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ABSTRACT 

Gold/aluminum wire bond degradation is one of the major failure 
mechanisms limiting reliability of plastic encapsulated microcircuits 
(PEMs) at high temperatures.  It is known also that oxidative 
degradation is the major cause of failures in epoxy composite 
materials; however, the effect of oxygen and/or vacuum conditions 
on degradation of PEMs has not been studied yet. 

In this work, three groups of linear devices have been subjected 
to high-temperature storage in convection air chambers and in a 
vacuum chamber.  Electrical characteristics of the devices, variations 
of the wire bond contact resistances, mass losses of the packages, and 
thermo-mechanical characteristics of the molding compounds were 
measured periodically during the testing.  The results showed that 
high-temperature storage in vacuum and air conditions changed 
thermo-mechanical characteristics of molding compounds in a 
similar way; however, the failure rates and the degree of wire bond 
degradation for parts stored in air was significantly larger than for 
parts stored in the vacuum chamber.   

A mechanism of Au/Al wire bond failures in PEMs at high 
temperatures, the role of oxygen, and non-linearity of the degradation 
rate at a certain critical temperature above the glass transition 
temperature of molding compounds are discussed.   

1.  INTRODUCTION 

Gold wires have been widely used for interconnection between 
aluminum contact pads in silicon dice to silver-plated copper, or 
alloy 42, lead frames in the production of commercial microcircuits 
for more than 30 years.  Reliability of the interconnection has been a 
subject of multiple investigations for all these years, which has led to 
understanding of many aspects of the Au/Al wire bond (WB) 
reliability [1]. 

The generally accepted mechanism of WB degradation at high 
temperatures includes interdiffusion reactions resulting in formation 
of multiple Au/Al intermetallic compounds.  This process stabilizes 
when all Al metallization under the bond is consumed and the 
intermetallic eventually transfers into a gold-rich Au4Al composition 
[2].  At 175 oC, Al transformation into the Al2Au phase was observed 
already after 2 hrs., and after approximately 10 hrs. all aluminum 
metallization was completely consumed.  The transformation into the 
gold-rich phase starts after approximately 50 hrs. at 175 oC and 

finishes after ~150 hrs. resulting in the formation of intermetallic 
compound layers of 2 to 4 µm in thickness.  At 250 oC it takes ~30 
min. to complete these transformations.  Phase transformations 
lateral to the WB proceed concurrently the conversions of Au/Al 
compounds across wire bonds, but these require more time to 
complete.   

Intermetallic growth and transformations occur along with 
formation of voids inside the bonds at the gold/intermetallic interface 
and in aluminum contact pads along the periphery of the bonds.  The 
voids are a result of coalescence of vacancies formed due to the 
difference between the diffusion rates of Al and Au atoms 
(Kirkendall effect).  The formation of the intermetallics makes the 
bonds stronger, but more brittle and mechanically stressed due to 
volumetric changed in the intermetallics compared to Au and Al [1, 
3].  Electrical resistance of the wire bonds increases due to 
intermetallic formation on only a few dozen milliohms [1, 4].  
During the initial stages of the degradation, voiding does not affect 
the mechanical strength and contact resistance of the bonds 
significantly.  However, prolonged high-temperature exposure 
increases the voiding to the point at which the bond becomes 
mechanically weak and/or the electrical resistance increases above 
the acceptable level, thus causing failure of the devices.   

For plastic encapsulated microcircuits, the WB degradation 
process is complicated due to mechanical stresses in the package and 
to release of corrosive molecules from molding compound, MC.  
Most currently used MCs employ brominated epoxies to provide 
flame resistivity to the plastics.  Thermal decomposition of these 
epoxy materials, and flame-retardant additives in particular, results in 
formation of multiple chemically active molecules.  These include 
halides such as methyl bromide (H3C-Br) and hydrogen bromide 
(HBr), water, carbon oxides, and other molecules with low molecular 
weight, which can react with the Al/Au intermetallics causing dry 
corrosion of the bond [5, 6, 7].  Uno and Tatsumi [7] have shown 
recently that the corrosion of intermetallic compounds is specific 
to the Au4Al phase and does not occur on Au2Al and Au5Al2 
compositions. 

Antimony trioxide (Sb2O3) is commonly added to MCs as a 
synergist to increase the efficiency of brominated flame retardants.  
Gallo [8] has shown that at high temperatures the presence of this 
synergist also causes corrosion of intermetallic compounds in WBs 
and that the antimony trioxide has an overriding effect compared to 
brominated epoxy. 
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Resulting from the directive of William Perry, former Secretary 
of Defense, in June 1994, in recent years an increasing proportion of 
commercial-off-the-shelf (COTS) devices encapsulated in plastic 
packages with Au/Al interconnections are being used in military and 
aerospace applications.  Insertion of these devices into high-
reliability systems necessitates rigorous screening and qualification 
testing, which are based on application of accelerated high-
temperature stresses.  This requires better understanding of WB 
degradation mechanisms to adequately evaluate the quality of WBs 
and predict reliability of parts in specific applications, including 
vacuum conditions for space systems.  

