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Abstract 

The important mechanical mechanism for the electrical 
conduction of anisotropic conductive films (ACFs) is the joint 
clamping force after curing and cooling-down processes of 
ACFs. In this study, the mechanism of shrinkage and 
contraction stress and the relationship between these 
mechanisms and the thermo-mechanical properties of ACFs 
are investigated in detail. Both thickness shrinkages and 
modulus changes of four kinds of ACFs with different 
thermo-mechanical properties are experimentally investigated 
with thermo-mechanical and dynamic mechanical analysis. 
Based on the incremental approach to linear elasticity, 
contraction stresses of ACFs developed along the thickness 
direction are estimated. Contraction stresses in ACFs were 
found to be significantly developed by the cooling process 
from the glass transition temperature to room temperature. 
Moreover, electrical characteristics of ACF contact during the 
cooling process indicates that the electrical conduction of 
ACF joint is robustly maintained by large contraction stress 
below Tg. The increasing rate of contraction stresses below Tg 
was strongly dependent on both thermal expansion coefficient 
(CTE) and elastic modulus (E) of ACFs. A linear relationship 
between the experimental increasing rate and E CTE reveals 
that the build-up behavior of contraction stress is closely 
correlated with the ACF material properties: thermal 
expansion coefficient, glassy modulus, and Tg. 

1. Introduction 
Anisotropic conductive films (ACFs) have been 

extensively used in LCD display packaging area, contactless 
smart-card module assembly, and bare chip attach on flexible 
and rigid substrates. They consist of an adhesive polymer 
matrix and fine conductive fillers of metallic, or metal-coated 
polymer, particles, and when used for IC assembly provide 
electrical conduction as well as mechanical interconnections. 
[1] As schematically shown in Fig. 1, electrical conduction is 
provided by the deformation of the conductive particles 
trapped between the chip bumps and substrate pads in the z-
axis of the adhesives perpendicular to the plane of the board, 
while electrical isolation is maintained in the plane of the 
adhesive layer. [2-4] In addition, electrical interconnections 
are mechanically constructed by the solidification of the 
adhesive polymer matrix caused by curing and cooling, which 
builds up the sufficient contractive force to establish stable 
and low resistance electrical connections. In other words, 
anisotropic conductive films contract and solidify during the 
curing and cooling-down processes, so that adhesive 

shrinkage in the cured ACFs leads to the electrical joint 
clamping. Herein, contractive force developed in the ACF 
during assembly process causes the conductive particles to be 
compressed state but the adhesive matrix be stretched state. 
And the contractive forces shown by A and B in Fig. 1 must 
be high enough to maintain the mechanical contact by 
balancing the epoxy contraction (A and B) and particles 
elasticity characteristics (a~h). Therefore, the bonding quality 
of electrical contacts through the deformation of conductive 
particles depends on the contractive force established by 
thermal shrinkage of the ACFs after curing and cooling. 

In the previous studies [5-7], we measured the mechanical, 
dynamic mechanical, and shrinkage behaviors of various 
ACFs with different properties. Based on the incremental 
approach to linear elasticity, the full temperature-evolution of 
contraction stresses of ACFs was experimentally shown with 
the thermal shrinkage and thermo-mechanical properties of 
ACF. We clarified that the contraction stress mainly occurs 
during the cooling from the glass transition temperature Tg of 
ACF to room temperature, and depends on both the elastic 
modulus and the thermal expansion coefficient of the resins. 
We also reported that the electrical conduction of ACF joint 
was robustly maintained by large contraction stress below Tg 
during the subsequent cooling cycles. 
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Figure 1. Schematics of conduction mechanism of ACFs flip 
chip joint. A and B: Contractive forces of ACFs, a-h: 
Repulsive forces of compressed conductive particles 

 

Quantitative estimation of contraction stress based on the 
incremental approach to linear elasticity may need 
experimental verification. That is, in layered flip chip 
structure using ACF material, it is essential to observe strain 
and stress components. The conventional moiré 
interferometry image is an interferogram, which carries the 
in-plane displacement information. Discrete displacement can 
be obtained by counting the fringe order (417nm per fringe). 
However, in the U and V moiré displacement fields, only a 
few fringes are observed in an ACF layer. That is, due to the 
very narrow gap of 20 to 50µm in ACF joint, the existing 
moiré technique may not provide an accurate deformation 
field. Since these fringes are fussy and not well defined, it is 
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difficult to extract accurate displacement data along the z-axis 
in a thin ACF layer from these images. In contrast, the U and 
V field phase contour maps generated from the phase shifting 
moiré technique yield the finer displacement resolution 
(104nm or 52nm) to measure the contraction strain and stress. 

