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Abstract

Flip chip interconnections using anisotropic conductive film (ACF) are now a very attractive technique for electronic

packaging assembly. Although ACF is environmentally friendly, many factors may influence the reliability of the final

ACF joint. External mechanical loading is one of these factors. Finite element analysis (FEA) was carried out to under-

stand the effect of mechanical loading on the ACF joint. A 3-dimensional model of adhesively bonded flip chip assem-

bly was built and simulations were performed for the 3-point bending test. The results show that the stress at its highest

value at the corners, where the chip and ACF were connected together. The ACF thickness was increased at these cor-

ner regions. It was found that higher mechanical loading results in higher stress that causes a greater gap between the

chip and the substrate at the corner position. Experimental work was also carried out to study the electrical reliability of

the ACF joint with the applied bending load. As per the prediction from FEA, it was found that at first the corner joint

failed. Successive open joints from the corner towards the middle were also noticed with the increase of the applied load.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Anisotropic conductive film (ACF) is being used for

direct chip interconnections such as chip-on-glass

(COG), chip-on-flex (COF) and chip-on-board (COB)

assembly in the interest of product miniaturization, mul-

tiple connectivity, and cost reduction. The demand for

ACF is increasing recently for use in mobile and porta-
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ble electronic products such as cellular phone and per-

sonal digital assistance. Moreover, ACF base flip chip

technology is lead free and environmentally friendly.

Anisotropic conductive films (ACFs) consist of con-

ducting particles and adhesives, which provide both

mechanical attachment and electrical interconnection

between liquid-crystal-display (LCD) panels and tape

carrier packages (TCPs) to replace the traditional sol-

dering. Under high heat and pressure, randomly dis-

persed conducting particles of ACF make contact with

both the bump of the chip and the pad of the substrate

but not with each other [1–3]. Therefore, unlike the iso-

tropic conductive adhesive (ICA), the ACF joint does

not have direct metallic contact in all the direction. Only

after pressurizing during curing becomes the electrical

conduction possible along the pressurization direction.
ed.
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Due to the lack of direct contact among filler particles,

ACF technology is very suitable for small pitch assem-

bly so that it starts to find interesting applications in flip

chip technology [4].

The function of adhesive matrix of ACF, most fre-

quently thermosetting epoxy resin, is to provide electrical

insulation, to protect the metallic contacts from mechan-

ical damage, and to provide stable adhesion. Conductive

paths between the particles and the conductive surfaces

are constructed by the elastic/plastic deformation of con-

ductive particles with applied pressure [5]. However, the

mechanical reliability is just as important, and this is

tested under bending, twisting, vibrating, key push and

impact. Bending in particular is the main form of

mechanical stress that is tested for an assembled PCB

(printed circuit board) [6]. Although, over the last few

years, many investigators have successfully studied the

residual bending stresses generated due to the differences

in the coefficients of thermal expansion (CTE) of the var-

ious materials in the assembly during the curing process

[7], very little work has been done on the effect of external

bending load on the electrical reliability of ACF joints.

In this paper, a modeling approach for the three-

point bending test of ACF joint was carried out by

applying external mechanical load on the middle of a

FCOB assembly. A finite element model of the three-

point bending test was built to investigate and under-

stand the effect of bending stress on the electrical

reliability of ACF joints under external mechanical

loading. Experimental work was also carried out to mea-

sure real-time contact resistance during the three-point

bending test.
Modeling
Area48mm

40mm
2. Material properties

The model assembly consists of silicon chip mounted

on a printed circuit board (FR4) with ACF joint. The

mechanical properties of the materials required for the

structural analysis are Young�s modulus (i.e. modulus of
elasticity) E, and Poisson�s ratio, m. The mechanical prop-
erties of the materials used here are shown in Table 1. All

the properties were obtained from Refs. [8] and [9].
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3. Finite element modeling

The deformation of a material under mechanical

loading depends on the magnitude and the direction of
Table 1

Mechanical properties of material used in finite element model

Properties ACF Chip FR4

Young�s modulus, E (MPa) 1450 131,700 16,270

Poisson�s ratio, m 0.3 0.3 0.12
the load applied as well as the geometry of the object.

In this paper only the elastic deformation of materials

was considered.

To investigate and to understand the effect of the

external mechanical loading on the electrical conduction

characteristics of anisotropically conductive joints a

finite element model with a fine mesh of 12,238 elements

was built and analyzed. The model was adopted with

3-dimensional 8-node linear brick elements (C3D8I).