It has been shown that environmental conditions, and in 
particular the presence of moisture, significantly affect degradation 
of wire bonds in PEMs, so the failures can be observed already after 
a few hundred hours during highly accelerated stress testing (HAST) 
at 85% RH and temperatures from 130 to 150 oC [9].  It is also 
known that at high temperatures oxidative degradation is the major 
cause of failures in epoxy composite materials [10]; however, the 
effect of oxygen and/or vacuum conditions on degradation of PEMs 
has not been studied yet. 

In this work, three groups of linear devices encapsulated in 
plastic SOIC-8-type packages have been subjected to high-
temperature storage (HTS) testing in air and vacuum conditions.  
Characteristics of the molding compounds and electrical 
characteristics of the devices were measured periodically during the 
testing.  Test results and analysis of failed devices indicated a 
significant role of oxygen in the high-temperature degradation 
processes in PEMs and allowed for elaboration of the WB 
degradation mechanism. 

2.  EXPERIMENTAL PROCEDURE 

2.1. Parts used. 

Three types of commercial plastic encapsulated devices, a dual 
operational amplifier (OP), and two types of precision bandgap 
voltage reference microcircuits (referred below as AD and LT) were 
used in this study.  All parts were packaged in SOIC-8-style 
packages.  Both voltage reference microcircuits had a thin layer of 
silicone gel coating on the die surface. 

2.2. Testing of molding compounds. 

Thermo-gravimetrical analysis (TGA) was used to evaluate the 
thermal stability of molding compounds by monitoring mass losses 
of the packages as a function of time while temperature was 
increased linearly.  The measurements were carried out using a 
TA2950 analyzer, TA Instruments, at a heating rate of 10 oC/min. 
from room temperature to 700 oC under the standard nitrogen 
purging conditions.  Mass losses during isothermal aging were 
measured directly on the packages using a balance with an accuracy 
of 0.1 mg. 

Thermo-mechanical analysis (TMA) is typically employed for 
measurements of the glass transition temperature (Tg) and 
coefficients of thermal expansion (CTE) in molding compounds by 
monitoring the deformation of a sample with temperature.  In this 
work, the thermo-mechanical characteristics of encapsulating 
materials were measured directly on plastic packages using a thermal 
mechanical analyzer, TMA2940, TA Instruments, at a rate of 3 
oC/min. during cooling from 220 oC followed by heating the part in 
the analyzer at the same rate.  It has been shown [11] that this 
procedure allows for elimination of possible errors related to the 
presence of moisture and built-in mechanical stresses.   

A PRISM200 detector and the Spirit software, developed by 
Princeton Gamma-Tech, were used to carry out X-ray microanalysis 
and evaluate the composition of flame retardants used in the molding 
compounds. 

2.3. Contact resistance measurements. 

Different techniques have been used by various researchers to 
measure contact resistance of the wire bonds (Rc).  The values of Rc 
were measured using a special test structure in [4], or directly in 
microcircuits using measurements of the digital output voltage levels 
(VOL) under different load conditions [8]. 

In this work, variations of Rc due to stress testing were 
calculated based on measurements of the forward voltage drop (VF) 
of P-N junctions used in the input/output ESD protection circuits in 
the devices.  To calculate Rc variations, the measurements were 
carried out before the stress [VF(0)] and after the stress [VF(t)] at a 
constant forward current (IF): 

δRc(t) = [VF(t)-VF(0)]/IF 

This technique does not require special test structures and allows 
for characterization of the WB quality directly on PEMs using both 
input and output pins, even on complex devices, without 
development of special programs for ATE to measure electrical 
characteristics of the part. 

At IF = 5 mA, the values of VF(0) were 0.7 to 0.9 V, which 
could be measured easily with an accuracy of 0.1 mV.  
Measurements have shown that the K-factor for these devices (the 
slope of VF variations with temperature) was in the range from 1.1 to 
1.6 mV/oC.  Considering possible temperature variations during 
measurements of ± 0.5 oC, the temperature-related variations of the 
Rc would be ~0.2 to 0.3 Ohm.  The initial values of Rc are in the 
milliohm range and the observed stress-related variations were in the 
ohms range, so it can be assumed with relatively high accuracy that 
δRc(t) ≈ Rc(t). 

