicates good wettability and a clean surface. Among
the gases used, the mixture of O, + Ar appears to be
most effective in removing the surface contaminants, as
indicated by the lowest average contact angle, 6 = 6.9°,
before being exposed to air and the longer time required
to become a fully contaminated surface. A contact angle
of 10° was recommended to achieve a relatively clean
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Fig. 2. Variations of average contact angle of de-ionised water
on gold-plated leadframes as a function of exposure time after
plasma treatments: O: in O, + Ar, @:in H, + Ar, A:in O, + Ar
followed by H, + Ar, (A: in Ar; [I: as-received).
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Fig. 3. Surface energies as a function of exposure time after
plasma treatments in (a) O, + Ar and (b) H, + Ar (O: total
energy, @: polar component, A: dispersive component).

surface [3]. The contact angle for these leadframes in-
creased gradually, and after 8 h of exposure, it became a
plateau value of approximately 80°, the same level as
other gases. When the specimens were treated in other
gases, the initial contact angles were much higher, and it
took less time (2-3 h) before the contact angle became
the plateau value of about 80°. It is also interesting to
note that the plateau value was similar to the contact
angle, 6 =75.6° measured for the as-received gold-
plated leadframe. Additional treatments in H, + Ar
after O, + Ar for 5 min each did not improve the wet-
tability much. In consistence with the contact angle
measurements, the total surface energy for specimens
treated in a mixture of O, + Ar remained much higher
than those with H, + Ar, even after 24 h of exposure
(compare Fig. 3(a) and (b)).

3.2. Leadframe pull-out test

The foregoing general trend with respect to exposure
time agreed reasonably well with interface bond mea-
surements with the moulding compound, as shown in
Fig. 4, with the exception of specimens treated with a
mixture of O, and Ar. The maximum debond load in
general decreased to a low value of 15-20 N within 3 h
of exposure and remained almost constant with further
exposure. Nevertheless, the maximum debond loads af-
ter exposure were much higher than the corresponding
value, ygy = 9.6 N, for as-received leadframe without
plasma treatment as a result of removal of surface
contaminants [14]. The implication is that the plasma
treatment is an efficient way of removing contaminants
from the leadframe surface, and a better interface
quality with moulding compound can be maintained
even after 24 h of exposure in air. It is interesting to note
that the maximum debond loads measured before ex-
posure in air for specimens with H, + Ar treatment were
much higher than those treated in the other gases, al-
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Fig. 4. Maximum debond load as a function of exposure time
after plasma treatment (symbols are the same as in Fig. 2).
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though the former specimens had relatively poor wet-
tability compared with those treated in O, + Ar. This is
considered to be in contrast to what was reported pre-
viously [15] that the use of H, as one of the plasma gases
did not affect the adhesion strength.

The anomaly observed for the mixture of O, + Ar at
about 8 h of exposure time needs special accounts. The
anomaly was most likely associated with the extraordi-
narily high dispersive component of leadframe, 73, =
62.5 dyne/cm out of the total energy, yg, = 64.5 dyne/
cm. This may support the assumption made previously
[16] that the dispersive component of surface energy is
mainly responsible for improved delamination perfor-
mance. [t was also suggested that the interface with a
high polar component of surface energy exhibited a high
affinity to moisture, and the interface was susceptible to
debonding due to hydrolysis reaction. However, it is not
clear as to how the exposure in air for 8 h resulted in
such a high dispersive component of surface energy that
contributed to a high interface bond strength. It is
postulated that the thickness of oxide layer present in
this particular specimen had an optimum thickness,
greatly promoting the adhesion with moulding com-
pound. It was reported previously [8] that the pull-out
strength exhibited a maximum when the oxide layer on
leadframe surface had an optimum thickness of about
20-30 nm.

A careful examination of the load-displacement
curves taken during the leadframe pull-out test revealed
some interesting features. Fig. 5 presents typical curves
for specimens treated in Ar with different exposure times
afterwards. The rising portion of the load-displacement
curves for all specimens exhibited linear elasticity with
little sign of plasticity or stick-slips until peak loads were
reached. This was expected as the moulding compound
contains a high proportion of rigid silica particles. The
specimens moulded immediately after plasma treatment
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Fig. 5. Load-displacement curves of leadframe pull-out test on
specimens with varying exposure time.

showed a distinct sudden load drop after the peak, while
the extent of such load drops decreased substantially
upon exposure to air. This strongly suggests that there
was a certain functional group(s) or mechanism(s) fa-
cilitated by plasma treatment, which was gradually
eliminated after exposure in air. It is proposed here that
plasma treatments in an appropriate environment pro-
mote the formation of functional groups on the lead-
frame surface that are responsible for chemical bonding
with the matching active groups within the moulding
compound. The sudden, large load drop in the load—
displacement curves represents brittle interface deb-
onding in an unstable manner due to the separation of
chemical bonding. It is well known [12] that the interface
in a surface-treated glass or carbon fibre—polymeric
matrix composite has a strong chemical bond, and a
pronounced load drop is frequently observed in the fibre
pull-out test of this composite system. Microscopic ex-
amination of the pulled-out leadframes revealed little
moulding compound particles adhering to all plasma-
treated specimens, confirming in part brittle adhesive
fracture without plastic deformation of the moulding
compound. In sharp contrast, there was almost a neg-
ligible load drop for the as-received specimens without
plasma treatment.

