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ABSTRACT 
Chip on board wire bonding presents challenges to modern 
wire bonding technology which include smaller, closely 
spaced wire bond pads; bonding to soft substrates without 
special processing and pad construction; and diverse first 
bond and second bond metallurgies.   These challenges are 
addressed by extensive bonding accuracy tests, a design of 
experiments approach for optimizing wire bond process 
parameters, reliability testing, and detailed materials 
characterization of the metallurgical integrity of the wire 
bonds.    The thermo-mechanical integrity of the wire bond 
interconnects was evaluated by wire pull and hot storage 
tests.   The methodology of materials analyses of the 
metallurgy of the wire bond interconnects is described.  The 
paper illustrates a wire bond lift technique that is used to 
inspect for cratering damage and the “area-uniformity” of 
gold aluminum intermetallics.  An improved understanding 
of the wire bonding process was achieved by showing the 
dependence of the visual appearance of the wire bonds on 
wire bond process parameters. 
 
INTRODUCTION 
Our chip on board wire bond applications require a fine 
pitch gold wedge bond process to interconnect a silicon die 
with aluminum bond pad metallization to an FR4 epoxy 
glass printed circuit board, (PCB) with electrolytic gold 
plating.  Wire bonding on soft, easily deformed PCB 
substrates is a complex process which requires an 
understanding of multiple disciplines including:  (1) the 
metallurgy and properties of the materials of construction; 
(2) the evaluation of mechanical integrity by wire pull and 
bond shear test methods; and (3) the methodology of 
reliability testing.  Wire bond processes are traditionally 
optimized by conducting designed experiments (DOE’s), 
with wire bond machine set-up parameters, including 
ultrasonic power and time duration, bonding tool force, and 
stage temperature as control factors.  The response factors in 
these DOE’s are typically wire pull and bond shear tests.1   
 
Wire bond shear testing is not commonly used to test the 
strength of wedge bonds, but does provide complimentary 

data.   Wedge bond shear testing will become more popular 
as the metrology and test standards are developed.2  
However, wire bond integrity should not be characterized by 
only performing wire pull and bond shear tests.  
 
This paper describes several analytical techniques and the 
reliability testing used to evaluate the wire bonds.3 These 
techniques included: traditional wire pull tests; a visual 
characterization of the size and shape of the wire bonds; a 
grain structure evaluation of the bonding wire; and a 
“wedge-lift” method for evaluating intermetallic metallurgy 
and area uniformity of the wire bonds.  Characterization of 
visual appearance of the wire bonds and bond width 
measurements are important, but often overlooked, 
indicators of wire bond quality.  The reliability testing 
included two chamber thermal cycling and high temperature 
storage.   
 
Wire Bond Process Parameters 
Optimizing a wire bond process begins with a clear 
understanding of the machine set-up, the response variables 
involved, and their relationship to one another.  
Experimenting with these parameters is time well spent, and 
is an important step toward developing a robust wire bond 
process. An overview of thermosonic bonding and the 
machine set-up parameters is helpful for interpreting the 
results of wire bond DOE data.4 
 
Thermosonic wedge bonding utilizes a combination of heat, 
pressure, and ultrasonic vibration to form a metallurgical 
bond between two materials. The four key machine settings 
are: bonding work stage temperature, ultrasonic transducer 
power, bonding tool force, and bonding time.  Heat softens 
the gold bonding wire and gold board metallization.   Power 
and time relate to the ultrasonic generator settings used to 
“ultrasonically soften,” the bonding wire.  Tool force is the 
amount of weight applied to the bonding wire to 
mechanically couple the bonding wire to the bonding pad 
surface.  During the bonding process, the bond tool 
oscillates back and forth to soften a short piece of bonding 
wire that is wedged between the tool and bonding pad 
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surface.  As heat and ultrasonic energy soften the wire and 
pad metallization the bonding tool deforms the bonding wire 
against the bond pad and forms small microwelds between 
the two materials.  A more detailed description on how these 
bonding parameters affect the quality of the wire bonds is as 
follows.   
 
Ultrasonic power 
Ultrasonic power has the strongest influence on bond 
quality and visual appearance, because it controls the extent 
of softening of the bonding wire. Insufficient power can 
result in narrow, under formed bonds and tail lifts.   
Excessive power results in wire bonds with a “squashed’ 
appearance, heel cracks, cratering damage to the 
semiconductor die, undesirable build-up of residual bond 
pad metallization on the bonding tool, and poor mechanical 
integrity of the wire bonds.  Uneven bond ears, excessive 
splash, and high deformation (bond width to wire diameter 
ratio), are visual indicators of excessive bond power.   
Excessive bond deformation can occur if either the device 
being bonded is not properly secured or if the bond force 
applied to the bonding tool is too light.  These can result in 
either mechanical chattering of the device or insufficient 
mechanical contact between the bonding wire, bonding tool 
and bond pad surfaces.  Both of these setup problems can 
result in mechanical overworking of the bonding wire or 
cratering damage. 
 