Electrical measurements of the devices after aging showed a 
good correlation between the results of Rc calculations using the 
forward voltage drop technique and the calculations based on 
electrical measurements of the output voltages under different load 
conditions.   

The total number of WBs measured in each group during the 
HTS testing varied from 52 to 105. 

2.4.  High-temperature storage testing. 

Two groups of each part type (16 to 30 samples in each group) 
were stored at 210 oC in a convection air chamber and in a vacuum 
(~0.5 torr) chamber for up to 1500 hrs.  The characteristics of 
molding compounds and electrical characteristics of the parts were 
measured at various time intervals: after 120, 210, 350, 530, 700, 
1000, and 1500 hours of HTS.  Measurements of electrical 
characteristics of the devices and the contact resistances of WBs 
were carried out using a precision semiconductor parameter analyzer 
hp1456A. 

To evaluate temperature dependence of WB degradation, in a 
separate set of experiments OP and AD microcircuits were stored in 
air convection chambers at 175, 190, 200, and 225 oC. Electrical 
characteristics of the parts and WB contact resistances were 
monitored periodically through these tests. 

 



3.  CHARACTERIZATION OF MOLDING COMPOUNDS 

All parts used had the same package style; however, different 
materials were used for the lead frames and molding compounds.  
Table 1 shows thermo-mechanical characteristics, coefficients of 
thermal expansion in glassy (CTE1) and rubbery (CTE2) states, and 
glass transition temperatures of the molding compounds used. 

Table 1.  Characteristics of materials used in the parts design; 
average values and standard deviations (in brackets).

PN LF CTE, 
ppm/oC 

MC 
Tg, oC 

MC 
CTE1, 
ppm/oC 

MC 
CTE2, 
ppm/oC 

Die 
coating

OP 17.5 (Cu) 166 (3) 17 (0.5) 86 (10) - 
AD 17.5 (Cu) 173 (5) 16.4 (1) 77 (25) silicone
LT 4.3(A42) 138 (3) 9.8 (0.5) 75 (4.4) silicone

The results indicate that a typical o-cresol novolac epoxy MC 
was used for OP and AD parts, whereas a low-Tg biphenyl type MC 
was used for the LT voltage reference microcircuits. 

Results of TGA measurements for the three parts are shown in 
Figure 1 and indicate that the thermal stability of the MCs used in OP 
and AD parts was similar, but it was different from the MC used in 
LT parts.   
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Figure 1. Differential TGA curves of the three plastic packages used. 

Differential TGA chart for LT parts had two peaks at 383 oC and 
at 411 oC, indicating a two-stage decomposition process.  The 
decomposition temperature (Td) was estimated at the onset of the 
increase of mass losses, at dW/dT = 0.005%/oC, and the temperature 
at the maximum weight loss rate (Tmax) was measured at the first 
peak value of the differential TGA chart.  Results of these 
measurements are summarized in Table 2.  These data indicate that 
the low-Tg MC used in LT parts had higher values of Td, thus 
confirming that the value of Tg is not an indicator of the thermal 
stability of MCs.   

Table 2.  Characteristics of thermal decomposition of molding 
compounds.

PN Max rate, 
%/oC Td, oC Tmax, oC

OP 0.07 325 394 
AD 0.066 325 394 
LT 0.038 345 383 

X-ray microanalysis has indicated the presence of bromine and 
antimony in all MCs, thus suggesting that all composites used 

brominated epoxies and antimony trioxide synergist as flame 
retardants.  Quantitative analysis has shown that all materials had 
similar concentration of Br (0.21 to 0.27 wt%).  The concentration of 
Sb in the LT and AD devices was ~ 0.7 to 0.8 wt% and somewhat 
larger in the OP devices, ~1.4%. 

4.  TEST RESULTS 

4.1.  Degradation of electrical characteristics. 

Distribution of contact resistances at different times of storing of 
AD voltage reference microcircuits at 210 oC in vacuum and air 
chambers are shown in Figure 2.  Noticeable variations in Rc were 
observed already after 120 hrs. for samples stored in air, whereas 
similar changes in parts stored in vacuum happened only after ~530 
hours.  After ~1000 hrs of air storage ~70% of WBs had Rc >10 
Ohm, whereas all samples stored in vacuum conditions had Rc below 
3 Ohm even after 1500 hrs. of the HTS testing. 
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Figure 2.  Distributions of contact resistance of wire bonds at 
different times of storage of AD parts at  

210 oC in air (a) and vacuum (b). 

