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ABSTRACT 
This paper summarizes the results of qualification testing of the Electroless Nickel / Electroless 
Palladium / Immersion Gold (Ni/Pd/Au) process as it may be applied for use in high-temperature 
functional applications. The effects of exposure to heated, high humidity environments were also 
examined, in addition to the impact of extended thermal cycling. 
 
The survivability of the Ni/Pd/Au deposit was studied for both gold wire (30-μm gauge) and 
aluminum wire (32-μm gauge) bonding under the following test parameters: 
 

 Dry heat aging at 125°C and 150°C 
 Relative humidity up to 85% at 85°C 
 Exposure times up to 2000 hours 
 Thermo cycling (- 40°C / +125 °C) for 2000 cycles. 

 
The reliability of the wire bonds was characterized by both wire-pull testing and visual inspection. 
With respect to gold wire bonds, it was found that regardless of environmental exposure the wire 
pull force remained unchanged during the testing period. Conversely, for aluminum wire bonds 
the pull force under dry-heat aging decreased initially and then stabilized. 
 
During this qualification of the Ni/Pd/Au process, an examination of ball shear strength of BGA 
solder joints during thermal aging was also conducted. The results of these tests with eutectic 
Sn/Pb solder after thermo-cycling will be presented in a subsequent paper. 
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BACKGROUND 
The continuously increasing use of electronic devices at higher operation temperatures is placing 
technological demands on both the components as well as the printed wiring board. Within the 
automotive segment, critical under-hood applications (i.e. engine and braking controls) subject 
the electronic device to extended exposure at high temperatures and extreme temperature 
variations. Often, the preferred PWB substrate choice for such applications is a ceramic material, 
which is then printed with gold, silver or silver/palladium paste (Fig 1). For the latest technical 
demands, the most difficult problem is to find a suitable surface offering reliability in terms of gold 
and aluminum wire bonding, conductive adhesive printing dimensions, solderability and its ability 
to meet further decreasing line and space dimensions as needed. 
 



 
Fig 1. Typical application for thick film on ceramic 
substrates (simplified) 
 
Combining gold paste screen printing with conductive adhesives and silver or silver/palladium 

paste screen printing most of the demands could be fulfilled. But this 
results in a relatively complicated manufacturing process. A more cost-
effective manufacturing method must be considered as a replacement 
for gold paste printing on ceramic substrates, where gold paste deposit 
thicknesses of up to 30 μm are often required depending on the 
application. 
 
As a final finish, the proposed electroless nickel / electroless palladium / 
immersion gold (Ni/Pd/Au) plating process meets the technical 
requirements while offering the possibility for cost reduction. The 
process provides a selectively deposited Ni/Pd/Au directly on the pre-
treated ceramic substrates. When combined with stencil printing of 
silver paste, Ni/Pd/Au can be used for hightemperature applications in 
mass production. Due to the nature of the process, the initial screen-
printed paste underlying the Ni/Pd/Au must first be activated, enabling 
the deposition of an autocatalytic Nickel-Phosphorous (7-9% P by wt.) 
layer. This deposit is then covered by a thin autocatalytic-plated pure 
palladium layer, containing 99.99% Pd. Finally, a “flash” layer of 
immersion gold (30-50 nm) is deposited. 



 
Fig. 2 Application of Ni/Pd/Au for multi-functional finish of ceramic material 
 
This layer combination of pure palladium and gold enables both aluminium- and gold-wire 
bonding on the same surface, thus eliminating the need for two different screenprinted pastes. All 
surfaces of the printed structures are fully covered, including sidewalls. In addition to eliminating 
the use of costly gold paste, this technique eliminates any capital costs for electroplating and 
photolithography equipment. 
 
EXPERIMENTAL PROCEDURE 
To examine the suitability of the Ni/Pd/Au surface for combined aluminum- and gold-wire bonding 
applications, testing was performed to simulate various functional and environmental conditions. 
For testing purposes, the layer composition was as presented in Table 1: 
 

 
 
All thicknesses were measured by XRF technique, using thickness standards that were verified 
by wet analytical method ICP-AA. 
 



