
A  study of the physical and chemical characteristics of
electroplated palladium has led to an understanding of
its performance as a solderable and wirebondable
material. Investigation of the interactions of porosity,
interdiffusion, oxidation and dissolution rates of
various metals in Sn-Pb solder has led to the design of
various multilayered palladium coatings useful for
advanced electronic packaging applications. Combina-
tions of palladium and palladium alloys with a thin
gold flash exhibit good solderability and wirebonding
performance and meet the stringent requirements of
MIL-STD-883, Methods 2003 and 2022.

Packaging is a critical operation in integrated circuit (IC)
device fabrication. Compact devices, such as multi-chip-
modules (MCMs), are being produced with greater function-
ality and contact density; this has increased process com-
plexity, quality, yield requirements and cost.1-3 The yield,
and thus the cost of packaging operations is dependent on the
performance of processes such as soldering, wirebonding,
and encapsulation, which in turn are highly dependent on the
type and quality of the lead-frame surface finish. Conven-
tional lead-frame finishes, such as the Ag Spot/Sn-Pb finish,
utilize multi-step, selective plating operations and require
the use of expensive “step & repeat” selective spot plating
equipment. Moreover, in the case of the pre-plated Sn-Pb
solder finish (see Fig. 1), the following problems may arise:4,5

• Silver migration
• Solder bridging (especially for fine-pitch packages)
• Incompatibility with packaging operations
• Shortened shelf-life
• Lack of control of solder thickness (hot solder dip process)

Alternatively, a post-plating Sn-Pb process (see Fig. 1), may
suffer from one or more of the following:

• Silver migration
• Solder bridging
• Exposure of IC package to corrosive plating chemicals
• Incompatibility of final packaging operation with Sn-Pb
• Shortened shelf-life

The semiconductor packaging industry would like to uti-
lize a universal finish that would be solderable and wire-
bondable, regardless of process exposure or shelf-life re-
quirements,4,5 and overcome shortcomings of the current
processes. Because a typical packaging sequence, as shown
in Fig. 2, may expose the materials involved to extreme
conditions, resulting in base metal oxidation, interdiffusion,
contamination and mechanical stress, any new process must
meet stringent reliability requirements.

D.C. Abbott et al., of Texas Instruments, have pioneered
a palladium-plated lead-frame process and have discussed its
positive impact on component reliability and quality.5,6 The
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Fig. 1—Lead-frame metal finishing packaging process choices.

Table 1
Substrates by Layer Configuration

& Thickness, µin.

Process Sample # Ni Pd Total Au

MLS 1 20 12 0
MLS 2 20 12 0.3
MLS 3 20 12 0.4
MLS 4 20 12 0.7
MLS 5 20 12 1
MLS 6 20 12 4
Commercial 7 40 3-5 0
Test Sample 8 3 22 0
Test Sample 9 3 18 0
Test Sample 10 40 22 0
Test Sample 11 40 20 0
Test Sample 12 20 10.5 1
Test Sample 13 20 10 1
Test Sample 14 20 10.5 1
Test Sample 15 20 9.5 1

focus of their development was a “universal” lead-frame
finish that reduced process complexity, increased yields and
presumably lowered the overall cost for IC packaging opera-
tions. According to Abbott et al., the use of palladium as an
overall finish  accomplishes these objectives and has several
advantages from a plating perspective.6 The elimination of
silver cyanide from the process makes it inherently safer and
reduces waste treatment costs. Because palladium is plated
over the entire surface, the design, construction and operation
of the plating line is simplified, further reducing costs. In
addition, product changeovers are simple, requiring no line
or tooling changes, which significantly reduces downtime.

The use of Pd as an overall finish is not without contro-

56 PLATING & SURFACE FINISHING



Fig. 2—Typical advanced IC packaging process.

versy, however. For example, one commercially available
palladium finish focuses on the use of a scheme to protect the
substrate material (e.g. Cu, Cu-alloy, Alloy 42) from oxida-
tion and interdiffusion, which may interfere with packaging
performance. In this case, a very thin, single layer of palla-
dium (~3-5 µin.) is utilized as a “protective” and “sacrificial”
thin film, which dissolves in the Sn-Pb solder and allows a
bond to form to an oxide-free, uncontaminated nickel sub-
layer. Depending on the application and specific perfor-
mance requirements, this approach could be problematic.

