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ABSTRACT 
A cyanide-free immersion gold plating process suitable for 
PCB surface finishing is presented. This new immersion 
gold plating process does not use any cyanide reagent which 
makes it easier to handle, less toxic and more 
environmentally friendly than conventional cyanide 
immersion gold formulations. Uniform gold plating can be 
obtained over electroless nickel at relatively low operating 
temperatures of 40 °C and pH between 7 and 6. The bath 
has excellent stability throughout its bath life without loss of 
plating performance. This new gold surface finish exhibited 
very good solderability and solder-joint integrity.  
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INTRODUCTION 
Immersion gold surface finish is a common choice finish for 
the electronics industry [1,2]. The gold coating is an 
attractive choice due to its ability to resist tarnishing and 
very good solderability. The gold coating does not have to 
be very thick to be effective either. Thickness for gold in 
such applications is typically less than 4 uin, in fact the 
industry is shifting towards thickness of 2 uin or less [3] 

The gold finish is normally deposited by 2 ways: 
electrolytic and electroless. The more common electroless 
deposition method is by the immersion mechanism wherein 
the deposition relies on the galvanic displacement of a less 
noble metal than gold. Much of the gold coating find utility 
onto electroless nickel/immersion gold (ENIG) or 
electroless nickel/electroless palladium/immersion gold 
(ENEPIG). The major precursor of such immersion gold 
chemistry is the cyanide containing gold salts. The cyanide 
containing gold precursor salt is not ideal for environmental 
and health reasons. Aside from serious health and 
environmental impacts, conventional immersion gold 
plating also entails relatively high operating temperatures. 
Plating temperature of 80 °C is not uncommon which 
utilizes more electricity leading to significant energy cost 
compared to a process running at 40 °C.  

In this paper, we introduce a new immersion gold 
composition suitable for ENIG surface finish that utilizes no 
cyanide reagent and operated at near neutral pH and 40 °C. 
The performance was evaluated to check it’s suitability as a 
surface finish. 

EXPERIMENTAL 
Plating 
Sample panels were plated at specific metal-turn-over 
intervals of the gold chemistry to check the plating and 
performance. Test panels with varying pad designs and 
through-holes were first plated with electroless nickel with 
phosphorus content in the range of 7 to 9%. These panels 
were then plated with the new cyanide-free immersion gold 
bath (i.e. MacDermid’s Affinity Gold CF) to obtain an 
electroless nickel/immersion gold (ENIG) finish.  

The unique feature of this new cyanide-free immersion gold 
chemistry is that it is possible to obtain a uniform looking 
gold finish at a relatively mild operating condition while 
still achieving a plating rate of 0.2 uin/min. The operating 
temperature for this gold bath is 40 °C while the starting pH 
of the gold plating solution was at neutral pH. The pH is 
gradually adjusted towards 6 as the bath aged to 12 mto to 
maintain the plating rate.  

The average electroless nickel thickness was 150 uin while 
the gold thickness was targeted at a minimum of 2 uin in 10 
minutes of gold plating. The surface finish thickness were 
measured using a Fischerscope X-Ray model XDV-SDD.  

Characterization and Evaluation 
The bath chemistry was constantly analyzed throughout the 
experiment to maintain the ingredients at correct levels. The 
collected panels were analyzed and evaluated. Some of the 
samples were cross sectioned to investigate for corrosion 
damage such as black pad. Aside from cross section, pieces 
were also gold-stripped to reveal the underlying electroless 
nickel undercoat in order to check the surface for corrosion.  

After characterizing the surface finish, the solderability 
performance were evaluated. All of the solder test were 
done with Pb-free conditions. Tests included checking the 
solder hole-fill, solder spread and measuring the wetting 
behavior with a MUST Gen III wetting balance instrument. 
In addition, the solder joint strength was investigated by 
conducting shear testing on attached solder spheres.  

RESULTS AND DISCUSSION 
Plating  
The plating rate curve from 0 to 12 mto is presented in 
Figure 1. The rates are considerably steady throughout the 
entire bath life staying within the range of 0.2 to 0.24 
uin/min. This plating rate is satisfactory for the processing 
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of immersion gold for the ENIG finish which targets about 2 
uin of gold within 10 minutes of processing time.   
 

