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In the present study, the effects of plasma cleaning on the adhesion strength of mold- 
ing compounds to gold-plated copper leadframes are presented. Important process 
parameters such as the type of gasses used and the time exposed in air before molding are 
specifically evaluated. The leadframe pullout test is performed to measure interfacial 
bonding strengths. The liquid droplet test is used to measure contact angles and atomic 
force microscope (AFM) is employed to characterize quantitatively the roughness of 
modified surfaces to correlate with the bond strength measurements. The results indicate 
that plasma cleaning of leadframes has three major ameliorating effects, namely, sur- 
face cleaning due to the removal of contaminants, enhanced chemical compatibility with 
molding compounds and surface roughening with associated larger surface contact area 
for better mechanical interlocking. Exposure of plasma-cleaned leadframes in air before 
molding is detrimental to interface bond quality, a finding suggesting that molding opera- 
tions should be carried out immediately after cleaning. The experimental results show 
that roughness on the nano-scale is an important surface characteristic that has a strong 
correlation with interface bonding strengths. 

Keywords: Leadframes; plasma cleaning; contact angles; surface energy; interface bond 
strengths; surface roughness 
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2 S. Y1 el al. 

INTRODUCTION 

Plastic encapsulated microcircuits (PEMs) account for the vast ma- 
jority of market share of world-wide electronic product sales due 
to the major advantages in cost, size, weight, performance and avail- 
ability [l]. The encapsulant in a PEM is an electrically-insulating 
molding compound containing plastics, as well as silica particles and 
other additives. The encapsulant is designed to protect the electrical 
device and die-leadframe assembly from the adverse envjronments 
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, good 
adhesion to various package components, good corrosion and chemi- 
cal resistance, matched coefficients of thermal expansion (CTE) to the 
materials, high thermal conductivity and high moisture resistance in 
the use temperature range [I]. 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 para- 
mount importance as delamination along the interfaces is a major 
reliability issue for PEMs [2]. 

The contaminants such as oxides and hydrocarbons on metallic 
leadframe surfaces, predominantly due to the high temperature pro- 
cesses, may degrade the interface, causing premature debonding. Thus, 
a clean leadframe surface is a vital prerequisite for good wetting and 
adhesion to molding compounds. Various techniques have been used 
to modify the surface chemistry and surface topography of metal, such 
as dipping into acid or caustic solutions with and without the aid 
of electrolytes, metal plating, priming with organic inhibitor, vacuum 
deposition, ion implantation, UV cleaning, and plasma cleanings 
based on various energy sources and gas media [3]. Of these tech- 
niques, plasma cleaning has gained much popularity [4,5] among 
electronic package manufacturers. Not only can the plasma cleaning 
process be integrated into other manufacturing processes, but also it 
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 leadframes and die back surfaces [4] showed that the higher 
was the plasma radio frequency (RF) power and the lower was the 
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ADHESION TO COPPER LEADFRAMES 3 

chamber pressure, the quicker was the reduction of wetting contact 
angle to a desired level of lower than about 10". The carbon 
contamination detected on the leadframe surface was linearly 
proportional to the contact angle, indicating the relative sensitivity 
of contact angle measurements for determining surface contamination. 
In our previous study on a similar plasma-cleaned copper leadframe 
[6], the wetting contact angle increased with increasing thickness of 
oxide layers. The longer was the time of exposure at an isothermal 
temperature which was designed to accelerate the oxidation process 
[6,7], the lower was the interface bond strength with molding 
compound. The conclusion was that the thickness of surface oxide 
layers is a predominant factor affecting the wettability of leadframes, 
which, in turn, determines the interface adhesion. Although these 
parametric studies contributed significantly to understanding the 
benefits of plasma cleaning, surface energies and surface roughness 
modified by plasma cleaning for improving the interface bonding 
quality have remained largely unresolved. 

