
Degradation Mechanism and Reliability of Flip Chip Interconnects using Anisotropic  
Conductive Adhesives for High Current Density Packaging Applications 

 
Myung Jin Yim, Hyoung Joon Kim, Chang Kyu Chung and Kyung Wook Paik 

Dept. of Materials Science & Engineering, KAIST 
373-1, Kusong-dong, Yusong-gu, Taejon 305-701, Korea 

Tel.: +82-42-869-3375, Fax: +82-42-869-3310, E-mail: myungjin@kaist.ac.kr 
 

 
Abstract 

In this paper, we investigated the degradation mechanism 
and the reliability behaviors of flip chip joint using 
Anisotropic Conductive Adhesives (ACAs) and Au bumped 
chip under high current density. The current carrying 
capability and current stressing reliability of flip chip 
assembly using three different types of ACAs were performed 
to investigate the effect of thermal conductivity of ACA and 
the conductive particle type on the current carrying capability 
and current stressing reliability of ACA flip chip joints. 

For the ACA materials, we prepared two conventional 
ACAs with different conductive fillers, which are thermally 
non-conductive, and one thermally conductive ACA. For the 
conductive fillers, we incorporated Au coated polymer balls 
and metallic Ni balls in 5 µm diameter. For the thermally 
conductive ACA materials, we incorporated thermally 
conductive fillers of silicon carbide with less than 1 µm 
diameter in the conventional ACA formulation. The thermal 
conductivity and thermo-mechanical properties of three ACAs 
such as thermal conductivity, cure behavior, coefficient of 
thermal expansion (CTE) were measured in comparison.  

The current carrying capabilities and current stressing 
reliabilities of flip chip joints using ACAs with different 
conductive filler type, thermal conductivity and physical 
properties were investigated. The current carrying capability 
and electrical reliability of flip chip joints using enhanced 
thermally conductive ACAs were improved due to high 
thermal conductivity. The failure analysis including cross-
section SEM works shows that the interface degradation and 
adhesive swelling are main degradation mechanism of the 
high current density interconnection of flip chip assembly 
using conventional ACA, in which high junction temperature 
enhance such thermally induced degradation mechanism. The 
improved current carrying capability and current stressing 
reliability of flip chip assembly using thermally conductive 
ACAs were due to reduced interface and adhesive 
degradation through easy heat dissipation of adhesive that 
bring slow down of thermally induced degradation 
mechanism. There were no degradations of ACA flip chip 
joints using Ni-filled ACA and Au-coated polymer-filled 
ACA up to 200 hrs under 3.0 A current stress.  

1. Introduction 
Flip chip technology is becoming attractive as new 

package solution and widely used to meet the ever-growing 
requirements of highly integrated, small form factor and high 
electrical performances. Furthermore, it is also more effective 
in dissipating the heat from IC to substrate or heat sink due to 
short thermal paths than conventional plastic mold package 

[1]. Especially flip chip assembly using ACAs has been 
gaining much attention for its simple and lead-free processing 
as well as cost effective packaging method [2]~[4]. ACAs, 
mixtures of conductive particles in an insulating polymer 
matrix, provide electrically anisotropic conductivity due to the 
trapped conductive particles between conductive bumps on 
the flip chip and the corresponding pads on the substrate.  

 The continuing downscaling of structural profiles, 
increase in the interconnection density of flip chip packaging 
using non-solder bump and conductive adhesives has given 
rise to high current related failure problem. As the bump size 
and pitch are reduced, the current flow density at the 
interconnection is also increased. This high current density 
can cause failures of ACA flip chip joints due to interface 
degradation between non-solder bump and I/O pad metal due 
to intermetallic compound formation together with interface 
delamination, and adhesive swelling or degradation due to 
joule heating. The high junction temperature at the adhesive 
flip chip joint can enhance the thermally induced failure 
mechanism [5] and therefore, it is necessary for the ACA to 
be thermally conductive medium which allows effective heat 
dissipation from ACA flip chip joint through adhesive resin to 
the substrate for the flip chip package and improve the 
lifetime of ACA flip chip joint by reducing interface and 
adhesive degradation under high current density environment 
[6]. However, the detail degradation mechanism of ACA flip 
chip joints under high current density environment has not 
been investigated yet. 