To establish the parameters that would be used for all wire bonding, Ni/Pd/Au samples were pre-
aged for three hours at 150 °C. Bonding results for these samples were compared to results from 
“as is” samples (i.e. no heat aging).  
 
Specifications and conditions for gold-wire bonding and aluminum-wire bonding are shown in 
Table 2 and Table 3, respectively. 
 

 
 

 
 
For each test procedure, 30 gold wires and 40 aluminium wires were bonded and pull-tested at 
mid-span. In addition, for gold wire, 30 wedge bonds were also pulled. Prior to aluminum-wire 
bonding, all Ni/Pd/Au layers were pre-aged for one hour at 150ºC. The pass-fail criteria used in 
the evaluation are presented in Table 4: 
 

 
 
Following fabrication of the bonds, extended aging and conditioning tests were performed to 
investigate pull force performance and failure modes. Table 5 presents specifications and 
conditions for established tests. 
 



 
 
Pull forces and fracture modes were recorded at the test intervals indicated in Table 5. Failure 
modes were investigated with the use of an optical stereo microscope. 
 

 
Fig. 3 Wire bond failure modes 
 
GOLD WIRE BONDING RESULTS 
The results of tests performed with gold wire bonding are summarized in Figures 4 through 8. 
 
Test – Gold Bond Dry Heat Aging (125º) 
Figure 4 shows the mean values and standard deviations of the pull forces required to break the 
wire bonds in the 125ºC dry-heat conditioning test. As shown, all values exceed the pass criteria 
range of 5.5 to 7.5 cN (i.e. 50% of the unbonded gold wire tensile strength). Additionally, the 
standard deviation is well within the pass criteria of less than 15% of average force. 
 
Test Results: 

 Average “As is” Pull Force = 10.9 cN 
 Average Pull Force (after 100 hrs) = 12.6 cN 
 Average Pull Force after 2000 hours = 10.6 cN 



 
Fig. 4 Average wire pull forces for gold wire bonds following heat conditioning (125°C) 
 
Test – Gold Bond Dry Heat Aging (150º) 
The results of the gold-wire bond tests performed after 150º dry-heat aging are summarized in 
Figure 5. Again, all pass criteria are achieved. 
 
Test Results: 

 Average “As is” Pull Force = 10.9 cN 
 Average Pull Force (after 1000 hrs) = 13.4 cN 
 Average Pull Force after 2000 hours = 11.7 cN 

 

 
Fig. 5 Average wire pull forces for gold wire bonds following heat conditioning (150°C) 
 
Test – Gold Bond Heat and Humidity Conditioning 
Figure 6 shows the mean values and standard deviations of the pull forces required to break the 
wire bonds in the heat (85°C) and humidity (85%RH) conditioning test. All pass criteria set forth in 
Table 4 are again achieved. 
 
Test Results: 

 Average “As is” Pull Force = 10.9 cN 
 Average Pull Force (after 100 hrs) = 15.8 cN 
 Average Pull Force after 2000 hours = 11.2 cN 

 



 
Fig. 6 Average wire pull forces for gold wire bonds following heat (85°C) and humidity (85%) conditioning 
 
Test – Gold Bond Thermo-Cycle Conditioning 
The results of the gold-wire bond tests performed after thermo-cycling are summarized in Figure 
7. Thermocycling conditions are described in Table 5. Again, all pass criteria are achieved. 
 
