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ABSTRACT 
The influence of co-deposited phosphorus within an 
electroless nickel layer `(from low- to high-P) on the 
reliability of the solder joint integrity and aluminum-
wire bond performance was investigated.  The solder 
joint evaluation was conducted using solder mask-
defined and non-solder mask-defined BGAs as test 
vehicles and using the ball shear technique to estab-
lish the level of any “brittle fracture”.  The type and 
structure of the intermetallic compound (IMC) cre-
ated before and after thermal cycling was examined  
relative to the co-deposited phosphorus (from mid- to 
high-P) within an electroless nickel layer to deter-
mine if there is any influence on solder joint integrity.  
It was found that as the nickel thickness decreased 
and the gold thickness increased the highest impact 
on solder joint integrity was observed.  However in 
the case of higher P content, even at the lower nickel 
thickness no signs of any brittle fracture were found 
. 
Two types of IMC were created on the thermo-cycled 
product using lead-free (Sn-Ag-Cu) solder balls, 
which were of different structural and chemical 
composition. The needle-like IMC structure is 
(Ni,Cu)3Sn4 with Ag3Sn co-dispersed into the bulk 
solder, while the chunky IMC structure is 
(Cu,Ni)6Sn5.  The phosphorus enrichment after the 
immersion gold reaction and soldering showed a 
30% lower enrichment at the interface of the elec-
troless Nickel / C-Ni-Sn IMC using a high-phospho-
rus ENIG system. The mid-range phosphorus elec-
troless nickel layer showed a wide spread of all 
force/length curves as compared to high-phosphorus 
layers, which were not negatively influenced by 1000 
thermal cycles.   
 
For aluminum-wire bonding, no effect is observed by 
varying the bulk phosphorus content, neither for “as 
received” nor after 4 hours at 150 °C annealing. 
Gold-wire bonding showed very good results with 
high-P electroless Nickel with only one-tenth of the 
gold thickness of that used for electrolytic 
nickel/gold. Based on this investigation, the 
recommendation would be to use high-P ENIG sys-
tem for superior joint reliability. 
 
INTRODUCTION  
Within the electronics industry, components and 
printed circuit boards (PCB) are increasingly adding 
more requirements to the functionality of the elec-
tronic device. At the same time, the environments in 
which these electronic devices are used are also 
continuously changing, which in turn is challenging 

the reliability of the soldered joints and/or wire 
bonds.  
 
The impact of the operating environment is particu-
larly important for certain functions, such as keypads 
or contact switches, where areas of the final metallic 
coating are exposed.  Because these areas are not 
covered by solder and cannot be encapsulated by 
other protective coatings, they need to withstand 
corrosive environments, such as high humidity or 
pollutant gas.  
 
If corrosion occurs, this will interfere with the electri-
cal behavior due to either the electrical conductivity 
of corrosion products (creating a short), or damage 
to the final coating (as a contact surface for key pads 
or contact switches), thus impacting the functionality 
of final products, leading to low service life.  
 
Due to the above issue, in recent years there has 
been a consistent growth in the use of high-
phosphorous (>9.5 - 13% wt% P) electroless 
nickel/immersion gold (HP-ENIG) as a final finish, 
especially in the telecommunication industry.  HP-
ENIG offers superior corrosion resistance compared 
to a low- or medium- phosphorous ENIG process.  
This finish is now frequently being used for PBGA, 
CSP, QFP and COB.  More recently, HP-ENIG has 
gained considerable interest as a low-cost, under-
bump metallization for flip-chip bumping application. 
 
The final coating on the PCB is one of the key issues 
for the reliability of the whole assembly.  This deposit 
should act as a long-time diffusion barrier, protecting 
underlying copper pads at high operating tempera-
tures.  The formed intermetallic compounds (IMC) 
need to handle mismatches in coefficient of thermal 
expansion (CTE) without resulting in silicon cracks.  
In addition, the formed metallurgical system should 
not show any brittleness caused by this IMC forma-
tion.  
 