The focus of this work has been to understand the physical
and chemical characteristics of electroplated palladium and
the relationship of deposited layer structures to porosity,
interdiffusion, oxidation and rates of dissolution in solder.
One specific aim was to develop a cost-effective pre-plated
lead-frame process,7 compatible with existing packaging
operations and  that meets the stringent solderability require-
ments of MIL-STD-883, Methods 2003, 2022, thermal aging
criteria, which are specific to individual packaging opera-
tions, and the AT&T wirebonding specification A-87AL1917.
Our efforts resulted in the development of a multi-layered
system (MLS) meeting these specifications. The MLS con-
sists of one to three layers of palladium and palladium-alloys
with or without a gold flash, depending on specific perfor-
mance requirements. This report will  consider solderability

data only; wirebonding details will follow in a subsequent
report.

Experimental Procedure
Surface Finish Sample Matrix
It has been  established that relatively thick (> 20 µin.) gold-
flashed palladium (GFPd) can provide excellent solderability
and wirebondability.4 Because of the high thicknesses of the

Fig. 4—Solderability of commercial palladium finish—thermal aging
effect at 200 °C.

Table 2
Matrix of Tests

Solderability
Solder Coverage Wetting Times

As Plated X X
Steam Age X X
Thermal Age X X
Steam & Thermal Age X X
Specifications Mil Std 883 Mil Std 883

TM 2003 TM 2022

Fig 3—Solderability of commercial palladium finish—steam aging ef-
fect.
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Fig. 6—Substrate/solder interface schematic representation.

precious metal layers,4 the cost has been considered prohibi-
tive by manufacturers of integrated circuits. For this purpose,
thinner (< 15 µin.) multilayer finishes were investigated, as
shown in Table 1.

Solderability Standard Test
Various standardized tests were undertaken to evaluate the
solderability of the above finishes, as shown in Table 2.
Samples 1 through 7 were evaluated through this matrix of
tests. The selected standard test for solder coverage was MIL-
STD-883, TM 2003, which entails exposure of the plated
finish to 95 °C and 95 percent relative humidity (RH),
followed by a “dip & look” inspection procedure for non-
wetted or de-wetted areas and/or surface irregularities. Im-
mersion in the solder pot was accomplished by means of a
mechanical dipping device, as specified in MIL-STD-202F,
TM 208F. Moreover, it is also critical that soldering is

Fig. 5—Solderability of commercial palladium finish—thermal aging
effect at 200 °C for 10 hr, followed by steam aging.

achieved within one second to be compatible with the line
speed of current packaging operations. TM 2022, the wetting
balance test, was utilized to determine wetting speed of the
above finishes.

Exposure of a lead-frame to high temperatures for pro-
longed periods of time causes interdiffusion of the metals and
could change the surface composition. If, during this process,
a “non-noble” metal is transported to the surface and oxi-
dizes, the solderability performance is adversely affected.
Thus, thermal aging is utilized to evaluate lead-frame fin-
ishes. We selected 150, 200 and 250 °C for 1-, 2-, and 5-hr
exposures as typical  thermal aging parameters.

Porosity, Diffusivity and Oxidation
Samples 8 through 15 were prepared to examine the effect of
porosity on solderability, as-plated, and after steam aging.
The standard porosity test utilized was ASTM B 799-88:
“Sulfurous Acid Vapor Porosity Testing.” Its significance
will be discussed in a  later section. Auger electron spectros-
copy (AES) surface analysis and depth profiling were imple-
mented in the investigation of thermal aging and interdiffu-
sion phenomena.

Results
Solder Coverage
One of the objectives of this development was to evaluate a
commercially available finish (see Table 1, Sample 7) and
determine its performance relative to our proprietary multi-
layer finishes. The performance of the commercial finish is
summarized in Figs. 3-5 and compared with several MLS
finishes in Table 3. This system does not meet the criteria of
MIL-STD-883, 2003/2022. Further, its performance deterio-
rates catastrophically under thermal aging conditions.