 
Figure 1. Plating rate curve throughout the entire solution 
life  
 
Corrosion Investigation 
Processed panels were cross sectioned to check for 
corrosion damage particularly black pad which is quite 
common for ENIG finish. The cross section FIB image 
results are presented in Figure 2. None of the samples 
showed any extensive damage in the electroless nickel layer. 
There were no visible black pad spikes that had penetrated 
through the electroless nickel region.  
 
Furthermore, these samples were also checked for surface 
corrosion. Scanning electron microscope images of the 
samples were obtained after stripping the gold layer to 
check and compare the surface microstructure. The images 
are provided in Figure 3. From these images, the underlying 
nickel layer are relatively intact. Surface damage is limited 
to small pitting on the surface of the grain and not along the 
grain boundaries. Conventional cyanide containing gold 
plating would normally cause corrosion along the grain 
boundaries and penetrate through the entire electroless 
nickel layer. However, this new cyanide-free immersion 
gold chemistry seem to distribute the displacement 
corrosion along the top surface region of the electroless 
nickel layer and limit any not localized corrosion onto a 
small area thus preventing black pad corrosion.   
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 2. Cross section FIB images of the ENIG finish 
investigating for black pad corrosion (a) 0 mto and (b) 12 
mto.   
 

  
 

  
Figure 3. SEM image of the surface after stripping the gold 
layer (a) 0 mto (b) 4 mto (c) 8 mto and (d) 12 mto 
 
Solder Performance 
The soldering performances of the ENIG finish were 
evaluated. The solder tests included checking the through-
hole fill, solder spread and wetting force of the cyanide – 
free immersion gold finish. The plated panels were 
subjected to reflow conditions to simulate assembly 
conditions. All the test were done using Pb free conditions. 
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The through-hole fill result is shown in Figure 4. All of the 
samples had exceeded the minimum IPC requirement (95% 
fill). The thermal reflow had no detrimental effect on the 
solder hole-fill. In fact, samples that had been subjected to 
2x thermal reflow have the same hole fill result as freshly 
plated samples.  

Figure 4. Pb-free solder PTH hole fill results from 0 to 12 
mto 
 
The next solderability evaluation is the determination of the 
solder spread. This unique test is a measure of how well the 
Pb-free solder spread or wet over an area of the surface 
finish. With the use of a stencil, fresh solder paste is applied 
onto a feature design. The initial size of the applied solder 
paste serves as the reference mark. After thermal reflow, the 
size of the solder area is evaluated against the size of the 
initially applied solder paste. The solder spread is then 
calculated based on how much area the solder paste had 
expanded to or covered.  
 
The solder spread result from 0 to 12 mto is illustrated in 
Figure 5. The graph shows as-plated samples and after 3x 
reflow samples. The 3x reflow is to simulate the ENIG 
surface finish undergoing several thermal exposure cycles. 
Even after the thermal excursion, the solder spread are still 
excellent. The reflow did not have any detrimental effect on 
the solder spread of the ENIG finish. The solder coverage 
area of both as-plated and after 3x reflow have increased up 
to 600% for all of the mto sets.   

Figure 5. Solder spread results from 0 to 12 mto  

 
Wetting Balance 
Another measure of solder wetting is by wetting balance. 
The wetting balance measures the wetting force between the 
molten solder and the surface finish as a function of time. 
The instrument records the time for the solder to wet the 
component pad. This method is quantitative and sensitive.  
 
Wetting balance coupons were specifically used and plated 
for this test. The coupon had several pads of the same size. 
Each plot in Figure 6 is the compilation of 6 individual 
measurements.  

 
Figure 6. Wetting balance from 0 to 12 mto. The left 
column are as-plated samples and the right column are after 
3x reflow 
 
The plots on the left hand column shows the wetting for as-
plated samples from 0 to 12 mto while the plots on the right 
hand column are the samples after going through 3x reflow. 
There is a discernable difference before and after the 3x 
reflow. Freshly plated samples have relatively closer 
wetting curves whereas after 3x reflow, the individual 
measurement curves are more scattered apart. This scatter 
indicates some of the plated component pads within the 
same sample have slightly deteriorated leading to loss of 
wetting. Despite the scatter, all the wetting balance result 
are still considered acceptable. The Tzero is similar for all 
cases, which is less than 1 second.  
 