Bond Force 
The bond power and bond force parameters are 
interdependent.  Increases in bond power often necessitate 
increases in bond force to allow for proper coupling of 
ultrasonic energy from the bonding tool to the bond wire 
and substrate materials.  Conversely, excessively high bond 
forces can stall the scrubbing action of the bonding tool.  
Excessive bond force inhibits the transfer of energy from the 
bonding tool to the bonding surfaces, thereby inhibiting or 
preventing the formation of a metallurgical bond.  Excessive 
bond force can also result in the so - called unbonded central 
region.  This occurs when welds form around the periphery 
of the wedge but not in the middle, because contaminants 
and oxides on the bonding surfaces were swept into the 
center of the bond during bonding.   Good area uniformity 
of the metallurgical bonds occurs when the bonding 
parameters allow for breaking up and consumption of 
contaminants and oxides uniformly across the weld area 
surfaces, rather than just at the periphery.  The bond lift 
technique to be described later allows for inspection of the 
area uniformity of the intermetallics that from on the first 
bond to the die.   
 
Bonding Time  
The time in which the ultrasonic energy is turned on is 
typically on the order of tens of milliseconds; however, once 
the microwelds form they prevent further scrubbing of the 
wire into the substrate, effectively limiting the time in which 
the bonding process can actually occur.  Time has the widest 
process window; however, excessive bond time can result in 
slow throughput in manufacturing lines, increased tool 

maintenance due to contamination build-up and wear, and 
damaged or burnt appearing wire bonds in areas where the 
tool contacts the bond.   
 
Bonding Temperature 
The test vehicle consisted of FR4 printed circuit board 
substrates, which were bonded on a work holder with 
various temperature settings of 120 °C, 130 °C, and 140 °C.  
The actual PCB temperatures were 105 °C, 115 °C, and 125 
°C at these respective settings.  Within this temperature 
range, the board materials lose rigidity, which is known to 
result in bond lifts from “ultrasonic cupping”.  Ultrasonic 
cupping occurs when the bonding wire slips out from under 
the contact area between the smooth (slippery), board 
plating surface, the bonding wire and tool during wire 
bonding.   The use of a cross-bonding tool can help reduce 
the extent of ultrasonic cupping problems.5  
 
Wire Bond Process Optimization 
 A wire bond process optimization study is usually 
conducted using a design of experiments approach when a 
new product is launched or when new equipment is 
purchased.  The control factors for the DOE are machine 
settings including power, force, time, and temperature, and 
the response factors are typically wire pull strength and 
shear strength.  One objective of a DOE study is to vary the 
bonder settings in a systematic way to maximize the wire 
pull test values.  A common strategy is to determine the 
optimum settings for the machine and then vary the 
parameters until no sticks occur.  This preliminary work 
provides ranges for the machine set up parameters that are 
useful for designing the DOE test matrix.   A typical DOE 
study provides process windows where the bond integrity is 
acceptable as well as machine settings that cannot be used.  
A more ambitious DOE study determines process windows, 
or usable ranges for the machine settings, while making the 
process immune to noise factors such as bonding tool 
degradation, variations in materials of construction, and 
daily fluctuations of the process equipment.  
 
Wire pull test results are not always linked to acceptable 
wire bond performance for a given product.  One of the 
problems with DOE studies for a new process is that it is 
difficult to know whether the response factors such as wire 
pull test values are actually indicative of whether the wire 
bonds will meet the requirements of the product in it’s real 
life application.  A common approach is to choose a wire 
pull requirement based on similar processes for other 
products, a military standard, or a commercial product 
standard.  Then a range of machine settings is determined 
based on the pull test values without considering other 
response factors such as visual appearance and metallurgical 
integrity.  
 