Figure 3 shows that the steam aging test of the “commer-
cial” finish (Sample 7) exhibits gross solderability failures
and gross porosity to the nickel surface. The relationship
between porosity and solderability will be elucidated in the
next section. Figures 4 and 5 examine the thermal aging
properties of the commercial finish at 200 and 250 °C. Under
both conditions, it is clear that nickel and other contaminants
have diffused to the surface and that performance deterio-
rates to unacceptable levels. Auger data indicates that the
presence of 2-3 percent (atomic) nickel is enough to cause

deterioration of the solderability. Overall,
these data suggest that the palladium layer
thickness of the commercial sample is too
thin and too porous to protect the nickel
substrate from oxidation and other con-
taminants from diffusing to the surface,
thus compromising solderability.

Alternatively, Samples 1 and 2, the MLS
without gold or with an ultra-thin (0.3
µin.) gold flash, also do not meet the eight-
hr steam aging test, but are able to pass 150
and 200 °C thermal aging. Sample 3, which
is the MLS with ~0.4 µin. of gold, passes
the steam and thermal aging tests up to
200 °C. Samples 4-6 will pass the steam
and thermal aging tests up to 250 °C for
five hr, but only Samples 5 and 6, with a
gold flash ≥1 µin., pass thermal aging for
five hr, followed by eight-hr steam aging.

These data indicate that to pass the eight-
hr steam aging test consistently, it is desir-
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Fig. 10—Solderability comparison: Soft gold vs.
palladium—interdiffusion phenomenon.

Fig. 9—Gold-flashed palladium: Porosity ef-
fect on solderability.

Fig. 8—Gold-flashed palladium: Porosity ef-
fect on solderability.

Table 3
Solderability Results

Thermally Aged

200° C for 1, 2 250° C for 1, 2
Sample As Steam- 150° C for 200° C 250° C & 5 hr plus & 5 hr plus

# Plated aged 8 hr 1, 2 & 5 hr for 1, 2 & 5 hr for 1, 2 & 5 hr steam-aged 8 hr steam-aged 8 hr

1 Pass Fail Pass Pass Fail Fail Fail
2 Pass Fail Pass Pass Fail Fail Fail
3 Pass Pass Pass Pass Fail Fail Fail
4 Pass Pass Pass Pass Pass Fail Fail
5 Pass Pass Pass Pass Pass Pass Pass
6 Pass Pass Pass Pass Pass Pass Pass
7 Pass Fail Fail Fail Fail Fail Fail

able to utilize ~0.5 µin. of gold on the palladium MLS finishes. It also clearly
demonstrates the superior performance of a multi-layered structure when the
objective is the minimization of non-noble metals at the surface.

Porosity vs. Solderability Performance
Porosity to the substrate or base metal contributes to surface finish degradation.
This is a well-studied phenomenon in connector reliability, where migration and
oxidation or corrosion of substrate metals lead to surface contamination and a
subsequent increase in contact resistance.8-11 As suspected, this mechanism may

Table 4
Porosity vs. Solderability

Percent Coverage

Sample # As Plated Steam- Porosity Count
aged (Pores/cm2)

7 (Commercial Finish) 99 85 >100
8 99 97 27
9 98 97 22
10 99 98 28
11 99 96 28
12 98 97 23
13 99 92 >100
14 99 97 13
15 99 98 11

Fig. 7—Thin palladium over nickel: Porosity
effect on solderability.
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Fig. 13—Bond strengths of solder joint: Pd MLS vs. Sn-Pb.

Table 5
Oxide Formation Thermodynamics vs. Solderability

   Solderability
Molal Enthalpy Dissolution Rate in 60/40

Metal As Plated Steam Aged (kcal/mol) Solder, 450° C, µm/sec

Au Good Good Au2O3 +80.8 2.95
Pd Good Marginal PdO, -20.4 0.035
Pt Not good Not good PtO2 +41.0; Pt3O4, -39 1 x 10-9

Ni Not good Not good NiO, -57.3; Ni
2
O

3
, -117.0 1 x 10-8

Sn Good Marginal SnO, -68.3; SnO2, -138.8 NA

gross porosity to the nickel substrate, as shown in the 10X
optical photograph. This porosity indicates the presence of
exposed nickel, which is attacked by the SO2 vapor. Thus, it
is reasonable to conclude that, when exposed to the steam
aging test, or exposed to the ambient during storage, a nickel
oxide film would form and compromise solderability.