In this paper, we investigated the degradation mechanism 
and the reliability behaviors of flip chip joint using ACAs 
with different types of conductive filler and thermal 
conductivities under high current density. The current 
carrying capability and current stressing reliability of flip chip 
assembly using three different type of ACA were 
investigated. 

2. Experiment  
2-1. Material Preparation 

The ACA were formulated by mixing fillers, liquid epoxy 
resin, hardener and other additives. The mixture was 
homogeneously stirred and degassed under vacuum 
environment to eliminate the air induced during stirring. 
ACA-1 was the conventional ACA formulation with metallic 
Ni particles in 5 µm diameter at amount of 6 wt%. ACA-2 
was the ACA with Au-coated polymer particles in 5 µm 
diameter at amount of 6wt%. ACA-3 was the thermally 
conductive ACA with Ni particles in 6wt% as conductive 
fillers and silicon carbide (SiC) fillers in 0.2 µm diameter is at 
the content of 100 part per hundred resin (phr). We fixed the 
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filler content of 100 phr in the formulation of thermally 
conductive ACA based on our previous results of thermal 
conductivity and viscosity [6]. For the binder system, it is 
formulated based on bisphenol F type liquid expoxies, and 
latent imidazole type curing agent. Surface modification of 
fillers was performed to get uniform dispersion of fillers 
inside epoxy matrix of ACA composite.  

For the material characterization, we measured the thermal 
conductivity of cured ACAs composite materials, curing 
behavior and coefficient of thermal expansion (CTE). The 
thermal conductivity were measured by the laser flash method 
using LFA447 Nanoflash, NETZSCH company [7], and the 
sample size used for the laser flash method had 8×8×1 mm 
dimension with the mirror-like polished surface. The 
differential scanning calorimeter (DSC) was performed to 
investigate curing property of ACAs. The cured thermally 
conductive ACA sample were prepared by placing the 
adhesive mixture in a convection oven at 150 oC for 30 
minutes and cutting with 0.6 mm thickness for thermo-
mechanical analysis (TMA) test to measure the CTE values. 

 
2-2. ACA Flip Chip Bonding Process 

Test Si chip has peripheral-arrayed Al pads, and the pad 
pitch is 300 µm. There are two Au bumps on test chip. Au 
stud bumps were formed using K&S 4522 manual wire 
bonding machine and Au electroplated bumps were formed 
by Au plating and lithography process. Test substrate has 
patterned Cu/Ni/Au trace for measurement of contact 
resistance of each flip chip joint using ACAs. Table 1 
summarized the specification of test samples used in flip chip 
assembly using three different kinds of ACAs in form of 
paste, ACP (Anisotropic Conductive Paste).  

 
Table. 1 Specification of Test Samples 

Chip size  X = 10 mm, Y = 10 mm 
Bump mat’l Au bump (stud and electroplated) 
Bump height 60 µm (stud), 20 µm (electroplated) 
Bump size 85 µm (in diameter), 100 µm (in line) 

Test IC 

Bump pitch 300 µm 
Base film FR-4, 1 mm thick 

Substrate 
Conductor Cu/Ni/Au, 18 µm thick 
ACP-1 Ni-filled ACA 
ACP-2 Au-coated polymer ball-filled ACA ACAs 
ACP-3 Ni-filled and thermally conductive 

ACA 
  
For the ACA flip chip assembly bonding process, firstly, 

the gold bumps on the chip and the I/O pads on the test 
substrates were aligned. Then, ACAs materials were 
dispensed on the substrate using manual dispensing machine. 
Finally, thermo-compression bonding was performed with 
bonding condition at bonding pressure of 100 MPa and 
temperature of 180 oC for 30 seconds. During ACA 
dispensing and bonding process, substrate heating at 80 oC is 
recommended for low viscosity of ACAs and concave fillet 
shape of cured adhesive. Thus the chip is electrically 
connected to the substrate via entrapped conductive fillers of 

the ACA and direct mechanical contact of Au stud bump on 
the electrical pad of the substrate.  