This paper describes the influence of co-deposited 
phosphorus within an electroless nickel layer (from 
low- to high-P) on the reliability of the solder joint 
integrity and aluminum wire-bond performance. The 
solder joint evaluation was conducted using solder 
mask-defined and non-solder masked-defined BGAs 
as test vehicles and using the ball shear technique to 
establish the level of any “brittle fracture”. The type 
and structure of the IMC created before and after 
thermal cycling was also evaluated against the co-
deposited phosphorus (from low- to high-P) within an 



electroless nickel layer to determine if there is any 
influence on solder joint integrity. 
 
ENIG SYSTEMS 
The key variables for testing solder joint reliability 
were electroless nickel thickness (3 µm vs. 6 µm), 
immersion gold thickness (0.06 µm vs. 0.14 µm) and 
phosphorous content in the bulk nickel layer. In this 
investigation, “medium-P” is considered to be 7-9 wt. 
pct. phosphorus, while “high-P” is considered to be 
9.5-13 wt. pct. phosphorus. However due to the high 
corrosion resistance of the high P electroless nickel, 
which impacts the immersion gold deposition, it was 
not possible to obtain a gold thickness greater than 
0.06 µm under standard operating parameters.  
 
Solder joint formation of nickel/gold surface finishes 
takes place through gold dissolution into the solder, 
forming an IMC between the nickel and tin. It is well 
known that the formed Ni/Sn IMC influences the sol-
der joint integrity. A uniform and dense IMC is 
essential for a ductile solder joint. 
 
DESCRIPTION OF EXPERIMENT 
BGA substrates were prepared by systematically 
varying ENIG layer thickness and bulk phosphorus 
content. The layers were characterized by X-ray fluo-
rescence (XRF) and scanning electron microscope 
(SEM) in a cross-section. 
 
Solderability was determined with a solder balance 
(Multicore MUST II Solderability Tester), comparing 
ENIG systems with different bulk phosphorous con-
tent. 
 
The following ball shear tests were performed: 
 BGA ball (Sn-Ag-Cu) attachment on “as re-

ceived” samples, comparing fracture behavior of 
ENIG systems with different bulk phosphorous 
content. 

 After BGA ball (Sn-Ag-Cu) attachment, the sam-
ples were exposed to 1000 thermo-cycles (TC) 
from -55 °C to 125 °C with dwell times of 15 min-
utes at each temperature and 3-second transfer 
times, comparing fracture behavior of ENIG sys-
tems with different bulk phosphorous content. 

Solder joint integrity was determined by ball shear 
testing (Dage PC 2400) using solder mask-defined 
and non-solder mask-defined pads.  
 
The following wire bond pull strength tests were con-
ducted: 
 For aluminum-wire bonding, bond pull strength 

was compared with results “as received” and af-
ter annealing at 150 °C for four hours. Wire bond 
pull strength is compared with ENIG systems 
having different bulk phosphorous content. 

 For gold wire bonding, bond pull strength was 
compared with electrolytic-plated nickel/gold lay-
ers and ENIG with a medium- and high-
phosphorous content in the bulk nickel layer. 

Wire bond pull strength was determined by pull 
testing (Dage BT 2400 PC) using a hook to lift the 
bonded wires. 
 
Scanning Electron Microscope 
Determination of the bulk phosphorous (P) content of 
the ENIG layer was performed by cross-sectioning 
and SEM, since the energy values of phosphorus 
(Kβ line at 2.139 keV) and gold (Mα line at 2.123 
keV) are very similar. Depending on the type and 
software employed by the SEM it is possible to 
differentiate the phosphorus from gold. The 
phosphorus content is expressed in weight percent 
(wt %). 
 
XRF 
The XRF was used to determine nickel and gold 
thickness. The X-ray fluorescence intensity is 
proportional to the number of atoms within the 
probed volume (fraction of a square millimeter, sev-
eral µm in depth). From this intensity, using the spe-
cific gravity of the layer as a proportional constant, 
the layer thickness is calculated. When the instru-
ment is properly calibrated, the nickel and gold layer 
thicknesses can be determined.  
 
Solderability 
As a control tool on site at the PCB producer, sol-
derability tests (i.e. wetting balance tests) are typi-
cally performed on a frequent basis, using either 
special coupons, samples plated during production 
or the PCB itself. This test gives a good indication 
regarding overall quality of the final finishing plating 
process.  
The Multicore MUST II system performs each test 
with a fresh solder ball, compared to using a solder 
pot, thus avoiding any solder contamination. The 
tested samples, as well as the solder ball, are fluxed 
before the sample is reflow soldered. Results are 
given for wetting force and wetting time.  Additionally 
a time/force diagram is plotted. Typical values shown 
are maximum wetting force (Fmax), time to Fmax, time 
to 2/3 Fmax, force after 2 sec. (F1) and force after 5 
sec (F2). 
Pass/fail criteria within this paper is the time to 2/3 
Fmax which must be less than one second. 
 
