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1
TIN AND TIN ALLOY ELECTROPLATING
METHOD WITH CONTROLLED INTERNAL
STRESS AND GRAIN SIZE OF THE
RESULTING DEPOSIT

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims priority of U.S. Provisional
Application No. 60/756,634 filed Jan. 6, 2006.

FIELD OF THE INVENTION

The present invention relates to a method and apparatus for
deposition of tin or tin alloy on a workpiece such as a semi-
conductor wafer, wafer level package, chip scale package or
printed circuit board.

BACKGROUND OF THE INVENTION

A tin or tin alloy plating process for surface finish or solder
applications that does not contain lead is desired by the elec-
tronics industry due to environmental considerations. How-
ever, lead-free tin or tin alloy solders deposited using electro-
chemical techniques have shown a tendency to grow
whiskers. These whiskers can cause short-circuiting, result-
ing in poor reliability and failure of the electronics compo-
nent. A number of theories have been postulated as to the
cause of the whisker growth and detrimental solder perfor-
mance. The three main causes proposed are internal stresses,
grain size, and organic additives.

Recent studies have also suggested that the occurrence of
whiskers in pure tin deposits can be reduced by the deposition
of matte finish tin, rather than bright tin. Consequently, it has
been suggested that plating bath additives that make the plat-
ing deposit bright and shiny have a tendency to add internal
stress and promote whisker growth. Deposition of matte tin
can be achieved using plating baths with low additive con-
centrations, however, to achieve the required current distri-
bution, and therefore metal distribution, as well as desired
grain size, organic additives must be added to the plating bath.
These additives can break down, become incorporated into
the deposit, promote whisker growth, and degrade the long-
term performance of the solder.

The use of pulse plating as compared to direct current
plating, for control of mechanical properties of plated depos-
its has been previously discussed by Knodler, who measured
the mechanical properties of pulsed and direct current plated
gold alloy deposits, and stated that “direct current deposits are
known to be highly stressed”. Knolder showed that through
the use of pulse plating, the stresses in a gold alloy deposit
could be reduced, as compared to deposits from direct current
plating. In addition, the decrease in stress was accompanied
by aloss of brightness. Huang et. al demonstrated that internal
tensile stresses in 5 micrometer-thick copper foil, electrode-
posited from a copper-sulfuric acid bath containing gelatin,
could be reduced by the use of forward pulse currents.

Organic additives for tin and tin alloy plating baths have
been previously described and are generally incorporated in
plating baths to control the grain size in the desired 1 to 8
micrometer range. These additives, while maintaining the
required grain size, can increase the chance of whisker
growth. Furthermore, the inclusion of organic additives in the
bath requires the use of complex and often expensive equip-
ment to control the additive concentration, and to minimize
the breakdown of the additives and their incorporation into
the deposit. Zhang has demonstrated that in the presence of a
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grain refiner and a wetting agent, a grain size of 2 to 8
micrometers in a tin deposit can be obtained using a pulse
current waveform. However, the grain refiner breaks down
over time and must be replenished on a regular basis. Further-
more, the effect of this plating process on the internal stresses
in the deposit is unknown.

Internal stresses are present in pure tin deposits after plat-
ing as described in the prior art. As the tin deposit ages, the
stresses relax and single tin crystals, or whiskers, nucleate out
from the surface. These whiskers can grow to lengths of
greater than 100 micrometers. To release the stresses without
whisker growth, manufacturers remelt the tin deposits. How-
ever, this process causes problems with corrosion or poor
solderability.

To minimize whisker growth in the solder, lead-free tin
alloys such as tin-copper, tin-bismuth, and tin-silver have
been proposed. While these alloys may reduce the occurrence
of' whiskers, there are problems associated with bath stability
and bath control, which prohibit these processes from being
used commercially. The deposition potentials of these three
alloying elements are more noble than that of tin. This causes
problems with preferential deposition of the alloying ele-
ments, variations in alloy composition, immersion plating of
the alloy on the tin anodes and redox reactions between the tin
and the alloying elements. To overcome these problems, com-
plexing agents and stabilizers must be added to the bath, or the
concentration of the alloying elements must be maintained at
very low levels, making control difficult and expensive.