To investigate further the possible correlation between
porosity and solder coverage, a series of samples was pre-
pared with varying degrees of porosity by manipulating
plating variables (see Table 1, Samples 8-15). Table 4 sum-
marizes the results. As can be seen, the pores vary from ~11
pores/cm2 to > 100 pores/cm2 and in the as-plated condition,
the solderability is acceptable for all samples. After steam
aging, however, the samples with > 100 pores/cm2 showed
unacceptable (< 95 percent) solderability.

This relationship between porosity and solderability after
steam aging is demonstrated more pointedly in Figs. 8 and 9.
In Samples 12–15, the palladium thickness was fixed at ~10
µin., with a nominal one µin. gold cap to demonstrate that
total thickness is not necessarily the only parameter of impor-
tance. Low porosity levels (< 25 pores/cm2) are desired to
obtain acceptable solderability after steam aging; however,
this phenomenon has not been quantified.

Interdiffusion of Metals vs. Solderability
The interdiffusion of metals must be considered when devel-
oping a finish for lead-frame applications because of the high
processing temperatures (> 150 °C) and exposure times
experienced in packaging operations. The specific rate of
diffusion and extent of interdiffusion are functions of the
metals employed, the nature of the electrodeposited struc-
ture, the layering and thickness of the metals, the temperature
and the exposure times.12,13 Obviously, interdiffusion will be

significantly contribute to poor solderability. A schematic
representation of this phenomenon, as seen in Fig. 6,  at-
tempts to demonstrate that the presence of pores is a conduit
for the interaction of the environment with the base metal
and/or substrate metal layer.

Figure 7 illustrates a sample plated under conditions that
resulted in gross porosity. As can be seen, the solderability of
the as-plated sample is acceptable. After steam aging, how-
ever, the solderability deteriorates to unacceptable levels.
The sulfurous acid vapor test demonstrates the presence of

Fig. 11—Surface survey by Auger, thermally aged Pd, 5 hr, 250 °C.

Fig. 12—Auger depth profiles of MLS vs. gold-flashed MLS finishes.
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used to predict solderability perfor-
mance. For example, some noble met-
als, such as Pt, are almost oxide-free in
their natural state; yet,  platinum, which
has a positive enthalpy for one oxide,
PtO2, and a small negative enthalpy for
Pt3O4, is entirely non-wettable. A dif-
ferent process may be responsible for
this behavior. Bader shows that the plati-
num dissolution rate is more than 108

times slower than that of gold;13 thus,
the formation of intermetallic bond is
probably inhibited because of the ex-
tremely slow dissolution of platinum in
solder.

The behavior of nickel and tin oxides
reveals another interesting phenomenon.
Tin oxide is more stable than nickel

oxide; yet, tin oxide, which is ubiquitous in tin-lead films,
does not inhibit solderability, while nickel oxide has a
recognized deleterious effect. This may be explained by the
fact that the tin-lead beneath its native oxide melts during
soldering, fracturing and dispersing the relatively thin oxide
layer in the pool of molten solder. This cannot occur with
nickel because the melting points of nickel and its oxide are
relatively high.

Palladium forms a weak oxide in air, as indicated by the
enthalpy. This, coupled with an acceptable dissolution rate,
shows good to marginal solderability.

Wetting Time
The wetting speed of a particular electroplated finish in
solder is dependent not only on the intrinsic dissolution rate
of the metals, but also on deposit film characteristics, such as
porosity, interdiffusion, contamination and oxidation. As
established earlier, the commercial finish (Sample 7) is
inferior to the MLS finishes in meeting steam and thermal
aging with respect to solderability requirements. Thus, it
may be concluded that the presence of nickel oxides, as
discussed previously, would also degrade wetting speed.

The results in Table 6 demonstrate this by showing that for
Sample 7 only the as-plated condition has a wetting time of
less than one second. Sample 1, on the other hand, shows
similar wetting times in the as-plated condition, but rela-
tively lower times in the steam and thermally aged samples.
Sample 1 has a relatively thicker (~12 µin.) MLS finish
without a gold flash; it has been shown to be less porous and
a better diffusion barrier than the commercial finish. Alterna-
tively, if lower wetting time is required in the aged condition,
the presence of a gold flash accomplishes this objective.
Inasmuch as gold dissolves in solder at significantly higher
rates (see Table 5) and inhibits the diffusion of non-noble
metals, it may be presumed that its presence or, for that
matter, a Au-Pd alloy surface could wet much faster than pure
palladium. The data in Table 6 seem to support this hypoth-
esis.