Ball Shear Test 
Manufacturers and assemblers of the BGA-laminate 
typically utilize ball shear tests. Because the 
individual pads are solder mask-defined (SMD), 
shown in Figure 1, the chance of a pad pull-out is 
greater in comparison to a non-solder mask-defined 
(NSMD) pad, as shown in Figure 2, since SMD pads 
are typically found on the board side. Higher strength 
against pad pull-out will force the fracture to occur at 
the metallic layer, the IMC, the solder or any 
interface in between. 
 



 
 

Fig. 1 Solder Mask Defined pad (SMD) 
 

 
 

Fig. 2 Non Solder Mask Defined pad (NSMD) 
 
A BGA solder ball (760 µm diameter) is soldered 
onto the SMD pad (600 µm diameter opening) or 
NSMD pad (600 µm diameter) and sheared off using 
a DAGE PC 2400 shear tester. Force/length dia-
grams are then plotted as presented in Figure 3. Dia-
grams with a steep descent after the maximum 
height represent “brittle” interfacial fracture, while a 
gradual descent represents “ductile” plastic deforma-
tion of the solder. 
 

 
 
Fig. 3 Schematic diagrams of ball shear test and SEM 
micrographs of ductile and brittle fracture.  

The surface of the remaining pad is analyzed (see 
Figure 4) and the fracture is classified as “ductile” 
(fracture in the solder/pad pull-out) or “brittle” (frac-
ture at the IMC). Fracture modes 1 and 4 represent 
ductile fractures, where the fracture occurs by the 
shearing of the BGA pad from the PCB (Mode 1) or 
the fracture occurs within the solder (Mode 4). Brittle 
fractures occur between the electroless nickel layer 
and the Ni/Sn IMC (Mode 2) and at the interface be-
tween solder and Ni/Sn IMC (Mode 3).  
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Fig. 4 Classification of fracture modes 1-4 after ball shear 
test. 
 
In order to clarify the solder joint integrity for the 
tested ENIG layer systems, samples were prepared 
as follows: 
 Electroless nickel at 3 µm to 6 µm thickness 

- Medium phosphorous content in the bulk 
nickel layer at 7-9 wt % 

- High phosphorus content in the bulk nickel 
layer at 9.5 -13 wt %.  

 Immersion gold at 0.05 µm to 0.15 µm thickness  
Samples were assembled with Sn/Pb solder balls 
(760-µm diameter) using Litton Kester 950 E3.5 
(type F-SW33) as flux, in convection reflow oven.   
As stated before, high gold thickness was not possi-
ble with high P content nickel without operating out-
side normal conditions. 
 
Wire bond pull strength 
Wire bond pull tests were performed using a Dage 
BT 2400 PC. The maximum pull force, measured in 
cN, is recorded. Optical inspection of the fracture is 
then performed to determine the mode of the failure, 
as shown in Figure 4. 
Aluminum wire bonding was performed using 32-µm 
AlSi-1 wire from Hereaus, while gold wire bonding 
was performed using 30-µm Au-Beta wire from 
Hereaus. 
 
 



TEST RESULTS 
 
Solderability – Multicore MUST II 
Figure 5 shows the data for the 156 measurements 
for each ENIG system. Altering bath age for the 
respective nickel and gold process solutions, none of 
the finishes exceeded the fail criteria for time to 2/3 
Fmax of one second. 
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Fig. 5 Diagram for time to 2/3 Fmax comparing medium- 
and high-phosphorus ENIG systems. 
 
Ball shear / 600 µm SMD pad 
Figure 6 shows a series of ball shear results with 
600-µm SMD pads. In this example, two ENIG sys-
tems are compared, one with a bulk phosphorus 
content of 7-9%, the other with 9.5-13% P. The 
plated electroless nickel and immersion gold thick-
nesses were varied from 3.2 µm to 6.1 µm and from 
0.06 µm to 0.15 µm, respectively. Solder balls were 
attached to samples directly after plating. 
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Fig. 6: Detected fracture modes of ENIG layers on 600-µm 
SMD pads. 
 