SUMMARY OF THE INVENTION

The present invention relates to a method for depositing tin
or tin alloy on a workpiece using an electrochemical plating
process, wherein the metal deposit properties are controlled
to prevent deleterious whisker growth during service, to
obtain a desired geometric solder bump and finishing quali-
ties, such as matte finish appearance, controlled grain size,
and controllable internal stresses. Control of deposit proper-
ties is a product of the manipulation of the electrodynamics at
the workpiece. In one embodiment, the method is conducted
without using deleterious organic plating additives.

One embodiment of the present invention more particu-
larly relates to controlling the electrodynamics at the work-
piece, to facilitate deposition of a tin or tin alloy with a stress
differential using an electrochemical plating process. The
term “stress differential” is used herein to refer a stress dif-
ference within the coating or deposit. In one embodiment the
stress differential may be a stress gradient from a compressive
state at the interface to a less compressive, zero, or tensile
state at the coating surface or from a tensile state at the
interface to a less tensile, zero, or compressive state at the
coating surface, or from a zero state at the interface to a tensile
or a compressive state at the coating surface.

In another the stress profile within the coating changes in
an alternating manner to either a compressive state, a tensile
state or a zero state, a number of times through the thickness
of'the coating.

Another embodiment of the present invention more par-
ticularly relates to controlling the electrodynamics at the
workpiece, to facilitate deposition of a tin or tin alloy with
controlled grain size using an electrochemical plating pro-
cess.

Still another embodiment of the present invention more
particularly relates to controlling the electrodynamics at the
workpiece, to facilitate deposition of a tin or tin alloy with a
matte finish using an electrochemical plating process.
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Another embodiment of the present invention more par-
ticularly relates to controlling the electrodynamics at the
workpiece, to facilitate deposition of a tin or tin alloy without
the use of organic additives using an electrochemical plating
process.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of an electrically medi-
ated waveform.

FIG. 2 is a graph showing the polarization curves for tin
deposition in methane sulfonic acid solution and in a com-
mercial tin-lead plating solution.

FIG. 3 is a graph showing the grain size and surface rough-
ness of a tin deposit produced by the method of the present
invention, as a function of changing process parameters. The
surface roughness is measured in terms of Ra, which is the
arithmetic mean deviation of the profile. The profile identified
(OW), is a measure of the surface as initially plated. The
profile identified (5 W) is a measure of the surface after five
weeks of exposure to ambient conditions.

FIG. 4 is a series of scanning electron micrographs show-
ing the change in surface morphology of the tin deposit after
one day after and 5 weeks after plating under conditions of a)
test D4, b) test P8, and c) test PR16.

FIG. 5 is a graph showing the internal stress in the tin
deposit, as a function of changing process parameters.

FIG. 6 is a series of optical micrographs showing the sur-
face appearance of the tin deposit after plating from a tin-
methane sulfonic acid plating bath (a, b), and a commercial
tin-lead plating bath (c, d).

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In the following detailed description, reference is made to
the accompanying drawings which form a part hereof, and in
which are illustrated specific embodiments in which the
invention may be practiced.

Those skilled in the art will recognize that the invention is
not limited to the specific embodiments illustrated in these
drawings.

The present invention provides a method for depositing tin
or tin alloy for the fabrication of electronic devices, including
but not limited to semiconductor wafers, wafer level pack-
ages, chip scale packages, and printed circuit boards. The
electrically mediated process for the deposition of pure tin in
the present invention, results in a deposit with grain sizes in
the range of about 1 to 8 micrometers. The deposit may
include up to 30% grains having a grain size outside this range
but the average grain size should be within this range. While
the patent is not bound by theory, it is believed that control of
deposit stress properties is a product of the manipulation of
the electrodynamic condition at the workpiece. In certain
embodiments this will allow the deposition of whisker-free
tin or tin alloy deposits to be quickly and cost-effectively
fabricated in a manufacturing process, and implemented as a
drop-in replacement for the current lead-tin solder practice.
The term “whisker-free” when used herein includes deposits
that are free of whiskers during the service life of the elec-
tronic component, such that failure due to whisker growth
does not occur.