Soldered Bond Strength
As part of an evaluation of surface mount technology appli-
cations, a series of pull tests was performed on solder bonds
formed with multi-chip modules. The leads and substrates
were prepared with palladium multilayer finishes and subse-
quently soldered in a surface-mount processing operation.
The leads were cut from the device and individually tested for

more pronounced at higher temperatures and prolonged
exposure times.

As discussed in the previous sections, the presence of
exposed nickel or other base metal oxides will cause solder-
ability failures. It is also likely that thin single layers (< 0.25
µin.) of palladium will be insufficient to completely prevent
thermal diffusion of base metals to the surface. Thus, the
thickness and layered structure of the palladium is relevant,
not only from a perspective of reduced porosity, but as a
thermal diffusion barrier as well.

A simple experiment was undertaken to demonstrate the
relative performance of gold and palladium in inhibiting
diffusion of nickel. Gold or palladium was plated to a
thickness of 0.6 µm over 1.2 µm of nickel. The samples were
aged at 250 °C for 1, 5 and 10 hr, Fig. 10. Within one hr of
aging, the soft gold lost its solderability, whereas the palla-
dium survived five hr under these conditions. An Auger
surface scan, Fig. 11, of the 10-hr palladium sample, clearly
shows the presence of nickel on its surface; nickel was absent
on the 5-hr sample. These findings support the role of nickel
diffusion and oxidation and its deleterious effect on solder-
ability.

To optimize the MLS finish further, we applied the prin-
ciple of alloying layers.12 Figure 12 shows an Auger depth
profile of two finishes, Samples 1 and 5. By depositing ~1
µin. of gold on the palladium, the diffusion of nickel was
further inhibited, as observed by its absence at the surface.
This dramatically improves its solderability and enhances
wetting speed, as discussed in the next two sections.

Intrinsic Oxides & Dissolution Rates
Of Surface Layers—Effect on Solderability
Although noble metals are considered non-oxidizing, it has
been established that thin layers of oxide or chemisorbed
oxygen form on their surfaces.14-16 The tenacity of these
surface oxides varies among the noble metals. Table 5 shows
the standard molal enthalpies of the oxides of gold, platinum,
palladium, nickel and tin, along with their solderability.

Gold promptly forms oxygen monolayers in air, but its
oxides are unstable and a positive molal enthalpy indicates
that its natural state is oxide-free.16 Additionally, gold readily
dissolves in tin-lead solder to form various intermetallic gold
alloys.13 These characteristics are two of the reasons why the
gold-flashed MLS lead-frames exhibit excellent solderabil-
ity. Table 5 further indicates that the oxidation thermody-
namics and the dissolution rates cannot be the only factors

Fig. 14—Solderability of palladium finishes after thermal and steam aging.
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Table 6
Wetting Time vs. Aging

Sample As Steam-aged 150 °C 200 °C 250 °C
# Plated 8 hr 5 hr 5 hr 5 hr

1 0.83 1.11 0.73 1.33 1.56
5 0.50 0.83 0.85 0.83 0.85
6 0.51 0.65 0.62 0.82 0.83
7 0.85 2.30 4.32 8.32 11.55

pull force until breakage occurred. In Fig. 13, the pull
strength is compared for three finishes—multilayer Pd, Sn-
Pb/Cu and Sn-Pb/Ni. The mean bond strengths are: 2.62 lb.
for multilayer Pd, 2.09 lb. for Sn-Pb/Cu, and 1.78 lbs. for Sn-
Pb/Ni. These tests show that palladium finishes are superior
in bond strength, providing an additional advantage to the
devices utilizing this finish.

Conclusions
Palladium and palladium-alloy electrodeposits can be effec-
tively utilized in metal finishing for electronics packaging
applications. By combining layers designed to preserve the
integrity of the surface finish by limiting porosity, inhibiting
thermal diffusion, and increasing wetting speeds, the most
stringent soldering requirements have been met. A summary
of these data and a comparison with Sn-Pb coatings is shown
in Fig. 14.

Another important aspect of semiconductor packaging,
wirebonding, has been investigated also. The results will be
summarized and presented in a follow-up article projected
for the near future.

Editor’s Note: This research was completed in May 1994.
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