 
2-3. Current Carrying Capability and Current Stressing 
Reliability Test 

For current carrying capability and current stressing 
reliability test, the special test equipment as shown in figure 
1was designed to investigate I-V behavior and interpret 
current stress induced phenomena of flip chip interconnect 
using ACAs. For the determination of maximum allowable 
current, bias stressing was applied to a pair of Au bump and 
ACA joint. The current level at which current carrying 
capability is saturated is maximum allowable current. During 
the I-V test, applied voltage step is 0.1 V and duration time at 
each voltage level is 5 seconds. The maximum current limit of 
the test equipment, HP E3632A, is 7 A, and the test vehicles 
were placed on a flat surface at room temperature. The effect 
of thermal conductivity of ACAs and the type of conductive 
particle on the current carrying capability was investigated  

 

Power supply

Control unit
(I, V, t)

Specimen

Grips

Data Acquisition System
(I, V, R, T)

PC

 
Fig. 1. A schematic drawing of test equipment for current 
stressing test. 

  
The current stressing reliability of ACA flip chip assembly 

was characterized. The effect of thermal conductivity of ACA 
and the conductive particle type on the current carrying 
capability under high current stress was studied by monitoring 
of ACA joint resistance. Cross-sectional SEM pictures after 
the completion of current stressing test were taken to 
investigate the failure mechanism of flip chip assembly under 
high current stressing condition. 

 
3. Results and Discussion  

 
3-1. Material Characterization  
3-1-1. Thermal Conductivity of ACAs  
Figure 2 shows the thermal conductivity, thermal diffusivity 
and specific heat of three different ACAs as a function of 
temperature. Figure 2(a) is for ACP-1, which is Ni-filled 
convention ACA showing maximum thermal conductivity of 
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Fig. 2 Thermal conductivity behaviors of ACAs as a function 
of temperature for three ACA materials; (a) Ni-filled ACA, 
(b) Au-coated polymer ball-filled ACA and (c) Ni-filled and 
thermally conductive ACA. 

 
0.36 W/m·K at 125 oC. Figure 2(b) and 2(c) shows the 
thermal conductivities of ACP-2 and ACP-3 are 0.32 W/m·K 
and 0.70 W/m·K, respectively. The high thermal conductivity 
of ACP-3 is due to the incorporation of thermally conductive 
fillers together with the conductive particles in ACA 
formulation. There are little influence of conductive particle 

type on the thermal conductivity of ACA composite as shown 
in Fig. 2(a) and 2(b). Interesting observation is that all three 
ACAs exhibit the increasing thermal conductivity, maximum 
value around 125 oC and decreasing with increasing 
temperature. This is due to the changing thermal diffusivity 
and specific heat of three ACAs materials with increasing 
temperature. Since the heat capacity generally increases and 
the thermal diffusivity decreases with increasing temperature, 
therefore, the thermal conductivity is strongly dependent on 
temperature. The high thermal conductivity at peak 
temperature is effective to dissipate the heat from the hot spot 
at the flip chip joints using adhesive. 
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Fig. 3 (a) Curing behaviors of three ACAs and (b) 
dimensional change curves for three ACAs with increasing 
temperature for predicting CTE values. 
 
3-1-2. Curing Property and CTE values of ACAs  

Figure 3(a) shows temperature scan curves of three ACAs. 
The curing reaction was started when temperature reached 
around 105 ~ 110 oC and has peak temperature of 120 ~ 125 
oC, those are typical temperatures of conventional ACA.  
From the curves in figure 3(b), the CTE values for each ACA 
material can be predicted. ACP-3 with thermally conductive 
fillers shows the lowest CTE values, which is desired 
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properties for highly reliable flip chip on organic substrate 
assembly. ACP-1 with Au-coated polymer balls shows largest 
CTE values.  

 
3-2.Current Stressing Reliability of ACA Flip Chip Joint  
3-2-1.Effects of ACA Thermal Conductivity on Current 
Carrying Capability and Current Stressing Reliability of ACA 
Flip Chip Joint  

The effect of thermal conductivity of ACA on the current 
carrying capability of flip chip joints was investigated as in 
our previous study [6]. Figure 4 shows comparison result of I-
V characteristics of ACA flip chip joints using two different 
ACAs. The flip chip joint using ACA-1 shows the typical I-V 
curve with maximum allowable current level of 4.53 A. 
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Fig. 4. I-V test (bias stressing) results at Au stud bumps/flip 
chip joints by conventional ACA and thermally conductive 
ACA. 
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Fig. 5. Contact resistance changes of Au stud bump/flip chip 
joints using conventional ACA and thermally conductive 
ACA after 20, 40, 60, 100 hours under current stressing. 