The method of the invention can be carried out using any
suitable electrolytic deposition apparatus, for example the
apparatus described in U.S. patent application Ser. No.
10/804,841 filed 19 Mar. 2004. That apparatus includes a
vessel, which houses a counterelectrode, which can be
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formed from any suitable electrode material such as a soluble
tin or tin alloy or insoluble titanium or platinum. In practice,
the number of electrodes will be selected to facilitate achiev-
ing a uniform deposition across the workpiece. The wafer or
other substrate to be treated is clamped in the vessel using a
chuck in a position in which it is located opposite the coun-
terelectrode(s). A drive mechanism may be provided to rotate
and oscillate the workpiece during the electroplating process.
The vessel includes an inlet for a supply of electrolyte, which
is pumped into and out of the vessel as described in more
detail in the published application using any convenient
pump. Liquid mass flow controllers deliver the electrolyte at
flow rates, which are adjusted for the volume of the section.

The method of the invention can be carried out in a suitable
electrolyte, for example, but not limited to, an electrolyte of
70% methane sulfonic acid at a concentration of 240 millili-
ters per liter, stannous sulfonate at a concentration that gives
approximately 37 grams per liter of tin, and a wetting agent
such as Triton X-100® at a concentration of approximately
300 ppm. This electroplating bath is devoid of difficult-to-
control additives and is easy to maintain. In one embodiment
of the invention such additives are expressly excluded. In a
more particular embodiment organic additives having hetero-
cyclic groups are excluded from the plating bath. Need to
distinguish permitted additives like Triton from those that are
not permitted.

Fundamentally, the electrically mediated process of the
present invention enhances the control of mass transport and
current (and therefore metal) distribution, allowing for con-
trol of grain size and control of the type and magnitude of
internal stresses in the tin or tin alloy deposit. The process is
based upon an electrically mediated waveform (FIG. 1),
which consists of a cathodic pulse current density, i, a
cathodic on-time, t_, an anodic pulse current density, i,, an
anodic on-time, t,, and an off-time, t,. Although no off-time is
shown in FIG. 1, and off-time can be included, and said Fig.
is not limited by such. The sum of the cathodic and anodic
on-times and the off-time is the period, T, of the electrically
mediated waveform and the inverse of the period is the fre-
quency, f. The cathodic, y_, and anodic, v,, duty cycles are the
ratios of the respective on-times to the period. The average
current density or net electrodeposition rate is given by:

el

Electrodeposition rate=i y,~i,Y,

M

The use of electrically mediated waveforms to control the
current distribution, and therefore metal distribution, without
the use of organic additives in electrodeposition of metal
features onto semiconductor wafer or printed circuit board
applications has been previously explained in U.S. Pat. No.
6,652,727 issued Nov. 25, 2003 and U.S. Pat. No. 6,524,461
issued Feb. 25, 2003.

The use of electrically mediated waveforms to control the
nucleation and growth of grains during electrodeposition, to
control grain size in this invention, has previously been dis-
cussed in U.S. Pat. No. 6,080,504.

In the present invention, examples of suitable electrically
mediated waveform parameters are a cathodic peak current
density in the range of about 5 to 150 milliamperes per square
centimeter, a cathodic on-time in the range of about 0.05 to 10
milliseconds, an anodic peak current density in the range of
about 0 to 30 milliamperes per square centimeter, an anodic
on-time in the range of about 0.05 to 10 milliseconds

The present invention will be illustrated by the following
examples, which are intended to be illustrative and not limit-
ing.

In all of the examples, the experiments were conducted in
a rotating disk electrode system which included a coupon
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holder (cathode), pure tin (99.99%) anode to maintain the tin
ion concentration in the electrolyte during the experiment,
rotation speed controller, tank with 3 liter capacity, and rec-
tifier to adjust the waveform parameters. Two polished copper
substrates, 2 centimetersx2 centimetersx1.5 millimeters and
2.5 centimetersx2.5 centimetersx1.5 millimeters, were pre-
pared for tin electroplating. Two coupon sizes were used to
enable the variety of tests to be run on the tin deposit to fully
evaluate the deposit structure and stress analysis. While the
invention is illustrated using tin electroplating, similar con-
ditions are useful in depositing tin alloys not limited to but
including tin-copper, tin-bismuth, and tin-silver as well as
tin-copper-silver.

Prior to tin electroplating, the coupons were immersed in
cleaning and etching solutions to remove any contaminants
and fingerprints from the surface, to obtain a similar surface
roughness as a plated copper surface, and remove any existing
oxide film. The coupons were rinsed with deionized water
before electroplating.