Samples with a low gold thickness (0.06 µm and 
0.07 µm) exhibit fracture primarily within the solder 
(Mode 4). However at low nickel thickness (3.2 µm 
and 3.3 µm) in 7-9 % wt P, a low number of Mode 3 
fractures occurred, which was not the case for the 
high-P content nickel.  
 
Samples with low nickel thickness (3.2 µm and 3.3 
µm) and/or samples with high nickel thickness (6.0 
µm) with high gold thickness (>0.14 µm) show the 
highest number of fractures at the interface between 
Ni/Sn IMC (Mode 3).  In the case of low nickel thick-
ness (3.3 µm) with 9.5-13% P, samples exhibited a 
ductile fracture mode within the solder (Mode 4). 

 
Ball Shear / 600 µm NSMD pads 
A series of ball shear with 600 µm NSMD pads is 
shown in Figure 7. As an example, two ENIG sys-
tems are compared: one with a bulk P-content of 7-
9%, the other with 9.5-13% P. The plated electroless 
nickel and immersion gold thicknesses varied from 
3.2 µm to 6.1 µm and from 0.06 µm to 0.15 µm, 
respectively. Due to the higher corrosion resistance 
of the high-P, creating a thicker gold layer was not 
possible without operating the system outside its 
normal operating parameters. Solder balls were at-
tached to samples directly after plating. 
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Fig. 7 Detected fracture modes of ENIG layers on 600-µm 
NSMD pads. 
 
Only samples with P-content of 7-9% in the nickel 
layer and a nickel thickness of 3.2 µm showed brittle 
fracture (Mode 3) at the interface between the Ni/Sn 
IMC and the solder, regardless of the gold thickness.  
Throughout the testing only 600-µm NSMD pads 
showed fractures of the Mode 1 type with pad pull-
out. Nickel layers with 7-9% P, 6.0-µm thickness and 
0.15-µm gold thickness exhibited the lowest fre-
quency of pad pull-out, less than 40 percent. By 
comparison, high-P nickel layers with 6.1-µm thick-
ness and 0.06-µm gold thickness resulted in more 
than 80 percent pad pull-out.  
 
All samples with an electroless nickel P-content of 
9.5-13% (regardless of tested nickel thickness) and 
0.06 µm gold showed no brittle fractures regardless 
of the type pad formation (SMD or NSMD). In the 
case of NSMD pads, even with the thicker immersion 
gold there were no brittle facture joints. This fact is 
attributed to the additional anchorage effect of the 
solder around the pad giving the over joint a greater 
bond strength. 
 
Solder joint integrity of nickel/gold layers - Phase 
II. 
This part of the investigation involved examining the 
effect of subjecting a solder ball joint to thermo-cy-
cling by examining the joint integrity and type of IMC 
that is formed, before and after thermo-cycling. Tests 
were conducted with 600-µm SMD pads, with lead-
free solder balls (Sn-Ag-Cu) and with different 
phosphorus contents of 4.2%, 8.0% and 11.2% by 
weight in the electroless nickel layers.  



 
Ball shear tests on 600-µm pads (before thermo-
cycling) 
Figures 8, 9 and 10 offer a comparison of force / 
length diagrams for 600-µm SMD pads at the three 
different phosphorus contents in the electroless 
nickel layers. 
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Fig. 8 Ball shear tests on 600-µm pads (before thermo-
cycling) 5 µm NiP (4.2% P-content), 0.08 µm gold 
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Fig. 9  Ball shear tests on 600-µm pads (before thermo-
cycling) 5 µm NiP (8.0% P-content), 0.08 µm gold 
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Fig. 10  Ball shear tests on 600-µm pads (before thermo-
cycling) 5 µm NiP (11.2% P-content), 0.05 µm gold 
 
The three nickel systems show a flat descent after 
the maximum height representing a ductile (i.e. plas-
tic) deformation of the solder. The force/length dia-
grams for 8.0% P and 11.2% P show a narrow 
shape of all curves, indicating similar bond 
characteristics for all tested SMD BGA pads. By 
comparison, the nickel layer with 4.2% P-content 
show a wide spread of force/length curves, indicating 
more variation of total shear force (8N – 16N) for the 
tested SMD BGA pads. 
 