For example an over compressed wire bond can have a good 
wire pull strength in an as-bonded condition, but can be 
mechanically overworked and fail during reliability stress 
testing or in the field.  Another example would be an under 
formed first bond to the aluminum die metallization that 
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meets the minimum wire pull test requirement, but has 
spotty, non – uniform mixtures of gold-aluminum 
intermetallic phases with poor metallurgical characteristics.  
If non-uniform mixtures of intermetallic phases and un-
reacted aluminum are formed, these can grow into mixtures 
of more mature intermetallic phases that have different 
volume expansivities.   Wire bonds with mixtures of 
intermetallics have high levels of internal mechanical 
stresses, and could exhibit premature wear out failures.  An 
ideal wire bond process consumes all of the aluminum bond 
pad metallization forming a single intermetallic phase with 
good area coverage that will increase the uniformity of 
intermetallics, which continue to form during exposure of 
the wire bond to heat during post wire bonding packaging 
processes and field service.6 
 
TEST VEHICLE CONSTRUCTION AND TEST 
METHODS 
Test Vehicle Construction and Preparation 
The test matrix consisted of three boards with eight panels 
with six test dice on each panel.  The PCB substrates were 
specified as a high Tg FR4 (170 °C), with ½ ounce copper, 
electroplated with 100 to 200 microinches of nickel, 
followed by 20 to 32 microinches of gold.  The dimensions 
of the test die are 4.3 x 4.3 x 0.57 millimeters, and the 
aluminum pad sizes and pitches are listed in Table 1.  Die 
attach was performed using Ablebond 84MILRS4 epoxy, 
and die mounting was performed using an ASM AD809 
machine.  Bond placement accuracy, wire pull strength, and 
electrical resistance of the wire bonds were measured to 
evaluate the process capability.   
 
Row number Pad Size (mil) Pad Pitch (mil) 

(1) 3.7 x 3.7 4.0 
(2) 2.9 x 2.9 3.2 
(3) 2.7 x 2.7 3.0 
(4) 2.5 x 2.5 2.8 

Table 1: Pad size and pad pitch of the four largest rows of 
the ASM 96 test die. 
 
Materials Characterization of PCB Plating 
In the chip on board wire bond process, the quality of the 
plating has a significant impact on the integrity of the wire 
bonds.  The thickness of the plating layers, surface 
contaminants, surface roughness and metallurgical hardness 
are important characteristics, which affect the bond ability 
of the PCB substrate.7   We encountered several problems in 
procuring test vehicles that could be wire bonded and 
perform acceptably in reliability tests. 
 
Significant differences were observed in the color, 
reflectivity, and surface texture of PCB plating that was 
wire bondable and plating that was not wire bondable, 
Figures 1.a – 1.b.  We found that samples with very thin 
gold plating were wire bondable; however, these samples 
performed poorly in hot storage reliability tests.  The wire 
bondable gold exhibited a shiny, yellow color and a smooth 
appearance, yet the non-bondable gold was brown and 
rough appearing.  DiGirolamo evaluated the effect of 

surface roughness on wire bond ability for aluminum wire to 
gold plated substrates in COB applications.8  The results 
indicated that smoother surfaces generally wire bond better 
than rougher surfaces.  Samples with higher surface 
roughness could still be wire bonded, but exhibited a higher 
potential for having bad bonds.  The rougher the surface, the 
less ideal the bonding is due to a reduced contact area 
between the bonding wire and substrate pad.  Also, the 
rougher the surface is, the more likely the possibility that 
contaminants could become entrapped.  Factors that affect 
surface roughness include the grain refiners and current 
density used in the gold and underlying nickel-plating 
processes.  Surface roughness is also affected by brushing or 
pumice cleaning processes of the copper, which occur 
during PCB processing.   
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Plating thickness is also an important factor in the bond 
ability of PCB substrates.  The gold and nickel requirements 
specified by ANSI/IPC-SM-784 for gold thermosonic 
bonding are 1 to 1.3 microns (40 to 50 microinches), of gold 
minimum over 1.3 to 5 microns (50 to 200 microinches), of 
nickel.  The gold should be “soft” gold with 99.9 % purity, 
and a hardness of Grade A-Knoop 90 maximum.  The 
historical “rule of thumb” for gold plating thickness has 
been a minimum of 30 microinches.  In practice, newer 
products and processes use thinner gold.  In our DOE , a 
gold thickness of  25 microinches was the target for the gold 
plating with a minimum allowed thickness of 20 
microinches.  Plasma cleaning helps remove inter-diffused 
nickel oxides from the surface of gold allowing for the use 
of thinner gold plating in some applications.  Cross-sections 
of bondable and non-bondable boards exhibited excessive 
thickness (400 - 500 microinches), in the nickel plating on 
non-bondable boards, Figures 2.a – 2.b.    The excessive 
nickel thickness and the rough surface finish of the 
overlying gold suggested that there was a problem in he 
nickel plating process, which affected the surface texture 
and bond ability of the bond pads.   
 