Pure tin was electroplated on the copper substrates from an
electrolyte of 240 milliliters of methane sulfonic acid per liter,
stannous sulfonate at a concentration corresponding to,
approximately 37 of tin grams per liter, and approximately
1000 grams per liter of Triton X-100®. This electroplating
bath is devoid of difficult-to-control additives and is easy to
maintain. Methane sulfonic acid was selected because it is
less corrosive than stannous fluoroborate and sulfate solu-
tions, less susceptible to Sn(II) to Sn(IV) conversion, envi-
ronmentally friendly, and less costly for effluent treatment
and disposal. The polarization curves shown in FIG. 2 indi-
cate that a higher tin deposition rate can be achieved when
depositing from the methane sulfonic acid bath because the
limiting current value in this solution is higher than in the
commercial tin-lead bath. Both the tin-lead plating bath and
the experimental methane sulfonic acid plating bath yielded a
similar matte surface appearance. In addition, results of elec-
tron diffraction spectroscopy measurements indicated that no
organic inclusions, e.g. carbon or sulfur, or other impurities
that are usually associated with poor solderability and
reflowability characteristics, were present in the tin deposits
plated from the methane sulfonic acid bath.

Tin was plated on the exposed area of the copper coupon at
34+1 degrees Celsius to a thickness of 10 micrometers. The
test duration was controlled by the applied cathodic charge to
evaluate the current efficiency.

Four direct current electrodeposition experiments, eight
pulse current electrodeposition experiments and eight pulse
reverse current electrodeposition experiments were per-
formed, and the parameters are described in Table 1. The
results of the experiments are described in Table 2.

Example 1

Test D1

In the first test (D1), the rotation speed was 100 revolutions
per minute and the average current density was 10 milliam-
peres per square centimeter. The following deposit properties
were measured: 1) the surface appearance was a matte finish,
2) the process efficiency was 87 percent, 3) the average plat-
ing rate was 0.50 micrometers per minute, 4) the surface
roughness 2 weeks after plating was 1.93 micrometers, 5) the
surface roughness 6 weeks after plating was 2.28 microme-
ters, 6) the coverage of the tin deposit was not 100 percent of
the total area, 7) the percentage of grains in the size range of
1 to 8 micrometers was 92.1 percent, 8) the full width half
maximum (FWHM) of the x-ray diffraction curve data in the
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6
(420) plane was 0.090, 9) the full width half maximum
(FWHM) of the x-ray diffraction curve data in the (411) plane
was 0.091, 10) the internal stress was a compressive stress
with a magnitude of 22 megapascals, and 11) after 2 and 6
weeks, no whisker growth was observed.

Example 2
Test D2

In the second test (D2), the rotation speed was 400 revolu-
tions per minute and the average current density was 10
milliamperes per square centimeter. The following deposit
properties were measured: 1) the surface appearance was a
matte finish, 2) the process efficiency was 96 percent, 3) the
average plating rate was 0.68 micrometers per minute, 4) the
surface roughness 2 weeks after plating was 1.54 microme-
ters, 5) the surface roughness 6 weeks after plating was 2.08
micrometers, 6) the coverage of the tin deposit was not 100
percent of the total area, 7) the percentage of grains in the size
range of 1 to 8 micrometers was 66.2 percent, 8) the full width
half maximum (FWHM) of the x-ray diffraction curve data in
the (420) plane was 0.088, 9) the full width half maximum
(FWHM) of the x-ray diffraction curve data in the (411) plane
was 0.096, 10) there was no internal stress (zero stress), and
11) after 2 and 6 weeks, no whisker growth was observed.

Example 3
Test D3

In the third test (D3), the rotation speed was 400 revolu-
tions per minute and the average current density was 20
milliamperes per square centimeter. The following deposit
properties were measured: 1) the surface appearance was a
matte finish, 2) the process efficiency was 90 percent, 3) the
average plating rate was 0.95 micrometers per minute, 4) the
surface roughness 2 weeks after plating was 1.58 microme-
ters, 5) the surface roughness 6 weeks after plating was 1.14
micrometers, 6) the coverage of the tin deposit was not 100
percent of the total area, 7) the percentage of grains in the size
range of 1 to 8 micrometers was 89.1 percent, 8) the full width
half maximum (FWHM) of the x-ray diffraction curve data in
the (420) plane was 0.084, 9) the full width half maximum
(FWHM) of the x-ray diffraction curve data in the (411) plane
was 0.083, 10) the internal stress was a compressive stress
with a magnitude of 15.9 megapascals, and 11) after 2 and 6
weeks, no whisker growth was observed.