Ball shear tests on 600-µm pads (after thermo-
cycling)  
A comparison of force/length diagrams for 600-µm 
SMD pads at the three different phosphorus contents 
in the electroless nickel layers is shown in Figures 
11, 12 and 13 after thermo-cycling. The lead-free 
(Sn-Ag-Cu) solder balls were attached to samples 
directly after plating, followed by 1000 thermo cycles 
(-55 °C / +125 °C). 

 
Fig. 11 Ball shear tests on 600-µm pads (after thermo-
cycling) 5 µm NiP (4.2% P-content), 0.08 µm gold    
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Fig. 12 Ball shear tests on 600-µm pads (after thermo-
cycling) 5 µm NiP (8.0% P-content), 0.08 µm gold  

 
Again, all three nickel systems show a gradual de-
scent after the maximum height, indicative of a duc-
tile deformation of the solder. Only at the 11.2-per-
cent phosphorus content do the force/length dia-
grams show a narrow shape for all curves. 
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Fig. 13 Ball shear tests on 600-µm pads (after thermo-
cycling) 5 µm NiP (11.2% P-content), 0.05 µm gold  
 
 
The nickel layers with 4.2% and 8.0% phosphorus 
show a wide spread of force/length curves, indicating 
more variation in the total shear force for the tested 
SMD BGA pads,  from 6N to 13N for 4.2% P and 
from 5N to 16N for 8.0% P.  

 
To evaluate the differences in behavior of the 8.0% 
P nickel layer compared to the 11.2% P nickel layer, 
the fractures that occurred were examined by cross-
section and EDX. Figure 14 shows the cross-section 
of the nickel pad with lower phosphorus content, 
clearly showing fracture within the solder, near the 
Ni/Sn IMC (Mode 3-4). This example could be classi-
fied as a partial brittle fracture.  
 
 
Fig 14  SEM image of a cross-section of an SMD BGA 
pad after ball shear testing of an 8.0% P nickel layer 
(Magnification 195x).  
 
By comparison, Figure 15 shows the cross-section of 
the nickel pad with higher phosphorus content, 
showing fracture within the solder (Mode 4). 

 

Fig. 15  SEM image of a cross-section of an SMD BGA 
pad after ball shear testing of an 11.2% P nickel layer 
(Magnification 195x).  
 
Analysis of IMC before and after thermo cycling 
IMCs were formed with a Sn-Ag-Cu alloy using a 
reflow profile recommended by lead-free solder 
paste suppliers, as shown in Figure 10. The profile, 
operating at normal atmosphere, shows a steady 
temperature increase to 180 °C before reaching a 
peak temperature of 242 °C. The total time for the 
paste in liquid state is 48 seconds. 
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       Fig. 16 Reflow profile for Sn-Ag-Cu (lead-free) solder 

paste   
 
After ball shear testing, the individual solder joint 
was inspected. To determine the type of intermetallic 
structure, the sample was stripped of any non-
intermetallic solder with a special solution to reveal 
the IMC structure. 
 
It is evident that the P-content in the bulk electroless 
nickel is influencing the type of IMC structure that is 
created during soldering.  Comparing the images in 
Figures 17 and 20 (without thermo-cycling), the 
IMCs for both the 8.0 % and 11.2 % phosphorus 
content exhibit a very similar needle-like structure.  
However, the structure at 8% P-content was larger 
and less dense than that at 11.2% P.   
 
 

 
Fig. 17 SEM Image of IMC before thermo-cycling  
(8.0 wt% P Nickel layer) 
 
 

 
 
Fig. 18 SEM Image of IMC after 400 thermo-cycles (8.0wt 
% P Nickel layer)  
 

 
Fig19: SEM image of IMC cross-section after thermo cy-
cling (8.0wt % P Nickel layer) 
 
 

 
 
Fig. 20 SEM Image of IMC before thermo-cycling (11.2% 
P Nickel layer) 
 
 



 
 
Fig. 21 SEM Image of IMC after 400 thermo cycles  
(11.2 wt % P Nickel layer)  

 
Fig 22: SEM image of IMC cross-section after thermo-cy-
cling (11.2 wt % P Nickel layer)  
 
However, as seen in Figures 18 and 21, after 
thermo-cycling there is a dramatic change in the IMC 
structures, particularly in the case for that produced 
from the 8.0% P-content nickel. The thermo-cycling 
produces a combination of needle and chunky types 
of IMC structure. Thermo-cycling of the 11.2% P-
content nickel continues to produce a large but 
denser needle-type of IMC structure. Figures 19 and 
22 show the IMC cross-sections after thermo-cycling 
for the 8.0% P and 11.2% P IMCs.   
 