In the present work, phase shifting moiré technique is 
applied to measure the in-plane displacement and the vertical 
contraction stress of ACF layer in flip chip package. The 
relationship between the estimated and the measured 
contraction stress is also investigated and discussed. 

Phase Shifting Moiré Interferometry 

Standard moiré interferometry system 
Moiré interferometry is a whole-field optical interference 
technique with high resolution and high sensitivity for 
measuring the strain fields. [8] Recently, this technique has 
been successfully applied to measure the thermal-mechanical 
deformation of electronic packages for the study of package 
reliability. [8-10] A widely used moiré interferometer in 
electronic package analysis is the Portable Engineering Moiré 
Interferometer (PEMI) from Photomechanics. In moiré 
interferometry, gratings on deformed specimen interfere with 
the reference grating to produce the moiré fringe pattern. The 
resulting fringe patterns generate contour maps of U and V 
displacement fields, which are respectively defined as in-
plane displacements in orthogonal x and y directions. The 
displacements then can be determined from fringe orders by 
the following relationships: 

yx N
f

VN
f

U 1,1 ==    (1) 

where f is the frequency of the virtual reference grating, 
and Nx and Ny are fringe orders in the U and V field moiré 
patterns, respectively. A virtual reference grating with a 
frequency f of 2400 lines/mm is used, which provides a 
sensitivity of 0.417 µm per fringe order. When the strains are 
required, they can be decided from the displacement fields by 
the relationships for small engineering strains. 
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2.2 Moiré interferometry with phase shifting  
Phase shifting interferometry (PSI) was originally 

proposed by Carré in 1966. [11] Theoretically, phase shifting 
interferometry allows us to reconstruct the phase information 
wrapped in the fringe patterns. Phase shifting moiré has been 
developed since 1992. [12] 

Figure 1 shows the schematic of the optical arrangement 
and the process of the phase-shifting system. The phase 
shifting of the fringe patterns was realized by moving the 
diffraction grating in the moiré interferometer as shown in 
Fig. 1. The diffraction grating was driven in a 45o direction 
within its plane so that the grating lines of both the x and the y 
direction can undergo parallel movement. This movement for 

the diffraction-grating lines can be divided into two parts, 
which are perpendicular to each other. One is in the direction 
parallel to the grating lines in the x or y direction, and the 
other is perpendicular to them. The former does not result in 
any change of the virtual gratings on the specimen-grating 
surface, but the latter results in a shift of the virtual gratings, 
and therefore results in phase shifting of the fringe patterns. 
By precisely altering the phase angle of the two incoming 
coherent beams, the continuous displacement field can be 
determined. The phase angle in a moiré interference pattern 
varies continuously across the sample, but is not explicitly 
determined from the interference pattern. Since one fringe 
spacing is equal to both a 2π phase angle difference and a 
417nm displacement, determining the phase angle for every 
pixel in the interference pattern produces an image which 
represents the continuous displacement field of the specimen.  
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Figure 2. Schematic diagram of the system arrangement and 
the principle of a phase shifting for moiré interferometer 

 

Phase-shifting moiré interferometry achieves this by 
extracting the unknown phase angle from four precisely 
phase-shifted moiré interference patterns. The intensity of the 
four images can be represented as:  

 
                                                                               
      (3) 
 
 

where ),(0 yxI  and ),( yxI ′  are the background and 

periodically varying intensities in the pattern and ),( yxφ  is 

the unknown phase angle of the interference pattern at each 
pixel location. Each subsequent pattern is shifted by a phase 
difference of exactly π/2 of the fringe period. By using the 
intensities of the four fringe patterns, the phase of the fringe 
can be calculated by the following formula: 
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Phase angle is extracted in a whole-field basis, generating 
an image comprised of phase values for each pixel. Due to the 
nature of the arctangent function, phase angle values are 
“wrapped” into intervals ranging from -π/2 to +π/2, 
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representing 0 to 208nm of continuous displacement Thus, the 
phase map consists of phase intervals, with continuous 
displacement information contained within each. 

Experimental 

Materials 
An epoxy adhesive with stoichiometric amounts of solid 

bisphenol-A, liquid bisphenol-F, and phenoxy resins was 
formulated to manufacture four ACFs (ACF-A, ACF-B, ACF-
C, and ACF-D) with different thermal and mechanical 
properties. Two kinds of the curing agent, α (ACF-A, ACF-B, 
and ACF-C) and β (ACF-D), were added to epoxy based resin 
to alter the thermal and mechanical properties of cured ACFs. 
Then, stoichiometric amounts of the curing agent were mixed 
in the epoxy resin. The 5µm diameter Au-plated polymer 
spheres were also mixed with the formulated epoxy resin. The 
0.8µm diameter silica particles were added as a reinforcement 
filler to change the modulus and CTE of cured ACFs (ACF-B 
and ACF-sC). The resin mixtures prepared by formulating 
epoxy based resin, curing agents, conductive fillers, and 
additives were coated to about 50µm thick dried film format 
on a carrier PET film. 