The commercial finite element software ABAQUS was

used for the analysis.

Due to the symmetry of the assembly, only the half of

the whole assembly was considered throughout the anal-

ysis as shown in Fig. 1. In this model, the silicon chip of

10mm · 3mm · 1mm was considered as mounted on a

printed circuit board (FR-4) via the ACF. Because of

the simplicity of the model geometry, the silicon chip,

ACF and FR-4 were considered as homogeneous solid

materials. ACF consists of metal-coated polymer parti-

cles and the finite element analysis with those particles

is very time-consuming. We assume that in reality

ACF is visco-elastic [10] but in this finite element analy-

sis only the elastic model was used. Also the chip mate-

rial was considered as elastic. FR-4 is anisotropic but

xy-plane is nearly isotropic and properties in z-direction

are not supposed to affect the results [11]. The Au/Ni

bump of the chip and the Cu-pad of the substrate used

for the experimental verification of FEA, were not con-

sidered within the model. Only the thickness of ACF

was considered. However, the thickness of ACF actually

depends on the height of the bump and the height of the

pad. During bonding process, ACF becomes visco-elas-

tic fluid under the bonding temperature and pressure.

Applied bonding pressure on the top of the chip sup-

presses ACF between the chip and the substrate. With
Substrate

Fig. 1. General configuration of chip-on-board assembly (top

view-chip side) used in finite element model.
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Fig. 3. A schematic model of 3-point bending.
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the bonding pressure, change in ACF thickness between

the bump and the pad is limited by the extent of defor-

mation of the conductive particles. For this study, the

height of the deformed conductive particle was mea-

sured from the SEM photograph as shown in Fig. 2.

Considering that the height of the Au/Ni bump as

16lm, Cu-pad as 12lm and deformed particle diameter

in the z-direction as 2lm after bonding, ACF thickness

was taken as 30lm for this simulation study. From the

SEM picture of the free particle shown in the inset of

Fig. 2, it is clear that particle is spherical in shape and

3.5lm in diameter before bonding. The dimension of

the model geometry used for FEA is shown in Table 2.

The analysis was carried out with the variation of the

magnitude of load from 2 to 20N that were applied on

the top of the PCB (FR-4) over an area of 24 · 5mm2

at the middle of the assembly. Two supports were ap-

plied on the bottom of the PCB at both ends over an

area of 24 · 2.5mm2 on each end. The loading condi-

tions corresponding to the modeling setup is shown in

Fig. 3.

With the mechanical properties of the materials, the

maximum principal stress along with the applied loads

was investigated at the corner positions of the ACF-chip

joint in this work. It was assumed that the stress induced

due to the uneven deformation of the chip and the FR-4

board at both the corners of the ACF-chip joint would

increase the thickness of ACF in between the chip and
Fig. 2. SEM photograph of undeformed (inset) and deformed

ACF particle.

Table 2

Dimension of the model geometry in mm used in FEM analysis

Dimensions (mm) Length Width Thickness

Substrate (FR-4) 40 24 1.6

ACF 12 1.75 0.03

Chip 10 1.5 1
the substrate. The increase in ACF thickness due to this

induced stress and possible phenomena of the failure of

interconnection at the corner positions of ACF-Chip

joint were investigated.
4. Simulation results and discussion

The bending can be clearly observed from the front

view of deformed flip chip assembly as shown in Fig.

4. The stress distribution at various portions of the

assembly can also be observed from this figure. The load

was applied at the middle of the assembly, more pre-

cisely, on the middle of the FR-4 board. Due to the ap-

plied load, the stresses generated on the FR-4 and the

chip are compressive and tensile in nature. Since the

elastic modulus of silicon chip is very much greater than

that of substrate, the chip did not bend as much as the

substrate. On the other hand, due to the very low elastic

modulus of ACF material, it tried to deform or expand

in between the chip and substrate because the ACF will

be attached with both the chip and the substrate.

In Fig. 4 the maximum principal stress of the package

is found at the middle of the chip. After the middle of

the chip, the next higher stress was noticed at both the

ends of the flip chip where the chip is interconnected

with the substrate. However, the stress value decreases

from the two corner regions to the middle region of

the interface of the package. One important thing should

be noted that the large stress value at the middle of the

chip might cause the die cracking. In this simulation, die

cracking was not considered as Chengalva [12] claimed

that if a board with flip chip assemblies is bent, it is seen

that it is not possible to crack the die, no matter how

much the board is bent. Here, it can be concluded that

if the stress were too high at the interface of the package,

the crack may initiate in ACF rather than die.