Figure 3 shows kinetics of median contact resistance values 
during the HTS testing in vacuum and in air chambers for LT and OP 
devices.  All parts aged in air demonstrated significant increase in Rc 
(>1 Ohm) after 100 to 200 hrs and 50% of devices reached the 10 
Ohm level after ~500 hrs., whereas in vacuum this level was not 
reached even after 1500 hrs.  It is interesting to note that similar 
results were observed in [7] when WBs in parts stored at 200 oC 
increased their resistance to 10 Ohm after ~400 hrs. 
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Figure 3.  Kinetics of contact resistance variations during air and 

vacuum storage for OP and LT microcircuits. 

In this work, an increase of the wire bond resistance to 10 Ohm 
was considered as a wire bond failure.  Using this failure criterion, 
parameters of Weibull distributions (the characteristic life [τc] and 
the slope [β]) were calculated for all WB and parametric failures of 
the parts.  Figures 4 and 5 give examples of these distributions for 
OP and LT microcircuits, and Table 3 summarizes results of these 
calculations. 
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in air and vacuum chambers.
(Rc > 10 Ohm) during storage of OP and LT parts

 

Analysis of the data indicates that the characteristic life of 
devices in vacuum is 3 to 8 times longer than in air conditions.  A 
good correlation between the τc values calculated for the contact 
resistance failures and parametric failures of the parts suggests that 
for these microcircuits the wire bond degradation might be a limiting 
factor of reliability at high temperatures. 
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failures (VOS) and wire bond failures (Rc > 10 Ohm) 

for operational amplifier microcircuits (OP) during 
air and vacuum storage.
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Table 3. Characteristics of Weibull distributions for parametric and 
wire bond contact resistance failures. 

OP AD LT 
Condition 

τc, hr β τc, hr β τc, hr β 
Param. air 419 1.84 800 2.25 791 2.21
Param. vac 1454 3.6 2750 2.25 3050* 3.6*

WB air 552 1.39 955 8.2 668 1.4 
WB vac 1783 3 2647* 8* 5584* 3* 

* Estimated parameters: the slope values were assessed by similarity and the 
τc values were calculated based on the first failure data. 

No substantial difference was observed in reliability of voltage 
reference microcircuits encapsulated in high-Tg (AD) and low-Tg 
(LT) MCs, suggesting that the type of MC did not have an overriding 
effect on the WB reliability. 

Degradation of the offset voltages (VOS) in operational 
amplifiers and output voltages (Vout), in the LT voltage reference 
microcircuits with time of storing in vacuum and air conditions is 
shown in Figures 6 and 7.  Variations of these parameters during 
HTS in air were erratic and indicated multiple failures due to 
intermittent contacts, whereas parameters in devices stored in a 
vacuum chamber varied smoothly with time and had much fewer 
failures.  In vacuum, the mean value of VOS increased on the 
average from –90 µV to +6 µV during the first 210 hrs. and then 
manifested good stability up to 1500 hrs. of HTS testing.  The output 
voltages in LT microcircuits decreased smoothly with time of aging 
in vacuum conditions, saturating in the range of –400 ppm to –800 
ppm after approximately 700 hrs. of storage. 
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Figure 6.  Variations of the offset voltages for operational amplifiers 
during high temperature storage testing in air (a) and vacuum (b) 

chambers. 
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Figure 7.  Output deviations of precision voltage reference 
microcircuits (LT) during HTS testing in air (a) and vacuum (b) 

chambers. 

 

4.2.  Degradation of molding compound. 

Kinetics of mass losses of the parts during HTS is shown in 
Figure 8.  After 1000 hrs. of aging, the mass losses in air were within 
the range of 1.1 to 1.4 % and continued to grow at a rate of 8×10-4 to 
10-3 %/hr.  The mass losses in vacuum were in the range of 0.2 to 
0.45% and the rate of their variation was ~4 times less than in air.  
The mass losses in our calculations were rated to the total mass of the 
packages.  Considering that for these devices the mass of MC is 
~50% of the total mass of the packages, mass losses of MC would be 
approximately 2 times larger than those shown in Figure 8. 
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Figure 8.  Average mass losses of the packages during high 

temperature storage at 210 oC. 

The initial mass losses for OP devices (after 120 hrs. of HTS) 
were more significant than for other parts and similar for air 
(~0.41%) and vacuum (~0.37%) conditions, indicating that these 
parts had a higher concentration of low molecular weight 
contaminants.  It is interesting that the LT parts, which had a 
minimal glass transition temperature, also had minimal mass losses, 
which corresponds to the TGA data and indicates that low-Tg 
materials do not necessarily have poor long-term stability at high-
temperature conditions. 