Solder Joint Integrity 
The solder joint integrity is determined by a shear test. In 
this specific test, solder spheres are placed and assembled 
onto a defined area or a suitable pad feature such as ball grid 
arrays (BGAs). Once the solder sphere had been placed and 
soldered in place, a shearing arm that is part of the shear 
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instrument will push the solder sphere until the sphere gets 
dislodged. In this study we used a XYZTEC Condor 
Multifunctional Bond tester (Figure 7). The instrument will 
automatically measure the maximum force that is required 
to remove the solder sphere. A schematic of the ball shear 
test is illustrated in Figure 8. 
 

 
Figure 7. XYZTEC Condor Multifunction Bond Tester 
 
The solder spheres used are also Pb-free. Solder paste is 
initially applied followed by placing the solder spheres at 
the designated pad. Once the spheres are in place, the entire 
panel is reflowed to melt and form the solder bond between 
the surface and the solder sphere.  
 
A shearing arm will push the formed solder sphere until the 
sphere dislodges from the pad. The force required to remove 
the sphere is used as an indication of the solder joint 
strength. The higher the force required to dislodge the solder 
sphere, the stronger the solder bond is between the surface 
finish and the bulk solder.   

 

 
Figure 8. Schematic of a ball shear test 
 
There are two types of pad features used in the ball shear 
test. One type of pad is called metal-defined pad while 
another is solder masked defined pad. It’s worthwhile to 
differentiate the two pad features because it affects the 

solder shear integrity. Figure 9 illustrates the main 
difference between the 2 pad features. Metal-defined pads 
are features on the panel that are shaped or made up of the 
substrate metal itself. Whereas soldermask defined pads are 
features shaped by the soldermask. In the latter case, a 
single large pad can serve as the substrate metal for 
numerous soldermask-defined pads.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. (a) Metal-defined vs. (b) soldermask defined pads 

Figure 10 reports the ball shear results for 0 to 12 mto 
samples that had been subjected to 2x thermal reflow. All 
samples have exceeded the minimum required shear 
strength of 1.5 kgF. Most metal defined pad exhibited an 
average shear strength of 1.9 kgF or above while 
soldermask defined pads are slightly lower with a minimum 
of 1.8 kgF for the 9 mto sample set.   
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Figure 10. Ball shear test results from 0 to 12 mto for both 
metal defined (red) and soldermask defined (blue) pads 

It’s noteworthy to point out that the shear strength of 
soldermask defined pads are lower than the metal defined 
pads for all of the mto sets. As exemplified in the Figure 8 
illustration, the solder sphere for metal defined pads also 
cover the side area of the entire pad when the solder bond is 
eventually formed. This added coverage also contribute to 
the increased bonding surface between the substrate and the 
solder leading to higher bond strength.  

Another important key piece of information obtained from 
the shear test is the failure mode of the joint. The most 
desirable failure would be the ductile shear mechanism 
wherein the break or failure occurs within the solder and not 
along any of the interface region. Failure along the interface 
area would indicate a weak joint. A break within the solder 
signifies that the solder bond between the finish and the 
bulk solder is intact and not a weak point. Figure 11 shows 
two sample images of ductile failure using the new cyanide-
free immersion gold in ENIG. The failure mode is the same 
for a newly prepared bath and near the end of bath life. The 
break shows solder material is still left on the surface when 
the solder spheres are removed.   

Figure 11. Images of the ball shear failure mode showing 
the preferred ductile failure mechanism for a new bath (a) 0 
mto and at the end of bath life at (b) 12 mto 

CONCLUSION 
A new cyanide free immersion gold that can be operated at 
considerably mild conditions is developed for use in PCB 
surface finishing. The exclusion of cyanide from the plating 
chemistry makes it more environmentally friendly and 
lessen any potential toxic cyanide health hazards and risk to 
the user. The newly developed gold plating bath can achieve 
a plating rate of 0.2 uin/min of gold at a relatively low 
operating temperature of 40 °C and pH range of 6 to 7. The 
lower operating temperature allows for better energy 
efficiency and cost savings. At the same time, the lower 
temperature minimizes potential damage to some substrate 
panel materials.  

The plating behavior and performance results in this study 
has shown it to be suitable for ENIG. The corrosion caused 
by the displacement reaction to plate gold onto the 
underlying nickel layer is minimal and spread over the 
surface instead of localized deep corrosion. The gold plating 
bath is very stable and gives a consistent plating rate 
throughout its bath life. The solderability tests have met or 
even exceeded IPC standard requirements.  
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