The significance of the characteristics of the leadframe-encapsulant 
interface for the reliability of plastic integrated circuit (IC) packages 
has led to the application of several experimental techniques by 
destructive means to measure the interface bond quality in PEMs. 
These include the 90" or 180" peel test [8,9], leadframe pull-out test 
[5,6,8, 101, double-lap shear test [7], button shear test, sandwich 
double-cantilever-beam test [ 1 1 1  and three-point-bend test with an end 
pre-crack [9]. Among these experimental methods, the leadframe pull- 
out test has been one of the most popular methods, with which the 
present study is mainly concerned. By analogy with the fiber pull-out 
test of various specimen geometries that have been widely used to 
characterize the interface properties in fiber-reinforced composites 
[ 12, 131, the leadframe pull-out test measures the force to pull the lead- 
frame out of the plastic encapsulant after complete debonding. 

Following our previous paper on oxidation of leadframe surfaces [6] 
and residual stresses in plastic IC packages [15, 161, the present work 
addresses the improvement of the interface bond quality between 
leadframe and plastic encapsulant by employing plasma cleaning which 
cleans and, thus, reduces unwanted organic and inorganic conta- 
mination on the surface of gold-plated copper leadframes. Several im- 
portant process variables such as the type of gas media and duration 
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4 S. YI el al. 

of cleaning were specifically studied. To study the effect of conta- 
mination after plasma cleaning on interface bond quality, the lead- 
frames were exposed in air for varying periods of time for up to 24 hr 
before molding of encapsulant. Surface characterization techniques, 
including contact angle measurement and atomic force microscopy 
(AFM), were employed to evaluate the surface energies and the rough- 
ness on the nano-scale that are affected by plasma cleaning. Thus, a 
correlation between the surface roughness and the interface bonding 
strengths measured from the leadframe pullout test was established. 

EXPERIMENTS 

Materials and Preparation of Specimens 

The leadframe materials used in this study consisted of gold plate of 
0.5 pm thickness on a thin (0.1 pm), nickel-coated, standard copper 
alloy C-194 base. The epoxy-based Nitto MP-180s molding com- 
pound was used and its nominal flexural strength and modulus are 
1 18 MPa and 12.1 GPa at room temperature, respectively. The PX- 
1000 (March Instrument) plasma system, which is a large-capacity, 
radio-frequency (RF) plasma system ideal for batch operation, was 
employed to clean the leadframes. Three gases including argon, oxy- 
gen and hydrogen were used in this study. Four different combi- 
nations of gases were considered: (i) 0 2 ( 5 0 % )  and Ar(50Y0); (ii) 
H2 (50%) and Ar (50%); (iii) O2 (50%) and Ar (50%) immediately 
followed by H2(50%) and Ar(50Y0); and (iv) Ar. The cleaning time 
was 5 min for each combination of the gases. The gas pressure was in 
the range of 234 to 300mTorr and the power used was 400 W. 

The transfer molding machine (Kras VSKO-l20/E) and the high- 
frequency pre-heater (Hisen HDP 523 M) were used to prepare the 
leadframe pullout specimens. The molding conditions followed the 
manufacturer’s instructions. A preheating temperature of 90°C was 
applied to the pre-formed molding compounds and the molding was 
conducted at 170°C at a transfer speed of 160mm/min. To study the 
effect of surface contamination after plasma cleaning on the interface 
bond strength, the cleaned leadframes were exposed to air at  room 
temperature and 50% R/H for up to 24hr before molding. The 
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ADHESION TO COPPER LEADFRAMES 5 

embedded length of the leadframes was maintained constant for all 
specimens prepared. Figure 1 shows a schematic drawing of the pull- 
out specimen. 

Contact Angle Measurements 

One of the oldest theories of adhesion relates to wetting of a solid by 
a liquid [17,18]. The wettability can be quantitatively defined by 
reference to a liquid drop resting in equilibrium on a solid surface and 
the contact angle is obtained by measuring the angle between the 
tangent to the profile at the point of contact. The theoretical con- 
siderations of wetting are generally based on the Young- Dupre equa- 
tion that defines the work of adhesion, WA,  between the liquid and 
solid as a function of the contact angle, 6: 

WA = (1  f cos6)yLV (1) 

where y L v  is the surface free energy of liquid. 
Equation ( I )  indicates that the solid surface is wetted only when the 

contact angle is smaller than 90" and a large contact angle means a low 
work of adhesion and, consequently, poor wettability. The work of 

/ Molding compound 

J 

\- 
lead frame 

0.26 

4 

6mm 
FIGURE 1 Schematic drawing of leadframe pull-out specimen. Dimensions in mm. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
0
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
0
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