All specimens after air storage displayed a brownish tinge, 
whereas no change in appearance was observed in parts stored in 
vacuum conditions.  These changes of color indicate oxidative 
degradation of molding compounds and are specific for the air-stored 
samples. 

Figure 9 shows variation of the Tg and CTE caused by storage in 
air and vacuum conditions.  For the LT parts, the values of Tg 
increased approximately 19 oC after vacuum aging and ~21 oC after 
air aging.  For the high-Tg MCs (OP and AD devices), the Tg also 
increased in both environmental conditions; however, the changes 
were somewhat lesser: 7 to 12 oC in air and 10 to 12 oC in vacuum.  
No significant variations in the coefficient of thermal expansion, 
CTE1, of MC in AD and OP devices in both, vacuum and air 
conditions, were observed; however, the CTE1 in LT devices 
increased ~70% during HTS in vacuum.  Similar increase in Tg 
values and some inconsistency in the CTE variations during HTS at 
temperatures from 170 to 260 oC for up to 1900 hrs. were observed 
also in [12].   
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Figure 9. Effect of vacuum and air storage at 210 oC on the glass 
transition temperatures (a) and coefficients of temperature expansion 

in a glassy state (b) of molding compounds. 

4.3.  Temperature dependence of WB degradation in air. 

To estimate the activation energy of failures during high-
temperature storage in air, characteristics of Weibull distributions for 
parametric failures and WB resistance failures of OP and AD 
microcircuits were calculated based on the results of testing at 
temperatures from 175 to 225 oC.  Figure 10 displays the temperature 
variation of the mean life for parametric and WB failures plotted in 
Arrhenius coordinates.   
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Figure 10.  Arrhenius plots for mean life of parametric and wire bond 
failures OP and AD microcircuits tested in the range of temperatures 

from 175 oC to 225 oC. 

Similar to what was observed before, the mean life calculated for 
parametric failures and contact resistance failures were close over the 
whole range of storage temperatures.  The mean life curves indicated 

different activation energies for low-temperature, below 190 to 200 
oC, and high-temperature, 190 < T < 225 oC, regions.  Results of the 
calculations are shown in Table 4 and indicate that in the high-
temperature range the activation energies vary in a relatively narrow 
range from 0.55 to 0.67 eV; whereas at low temperatures the 
activation energy is much larger.  This confirms the existence of a 
certain critical temperature, Tc, after which a mechanism of the wire 
bond degradation is changing, which corresponds to the observations 
made in [7, 13].   

Table 4.  Activation energies for OP microcircuits. 

Temp. range OP Param. OP WB 
failures 

AD WB 
failures 

Low T 1.78 1.26 1.6 
High T 0.68 0.67 0.55 

4.4.  Analysis of failed parts. 

Typical acoustic microscopy images of the OP devices, after 
HTS testing in air and vacuum conditions, are shown in Figure 11.  
The results indicate extensive delaminations at the die surface along 
the periphery of the dice and at the finger-tips of the leads for the air-
stored devices.  The proportion of delaminations in the parts stored in 
vacuum was much lesser. 

 
Figure 11.  Examples of acoustic microscopy images for three OP 

microcircuits after storing at 210 oC for 700 hrs in air (top row) and in 
vacuum (bottom roew) chambers. 

Decapsulation of the parts in fuming nitric acid after air chamber 
storage took approximately 5 times longer than for the vacuum-
stored parts, thus indicating significant structural changes in the 
polymer composites.  Especially difficult to remove were the surface 
layers of the package, areas along the periphery of the die where 
delaminations were observed, and, in some cases, areas around the 
gold interconnecting wires.  

Cross-sectioning of the devices after HTS in air (see Figure 12) 
revealed that discoloration in MCs existed not only along the surface 
of the package, but also in areas along the lead frame, die, and wire 
bonds.  The thickness of the internal areas of discoloration was 
approximately the same as for the external layers.  These areas of 
discoloration are most likely due to carbonization/charring of the 
molding compounds and they coincide with the areas that were 
difficult to remove during decapsulation.  This indicates the 
existence of a free pass allowing air to reach internal areas of the 
package. 

 



 
Figure 12.  Cross-section of OP (a), AD (b), and LT (c) microcircuits 

after 900 hrs of storage in air at 210 oC.   

Examples of optical images of the WB cross-sections in parts 
after 700 hrs. of aging are shown in Figure 13.   

 
Figure 13. Cross section of wire bonds after 700 hrs. aging in air (a) 

and in vacuum (b).  Note that extensive voiding in Au/Al 
intermetallic layers were observed only in the parts aged in air. 