 
Contrarily, flip chip joint using thermally conductive ACA, 
ACA-3 shows almost linear increase of current as increase of 
voltage and maximum allowable current level is 6.71 A. 

Therefore the current carrying capability of ACA flip chip 
joint was improved by the use of thermally conductive ACA 
for Au stud bumped flip chip assembly.  

Figure 5 shows the resistance changes of flip chip joints 
using conventional ACA and thermally conductive ACA as a 
function of time under constant current of 4.1 A. The contact 
resistance value of upward electron flow (from PCB pads to 
chip pads) applied bumps (UEB) was measured. The contact 
resistance of conventional ACA flip chip joints increased 
abruptly as time passed 50 hrs and had open circuits before 
100 hrs. But the thermally conductive ACA flip chip joints 
showed stable contact resistance behaviors without any open 
circuit. 

The failure or degradation mechanism of ACA flip chip 
joints under current biasing test are suggested as follows; (1) 
Au-Al IMCs formation, (2) Crack formation and propagation 
along the Au/IMC interface, and (3) Al or Au depletion due to 
electromigration [8]. Figure 6 shows the cross-section SEM 
picture of the electrically failed ACA joint after current 
stressing reliability test. There are crack between Au stud 
bump and IMC interface and decomposition of polymer resin 
around Au bump. 

 

Si chipCrack formation

Polymer degradation

Au stud bump

Si chipCrack formation

Polymer degradation

Au stud bump

 
Fig. 6. Cross sectional SEM pictures at Au stud bumps joints 
by conventional ACA after current stressing reliability test. 

 
All those mechanisms of electrical degradation of ACA 

flip chip joints are caused by heat accumulation at the Au stud 
bumps/PCB pads and thermal degradation of adhesive due to 
joule heating under high current bias. If the local temperature 
of flip chip joint by ACA/Au stud bump is relatively low due 
to effective heat dissipation throughout thermally conductive 
ACA, the thermally degradation process due to local joule 
heating and thermal degradation are slowed down, and the 
stability of electrical joint can be obtained.  

This effect was confirmed by the behavior of junction 
temperature on the surface of flip chip IC assemblies under 
current stressing condition as a function of current stressing 
time by thermal image analysis as shown in figure 7. The chip 
surface temperature increases abruptly and become stable at 
around 50 seconds of current stressing time. The chip surface 
using thermally conductive ACP-3 joint became hot faster 
than conventional ACP-1 joint, which means thermally 
conductive adhesive dissipates the heat from the source more 
easily than conventional ACA does. The maximum 
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temperature of chip surface of flip chip joint using thermally 
conductive ACP-3 is 10 oC lower than that of conventional 
ACP-1 under constant current stressing. Therefore, thermally 
induced degradation of flip chip joint using ACA was 
prohibited or slowed down by using ACA with improved 
thermal conductivity. 
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Fig. 7 Chip surface temperature of flip chip assemblies using 
conventional and thermally conductive ACAs as a function of 
current stressing time. 
 
3-2-2.Effects of Conductive Particle in ACA on Current 
Carrying Capability and Current Stressing Reliability of ACA 
Flip Chip Joint 

The effect of conductive particle in ACA on the current 
carrying capability and current stressing reliability of flip chip 
joints was investigated. Figure 8 shows comparison result of 
I-V characteristics of ACA flip chip joints using two different 
conductive particles. Both flip chip joint using ACP-1 with Ni 
particle and ACP-2 with Au coated polymer particle shows 
the same I-V curve with maximum allowable current level of 
3.62 A. This is because the ACA joints have similar number 
of conductive particles in the flip chip joints and have same 
thermal conductivity without any thermally conductive filler. 
The initial contact resistances for both ACA flip chip joints 
are also similar. This can results in similar current carrying 
capability of ACA joints under the same surrounding polymer 
resin because the current carrying capability of ACA joints is 
related to the variation of the resistance of ACA joints [9]. 