If the force length / diagrams for the respective ball 
shear tests are compared, it can be seen that prior to 
thermo-cycling (Figures 9 and 10) they are very simi-
lar in shape, although the 11.2% P-content nickel 
produces a shear force than is approximately 2-3N 
higher than the medium P-content nickel.  However, 
after thermo-cycling (Figures 12 and 13), the 
force/length curves for the 8.0% P show a much 
wider spread in force ranging from 5 to 16N as com-
pared to the 11.2wt% P, where the force length 
curves remain fairly constant (11 to 14N).  
 
The next step was to determine the difference in 
chemical composition between the needle and 
chunky type of IMC. Considering that  lead-free sol-

der balls (Sn-Ag-Cu) were used, following analysis 
and literature search  it was concluded  that the 
needle-like IMC structure is (Ni,Cu)3Sn4 with Ag3Sn 
co-dispersed into the bulk solder.    Conversely, the 
chunky IMC structure is (Cu,Ni)6Sn5. Figure 23 
shows both structures for comparison. 
 

 
Fig. 23 Different types of IMC produced after 400 thermo-
cycles 
 
The chunky-type (Cu,Ni)6Sn5 IMCs appear to grow at 
the expense of the needle-type IMCs during thermo-
cycling  of the solder joint. One possibility is that this 
growth reflects the influence of Nickel “grain” 
(growth) boundaries, which are easier to dis-
solve/attack by the solder. This tendency will be fur-
ther investigated in an effort to determine the mecha-
nism involved. In addition, use of eutectic solder will 
also be explored.   
 
Considering that the high P-content (11.2% P) is 
more corrosion resistant and a slightly lower amount 
of gold was applied to the electroless nickel surface, 
a very slight attack from the following gold displace-
ment reaction can be expected. 
 

Ni + 2Au- → Ni2+ + 2Au 
 

One could argue that the electroless nickel at 8.0% 
P-content does have a much rougher (nodule-like) 
structure and could result in greater attack on the 
grain boundaries. However, at a gold thickness con-
trolled at 0.08 µm, the attack rate on the nickel 
boundaries would be minimized. Therefore, what 
must be determined is the phosphorus content be-
fore and after soldering to establish which factor 
influenced the dissolution of the nickel.  
 
SEM images of a plated electroless nickel surface 
also show a more nodular type of structure for the 
8% P nickel (Figure 24) in comparison to the much 
flatter structure of the nickel with 11.2% phosphorus 
content (Figure 25). 
 

(Ni,Cu)3Sn4 
“Needle”-type 

(Cu,Ni)6Sn5 
“Chunky”-type 



Fig. 24 SEM image of a typical 8%-P nickel surface 
(Magnification 5000x)  
 

Fig. 25 SEM image of a typical 11.2%-P nickel surface 
(Magnification 5000x)  
 
P-content enrichment analysis  
Figures 26 and 27, respectively, present an analysis 
of an IMC for an 8% P and 11.2% P nickel layer us-
ing a Sn-Ag-Cu solder alloy. The line on the SEM 
images indicates the area for line scan. On the right 
side, the quantitative P-content is shown, for the 
investigated area. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 26 SEM image of a cross-section of the Cu-Ni-Sn IMC 
on an 8.0% P nickel layer (Magnification 40,000x) 
 
 

Fig 27: SEM image of a cross-section of the Cu-Ni-Sn 
IMC on an 11.2% P nickel layer (Magnification 40,000x)  
 
 
The following table shows a significant difference in 
the P-content between the bulk nickel and interface 
between the solder and electroless nickel. Further 
analysis is still being conducted on samples that 
underwent thermo-cycling.   
 