ADHESION TO COPPER LEADFRAMES 7 

Atomic Force Microscopy 

The surface profiles and roughness of leadframes on the nano-scale 
were characterized using an atomic force microscope. The leadframe 
specimens were treated in Ar for various time periods between 5 and 
20 min, followed by cleaning in Ar + H2 for 5 min, while the power (400 
and 600 W) and the total pressure (238 and 432mTorr) were varied. 
The power spectral density function approach was used to calculate 
the equivalent root-mean-square (RMS) values of the surface rough- 
ness obtained on a scan area of 50 pm x 50 pm square with 1 pm/cycle 
wavelength. 

RESULTS AND DISCUSSION 

Contact Angle Measurement 

The variations of average wetting contact angles with respect to 
exposed time after plasma cleaning are shown in Figure 2 where de- 
ionized water was used. Figure 3 presents the two component surface 
energies as a function of exposure time, that were determined using 
both de-ionized water and glycerol. Plasma cleaning reduced the con- 
tact angle, and the degree of reduction was dependent on the type of 
gasses used. It is significant that the wetting contact angle increased 
whereas the total surface energy decreased with increased exposure 
time. Surface contamination increases with increasing exposure time. 
A small contact angle indicates good wettability and a clean surface. 
Among the gasses used, the mixture of 0 2 + A r  appears to  be most 
effective in removing the surface contaminants, as indicated by the 
lowest average contact angle, O = 6.9", before being exposed to air 
and the longer time required to attain a fully-contaminated surface. 
A contact angle of 10" was recommended to achieve a relatively clean 
surface [4]. The contact angle for these leadframes increased gradually 
and, after 8 h r  of exposure, i t  reaches a plateau value of approxi- 
mately 80", the same level as other gases. When the specimens were 
treated in other gases, the initial contact angles were much higher, 
and i t  took less time (2 to 3 hrs) before the contact angle achieved the 
plateau value of about 80". I t  is also interesting to note that the 
plateau value was similar to the contact angle, O =  75.6", measured for 
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0 4  
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Exposure Time (hr) 

FIGURE 2 Variations of average contact angle of de-ionized water on gold-plated 
leadframes as a function of exposed time after plasma cleaning: o in O2 + Ar; in 
H2 t Ar; A in 0 2  + Ar followed by H2 + Ar; A in Ar; 0 as-received. 

-5 0 5 10 15 20 25 30 

(a) Exposure Time (hr) 

FIGURE 3 Surface energies as a function of exposure time after plasma cleaning: (a) in 
0 2  + Ar and (b) in H2 + Ar. o total energy; polar component; A dispersive component. 
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FIGURE 3 (Continued). 

the as-received gold-plated leadframe. Additional cleanings in H 2  + Ar 
after 0 2  + Ar for 5 min each did not much improve the wettability. 
In agreement with the contact angle measurements, the total surface 
energy for specimens treated in a mixture of 0 2  + Ar remained much 
higher than those treated with Hz + Ar, even after 24 hr of exposure 
(see Figs. 3(a) and (b)). 

Leadframe Pull-out Test 

The foregoing general trend with respect to exposure time agreed 
reasonably well with interface bond measurements with the molding 
compound, as shown in Figure 4, with the exception of specimens 
treated with a mixture of 0 2  and Ar. The maximum debonding 
load, in general, decreased to a low value of 15 to 20 N within 3 hr 
of exposure and remained almost constant with further exposure. 
Nevertheless, the maximum debonding loads after exposure were 
much higher than the corresponding value, 9.6 N, for as-received lead- 
frame without plasma cleaning, as a result of removal of surface 
contaminants [ 5 ] .  The implication is that the plasma cleaning is an 
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10 S. Yl et al. 

100 

h 80 - z 
-0 a 
3 60- 
-0 
C 
0 

Q) 40 - 
n 
n 
8 = 20- 

o r  

-5 0 5 10 15 20 25 30 

Exposure Time (hr) 

FIGURE 4 Maximum debonding load as a function of exposure time after plasma 
cleaning. Symbols as in Figure 2. 

efficient way of removing contaminants from the leadframe surface, 
and a better interface quality with molding compound can be main- 
tained even after 24hr of exposure in air. It is interesting to note 
that the maximum debonding loads measured before exposure in air 
for specimens with H2 + Ar cleaning were much higher than those treat- 
ed in the other gasses, although the former specimens had relatively 
poor wettability compared with those treated in O2 + Ar. This sug- 
gests that the wettability represented by contact angles and surface 
energies do not directly translate into the interface bond strength of 
molding compounds to gold-plated leadframes. 