Example 4
Test D4

In the fourth test (D4), the rotation speed was 100 revolu-
tions per minute and the average current density was 20
milliamperes per square centimeter. The following deposit
properties were measured: 1) the surface appearance was a
matte finish, 2) the process efficiency was 92 percent, 3) the
average plating rate was 0.99 micrometers per minute, 4) the
surface roughness 2 weeks after plating was 0.67 microme-
ters, 5) the surface roughness 6 weeks after plating was 0.67
micrometers, 6) the coverage of the tin deposit was 100 per-
cent of the total area, 7) the percentage of grains in the size
range of 1 to 8 micrometers was 93.4 percent, 8) the full width
half maximum (FWHM) of the x-ray diffraction curve data in
the (420) plane was 0.080, 9) the full width half maximum
(FWHM) of the x-ray diffraction curve data in the (411) plane
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was 0.083, 10) the internal stress was a compressive stress
with a magnitude of 9.5 megapascals, and 11) after 2 and 6
weeks, no whisker growth was observed.

The results of tests D1 to D4 have shown that the use of
direct current electrodeposition results in a tin deposit with
high compressive internal stresses and/or a grain size which is
unacceptable by industry standards in that these parameters
are believed to promote whisker formation during the elec-
tronic components lifetime.

Example 5
Test P5

In this example, the rotation speed was 400 revolutions per
minute, the cathodic peak current density was 12.8 milliam-
peres per square centimeter, the cathodic on-time was 1 mil-
lisecond (the cathodic duty cycle was 80 percent), the oft-
time was 0.25 milliseconds (the off-time duty cycle was 20
percent), the frequency was 800 hertz, and the average current
density was 10.2 milliamperes per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 99 percent, 3) the average plating rate was 0.46
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 1.52 micrometers, 5) the surface roughness
6 weeks after plating was 1.49 micrometers, 6 the tin deposit
did not completely cover the substrate 7) the percentage of
grains in the size range of 1 to 8 micrometers was 90 percent,
8) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (420) plane was 0.092, 9) the full width
half maximum (FWHM) of the x-ray diffraction curve data in
the (411) plane was 0.095, 10) the internal stress was a com-
pressive stress with a magnitude of 3.2 megapascals, and 11)
after 2 and 6 weeks, no whisker growth was observed.

Example 6

Test P6

In this example, the rotation speed was 100 revolutions per
minute, the cathodic peak current density was 12.8 milliam-
peres per square centimeter, the cathodic on-time was 8 mil-
liseconds (the cathodic duty cycle was 80 percent), the oft-
time was 2 milliseconds (the offtime duty cycle was 20
percent), the frequency was 100 hertz, and the average current
density was 10.2 milliamperes per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 99 percent, 3) the average plating rate was 0.64
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 2.05 micrometers, 5) the surface roughness
6 weeks after plating was 2.44 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 93.8 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.096,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.099, 10) the internal
stress was a compressive stress with a magnitude of 9.5 mega-
pascals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 7

Test P7

In this example, the rotation speed was 400 revolutions per
minute, the cathodic peak current density was 25 milliam-
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peres per square centimeter, the cathodic on-time was 8 mil-
liseconds (the cathodic duty cycle was 80 percent), the oft-
time was 2 milliseconds (the offtime duty cycle was 20
percent), the frequency was 100 hertz, and the average current
density was 20 milliamperes per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 92 percent, 3) the average plating rate was 0.92
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 1.29 micrometers, 5) the surface roughness
6 weeks after plating was 2.3 micrometers, 6) the coverage of
the tin deposit was not 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 72.4 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.107,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.109, 10) the internal
stress was a tensile stress with a magnitude of 19.1 megapas-
cals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 8
Test P8

In this example, the rotation speed was 100 revolutions per
minute, the cathodic peak current density was 25 milliam-
peres per square centimeter, the cathodic on-time was 1 mil-
lisecond (the cathodic duty cycle was 80 percent), the offtime
was 0.25 milliseconds (the offtime duty cycle was 20 per-
cent), the frequency was 800 hertz, and the average current
density was 20 milliamperes per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 100 percent, 3) the average plating rate was 0.88
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 0.96 micrometers, 5) the surface roughness
6 weeks after plating was 0.65 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 95.4 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.089,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.086, 10) the internal
stress was a tensile stress with a magnitude of 12.7 megapas-
cals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 9
Test P9