 8.0% P  11.2% P 
Before soldering 8.1 11.2 
After soldering 14.4 16.6 
% Increase 78% 49% 

 
As shown, the P-content enrichment is approxi-
mately 30% greater for the 8% P electroless nickel 
samples. 
Basically there are two ways that phosphorus enrich-
ment may occur:  
 
1. Due to the immersion gold displacement reaction, 
nickel is removed and gold is deposited. Phosphorus 
is thus enriched at the interface between the elec-
troless nickel layer and the gold layer. 
 



Assuming that a corrosion-resistant electroless 
nickel layer is less attacked by the immersion gold 
reaction (at the same gold solution parameters), the 
gold thickness will be lower compared to a less 
corrosion-resistant nickel layer. This was observed 
on 8.0% P nickel (gold thickness of 0.08 µm) and on 
11.2% nickel (gold thickness of 0.05 µm). However, 
the tool used to measure the gold thickness is also 
limited in accuracy (typically +/- 0.01 µm or greater) 
depending on pad size and collimator being used.  
 
Previously collected data has shown that under nor-
mal operating conditions (immersion gold in the 
range 0.05-0.08 µm), the phosphorus enrichment is 
less than one percent. Unless massive corrosion of 
grain boundaries occurs, the enrichment can be four 
percent or greater. As a general rule, it is expected 
that the more corrosion-resistant nickel will have 
lower phosphorus enrichment. 
 
2. The second phosphorus enrichment occurs at the 
interface of nickel to solder during soldering, when 
the molten solder dissolves nickel and forms the Cu-
Ni-Sn IMC. Again phosphorus enrichment occurs at 
the surface of the electroless nickel layer. The same 
corrosion resistance (as in the immersion gold reac-
tion) is the driving force for more or less dissolution 
of nickel and causing phosphorus enrichment at the 
interface with solder. 
 
In this case, the 11.2% P has lower phosphorus en-
richment after soldering. Fundamentally, one could 
argue that this condition is due to the higher corro-
sion resistance, which affects not only the chemical 
behavior but also the physical properties, evidenced 
by the type of flat surface the high-P nickel pro-
duces. This flat structure, which occurs as a result of 
reduced surface area of nickel to solder, may also 
contribute to a lower dissolution of solder into the 
nickel.  Furthermore, data to date shows that there is 
an impact on the type of IMC structure and composi-
tion that is produced and it is magnified by thermo-
cycling of the product.  
  
Returning to the difference in ball shear behavior by 
comparing the force length/diagrams, shown in Fig-
ures 11 12, the different behavior appears to be 
based on the difference of the formed IMC. Higher 
bulk phosphorus content in the electroless nickel 
does not necessarily mean a higher P-enrichment at 
the nickel to Cu-Ni-Sn interface. In case of the 
11.2% P nickel layer, the amount of phosphorus en-
richment at the interface had no impact on solder 
joint reliability.  However, the 8.0% P nickel layer did 
show much higher variation in force. 
 
Aluminum wire bond pull strength  
Each wire bond pull test consisted of 50 pulls of a 
32-µm AlSi-1 aluminum wire from Hereaus Figure 28 
shows a series of aluminum wire pull strength forces 
from samples plated with different bulk P Nickel lay-
ers.  
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Fig. 28 Comparison of different bulk nickel phosphorus 
contents to aluminum-wire pull strength.  
 
 
Samples “as received” or after annealing the layers 
for four hours at 155 °C (prior to bonding) showed 
typical pull strength values of 9.5 cN (+/- 0.75 cN) for 
x-3s. These values are valid, regardless of the bulk 
nickel P-content, and far exceed MIL-STD 883 C, 
method 2011 (4cN). 
 
Gold wire bond pull strength 
Each wire bond pull test consisted of 60 pulls of a 
30-µm Gold-Beta wire from Hereaus. Figure 32 
shows a series of gold wire pull strength forces from 
samples plated with electrolytic nickel/gold or high-P 
ENIG. The electrolytic nickel/gold sample was in-
tended as a reference and was used “as received” 
and after plasma-cleaning of the surface, whereas 
the ENIG sample with 11.2% P was used in “as re-
ceived” condition. 
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Fig. 29 Comparison of two different nickel/gold systems to 
gold-wire pull strength    
  
As pull strength values for the plasma-cleaned 
electrolytic nickel/gold surface averaged 13.9cN, the 
non-plasma cleaned, high-P ENIG layer exceeded 
this value with 14.1cN. The average pull strength for 
the non-plasma-cleaned electrolytic nickel/gold sur-
face was the lowest, with 13.3cN. 
 