All samples stored in air experienced much more severe 
degradation of the bonds and manifested a lamellar structure, which 
is typical for corrosion of intermetallic compounds.  EDS analysis of 
the intermetallics showed 95 to 97 wt% of Au and 5 to 3 wt% of Al, 
indicating a gold-rich phase close to the Au4Al composition. 

Typical SEM images of the bonds after HTS testing in air are 
shown in Figure 14.  All wire bonds could be easily lifted, 
manifesting a porous structure of intermetallic compounds degraded 

by the dry corrosion.  The peripheral area of Al metallization around 
the bonds had multiple voids.  In some cases, as in Figure 14b, their 
appearance suggested diffusion of Al atoms towards the WB along 
the crystalline grain boundaries in the Al metallization.  In other 
cases, as in Figure 14c, the appearance of the voids suggested a 
corrosion attack, which affected mostly WB peripheral areas, but 
also was observed at some distance from the bonds.  These cases 
were mostly characteristic of the LT microcircuits. 

 
Figure 14.  Wires broken along the Au/Al intermetallic compounds in 

OP (a), AD (b), and LT (c) microcircuits after 807 hrs of testing at 
210 oC in air. 

The appearance of wire bonds after vacuum aging is shown in 
Figure 15.  In all, cases extensive intermetallic formation was 
observed; however, the level of degradation was less significant.  
Some WBs after vacuum aging remained intact and had the strength 
during the wire pull test of 4 to 6 g-f.  Similar to what was observed 
after air storage, the appearance of aluminum contact pads in the LT 
devices after vacuum testing indicated corrosion attack of Al 
metallization (see Figure 16).   

It is commonly assumed that the dry corrosion occurs mostly at 
the Au/Al intermetallic only and does not affect aluminum 
metallization. However, our data indicate that corrosion of Al 
metallization during HTS testing is possible.  This type of corrosion 
might be due to excessive generation of methyl bromide in biphenyl 
compounds compared to o-cresol novolac epoxy compounds [7].  
Methyl bromide, H3C-Br, is known to be extremely aggressive 
towards aluminum forming methylaluminum sesquibrimide, 
(CH3)3Al2Br3, which actively reacts with oxygen and/or water, and is 
spontaneously flammable in air. 

 

 



 
Figure 15.   Wire bond degradation in OP (a), AD (b), and LT (c) 

microcirciots after 1500 hrs at 210 oC in vacuum chamber. 

5.  DISCUSSION 

The results indicate significant reduction of WB failure rates 
during high temperature storage of the parts in vacuum compared to 
air conditions.  To explain this, the role of oxygen in degradation 
processes of molding compounds and Au/Al wire bonds must be 
considered. 

5.1.  Thermal and thermo-oxidative degradation of molding 
compounds. 

During high-temperature aging of polymers, the fluctuation of 
thermal energy might reach the point at which the polymer chain 
cleaves, separating two sigma-bonding electrons symmetrically and 
thus forming two radicals [14].  These radicals are chemically active 
and might recombine or react with another segment of the same 
polymer chain, causing chain scission or branching, or they might 
react with other molecules absorbed in the polymer, resulting in a 
complex process of chemical transformations.   

 
Figure 16.  An example of corrosion of Al on an unbonded contact 
pad with a probe mark in the LT microcircuits after 1500 hrs at 210 

oC in vacuum chamber. 

In the presence of oxygen, radicals formed have a high 
probability of oxidation forming peroxides, which on dissociation 
produce two radicals, thus accelerating the degradation process [15].  
This makes oxidative degradation the most common cause of failures 
of composite materials at high temperatures.  The capability of 
oxygen to speed up decomposition of polymers has been used to 
develop a technique for accelerated thermo-oxidative degradation of 
composite materials at relatively low temperatures by using elevated 
pressures of oxygen [16].   

The oxidative decomposition is considered to be a diffusion-
controlled process and the oxygen concentration controls its rate.  In 
our experiments (see Figure 12), the discoloration indicated charring 
in a surface layer of approximately 100 to 150 µm in thickness.  
Assuming that the thickness of this layer (Ld) is equal to the diffusion 
length of oxygen, the diffusion coefficient can be estimated as D = 
Ld

2/ts, where ts is the storage time at 210 oC.  At ts ~ 900 hrs., the 
calculation yields D ~ 3.5×10-11 cm2/s.  This is an extremely low 
value considering that at room temperature diffusion coefficients of 
oxygen in different polymer materials vary from ~10-8 to 10-5 cm2/s 
[17].  Due to exponential temperature dependence of diffusion 
coefficients in polymers, at 210 oC the value of D should be larger by 
several orders of magnitude. 