 
Figure .a:  SEM photo of cross section of plating with poor 
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medium deformation of 1.8 is typical for 60 kHz bond 
width, whereas a medium deformation of 1.4 is typical for 
100 kHz.  Lower deformation is a major benefit of using 
high frequency ultrasonic energy; however, the tool 
displacement and resultant scrubbing action is greater for 
the 60 kHz machine, which makes a 60 kHz machine less 
sensitive to problems with surface contaminants than a 100 
kHz machine.  The bonding wire was American Fine Wire 
(P/N AW 14),  1 mil gold wire with a tensile strength of 12 
– 17 gf and elongation of 0.5 – 3.0%.  The bonding tool was 
a Small Precision Tool titanium carbide wedge tool (model 
FP30B-TI-2020-L-CGM), with a cross-groove design and 
2.8 mil foot width.  The extra mechanical gripping action of 
the cross-groove tool allows for more efficient transfer of 
energy from the tool wire interface to the bonding surfaces.   
 
The bonding parameters for the bonding accuracy, the wire 
pull, and resistance tests are listed in Tables 2 and 3.  The 
input factors for the DOE study were power, force, time and 
work stage temperature.  The output factors for the DOE 
were wire pull strength and bond width.  112 wires were 
bonded on each test vehicle for the bonding accuracy test.  
30 wires were bonded in series on PCB pads for the 
electrical resistance test.   

Rough gold 
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Vehicle 

Stage 
Temp. 
(°C) 

Force 
1st/2nd 

 grams) 

Time 
1st/2nd 
(sec) 

Power 
1st/2nd 

(units) 
1 120 °C 20/20 20/20 70/120 
2 120 °C 20/20 20/20 70/140 
3 120 °C 20/20 20/15 70/120 
4 120 °C 20/20 20/15 70/140 
5 120 °C 20/25 20/20 70/120 
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 2.b:  SEM photo of cross section of plating with 
od bond ability, Note the gold layer is white 

ding 
 model AB559A-06 rotary bond head automatic 
onder equipped with accessories for gold wire 
was used to perform the evaluation.  The model 
06 uses a 60 kHz ultrasonic generator, and is fully 
.  Use of a 60 kHz transducer requires greater 
rmation (ratio of bond width to bonding wire 

, to achieve optimum bond strength than the 
ly popular 100 kHz high frequency transducer.   A 

6 120 °C 20/25 20/20 70/140 
7 120 °C 20/25 20/15 70/120 
8 120 °C 20/25 20/15 70/140 
9 130 °C 20/20 20/20 70/120 

10 130 °C 20/20 20/20 70/140 
11 130 °C 20/20 20/15 70/120 
12 130 °C 20/20 20/15 70/140 
13 130 °C 20/25 20/20 70/120 
14 130 °C 20/25 20/20 70/140 
15 130 °C 20/25 20/15 70/120 
16 130 °C 20/25 20/15 70/140 
17 140 °C 20/20 20/20 70/120 
18 140 °C 20/20 20/20 70/140 
19 140 °C 20/20 20/15 70/120 
20 140 °C 20/20 20/15 70/140 
21 140 °C 20/25 20/20 70/120 
22 140 °C 20/25 20/20 70/140 
23 140 °C 20/25 20/15 70/120 
24 140 °C 20/25 20/15 70/140 

Over-plating 

ooth gold  

Table 2:  Bonding parameters for bonding accuracy and 
wire pull tests.  Actual PCB temperatures were 105 C, 115 
C, and 125 C at 120 C, 130C, and 140 C settings  
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Test  
Vehicle 

Stage 
Temp. 
(°C) 

Force 

 
(grams) 

Time 
(sec) 

 Power 

(units) 

1 - 24 130 °C 20 20 120 
Table 3:  Bonding parameters for wire resistance test 
 
Bonding accuracy test 
The bonding accuracy test was performed by visual 
inspection of die sets 1 – 4.  Table 4 lists the number of 
occurrences of the bonding failures, and Table 5 lists the 
classes of failures that could have occurred.  No serious 
anomalies were found, with the exception some of the wire 
bonds were not centered with respect to the bond pads.   
These failures resulted from misaligned teach points for the 
locations of the wire bonds, when the wire bond machine 
was programmed.  
 
Test 
PCB 

Stage  
Temp.  
(°C) 

Die 1 
Defect 
code 
(pad) 

Die 2 
Defect 
code 
(pad) 

Die 3 
Defect 
code 

Die 4 
Defect 
code 
(pad) 

1 120 °C 8(113)    
2 120 °C     
3 120 °C 8(113)    
4 120 °C     
5 120 °C 8(31,113)    
6 120 °C 8(113)   8(311) 
7 120 °C 8(99,113)    
8 120 °C 8(3,8,9,11

3) 
8(59)  8(31) 

9 130 °C 8(87,89) 8(59)   
10 130 °C     
11 130 °C 8(87,89)    
12 130 °C     
13 130 °C     
14 130 °C 8(87)    
15 130 °C     
16 130 °C     
17 140 °C    8(31,32,33

) 
18 140 °C    8(31,32,33

) 
19 140 °C    8(31,32,33

) 
20 140 °C    8(31,32,33

) 
21 140 °C    8(31,32,33

) 
22 140 °C    8(31,32,33

) 
23 140 °C    8(31,32,33

) 
24 140 °C    8(31,32,33

) 
Table 4: Visual inspection results of the 24 PCB’s. The 
numbers inside parenthesis denote the occurrence of a 
failure at that bond point.  Note that 8 is the failure mode for 
an eccentric bond placement.   
 