The deformation of the assembly under mechanical

loading is shown in Fig. 5. From this figure it is obvious

that the chip and ACF altogether has been deformed fol-

lowed by the deformation of the substrate. ACF has not



Fig. 4. Front view of deformed flip chip assembly.

Fig. 5. Zoom edge view of deformed chip with ACF.
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been deformed uniformly throughout its length. Instead,

deformation is greater at both ends than at the middle.

The effect of maximum principal stress at the corner

point of chip with the applied load was also calculated

by the finite element analysis and the results are pre-

sented in Fig. 6. As the stress at both ends of the inter-

connection is much higher, there is a strong possibility

to open the joint at those regions. The deformation of

ACF from the zoom inner edge view is shown in Fig.

7. In this figure it is observed that the ACF has been ex-

tended in thickness at the end of substrate–ACF-chip

joint. That means the thickness of the ACF has been in-

creased than the normal one. The increase in ACF thick-

ness at the corner of the chip with the applied load was

measured from the nodal values obtained from finite ele-

ment analysis and is shown in Fig. 8.
To avoid complexity in this model, the microscopic

geometry of the bump, deformed particles and pad

was not considered. However, from the finite element re-

sult discussed above, it is easy to understand what might

be happen inside the ACF interconnection. Since the

substrate has been bent greater than the chip, the sub-

strate is showing a tendency to be elongated along with

the ACF. But the chip is showing the opposite tendency

and it is resisting the elongation of the ACF. Therefore,

three possible cases may be happening.

1. Since ACF is the adhesive matrix that connects both

the substrate and the chip, there will be an unbal-

anced elongation between substrate to ACF and

ACF to chip. Therefore, the pad of the substrate

and the bump of the chip may be displaced and the
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Fig. 6. Maximum principal stress at the corner of the ACF-chip

joint with the applied bending load.

1   2   3   4  5   6   7   8   9 10 11 12 13 14 15 16 17 18 19 20 21
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

El
on

ga
tio

n 
of

 A
C

F 
Th

ic
kn

es
s 

(m
m

)

Load (N)

Fig. 8. Increase in ACF thickness at the corner position of

ACF-chip joint.
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conducting particle may lose the physical contact

either from the bump or pad.

2. If the substrate–ACF joint is strong enough, then

there is a possibility to lift the pad of the substrate

together with the conducting particles from its origi-

nal position.

3. If the ACF–chip joint is strong enough, then there is

also a strong possibility to lift the pad of the substrate

without the conducting particles. The particles

remain on the bump of the chip.

All the three of the above cases are shown in Fig.

9(a)–(c). Because of the mechanical contact of the con-

ductive particles, the above demonstration reveals an

important conscious issue in the electrical reliability of

the ACF joints. Contrary to the ACF interconnection,

the solder joint is formed by a firm metallurgical contact

[13]. The interconnection of bump to conductive parti-
Fig. 7. Zoom view of deform
cles and conductive particles to pad only by mechanical

contact makes the anisotropic joint weaker than the sol-

der joint. Under a certain limit of thermal and mechan-

ical loading the solder balls do not lose contact either

from the bump or the pad, rather they become elongated

and can make the electrical connection without causing

failure [14] as shown in Fig. 10.

Unlike the solder ball, ACF particles cannot be elon-

gated. When ACF expands, neither the thickness of the

bump nor the pad will increase, rather, the compressive

stress on the deformed conductive particles would be re-

leased. Then the particles may try to return back, to

some extent, to its original shape to recover the elastic

deformation. Thus the elliptical shape of the deformed

particle tends to be spherical shape [15]. From the simple

geometry, we can say that contact area of the particles

and the conductive surface (either bump or pad) will

decrease. Decreasing contact area will lead to increase

in contact resistance [16]. Due to the lack of any firm
ed ACF (inner edge).
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Fig. 9. The possible three cases are shown in (a)–(c).