In this example, the rotation speed was 400 revolutions per
minute, the cathodic peak current density was 33 milliam-
peres per square centimeter, the cathodic on-time was 0.375
milliseconds (the cathodic duty cycle was 30 percent), the
offtime was 0.875 milliseconds (the offtime duty cycle was
70 percent), the frequency was 800 hertz, and the average
current density was 9.9 milliamperes per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 73 percent, 3) the average plating rate was 0.37
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 1.95 micrometers, 5) the surface roughness
6 weeks after plating was 3.21 micrometers, 6) the coverage
of the tin deposit was not 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
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was 50 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.089,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.089, 10) the internal
stress was a tensile stress with a magnitude of 12.7 megapas-
cals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 10
Test P10

In this example, the rotation speed was 100 revolutions per
minute, the cathodic peak current density was 33 milliam-
peres per square centimeter, the cathodic on-time was 3 mil-
liseconds (the cathodic duty cycle was 30 percent), the oft-
time was 7 milliseconds (the offtime duty cycle was 70
percent), the frequency was 100 hertz, and the average current
density was 9.9 milliamperes per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 88 percent, 3) the average plating rate was 0.42
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 1.62 micrometers, 5) the surface roughness
6 weeks after plating was 1.19 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 92.8 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.095,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.095, 10) the internal
stress was a tensile stress with a magnitude of 15.9 megapas-
cals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 11

Test P11

In this example, the rotation speed was 400 revolutions per
minute, the cathodic peak current density was 66 milliam-
peres per square centimeter, the cathodic on-time was 3 mil-
liseconds (the cathodic duty cycle was 30 percent), the oft-
time was 7 milliseconds (the offtime duty cycle was 70
percent), the frequency was 100 hertz, and the average current
density was 19.8 milliamperes per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 88 percent, 3) the average plating rate was 0.86
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 1.16 micrometers, 5) the surface roughness
6 weeks after plating was 2.28 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 85.2 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.092,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.091, 10) the internal
stress was a compressive stress with a magnitude of 12.7
megapascals, and 11) after 2 and 6 weeks, no whisker growth
was observed.

Example 12

Test P12

In this example, the rotation speed was 100 revolutions per
minute, the cathodic peak current density was 66 milliam-
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peres per square centimeter, the cathodic on-time was 0.375
milliseconds (the cathodic duty cycle was 30 percent), the
offtime was 0.875 milliseconds (the offtime duty cycle was
70 percent), the frequency was 800 hertz, and the average
current density was 19.8 milliamperes per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 88 percent, 3) the average plating rate was 0.84
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 0.77 micrometers, 5) the surface roughness
6 weeks after plating was 0.62 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 83.9 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.086,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.090, 10) the internal
stress was a compressive stress with a magnitude of 3.2 mega-
pascals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 13

Test PR13

In this example, the rotation speed was 400 revolutions per
minute, the cathodic peak current density was 29 milliam-
peres per square centimeter, the cathodic on-time was 1 mil-
lisecond (the cathodic duty cycle was 80 percent), the anodic
peak current density was 14.5 milliamperes per square cen-
timeter, the anodic on-time was 0.25 milliseconds (the anodic
duty cycle was 20 percent), the frequency was 800 hertz, and
the average current density was 20.3 milliamperes per square
centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 92 percent, 3) the average plating rate was 0.90
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 1.01 micrometers, 5) the surface roughness
6 weeks after plating was 1.11 micrometers, 6) the coverage
of the tin deposit was not 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 96.7 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.082,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.081, 10) the internal
stress was a compressive stress with a magnitude of 3.2 mega-
pascals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 14