 
 

Fail Code Description 
1 Wire break at midspan 
2 Wire break at die 
3 Wire break at PCB 
4 Lifted wire at die 
5 Lifted wire at PCB 
6 Lifted die pad metallization 
7 Wire touching adjacent wire 
8 Bond Placement Eccentric 

Table 5: Failure modes for bond accuracy and wire pull tests 
 
Temp. 
°C 

Max. Min. Range Mean S.D. 

 (mils) (mils) (mils) (mils) (mils) 
120 1.46 1.24 0.22 1.37 0.06 
130 1.56 1.22. 0.34 1.36 0.08 
140 1.48 1.28 0.20 1.37 0.05 

Table 6:  First bond to die bond width measurements 
 
# Temp. 

°C 
Max. 
(mils) 

Min. 
(mils) 

Range 
(mils) 

Mean 
(mils) 

S.D. 
(mils) 

1 120 °C 2.12 1.76 0.36 1.90 0.10 
2 120 °C 2.66 2.20 0.46 2.42 0.14 
3 120 °C 2.02 1.84 0.18 1.94 0.07 
4 120 °C 2.44 2.18 0.26 2.34 0.09 
5 120 °C 1.98 1.78 0.20 1.91 0.07 
6 120 °C 2.52 2.08 0.44 2.30 0.14 
7 120 °C 1,98 1.76 0.22 1.88 0.08 
8 120 °C 2.44 2.16 0.28 2.27 0.10 
9 130 °C 2.10 1.72 0.38 1.90 0.12 
10 130 °C 2.60 2.26 0.34 2.46 0.09 
11 130 °C 2.08 1.74 0.34 1.88 0.11 
12 130 °C 2.88 2.20 0.68 2.41 0.20 
13 130 °C 2.10 1.80 0.30 1.97 0.10 
14 130 °C 2.48 2.04 0.44 2.26 0.12 
15 130 °C 2.02 1.76 0.26 1.87 0.07 
16 130 °C 2.22 1.96 0.26 2.11 0.08 
17 140 °C 2.26 1.86 0.40 2.04 0.13 
18 140 °C 2.60 2.38 0.22 2.47 0.06 
19 140 °C 1.98 1.82 0.16 1.92 0.05 
20 140 °C 2.36 1.94 0.42 2.19 0.15 
21 140 °C 2.16 1.88 0.28 2.01 0.09 
22 140 °C 2.32 1.92 0.40 2.11 0.14 
23 140 °C 2.06 1.76 0.30 1.92 0.11 
24 140 °C 2.12 1.94 0.18 2.05 0.07 
Table 7:  Second bond to PCB bond width measurements.  
Note if the stage temperature was set at 120 °C, 130 °C, and 
140 °C the substrate temperatures were 105 °C, 115 °C, and 
125 °C respectively.   
 
 Electrical Resistance Test 
Thirty jumper wires were bonded from PCB pad to PCB 
pad, for the electrical resistance test. The electrical 
resistance of the entire chain of 30 wires was measured by 
using a four-point probe measurement technique.  The 
values for resistance and resistivity of the wires are listed in 
Table 8. 
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 Max Min. Range Mean S.D 
Resistance  
of 30 wires 

3.72 3.68 0.046 3.70 0.010 

Resistivity 
of Au wire 
(mΩ/mm) 

60.6 59.9 0.747 60.1 0.158 

Table 8: The resistivity of the gold jumper wires 
 
Bond Width Measurements – Bond Deformation 
The bond widths of the first bond to the die at each 
temperature setting are listed in Table 6.  Temperature did 
not have a significant effect on the first bond width, with the 
mean value being 1.37.   The values of the second bond 
widths are about 1.9 mils and 2.4 mils at bond power levels 
of 120 bits and 140 bits respectively, Table 7.   Since the 
bonding wire diameter was 1 mil, the bond width values are 
equivalent to the deformation values.  Increasing the power 
significantly increased the extent of deformation of the 
bonding wire.  Varying the force by a relatively small 
amount of 5 grams did not significantly affect the bond 
width values.  If the force were to have been increased to a 
greater value in the DOE, it could have dampened the 
ultrasonics, decreased the extent of deformation of the 
bonding wire, and decreased the bond width. 
 