The anomaly observed for the mixture of O2 + Ar at about 8 hr of 
exposure time needs an explanation. The anomaly was most likely 
associated with the extraordinarily-high dispersive component of the 
leadframe surface energy, y& = 62.5 dyne/cm, out of the total en- 
ergy, ysv = 64.5 dyne/cm. This may support the assumption made pre- 
viously [16] that the dispersive component of surface energy is mainly 
responsible for improved delamination performance. It was also sug- 
gested that the interface with a high polar component of surface en- 
ergy exhibited a high affinity to moisture and the interface was, thus, 
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ADHESION TO COPPER LEADFRAMES 1 1  

susceptible to debonding due to hydrolysis reactions. However, it is 
not clear as to how the exposure in air for 8 hr resulted in such a high 
dispersive component of surface energy that contributed to a high 
interface bond strength. It is postulated that the oxide layer in this 
particular specimen had an optimum thickness, greatly promoting the 
adhesion with molding compound. It was reported previously [6] that 
the pull-out strength exhibited a maximum when the oxide layer on 
the leadframe surface had thickness of about 20 to 30nm. 

A careful examination of the load-displacement curves taken during 
the leadframe pull-out test revealed some interesting features. Figure 5 
presents typical curves for specimens treated in Ar with different air- 
exposure times afterwards. The rising portion of the load-displacement 
records for all specimens exhibited linear elasticity with little sign of 
plasticity or stick-slip until peak loads were reached. This was expected 
as the molding compounds contain a high proportion of rigid silica 
particles. The specimens molded immediately after plasma cleaning 
showed a distinct sudden load drop after the peak, while the extent of 
such load drops decreased substantially upon exposure to air. 

50 

40 

2 30 
U 
v 

8 
-I 20 

10 

0 
0 1 2 

Displacement (mm) 

3 

FIGURE 5 
varying exposure time. 

Load-displacement curves of leadframe pullout test on specimens with 
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12 S. YI et al. 

The sudden, large lpad drop in the load-displacement curves re- 
presents brittle interface debonding in an unstable manner. Micro- 
scopic examination of pulled out leadframes revealed little molding 
compound particles adhering on all plasma-treated specimens, con- 
firming in part brittle adhesive fracture without plastic deformation 
of the molding compound. In sharp contrast, there was almost a ne- 
gligible load drop for as-received specimens without plasma cleaning. 

To study further the mechanisms of interface bonding, the initial 
pullout load taken immediately after the load drop is plotted against 
exposure time as shown in Figure 6 .  The loads after complete 
debonding correspond to initial pullout against frictional clamping 
of the leadframe by the molding compound. The frictional clamp- 
ing force arises mainly from thermal mismatch between the package 
components and shrinkage of the molding compound. It is worth 
noting that the frictional pullout load was highest before exposure in 
air, and those for all plasma-treated specimens were consistently 
higher than the corresponding value for the as-received leadframe, 
even after 24hr exposure in air. It is noted that the as-received 

As-received Arfor 5 min. 
I T  

i 0 0  

1 
- 
3 

€ 

Exposure Time (hr) 

- 
!4 

FIGURE 6 Initial frictional pull-out load for specimens with varying exposure time. 
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ADHESION TO COPPER LEADFRAMES 13 

leadframes without plasma cleaning had contamination on the sur- 
face and were only able to create a frictional bond with the molding 
compound, yielding little adhesion. In this case, the maximum de- 
bonding load corresponds to that required to overcome the fric- 
tional resistance without virtual debonding. This situation is analogous 
to pull-out of fibers from ceramic matrices where the fiber-matrix 
interface bond is mainly mechanical or frictional in nature. It should 
be recalled from Figure 2 that the contact angles as a measure of 
wettability for plasma-treated specimens after exposure in air for 
longer than 8 min became similar to those for as-received specimens, 
regardless of type of gasses used. The relationships of these two inter- 
face parameters (i.e., wetting contact angle and frictional pullout load) 
with exposure time strongly suggest that there should be mechanisms 
responsible for the high frictional resistance of plasma-cleaned lead- 
frames other than simple frictional clamping. The surface roughness 
of the leadframe may play an important role in promoting the me- 
chanical bond in plasma-cleaned specimens. 