Test Results: 

 Average “As is” Pull Force = 10.9 cN 
 Average Pull Force (after 500 TCs) = 12.6 cN 
 Average Pull Force (after 1000 TCs) = 12.6 cN 
 Average Pull Force after 2000 hours = 11.7 cN 

 

 
Fig. 7 Average wire pull forces for gold wire bonds following thermal cycling (-40ºC to 125ºC) 
 
Gold Wire Bond Failure Analysis 
The most dominant failure mode for gold-wire bonds in this study was neck-break above the ball. 
Failures related to the Ni/Pd/Au deposit (i.e. ball or wedge lifts) did not occur for gold-wire 
bonding. Even after 2000 hours of dry heat conditioning or 2000 thermal cycles, none of the gold 
wire bonds showed wedge lifts. 
 
For the gold-wire bonds, second-bond heel breaks only occurred after 150°C aging, as seen in 
Figure 8. Other temperature, humidity or thermo-cycle conditioning did not result in any second-
bond heel breaks. Interestingly, comparing the results in Figure 8 to Figure 5, the incidence  
of second-bond heel breaks at 150 °C conditioning did not affect the mean values for the 
maximum pull forces nor the standard deviation. 
 



 
Fig. 8 Incidence of second-bond heel breaks for gold wire bonds following heat conditioning (150°C) 
 
ALUMINUM WIRE BONDING RESULTS 
The results of tests performed with aluminum wire bonding are summarized in Figures 9 through 
14. As mentioned previously, all Ni/Pd/Au samples were baked for one hour at 150°C prior to 
bonding. 
 
Test – Aluminum Bond Dry Heat Aging (125º) 
Figure 9 shows the mean values and standard deviations of the pull forces required to break the 
wire bonds in the 125ºC dry-heat conditioning test. As shown, not all values achieved the pass 
criteria range of 10.5 to 12.0 cN (i.e. 50% of the unbonded aluminum wire tensile strength), 
although only nominally below the range. However, after 250 hours of conditioning, the average 
values are only slightly below the lower pass limit. The standard deviation is well within the pass 
criteria of less than 15% of average force. 
 
Test Results: 

 Average “As is” Pull Force = 18.0 cN 
 Average Pull Force (after 250 hrs) = 10.3 cN 
 Average Pull Force after 2000 hours = 10.1 cN 

 

 
Fig. 9 Average wire pull forces for aluminum wire bonds following heat conditioning (125°C) 
 
Test – Aluminum Bond Dry Heat Aging (150º) 
The results of the aluminum-wire bond tests performed after 150º dry-heat aging are summarized 
in Figure 10. After 250 hours of conditioning, the average pull force remained marginally below 
the lower range of the pass criteria (10.5 cN). 
 
Test Results: 

 Average “As is” Pull Force = 18.0 cN 



 Average Pull Force (after 24 hrs) = 11.7 cN 
 Average Pull Force after 2000 hours = 9.2 cN 

 

 
Fig. 10 Average wire pull forces for aluminum wire bonds following heat conditioning (150°C) 
 
Test – Aluminum Bond Heat and Humidity Conditioning 
Figure 11 presents the mean values and standard deviations of the pull forces required to break 
the aluminum wire bonds in the heat (85°C) and humidity (85%RH) conditioning test. All pass 
criteria set forth in Table 4 are again achieved. 
 
Test Results: 

 Average “As is” Pull Force = 18.0 cN 
 Average Pull Force (after 24 hrs) = 18.7 cN 
 Average Pull Force after 2000 hours = 11.7 cN 

 

 
Fig. 11 Average wire pull forces for aluminum wire bonds following heat and humidity conditioning 
 
Test – Aluminum Bond Thermo-Cycle Conditioning 
The results of the aluminum-wire bond tests performed after thermo-cycling are summarized in 
Figure 12. Thermocycling conditions are described in Table 5. Results of pull forces after 1000 
thermo cycles averaged just marginally less than the lower limit of the pass criteria, achieving 
nearly 10 cN. 
 