This anomaly can be explained considering that the oxygen 
solubility in MC, rather than its diffusion rate, is the limiting factor 
of degradation of MCs in the presence of air.  The thermo-oxidative 
process starts at the surface of MCs, where the concentration of 
oxygen is maximal.  Decomposition and volatilization of the surface 
area result in mechanical stresses between the unaffected material 
and the degraded region, which has a reduced mechanical strength 
[16].  This results in the formation of a net of microcracks, thus 
providing an enhanced path for oxygen diffusion in the bulk of the 
polymer, promoting expansion of the cracks, and increasing the 
thickness of the degraded layer at the surface of the MC.   

Discoloration of MCs along the lead frame (LF) top, and side 
surfaces of dice indicates the existence of a path for oxygen to freely 
access internal areas of the package.  The formation of this path at 
temperatures exceeding Tg is due most likely to stress relaxation and 
to the difference in CTE values of the MC and lead frame.  At 
normal conditions, when the temperature is below Tg, the lead 
frame/die assembly experience compressive stresses, and the MC is 
in intimate contact with the assembly.  In this case, oxygen can reach 
the die only by diffusion through the bulk of the MC, and its 
concentration at the WBs depends on the solubility of oxygen in the 
polymer, which is relatively low.  At temperatures close to Tg, the 
mechanical stresses are relaxing rapidly, and due to a large CTE in a 
rubbery state, at T > Tg the MC expands significantly more than the 
lead frame, thus forming a gap.  Neglecting the adhesion between 
MC and LF, a width of the gap, ∆, can be estimated as: 

∆ = (T-Tg)×(CTE2-CTELF)×LLF, 

  where LLF is the thickness of the lead frame. 

Assuming that to provide a free pass for air, the gap should be 
~0.5 to 1 µm, a critical temperature (Tc), at which a sufficiently wide 
gap is created, can be estimated.  At a thickness of the LF of 0.2 mm 
and (CTE2-CTELF ) ≈ 70×10-6 1/oC, the necessary temperature 
should exceed Tg on 35 to 70 oC.  This range is in agreement with 
our data, shown in Figure 10, where changes in the rate of WB and 
parametric failures occurred at ~190 oC, which is ~20 oC above Tg.  
These estimations are also in an agreement with the observations 
made [7, 13] in which changes in the activation energy of WB 
degradation were found to be on 40 to 60 oC higher than Tg.  
Obviously, an increase in Tg due to additional cross-linking at high 

 



temperatures might reduce the difference between Tc and Tg on 15 
to 20 oC. 

It is interesting that delaminations along the periphery of the dice 
were detected by acoustic microscopy at room temperatures (see 
Figure 11).  This is most likely due to decomposition and removal of 
a part of the MC in the air-accessible areas inside the package during 
HTS testing. 

High-temperature storage of epoxy compounds might result in 
the scission of polymer chains or in additional cross-linking [15].  
The first process softens the polymer and decreases its glass 
transition temperature and Young’s modulus (E) whereas the second 
process increases Tg and E.  Our data indicate that cross-linking 
prevails at both the vacuum and air conditions.   

The observed changes in the mechanical characteristics of the 
MC can explain parametric variations in the voltage reference 
microcircuits displayed in Figure 7.  It was shown [18] that precision 
bandgap voltage reference microcircuits are very sensitive to 
mechanical stresses and that an increase in the compressive stresses 
decreases the output voltage linearly.  An increase of the Tg and E 
during HTS testing caused an increase of compressive stresses, 
which at room temperature (TR) can be expressed as: 

                   σ ~ E×(CTE1 - CTELF )×(Tg-TR). 

Besides, volatilization of MCs results in shrinkage of the packages, 
thus also increasing compressive stresses in the dice and decreasing 
the output voltage. 

5.2.  Mechanism of wire bond degradation. 

At high temperatures, molding compounds in PEMs degrade due 
to both the thermal and thermo-oxidative degradation processes, 
which result in release of corrosive molecules capable of attacking 
Au/Al intermetallic compounds at the wire bonds.  The thermal 
decomposition at T< 250 oC occurs relatively slowly and evenly in 
the bulk of the MC, whereas thermo-oxidative decomposition occurs 
much more quickly, but only in a relatively thin surface layer of MC 
where free access to air exists.   

At temperatures below the critical T< Tc, the volatile products of 
the thermo-oxidative degradation from the surface layer of the 
package are releasing mostly in ambient, and the concentration of the 
corrosive molecules at the WBs is mostly due to thermal degradation 
in the bulk of MC and is relatively low.  At T> Tc, thermal 
expansion of the MC became large enough resulting in formation of 
a gap between the lead fame/die assembly and the MC, thus allowing 
the WBs and adjacent areas of MC free access to air.  The thermo-
oxidative decomposition of MC in the vicinity of WBs significantly 
increases the rate of decomposition and concentration of the 
generated corrosive molecules, thus accelerating degradation of 
Au/Al intermetallic compounds within and around the wire bonds.   