Thickness contraction measurements 
Dimensional changes of ACFs during curing and cooling 

were monitored by a thermo-mechanical analyzer with 
thermal analysis software over a temperature range from 30 to 
180oC with heating rate of 5oC/min in N2 gas environment 
(Fig. 3). ACFs with a size of 5mm × 5mm × 0.05mm were 
held between two pieces of silicon cover. Static force applied 
to sensing probe for the monitoring of z-directional changes 
was set to a minimum value to prevent the squeeze-out of 
ACF. The z-directional change of two silicon covers was also 
compensated from the total z-directional dimension changes 
to extract only the z-directional shrinkage of ACFs. Because 
the upper and lower surface of the ACF sample were held to 
parallel silicon cover plates, where the shrinkage in x-y plane 
is constrained, uni-axial strain condition can be assumed for 
the free axial shrinkage condition. Therefore, z-directional 
shrinkage of ACFs during the curing and cooling-down can 
be obtained from the dimensional change of TMA 
measurement. Many repetitions of thickness change 
measurement confirmed that measurement of ACF thickness 
contraction by TMA was reproducible with a variation of less 
than 10%. 

3.3 Thermal expansion and dynamic mechanical 
measurements 
Thermal expansion measurements of cured ACF samples of 
dimensions 2.5mm  15.0mm  0.05mm were made using a 
TMA at a heating rate of 5oCmin-1. Specimens were subjected 
to a uniaxial tension mode from 30oC to 180oC. The CTE 
values were calculated from the linear section of thermal 
expansion versus temperature in the TMA curves. 

 In addition, ACF film strips, 50µm thick, 2.5mm wide 
and 15mm long, were characterized in a tension mode to 
determine viscoelastic properties. In this mode, cured ACFs 
with film type were fastened vertically between the grips, and 
a sinusoidal stress was applied to the specimen. An initial 

tension of 200 mN was applied to the film and then the 
tension force oscillated ±100 mN at a frequency of 0.02Hz. 
As ACF specimens were heated with a heating rate of 
5oCmin-1, the change in sample length was recorded with 
cycling forces. The data was then processed to determine 
viscoelastic properties. 
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Figure 3. Schematics of the thermal shrinkage measurement 
set-up of ACFs during curing and cooling-down 

 

ACF flip chip assembly process 
The dimension of the silicon chips with four point Kelvin 

structure was 9.0mm×9.0mm×0.7mm. Electroplated gold 
bumps were formed on Al pads of a chip. The bump size was 
150 µm in diameter and the bump pitch was 250 µm. After 
ACFs were placed onto a PCB substrate, a chip and a 
substrate were aligned and bonded by applying heat (180oC) 
and pressure (2~3 N/bump) for 20sec. Fig. 4 shows the cross-
sectional schematic view of ACF flip chip assembly. As 
shown in Fig. 4, several conductive spheres were trapped 
between a gold bump and a substrate pad.  
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Figure 4. A microscopic picture of an ACF assembled gold 
bump for the cross-section of interest 

3.5 Moiré experiment 
Fig. 5 describes the grating replication process of the 

specimen for moiré experiment. The test package was first 
sectioned and polished to a cross-section of interest. A very 
thin layer of epoxy adhesive was used to adhere a fringe 
grating on the cross-section of a specimen at the temperature 
of 100oC. The ultra low expansion (ULE) grating mold and 
high temperature curing epoxy (F253, TRA-BOND) were 
used for this experiment. The epoxy was cured during 2 hours 
at an elevated temperature. The deformation at this 
temperature was taken as a reference deformation state. The 
specimen was cooled down to room temperature (25oC) and 
the moiré experiment was performed at room temperature 
(~25oC) hence providing a thermal loading of -75oC. 
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Figure 5. Schematic diagram of the grating replication 
processes for moiré experiment 