Test Results: 

 Average “As is” Pull Force = 18.0 cN 
 Average Pull Force (after 500 TCs) = 11.7 cN 
 Average Pull Force after 2000 hours = 9.7 cN 



 
Fig. 12 Average wire pull forces for gold wire bonds following thermal cycling (-40ºC to 125ºC) 
 
Aluminum Wire Bond Failure Analysis 
After 2000 hours of dry-heat conditioning or 2000 thermal cycles, none of the aluminium wire 
bonds exhibited wedge lifts. Although average pull forces during the dry heat treatment were just 
marginally below the pass criteria (i.e. 50% of the unbonded aluminum wire tensile strength), 
none of the tests resulted in pull forces less than 6 cN. There was no measurable degradation at 
the interface of bond and pad. It was previously reported that intensive voiding can occur for 
aging at temperatures of 400 °C for more than 100 hours. However, for aluminum-wire bonding, 
the Ni/Pd/Au process is production-proven to be reliable for temperatures below 200 °C. 
Temperatures of 150 °C will change the physical properties of the aluminum wire after 24 hours, 
resulting in a decrease in hardness/strength to 2/3 of ‘as is’ (see Fig. 10 at 24 hours). As 
expected, at lower temperatures (i.e. 125 °C), these diffusion controlled reactions require 
additional time (see Fig 9 at 250 hours). While limited to heel breaks or wire breaks, the average 
pull force of the aluminum wires still decreases to approximately 10 cN. This decrease in tensile 
strength is strongly influenced by time and temperature, which is a well-known phenomenon with 
the use of aluminum wires containing even one- or two-percent silica, such as that used in the 
test (MFD AlSi1). During the manufacturing process of AlSi1 wires the crystal structure is 
manipulated through welding and temperature treatment. Through diffusion promoted by heating, 
the smallest silicon precipitations within the aluminium matrix will merge into larger crystals, 
thereby changing the hardness and strength characteristics of the wire. As such, the structure of 
the AlSi1 wires (as supplied) has been strongly influenced by the dry heat conditioning of the 
specimen in these investigations. 
 
As Figure 13 shows, after 500 hours of high-humidity conditioning (85/85) second wedge lifts 
occurred in nearly twenty percent of the cases. The previously mentioned temperature-controlled 
silica diffusion reaction that lowers the mechanical hardness/strength is less of a factor at 85 °C 
compared to 125 °C or 150 °C. This can be seen by comparing the results in Figure 11 to those 
in Figures 9 and 10. As such, after extended high-humidity conditioning, second-bond wedge lifts 
are more prevalent. 
 



 
Fig. 13 Second-bond wedge lifts and average pull forces ≤ 6 cN for aluminum wire heat (85°C) and humidity 
(85%) conditioning 
 
The second-bond wedge lifts were subsequently determined to have separated at the gold-
palladium interface. SEM EDX analysis clearly showed a gold peak on the AlSi1 wire, whereas no 
gold was detected on the bonding surface. This would seem to indicate a possible adhesion / 
metallization issue (i.e. gold over palladium), which must be further investigated. 
 
Figure14 provides a more detailed analysis of the pull forces associated with heel breaks and 
second-bond wedge lifts. Focusing solely on the average pull forces for heel breaks, it is apparent 
that the decrease in pull force over time is not as dramatic as that experienced in the dry-heat 
aging tests. The average pull force after 2000 hours of heat/humidity conditioning still remains 2-3 
cN greater than that of the dry heat conditioned samples (See Fig. 9 and 10). 
 
Despite the incidence of second-bond wedge lifts after 250 hours of heat/humidity conditioning, 
Figure 14 shows that the average pull force for second-bond wedge lifts after 2000 hours still 
maintained a value of slightly more than 10 cN. This result is comparable to the pull forces for the 
dryheat and thermo-cycle conditioned aluminum wire samples, which apparently lost mechanical 
hardness and strength through diffusion reactions within the aluminum-silica matrix, as shown in 
Fig. 9 (at 250 hours), Fig. 10 (at 24 hours), Fig. 12 (at 1000 cycles). 
 