Test PR14

In this example, the rotation speed was 400 revolutions per
minute, the cathodic peak current density was 101 milliam-
peres per square centimeter, the cathodic on-time was 0.375
milliseconds (the cathodic duty cycle was 30 percent), the
anodic peak current density was 14.5 milliamperes per square
centimeter, the anodic on-time was 0.875 milliseconds (the
anodic duty cycle was 70 percent), the frequency was 800
hertz, and the average current density was 20.2 milliamperes
per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 92 percent, 3) the average plating rate was 0.97
micrometers per minute, 4) the surface roughness 2 weeks
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after plating was 0.41 micrometers, 5) the surface roughness
6 weeks after plating was 0.64 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 93.4 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.081,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.084, 10) the internal
stress was a tensile stress with a magnitude of 15.9 megapas-
cals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 15
Test PR15

In this example, the rotation speed was 100 revolutions per
minute, the cathodic peak current density was 29 milliam-
peres per square centimeter, the cathodic on-time was 8 mil-
liseconds (the cathodic duty cycle was 80 percent), the anodic
peak current density was 15 milliamperes per square centi-
meter, the anodic on-time was 2 milliseconds (the anodic duty
cycle was 20 percent), the frequency was 100 hertz, and the
average current density was 20.2 milliamperes per square
centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 100 percent, 3) the average plating rate was 1.21
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 1.25 micrometers, 5) the surface roughness
6 weeks after plating was 1.16 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 91 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.071,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.079, 10) the internal
stress was a tensile stress with a magnitude of 3.2 megapas-
cals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 16

Test PR16

In this example, the rotation speed was 100 revolutions per
minute, the cathodic peak current density was 101 milliam-
peres per square centimeter, the cathodic on-time was 3 mil-
liseconds (the cathodic duty cycle was 30 percent), the anodic
peak current density was 15 milliamperes per square centi-
meter, the anodic on-time was 7 milliseconds (the anodic duty
cycle was 70 percent), the frequency was 100 hertz, and the
average current density was 19.8 milliamperes per square
centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 93 percent, 3) the average plating rate was 0.87
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 0.61 micrometers, 5) the surface roughness
6 weeks after plating was 0.69 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 86.4 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.079,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.081, 10) the internal
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stress was a compressive stress with a magnitude of 12.7
megapascals, and 11) after 2 and 6 weeks, no whisker growth
was observed.

Example 17

Test PR17

In this example, the rotation speed was 400 revolutions per
minute, the cathodic peak current density was 49 milliam-
peres per square centimeter, the cathodic on-time was 3 mil-
liseconds (the cathodic duty cycle was 30 percent), the anodic
peak current density was 8 milliamperes per square centime-
ter, the anodic on-time was 7 milliseconds (the anodic duty
cycle was 70 percent), the frequency was 100 hertz, and the
average current density was 9.1 milliamperes per square cen-
timeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 85 percent, 3) the average plating rate was 0.37
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 0.94 micrometers, 5) the surface roughness
6 weeks after plating was 0.79 micrometers, 6) the coverage
of the tin deposit was 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 85.7 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.091,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.087, 10) there was no
internal stress (zero stress), and 11) after 2 and 6 weeks, no
whisker growth was observed.

Example 18

Test PR18

In this example, the rotation speed was 100 revolutions per
minute, the cathodic peak current density was 49 milliam-
peres per square centimeter, the cathodic on-time was 0.375
milliseconds (the cathodic duty cycle was 30 percent), the
anodic peak current density was 8 milliamperes per square
centimeter, the anodic on-time was 0.875 milliseconds (the
anodic duty cycle was 70 percent), the frequency was 800
hertz, and the average current density was 9.1 milliamperes
per square centimeter.

The following deposit properties were measured: 1) the
surface appearance was a matte finish, 2) the process effi-
ciency was 87 percent, 3) the average plating rate was 0.39
micrometers per minute, 4) the surface roughness 2 weeks
after plating was 1.00 micrometers, 5) the surface roughness
6 weeks after plating was 0.66 micrometers, 6) the coverage
of the tin deposit was not 100 percent of the total area, 7) the
percentage of grains in the size range of 1 to 8 micrometers
was 94.7 percent, 8) the full width half maximum (FWHM) of
the x-ray diffraction curve data in the (420) plane was 0.082,
9) the full width half maximum (FWHM) of the x-ray diffrac-
tion curve data in the (411) plane was 0.074, 10) the internal
stress was a compressive stress with a magnitude of 6.4 mega-
pascals, and 11) after 2 and 6 weeks, no whisker growth was
observed.

Example 19

Test PR19

In this example, the rotation speed was 100 revolutions per
minute, the cathodic peak current density was 14.5 milliam-