Values for “x-3s”, (covering 99.73% of all expected 
pull strength values) was achieved by plasma-



cleaned electrolytic nickel/gold surface at 10.01 cN, 
followed by the non-plasma-cleaned high-P ENIG 
layer with 9.9 cN, and 8.8 cN for the non-plasma-
cleaned electrolytic nickel/gold surface. 
 
CONCLUSIONS 
1. The wettability/solderability of a gold thickness of 
average 0.05 µm on high-P ENIG is equivalent to 
that of 0.08 µm gold on a medium-P ENIG system. 
This might be based on the use of a denser, less 
porous gold layer, covering the high-P electroless 
nickel layer, and the fact that high-P nickel layers are 
more corrosion resistant and therefore less prone to 
show oxide layers on the surface. 
 
2. A variation in electroless nickel and immersion 
gold thickness indicated an influence on the brittle 
fracture behavior. Lower nickel and higher gold thick-
nesses had the highest impact.  However, in the 
case of higher phosphorus content (9.5 – 13 %) 
even at the lower nickel thickness there were no 
signs of brittle fracture. In addition, it can be ob-
served that NSMD pads show better solder joint 
integrity, due to the enhanced area for anchorage. 
 
3. After solder ball attachment and thermo-cycling 
(which induces stress to the solder joint), a clear 
benefit for a high-P electroless nickel layer is seen.  
The stress induced after 1000 thermo cycles did not 
influence the strength of the solder joint for the high-
P electroless nickel layer. All force/length curves re-
corded were very consistent. In the case for me-
dium-P electroless nickel, the layer showed a wide 
spread of all force/length curves, and comparing to 
“as received” samples, 7-9% P layers were nega-
tively influenced by 1000 thermo cycles.  

  
4.  Upon investigation of the fractures (via cross-sec-
tion after thermo-cycling) it was observed that the 
fracture for the medium-P system was occurring 
closer to the IMC, whereas in the case of the high-P 
this was further into the bulk solder. Additionally, it 
was observed that two types of IMC were created 
with structurally and chemically different composi-
tions. A needle-like IMC structure is (Ni,Cu)3Sn4 with 
Ag3Sn co-dispersed into the bulk solder. The 
chunky-like IMC structure is (Cu,Ni)6Sn5 
 
5. The SEM images for the quantitative phosphorus 
distribution, showed approximately 30% less 
phosphorus enrichment (after the immersion gold 
reaction and soldering) at the interface of electroless 
nickel and Cu-Ni-Sn IMC using a high-P ENIG sys-
tem. This finding agrees with previous studies in that 
the total amount of phosphorous at the interface is 
not the critical factor, rather the difference between 
the phosphorus content of the bulk electroless nickel 
layer and the P-enriched zone (between nickel and 
IMC) is the critical factor. 
 
6.  For aluminum-wire bonding there is no impact 
seen by varying the bulk nickel P-content, neither for 
“as received” samples nor for samples that have 

undergone annealing for four hours at 150 °C. The 
capability for gold-wire bonding showed very good 
results for high-P electroless nickel with only one-
tenth of the gold thickness used for electrolytic 
nickel/gold processes. This finding will be further 
investigated. 
 
7.  Based on this investigation, an ENIG system with 
a bulk nickel phosphorus concentration of 9.5- 13% 
shows advantages compared to a medium-P (7-9%) 
ENIG system. Both the solder joint reliability of the 
high-P system and the capability of the High P ENIG 
system allowing gold wire bondability are superior. 
  
Based on this investigation, measurable advantages 
can be achieved using the recommended high-P 
ENIG system.   
An electroless nickel layer, plated to a thickness of 
5.5 µm (+/- 0.5 µm) with a phosphorus content of 
9.5-13%, followed by an immersion gold layer of 
0.05 µm (+/- 0.02 µm) will provide superior results 
regarding solder joint integrity and aluminum- and 
gold- wire bonding. 
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