Fig. 10. Deformed solder joint under mechanical loading [14].
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Fig. 11. Deformed ACF joint under mechanical loading.
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bonding, the gap between bump and pad increases in the

same scale as the increase of thickness of the ACF. The

maximum possible recovery of the deformed particle is

from its 2lm deformed height to the original 3.5lm par-

ticle diameter. Hence, when the ACF thickness increases

by more than 1.5lm, the particle must have lost its con-
nection either from the pad or the bump. This discon-

nection will lead to the joint become open and no

electrical conduction could occur.

From the finite element result, we can see that only

by applying 10N loads, the corner joint of the package
considered in this study will experience electrical discon-

tinuity even though the ACF adhesive will attach firmly

with both the chip and the substrate. Fig. 11 shows sche-

matically the phenomenon of the disconnection of the

conductive particles at the edge of the FCOB. From

Fig. 8, it was also observed that the ACF thickness at

the corner is increasing with the increase of load. For

a particular load, the expansion of the ACF thickness

will decrease gradually towards the middle joint (Fig.

5). However, with the increase of load, the inner joints

adjacent to the corner will fail successively. Since there

is a strong effect of stress on the anisotropic conductive

joint, higher load contributes higher stress and higher

stress contributes the failure of the interconnection.

Therefore, for bending purpose of the flip chip assembly,

higher mechanical loadings will result in a higher gap be-

tween substrate and chip and higher gap will result high-

er number of open joints from the corner to the middle

region.
5. Experimental verification

The daisy-chained chip having the same dimension

used for FEA was bonded on the FR4 substrate by a

semi-automatic flip chip-bonding machine (Toray

SA2000) with 60N of applied pressure and 10s of bond-

ing time. A special set up was developed to measure

real-time contact resistance using the four-point probe

method during the bending test. The schematic circuitry

of four-point probe method is shown in Fig. 12. Bending

test was conducted by an INSTRON MINI-44 universal

tensile tester with a cross-head speed of 50mm/min as

depicted in Fig. 13.

Real-time contact resistance was measured with the

increase of the applied load. Average initial contact

resistance was found as 0.07X. During the test, no sig-
nificant increase of the contact resistance was found be-

fore getting the open joint with 17N loads. However,

first open joint was found at both the end corner joints

simultaneously. With the increasing applied load, suc-

cessive open joints were detected from the corner to

the middle region. It proves our finite element modeling
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Fig. 12. Schematic circuitry of the 4-point probe method to

measure contact resistance.

Fig. 13. Experimental setup of 3-point bending test.
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that corner joint is more susceptible to the bending load

and increasing load leads to the successive failure of the

inner joint. Another interesting point noted from the

experimental work was that after releasing the load,

most of the joints showed nearly the same value of con-

tact resistance as the initial one. Open joint was found

only during bending condition. This finding supports
our above explanation that when the FCOB becomes

straight, the mechanical contact of the conductive parti-

cles either with the pad or with the bump in the ACF

joint re-establishes.

In the modeling section, it was explained that contact

resistance might increase at the initial stage of loading

due to lesser contact area during the elastic recovery of

the deformed particles. However, during the experiment,

no increase in the contact resistance was noticed, rather

open joint was found suddenly. One of the reason is that

may be the prediction of elastic recovery of the conduc-

tive particles is not valid for ACF used for this study.

Elastic recovery of conductive particle depends on the

mechanical properties of the polymeric core of the con-

ductive particles. Thus, if the conductive particles would

not expand and remain in the same elliptical shape, then

only slight expansion of the ACF thickness will make

the ACF joint open. May be in our experiment, particles

did not change its shape as much as we thought. This is

why we noticed only open joint without the increase

of the contact resistance. As the particles did not

change its shape, after releasing the bending load, when

mechanical contact reestablished, we got the same value

of contact resistance as before. If the real-time contact

resistance were increase during the bending test, the

value of the contact resistance after the test would be

shifted than its original value.

During the test time, there must be a wide gap be-

tween the conductive particles and the bump and/or

the pad. However, it was difficult to realize that gap

by normal cross-sectioning process because it needs the

same 3-point bend test fixture during cutting and mold-

ing of the sample. On the other hand, cross-sectioning

the sample before and after the test reveals the same

structure as depicted in Fig. 2.
6. Conclusion

A finite element model was analyzed to understand

the possible failure mechanism of ACF joint and to pre-

dict the cause of contact resistance increment and even-

tual open joint under mechanical loading. The ACF

joint was deformed with external mechanical loading.