Harman has reported wedge shear force and wire pull force 
data for wedge bonds as a function of deformation.9  The 
wedge shear forces steadily increased on going from low 
deformation - 1.4, medium deformation -1.8, to high 
deformation – 2.8.  Conversely, the wire pull forces 
decreased on going from low deformation to high 
deformation, because the heel of the bond was thinned and 
metallurgically overworked at higher deformations.  
Consideration of the opposing trends for the shear and pull 
force data, suggested that the optimum deformation is 1.8.  
Mil Standard 883D method 2010 specifies a lower limit for 
deformation of 1.5.   Gold bonding wire can have a 
deformation of about 2.5 without exhibiting a significant 
reduction in wire pull strength.   Based on wire deformation 
data in our DOE and Harman’s data, a lower power setting 
should be used, because the deformation was 1.9 at lower 
power.   
 
Wire Pull Testing 
 Based on the wire pull tests, the most significant responses 
were power and temperature.  Time and force did not have a 
significant effect on the wire pull readings over the ranges 
in which these settings were varied.  The process windows 
were relatively narrow as stitch lifts were observed when the 
parameters were varied beyond the values listed in Table 2.  
The stitch lift values were higher at the 140 °C temperature 
setting, but the pull test mean values were similar to the 130 
°C and 120 °C trials.  This suggests that softening of the 
PCB and “cupping” might have occurred with the actual 
board temperature being approximately 125 °C at the work 
stage temperature setting of 140 °C.  Cupping was not 
anticipated, since the Tg of the FR4 board material was 170 
°C. 

# 0 hours No 
stk 

140  
hours 

300 
hours 

500 
hours 

750 
hours 

1000 
hours 

 Grams  Grams Grams Grams Grams Grams 
1 4.85 2 4.68 5.6 4.73 5.6 5.71 
2 3.81 0 3.29 5.58 3.72 4.87 5.51 
3 5.02 0 4.71 5.92 5.45 5.74 5.84 
4 4.22 1 3.5 4.79 3.31 5.37 5.31 
5 4.26 3 4.2 5.17 4.65 6.02 6.35 
6 3.82 0 4.36 4.86 4.59 5.63 4.9 
7 5.4 0 4.32 5.01 4.86 5.4 5.79 
8 4.71 0 4.22 4.32 4.13 5.29 5.1 
9 5.24 4 4.53 4.72 5.12 5.85 5.51 
10 4.74 0 3.54 4.24 4.02 4.95 5.11 
11 4.26 3 4.53 5.73 4.54 5.62 5.28 
12 4.97 0 3.58 4.5 4.52 4.73 5.19 
13 4.04 1 4.74 5.36 4.46 5.86 5.97 
14 4.83 0 4.41 5.51 4.24 5.45 5.81 
15 4.11 2 4.99 4.84 4.8 5.84 5.94 
16 5.18 0 4.29 4.6 4.3 5.11 5.45 
17 4.69 7 5.12 4.84 4.79 6.14 6.06 
18 3.78 0 3.88 3.48 4.18 5.06 4.94 
19 4.58 3 4.94 4.62 4.7 5.6 6.07 
20 4.3 0 4.52 4.09 3.98 5.15 5.2 
21 4.04 1 5.07 4.9 5.03 5.66 6.46 
22 4.91 0 6.55 5.22 5.33 6.7 6.76 
23 5 6 5.69 5.71 5.82 6.2 6.87 
24 5.04 1 5.34 5.33 5.12 5.37 6.02 
Table 9:  Wire pull test data for DOE samples following 
bonding and after hot storage test durations.  The third 
column labeled "no-stk" is the number of stitch lifts at the 
PCB side on as bonded samples.  The standard deviations 
for the pull test values ranged from 0.5 to 1 gram.   
 