Figure 9 shows the resistance changes of flip chip joints 
using Ni-filled ACA and Au-coated polymer-filled ACA as a 
function of time under constant current of 3.0 A. We reduced 
the applying constant current compared with the current stress 
level in the flip chip assembly using Au stud bump and ACA 
considering their I-V curves and current carrying capabilities. 
The contact resistances of ACP-1 with Ni particle and ACP-2 
with Au-coated polymer particle shows almost constant 
values up to 200 hours of applying current stressing.  

Figure 10 shows the cross-sectional SEM pictures of Au 
plated bump joints using ACA with Ni particles and Au-
coated polymer particles. We found that the contacts of both 
Ni particle in ACP-1 and Au coated polymer particles in ACP 
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Fig. 8. I-V test results at Au plated bumps/flip chip joints by 
Ni-filled ACA and Au-coated polymer-filled ACA. 
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Fig. 9. Contact resistance changes of Au plated bump/flip 
chip joints Ni-filled ACA and Au-coated polymer-filled ACA 
after 20, 40, 60, 80, 100 and 200 hours under current 
stressing. 
 
-2 between Ni particles, Au plated bump and substrate 
electrode are stable even after 200 hrs current stressing of 3.0 
A. Also there were no delamination between adhesive resin 
and Au bump, and no intermetallic compound formation 
between Al I/O and Au bump. These are presumably due to 
relatively low joule heating at ACA joints between Au plated 
bump, ACA and substrate electrode with the applying current 
of 3.0 A. The reliability of ACA flip chip joints at high 
current density depends on the level of stress current [5]. 
High stress current induces the high joule heating, which 
increases the junction temperature. High junction temperature 
accelerates the failure mechanism like intermetallic formation, 
crack growth and adhesive swelling. Therefore, when the 
stress current is lower than the current carrying capability, the 
lifetime of ACA flip chip joints increases. The possible 
reason for no failure at ACA flip chip joints using Au plated 
bump up to 200 hrs is low stress current and junction 
temperature. It is required to increase the current stress for the 
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Fig. 10 Cross-sectional SEM pictures at Au plated bump/flip 
chip joints by (a) conventional ACA with Ni-filler and (b) 
conventional ACA with Au-coated polymer filler after current 
stressing reliability test. 
 
further study on the failure mechanism of ACA flip chip 
joints using Au plated bump. 

Conclusions 
The degradation mechanism and the reliability of flip chip 

joints using ACAs and Au bumped chip under high current 
density. The current carrying capability and current stressing 
reliability of flip chip assembly using three different types of 
ACAs were performed to investigate the effect of thermal 
conductivity of ACA and the conductive particle type on the 
current carrying capability and current stressing reliability of 
ACA flip chip joints. 

The thermal conductivity of ACA has significant effects 
on the current carrying capability and resultant current 
stressing reliability of flip chip joints using ACAs. ACA flip 
chip joints with Au stud bump and conventional ACA showed 
unstable reliability under current stressing condition. The 
failure analysis shows that the interface degradation and 
adhesive swelling are main degradation mechanism of the 
high current density interconnection of flip chip assembly 
using conventional ACA, in which high junction temperature 
enhance such thermally induced degradation mechanism. The 
current carrying capability and electrical reliability of flip 

chip joints using enhanced thermally conductive ACAs were 
improved due to reduction in failure mechanisms such as 
intermetallic compound layer and crack growth, and polymer 
degradation by lowering junction temperature.  

The effect of conductive particle in ACA on the current 
carrying capability and reliability of ACA flip chip joints 
using Au plated bump under high current density was 
investigated. It was found that there was no electrical 
degradation of ACA flip chip joints up to 200 hrs under 3.0 A 
with current carrying capability of 3.6 A for both Ni-filled 
ACA and Au coated polymer-filled ACA. This is presumably 
due to low stressing current and low junction temperature. 
The effect of Au plated bump with Al I/O pad on the 
formation of intermetallic compound layer should be 
investigated. 
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