ACF thickness was increased at the corner position

more than that of the middle position. Because of the

higher elastic modulus of silicon chip, the bending of

the chip was not similar as the bending of ACF and

FR4 and the stress at the corner region of ACF-chip

joint was too high. There was a gap between the chip

and the substrate, which causes the failure of the

mechanical contact among bump, conducting particle

and pad. Higher mechanical loading would lead to high-

er number of open joints progressively from the corner

to the middle. Experimental results of real-time contact

resistance during the bending test also confirm that first
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open joint appears at the corner and proceeds toward

the inner joints with the increasing applied load.
Acknowledgment

The authors would like to acknowledge the financial

support from Strategic Research Grants of City Univer-

sity of Hong Kong—Comparative Study of Thermal

and Microwave Cured Anisotropic Conductive Joints

for Liquid Crystal Display Applications (Project no:

7001419) and grateful to Mr. M.O. Alam for the techni-

cal support.
References

[1] Watanabe I, Shiozuka N, Takemura K, Ohta T. Flip chip

interconnection technology using anisotropic conductive

adhesive films. In: Lau J, editor. Flip Chip Technol-

ogy. New York: McGraw Hill; 1996. p. 301–5.

[2] Kim KM, Kim JO, Kim SG, Lee KH, Chen AS, Ahmad

N. The viability of anisotropic conductive film (ACF) as a

flip chip interconnection technology. IEEE Electron Com-

ponents Technol Conf 2000:1122–32.

[3] Fan SH, Chan YC. Effect of misalignment on electrical

characteristics of ACF joints for flip chip on flex applica-

tions. Microelectron Reliab 2002;42:1081–90.

[4] Fu Y, Wang Y, Wang X, Liu J, Lai Z, Chen G et al.

Experimental and theoretical characterization of electrical

contact in anisotropically conductive adhesive. IEEE Trans

Adv Pack 2000;23(1).

[5] Yim MJ, Paik KW. The contact resistance and reliability

of anisotropic conductive film (ACF). IEEE Trans Adv

Pack 1999;22(20):166–73.
[6] Tu PL, Chan YC, Hung KC, Lai JKL. Comparative study

of micro-BGA reliability under bending stress. IEEE Trans

Adv Pack 2000;23(4).

[7] Yu F, Sang W, Pang E, Liu D, Teng J. Stress analysis in

silicon die under different type of mechanical loading by

finite element method (FEM). IEEE Trans Adv Pack

2002;25(4).

[8] Wu CML, Liu J, Yeung NH. The effects of bump height on

the reliability of ACF in flip chip. Solder Surf Mount

Technol 2001;13/1:25–30.

[9] Dudek R, Schubert A, Meinel S, Michel B. Flow charac-

terization and thermo-mechanical response of anisotropic

conductive films. IEEE Trans Comp Pack Tech 1999;

22(20).

[10] Yeung NH, Chan YC, Tan CW. Effect of bonding force on

the conducting particle with different sizes. J Electron

Packag 2003;125:624–9.

[11] Marjamaki P, Reinikainen T, Kivilahti J. Modeling

stresses in ultra-thin flip chips. IEEE Conf Adhesive

Joining Coat Tech Elec Manu 2000:24–7.

[12] Chengalva MK. Flip chip die cracking—A simplified

approach utilizing experimentation and simulations. IEEE

Inter Soc Conf Thermal Phenom., p. 876–83.

[13] Constable JH, Kache T, Teichmann H, Muhle S, Gaynes

MA. Continuous electrical resistance monitoring, pull

strength, and fatigue life of isotropically conductive

adhesive joints. IEEE Trans Comp Pack Tech 1999;22(2).

[14] Abtewa M, Selvaduray G. Lead-free solders in microelec-

tronics. Reports: A review. J Mater Sci Eng 2000;

27:95–141.

[15] Johan Liu D et al. Conductive adhesives for electronics

packaging. London, UK: Electrochemical Publications

Ltd; 1999. p. 234–48.

[16] Dou GB, Chan YC, Liu J. Electrical conductive charac-

teristics of anisotropic conductive adhesive particles. J

Electron Pack 2003;125(4):609–16.


	Study of anisotropic conductive adhesive joint behavior under 3-point bending
	Introduction
	Material properties
	Finite element modeling
	Simulation results and discussion
	Experimental verification
	Conclusion
	Acknowledgment
	References