MATERIALS CHARACTERIZATION OF WIRE 
BOND SAMPLES 
Visual inspection  
An SEM micrograph of a representative sample that was 
bonded with higher power and lower force is shown in 
Figure 3.a.  Higher power and lower force would be 
expected to result in greater deformation than in the sample 
bonded with lower power and higher force shown in Figure 
3.b.  The bonds formed a higher power exhibited some 
thinning at the heel and appeared to be over-compressed. 
The visual appearance and deformation of the lower power 
bonds suggest that this power setting is close to optimum.  
An SEM photo of the first bond to the die displayed 
“splash” which results from extrusion of the bond pad 
metallization from under the wedge bond during wire 
bonding, Figure 3.c.   Splash is not unusual, but it can be 
indicative of excessive bond force and/or power.  The 
amount of splash is typically greater for softer, pure 
aluminum bond pads than it is for harder, copper and/or 
silicon doped bond pads, because the softer bond pad 
material is more readily extruded than harder metal.  Splash 
reduces the amount of aluminum that is available for 
intermetallic formation, so excessive splash can reduce the 
metallurgical integrity of the wire bond.10   
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The bond lift technique displayed mostly gold-rich, white-
silvery colored phase with some patches of aluminium- rich, 
purple colored phase on as – bonded samples.  These 
exhibited nearly complete area coverage of intermetallics, 
Figure 4.a.  The criteria for the using the bond lift technique 
on wedge bonds are not well known; however, the criteria 
for ball bonds can be used as a guideline. Typical criteria for 
ball bonds are 60 to 75 percent area coverage (depending on 
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bond pad metallurgy), with 50 percent as a minimum. 
Intermetallic area coverage on gold wire bonds to pure 
aluminium pads is generally higher than for aluminium pads 
doped with silicon, which in turn has higher area coverage 
than pads doped with silicon and copper.   

 3.a:  SEM photo of PCB wire bond with high power 
 tool force, high deformation - 2.4 

 

 
Minimal intermetallic thickness was observed following 
wire bonding.  However, exposure to elevated temperatures 
during packaging of the devices and field service will 
increase the thickness of the intermetallics and amount of 
gold-rich phases as the gold consumes the aluminium bond 
pad metallization.  The Au4Al and Au5Al2  phases are the 
source of wire bond failures from void formation, and also  
from the  internal stress - mechanical mismatch between the 
phases during temperature changes.   The internal shear 
 3.b: SEM photo of PCB wire bond with high power 

 tool force, medium deformation - 1.9 

 

stress can be as great as 90 grams under thermal stress.6 
This mechanical mismatch under thermal stress is the basis 
for using hot storage and temperature cycling to evaluate the 
reliability of these samples.   
 

 

 3.c:  SEM photo of die wi

etallic inspection – Bond

nium readily reacts with 
unds, which are mechanic
ium.  (1) Increased area 
form thickness of intermet
 entire aluminum bond 
ion of a single intermet
e of phases improves the
chanical strength of wire
ue (soak in mixture 
ide pellets and 100 millili
 for inspection of the area u
intermetallic phases based 
splash
re bond, low deformation -  
Figure 4.a: Ball lift technique shows intermetallic 
compounds on die bond in “as-bonded” condition 
  lift technique (die bonds 

 

gold to form intermetallic 
ally stronger than gold or 

coverage of intermetallics; 
allics; (3) the consumption 
pad layer; and (4) the 

allic phase rather than a 
 reliability and maximizes 
 bonds.   The “bond lift” 
of 25 grams potassium 
ters water for 2 – 3 hours), 
niformity and composition 

on their color.   

 
Figure 4.b: Ball lift technique shows intermetallic 
compounds on die bond after hot storage testing 
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Intermetallic inspection - Cross-Sectioning (die bonds 
only) 

 

Die bonds 
Metallographic cross-sections of samples, prior to hot 
storage, exhibited a very thin intermetallic layer, which is 
typical, Figure 5.a.  The intermetallics grew to a thickness of 
3 to 5 microns during 1000 hours hot storage, Figure 5.b.  
The cross-sectioning and bond lift evaluations of the hot 
storage samples displayed mostly white silvery AuAl phase 
mixed with a few small patches visible tan – gold rich 
phases Figures 4.a and 5.b.  The presence of voids and the 
high thickness of the intermetallic in the samples exposed to 
hot storage suggested that the wire bonds were approaching 
the end of their useful life.   

Figure 5.c: Cross section of PCB bond, “as-bonded” 
 
Cratering evaluation 
The aluminum metallization was chemically stripped to 
allow for inspection of the underlying oxide layer for 
cratering damage.  No evidence of cratering was found 
under the center of the wedge bonds; however, passivation 
damage was observed around the perimeter of the bond 
pads, Figure 6.  One of the concerns with fine pitch bonding 
is that bonder inaccuracy may place the bond on that 
passivation.  The wire bonds were not placed far enough off 
the bond pad to be rejected but the passivation was still 
damaged.  While this has not yet been proven to be a 
reliability problem, there is a risk of cracks propagating 
outside the bond pad area and resulting in electrical leakage 
in the presence of moisture.  If there was an input protection 
diode connected to the bond pad, misplacement could 
damage the device.  