To further study the mechanisms of interface bond,
the initial pull-out load taken immediately after the load
drop is plotted against exposure time as shown in Fig. 6.
The loads after complete debonding correspond to ini-
tial pull-out against frictional clamping of leadframe by
the moulding compound. The frictional clamping force
arises mainly from thermal mismatch between the
package components and shrinkage of moulding com-
pound [18]. It is worth noting that the frictional pull-out
load was the highest before exposure in air, and those
for all plasma treated specimens were consistently
higher than the corresponding value for the as-received
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Fig. 6. Initial frictional pull-out load for specimens with
varying exposure time.
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leadframe, even after 24 h exposure in air. The as-
received leadframes without plasma treatment had much
contaminants on the surface and are only able to create
a frictional bond with the moulding compound possess-
ing little chemical adhesion. In this case, the maximum
debond load corresponds to that required to overcome
the frictional resistance without virtual debonding. This
situation is analogous to the pull-out of fibres from ce-
ramic matrices where the fibre-matrix interface bond is
mainly mechanical or frictional in nature [12]. It should
be recalled from Fig. 2 that the contact angles as a
measure of wettability for plasma-treated specimens af-
ter exposure in air for more than 8§ min became similar
to that of the as-received specimen, regardless of type of
gases used. The relationships of these two interface
properties with exposure time strongly suggest that there
must be mechanisms responsible for the high frictional
resistance of plasma-treated leadframes other than the
simple frictional clamping. The surface roughness of
leadframe may have played an important role in pro-
moting the mechanical bonding in plasma-treated spec-
imens, which is discussed in Section 3.3.

3.3. Atomic force microscopy

Fig. 7 shows a typical AFM image, indicating
nanoscopically rough surface with preferred orientation
of a gold-coated leadframe sample. The distinct orien-
tation of leadframe surface roughness indicates high

10

cu00, 002

dependence of interface bond strength on the loading
direction relative to this orientation. The effect of de-
formation of matrix material against pulling out of these
surface pits is expected to be low in this study as all
leadframe pull-out tests were conducted in the same
direction as the rugosity orientation. The maximum
debond force and surface energies are presented as a
function of RMS roughness data in Figs. 8 and 9, re-
spectively, to show the essential trends. It is seen that the
maximum debond load increased parabolically with in-
creasing RMS, indicating strong correlation between
these two interface properties. A similar result has been
reported [17] in which increasing the surface roughness
resulted in an improved interfacial fatigue fracture re-
sistance between the nickel-plated copper leadframe and
epoxy-moulding compound. Marginal enhancement in
surface roughness barely improved the interface bond
quality in this study, suggesting that the plasma treat-
ment condition should be adequate enough to effect
large changes in surface roughness. It should also be
noted here that experimental results on copper lead-
frames without coatings based on similar plasma treat-
ment conditions indicate little effect on surface
roughness and thus the interface bond strength. This is
most probably because of the range of treatment time
being insufficient to effect changes on the surface that
had inherently high roughness.

In contrast, the relationships between the total and
component surface energies of leadframe and RMS

NanoScope Tapping AFM
Scan size 50.00 pm
Setpoint 1.175 V
Scan rate 0.6501 Hz
Number of samples 256

™ wview angle
-{::g- light angle

X 10.000 pm/div 0 deg

Z 604.339 nm/div

Fig. 7. A typical AFM image for a plasma-treated leadframe.
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Fig. 8. Maximum debond load plotted as a function of RMS
roughness of leadframe surface (O: as-received, @: in Ar fol-
lowed by H, + Ar).
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Fig. 9. Surface energies plotted as a function of RMS rough-
ness of leadframe surface (symbols are the same as in Fig. 3).

values were relatively difficult to establish. Only the
dispersive component, 73y, of leadframe surface energy
tended to have approximately linear dependence on
RMS value, while the total and the polar component of
surface energy, ysv and &y, showed no correlation with
RMS. The latter two surface energies increased initially
with RMS and dropped sharply with further increase in
surface roughness. This may support the previous pro-
posal [16] that the dispersive component is a key factor
affecting the interface adhesion.

4. Conclusion

The type of plasma gases used and the exposure time
in air before moulding were specifically evaluated based
on the contact angle measurement, leadframe pull-out
test and AFM. There are at least three major surface

characteristics of leadframe that are improved as a result
of plasma treatment. It is seen that exposure in air de-
grades significantly both the surface cleanness and
chemical compatibility, while the surface roughness re-
mains much the same even after exposure for 24 h. This
is why the maximum debond load for leadframes ex-
posed in air for 24 h was still substantially higher than
those for as-received specimens without plasma treat-
ment. The interface bond strength agrees qualitatively
with contact angle and surface energy with respect to
exposure time. The practical implication is that the
moulding process should be carried out as soon as the
leadframes are treated. There is a strong correlation
between the interface bond strength and the leadframe
surface roughness. However, the surface roughness has
rather poorly defined relationship with surface energy. It
is not clear to what degree the surface energy plays a role
in constituting the interface bond. Nevertheless, the
dispersive component of surface energy tends to be ap-
proximately linearly proportional to surface roughness
value. Further work is required to identify chemical
functional groups created by plasma treatment and their
contributions to interface bond and to confirm the roles
of the dispersive component of surface energy for in-
terface bond.
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