 
Fig. 14 Average pull forces for aluminum wire heel breaks and second-bond wedge lifts bonds following 
heat (85°C) and humidity (85%) conditioning 
 
Neither optical stereo microscope nor SEM could clarify if any galvanic corrosion effect is 
involved, which would explain a reduced adhesion between the AlSi1 wire and the palladium 
surface. Therefore, several wire bonds were examined following 2000 hours of heat/humidity 
conditioning. None of the aluminum-palladium interfaces showed any indication of delamination. 
The palladium layers were not mechanically removed during bonding, nor were corrosion 
products or any delamination visible between wire and surface. 



A galvanic corrosion effect could be contributing to the occurrence of second-bond wedge lifts 
and is well known in situations involving aluminum bonding to silver surfaces. If any galvanic 
corrosion effect is involved, degradation of AlSi1 wires on palladium surfaces occurs at a 
considerably slower rate than on silver. Testing after high humidity conditions for much longer 
than 2000 hours could provide more detailed information on this effect. For chip-on-board 
applications, the wire bridges would be encapsulated and therefore protected from the high 
humidity environment, which should significantly lessen the effect of any humidityrelated reaction. 
 
CONCLUSIONS 
Based on the tests performed in this evaluation of the Ni/Pd/Au surface, the following conclusions 
are offered: 1. All gold-wire bond pull force testing exceeded the pass criteria after the 2000-hour 
high temperature aging at 125°C and 150 °C. The gold-wire bonds also passed the pull force 
testing after the heat/humidity conditioning (85°C and 85% RH), as well as the 2000 thermo-cycle 
conditioning (-40°C to 125°C). 
 

 
Fig. 15 Image of gold ball bond on Ni/Pd/Au following 2000 hours heat conditioning (150°C) 
 
2. The results from the gold wire bonding investigations (Figures 3-6) show that the overall pull 
force did not decrease over time, regardless of high-temperature aging or high-humidity or 
thermo-cycling conditioning. In all cases, the bond strength after reaching the maximum level of 
each conditioning is comparable to the “as-is” bonds. 
 
3. Even after 2000 hours of dry-heat or humidity conditioning or 2000 thermo-cycles, none of the 
gold wire bonds (1) showed any evidence of wedge lifts, (2) had pull forces of less than 6 cN, or 
(3) showed a decrease in mean pull force values. Neither temperature, humidity, nor thermal 
cycling resulted in a decrease in mechanical properties of the bond wires or the bonds to the 
Ni/Pd/Au. 
 
4. For aluminum wire bonds, the average pull forces were only marginally below the established 
pass criteria of 10.5- 12.0 cN following 2000 hours of dry heat conditioning (125°C and 150°C) 
and 2000 thermo cycles (-40°C to 125°C). A minimum average pull force of nearly 10 cN was 
maintained. 
 
5. None of the aluminum wire bonds showed any evidence of wedge lifts following either dry-heat 
conditioning (125°C and 150°C) or thermo-cycle conditioning (-40°C to 125°C). 
In addition, the average pull force exceeded the minimum test criteria of 6 cN in all tests. 



 
Fig. 16 Image of aluminum wedge bond on Ni/Pd/Au following 2000 hours heat conditioning (150°C) 
 
6. Following 500 hours of heat and humidity conditioning (85°C and 85% RH) of the aluminum 
wire bonds, second bond wedge lifts occurred. Pull forces associated with the wedge lifts still 
averaged above 10 cN throughout the test. Additional investigations are required to determine the 
specific cause of the wedge lifts. 
 
7. Throughout the testing of aluminum wire bonding, the temperature-related effect of silica 
diffusion and concentration in the wire resulted in decreased pull forces. The impact of this 
influence varied depending on the type of sample conditioning. 
 
The Ni/Pd/Au process represents a cost-effective alternative to the more conventional use of 
silver, silver/palladium and gold pastes as bondable surfaces on ceramic materials in the 
manufacture of electronic devices. The results of this examination further support the use of the 
Ni/Pd/Au process as a gold- and aluminum-wire bondable finish for ceramic materials. 
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