 

 
Figure 5.a: Cross section of die bond, “as-bonded” 
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Figure 7: SEM Micrograph of grain structure on wire bonds 
following aqua-regia etch 
 
RELIABILITY TESTING 
Hot Storage – Wire Pull Testing 
Although wedge bonding offers a good history of high 
reliability, there are few if any published studies that 
correlate the wire pull strengths of gold wedge bonds with 
intermetallic coverage and long-term reliability.  For 
comparison, ball bonding reliability studies have shown that 
ball bonds maintain mechanical integrity through 1000 
hours of hot storage at 175 °C.2, 11 

 
Wire pull tests were conducted on: as-bonded samples, and 
samples at various times between 100 and 1000 hours hot 
storage at 150 °C, using JEDEC specification JESD22-103A 
as a guideline, Table 9.  The wire pull strengths in the hot 
storage samples generally increased over their respective 
time zero values.  In our wedge-wedge bonds, the wire pull 
tests should exhibit heel breaks at the second bond as a 
result of the geometry of the wire loop, heel deformation, 
and metallurgical over working of the bonding wire. Most 
of the wire bonds exhibited ductile wire breaks at the heel of 
the second wire bond to the substrate, with some tail lifts at 
both the PCB and die bonds during pull testing at 500 
through 1000 hours storage.  Hot storage embrittled the 
PCB dielectric causing the dielectric to lift with some of the 
PCB bonds.  If there was a problem with mechanical 
stresses that are associated with undesirable mixtures of 
intermetallic phases the wire pull tests would have exhibited 
wire bond lifts at the die with reduced wire pull strengths.  If 
there was a problem with advanced grain growth in the 
bonding wire at either the die or PCB bonds, the pull forces 
would have decreased; however, the increase in pull force 
values showed that the wire bonds had good mechanical and 
metallurgical integrity.  
 
Temperature Cycle Testing 
Temperature cycling can elucidate problems with flexure 
resulting from differences in thermal expansion of 
packaging materials (die attach, mold compound, 
encapsulants, PCB / substrate etc.).  Heel cracks are 
sometimes visible in aluminum wedge bonds, but can be 
benign.  Temperature cycling tests are a useful means for 
distinguishing cosmetic tool marks / cracks from cracks that 
could result in field failures.  Temperature cycling can also 
reveal problems with advanced gold rich intermetallic phase 

formation that can occur in post wire bonding assembly 
processes or harsh field environments.  Our two chamber 
temperature cycling test conditions were 10-minute dwell 
time, 5-minute ramps, and 15 to 20 °C per minute ramp rate 
over a temperature range of 0 to 100 °C. 
 
Temperature cycle testing was performed on the same group 
of samples, which exhibited tail lifts with no mechanical 
strength, following 500 hours of hot storage testing.   The 
same lot of samples that failed hot storage testing exhibited 
no degradation in wire pull strength values after 500 thermal 
cycles.  The hot storage failures were caused by gold plating 
with low out of specifications plating thickness. In addition, 
the plating contained corrosive chlorine bearing 
contamination.   These results indicated that hot storage was 
a more effective than thermal cycling at screening for the 
observed thin plating – contamination corrosion condition.  
The entire DOE had to be repeated as a result of this PCB 
plating problem, so a practice of incoming destructive 
physical analysis was implemented on all lots of PCB s used 
for wire bond test vehicles thereafter. 
 

 
Figure 8.a: SEM micrograph of tail lift site on PCB bond 

pad after 500 hours hot storage 
 

 
Figure 8.b: SEM micrograph of tail lift site on defective 
PCB bond pad after 500 hours hot storage 
  
DISCUSSION AND CONCLUSIONS 
The wire bonds in this DOE are of good quality and the 
reliability testing results were favorable. The bonding 
accuracy tests showed that 100 percent of the wires were 
bonded within the pad sizes listed in Table 1.   The wire pull 
strength results for bonds exhibiting a medium deformation 
at the PCB bonds of approximately 1.9, were about 80 to 90 
percent of the wire break strength as calculated by the 
ASTM standard F459.  90 percent is typical for gold wedge 
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bonds.9    Hot storage was found to be a more effective 
reliability screen for thin, contaminated gold plating than 
thermal cycling. 
 
Materials characterization was conducted on parts after 
completion of the reliability tests to document their 
condition and characterize the effect of the reliability test 
conditions on the metallurgy of the wire bonds.  The 
presence of voiding on the die bonds and increasing extent 
of tail lifts and wire bond pad lifts on the PCB bonds 
suggested that the wire bonds were approaching the end of 
their useful life after 1000 hours at 150 °C.  The analytical 
methodology described in this paper provides useful visual 
indicators for determining whether the reliability test 
conditions are severe enough or too excessive.  By using 
these techniques to compare reliability test samples with 
samples from the field, one could better understand the 
relationship between accelerated reliability tests and real life 
field conditions.3 
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