At T<Tc, the WB degradation occurs relatively slowly, but with 
greater activation energy, most likely >1 eV, which is probably 
related to the activation energy of the thermal decomposition.  At 
T>Tc, the oxidative-decomposition prevails, which accelerates the 
degradation of WB, but decreases the activation energy of the 
process, most likely to below 1 eV. 

Many authors after Khan [6] believe that diffusion of bromide 
molecules is the limiting factor in the WB degradation and that the 
non-linear behavior of the degradation rate near Tg is due to changes 
in the coefficients of diffusion of these molecules when epoxy 
polymers transfer from a glassy state to a rubbery state.  In this case, 

exceeding Tg accelerate transport of the corrosive molecules to the 
wire bond and thus enhance the rate of degradation.  Khan justified 
his hypothesis based on the fact that the activation energy for Br- 
extraction in water (~0.8 eV) was similar to the activation energy of 
WB failures.  No other data confirming the diffusion-limiting 
degradation mechanism was found in relevant literature.  Based on 
our data, it seems more plausible that the rate of generation of 
corrosive molecules, rather than their diffusivity, is the limiting 
factor of the degradation process. 

Another factor, which might impede WB degradation in vacuum, 
is related to the deficiency of oxygen.  This retards oxidation of 
aluminum bromide, which is considered as a final stage of the 
intermetallic corrosion process [5, 7]: 

2AlBr3 + 3O  Al2O3 +6Br 

However, decomposition of MC might provide sufficient amount of 
oxidative molecules, for example, water, which can also react 
actively with aluminum bromide [6] resulting in degradation of the 
Au/Al intermetallics: 

AlBr3 + 3H2O  Al(OH)3 +3HBr 

The following dehydration of aluminum hydroxide at high 
temperatures will result in formation of aluminum oxide: 

2Al(OH)3    Al2O3  + 3H2O 

Additional experiments and analysis are necessary to elucidate 
whether the WB degradation in vacuum is limited by these reactions 
or by the rate of decomposition of MCs. 

Microcircuits with silicone die coatings, AD and LT, had 25% to 
75% longer mean life times than OP microcircuits.  It has been 
shown [19] that silicones are permeable for volatile halide molecules 
and do not retard corrosion of Al metallization by the diffusion-
barrier mechanism.  It is possible, that the effect of silicones is due to 
their capability to react chemically with the surface of Al, or merely 
to the fact that the presence of silicone coating increases the distance 
between the wire bonds and MC thus facilitating removal of the 
generated corrosive molecules from the package and reducing their 
concentration at the Au/Al wire bonds.  However, more experiments 
are required to confirm these hypotheses. 

6.  CONCLUSION 

1. The characteristic lifetimes of parametric failures of the three 
types of PEMs during HTS testing correlated fairly well with the 
characteristic life times of the WB contact resistance failures, 
thus confirming that the WB degradation limits reliability of 
PEMs at high temperatures. 

2. The forward voltage drop measurements technique has been 
shown to be an effective means for evaluation of degradation of 
WB contact resistance during high-temperature storage testing. 

3. Accelerated storage life testing of three types of PEMs at 210 oC 
in air and vacuum conditions showed that the lifetime in vacuum 
is 3 to 8 times greater than in air, thus indicating a significant role 
of oxygen in the high temperature degradation processes in wire 
bonds.  

4. High-temperature storage increases the Tg of MCs in both 
vacuum and air conditions, and enhances compressive stresses in 
dice, resulting in a negative shift of the output voltage in 
precision voltage reference microcircuits. 

 



5. The suggested mechanism of WB degradation at high 
temperatures explains the existence of a certain critical 
temperature above Tg, which changes the rate of WB failures by 
formation of a gap between the MC and the lead frame/die 
assembly at T > Tc.  The presence of the gap facilitates access of 
oxygen to the areas of the MC in the vicinity of WBs, thus 
accelerating decomposition of the MC and increasing 
concentration of the volatile corrosive molecules attacking Au/Al 
intermetallic compounds in the bond. 

6. Results of this study indicate the necessity of considering 
ambient conditions for adequate predictions of reliability of 
PEMs based on accelerated high-temperature testing.  Performing 
storage testing in a vacuum chamber at temperatures above Tc 
might allow achieving high acceleration of the WB degradation 
processes without introducing new failure mechanisms caused by 
the thermo-oxidative decomposition of MCs. 
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