Atomic Force Microscopy 

Figure 7 shows a typical AFM image of a plasma-cleaned leadframe, 
indicating a nanoscopically rough surface with preferred orientation 
for a gold-coated leadframe sample. The distinct orientation of lead- 
frame surface roughness indicates a high dependence of interface 
bond strength on the loading direction relative to this orientation. The 
effect of the deformation of matrix materials 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 debonding force and surface energies are 
presented as a function of RMS roughness in Figures 8 and 9, 
respectively, to show the essential trends. It is apparent that the 
maximum debonding load increased parabolically with increasing 
RMS, indicating strong correlation between these two interface pro- 
perties. A similar result has been reported [lo] in that increased 
surface roughness resulted in improved interfacial fatigue fracture re- 
sistance between nickel-plated copper leadframes and molding com- 
pounds. Marginal enhancement in surface roughness barely improved 
the interface bonding quality in this study, suggesting that the 
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14 S. YI el al. 

FIGURE 7 A typical AFM image for a plasma-cleaned leadframe. (See Color Plate I) .  

i 

0 2 4 6 8 10 

RMS Roughness (nm) 

FIGURE 8 
leadframe surface. o As-received; in Ar followed by H2 + Ar. 

Maximum debonding load plotted as a function of RMS roughness of 
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FIGURE 9 
surface. Symbols as in Figure 3. 

Surface energies plotted as a function of RMS roughness of leadframe 

plasma-cleaning condition should be adequate enough to effect large 
changes in surface roughness. I t  should also be noted that experimental 
results on copper leadframes without coatings based on similar plasma 
cleaning conditions indicate little effect on surface roughness and, 
thus, the interface bond strength. This is most probably because the 
range of cleaning time was insufficient to effect changes on the sur- 
face that had inherently high roughness. 

In contrast, the relationships between the total and component 
surface energies of leadframes and RMS values were relatively diffi- 
cult to establish (see Fig. 9). Only the dispersive component, y$,, of 
leadframe surface energy tended to have approximately linear de- 
pendence on RMS values, while the total and the polar components 
of surface energy, ysv and rx, showed no correlation with RMS 
values. The latter two surface energies increased initially with in- 
creasing surface roughness, and dropped sharply with further increase. 
All the above findings may support the previous proposal [16] that 
the dispersive component is a key factor affecting the interface 
adhesion. 
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16 S .  YI et al. 

CONCLUSIONS 

Interface characteristics were studied between a molding compound 
and gold-plated copper leadframes whose surface was modified by plas- 
ma cleaning. The type of plasma gasses used and the exposure time in 
air before molding were specifically evaluated based on contact angle 
measurement, leadframe pull-out tests and atomic force microscopy 
(AFM). The following can be concluded from the experimental study. 

(1) There are at least three major surface characteristics of lead- 
frames that are improved as a result of plasma cleaning: (i) 
cleaner surfaces through removal of organic contaminants giving 
rise to better wettability; (ii) improved chemical compatibility 
with molding compounds by incorporating functional groups on 
the surface; and (iii) rougher surfaces on the nano-scale, creating 
larger interface contact area for better mechanical interlocking. 

(2) It is seen that exposure to air degrades significantly both surface 
cleanness and chemical compatibility. The interface bonding 
strength agrees qualitatively with wetting contact angle measure- 
ments and surface energy with respect to exposure time. The prac- 
tical implication is that the molding process should be carried out 
as soon as the leadframes are cleaned. 

(3) There is a strong correlation between the interface bonding 
strength and the leadframe surface roughness. However, the sur- 
face roughness has a rather poorly-defined relationship with the 
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 approximately 
linearly proportional to the surface roughness. 

(4) Further work is required to identify chemical functional groups at 
the encapsulant-leadframe interface created by plasma cleaning 
and to clarify their contributions to the interface bond and to con- 
firm the role of the dispersive component of surface energy for 
the interface bond. 
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