Results and Discussion 

Shrinkage and modulus behavior during ACFs curing and 
cooling-down processes 

The dimensional changes along the thickness direction 
during ACFs curing and cooling-down processes were 
illustrated in Fig. 6. As shown in Fig. 6, with increasing 
temperature, ACFs started to expand due to thermally 
activated chain motion. This early expansion of ACFs had no 
significant contribution to the evolution of stress in ACFs. 
When ACFs were heated at curing temperature, ACFs started 
cross-linking reaction to form a polymer network structure. At 
about 100 oC, where curing reaction started, cure shrinkage 
became noticeable as shown in Fig. 6. Finally as curing 
reaction ended, cure shrinkage was disappeared. And cured 
ACFs started to expand again after the completion of ACFs 
curing reaction. During cooling-down from 180oC to room 
temperature, thickness shrinkages showed two different 
slopes differentiated by Tg. It is worth noting that ACFs in the 
chip assembly process experience both cure shrinkage 
(chemical shrinkage) due to epoxy cross-linking and thermal 
shrinkage (physical shrinkage) due to cooling-down from 
ACFs bonding temperature to room temperature. The 
shrinkage behaviors during curing and cooling processes were 
shown in detail in Fig. 7(a) and Fig. 7(b), respectively. In four 
uncured ACFs, the cure shrinkage due to the cross-linking of 
epoxy chains transitionally increased at the beginning of 
curing. Then, ACFs rapidly shrunk with the progress of 
curing and attained the constant shrinkages ranged from 1.5 to 
2.0 % when curing reaction was completed. For four cured 
ACFs, the shrinkage versus temperature plots in the cooling-
down process were represented by a straight line having one 
deflection point as shown in Fig. 7 (b). The temperature 
where the deflection point was observed corresponds to Tg of 
ACFs. The values of cure and cooling shrinkage were 
summarized in Table I. The four ACFs studied did not exhibit 
the significant difference in cure shrinkages, because all ACF 
materials were composed of the similar epoxy binder. As 
presented in Table I, the extent of cure shrinkages was almost 
smaller than that of cooling shrinkages. However, the large 
shrinkage after curing and cooling-down processes does not 
simply imply the high contraction stress. Accordingly, the 
build-up behavior of contraction stress developed during 
cooling-down process should be investigated by taking into 
account not only the thermal shrinkage but also the 
temperature dependent elastic modulus. 
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Figure 6. Dimensional changes of four ACFs along the 
thickness direction during curing and cooling-down processes 
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Figure 7. Shrinkage behaviors of four ACFs (a) during curing 
process and (b) during cooling-down process 
 

Table I Comparison of shrinkages during ACFs curing and 
cooling-down processes of ACFs 

Materials Curing 
shrinkage1 (%) 

Cooling shrinkage2 (%) 

ACF – A 2.32 7.35 
ACF – B 1.67 5.21 
ACF – C 1.46 4.37 
ACF – D 1.79 3.86 

1Occurred during ACFs curing process, 2during cooling-down from 
180 oC to room temperature 
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Fig. 8 shows the temperature dependence of storage 
modulus for all ACFs. The storage modulus of ACF materials 
increased as temperature decreased. In particular, storage 
modulus increased significantly near the glass transition 
region. It is the well-known effect of the storage modulus rise 
of nearly two orders of magnitude below glass transition 
temperature. As a result, elastic modulus exhibited a 
significant increase as the epoxy matrix undergoes 
solidification below glass transition region.  
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Figure 8. Modulus behaviors of cured ACFs during cooling-
down to room temperature 

Contraction stresses build-up depending on thermo-
mechanical properties of ACFs 

As mentioned before, the development of contraction 
stresses is generally governed by the thickness shrinkage and 
mechanical stiffness changes during ACFs curing and 
cooling-down processes. 

Based on the incremental approach to linear elasticity, the 
contraction stresses along z-axis can be expressed as an 
integral of the thickness shrinkage and elastic modulus as 
shown below. 

∫=
T zz Edεσ        (5) 

where E is the temperature dependent modulus and zε  is 
thickness shrinkage of ACFs. 

It should be noted that the amount of cure shrinkage after 
a completion of ACFs curing reaction was smaller than that of 
cooling shrinkage due to CTE, and a rubbery modulus was 
virtually negligible when compared with a glassy modulus. 
Accordingly, the magnitude of contraction stresses occurred 
during ACFs curing reaction is practically insignificant. 
Therefore, the only build-up behavior of contraction stresses 
during the cooling process was considered in this study. 

Modulus changes and thickness shrinkage during a 
cooling-down process can be simultaneously plotted at the 
same temperatures. Modulus versus thickness contraction 
curves of four ACF materials during cooling-down process 
were presented in Fig. 9. Both starting and ending points of 
each curve represent 180oC and room temperature, 
respectively. Based on the incremental approach to linear 
elasticity, the development of contraction stresses during 
cooling-down process from 180oC to room temperature is 

proportional to the area of modulus versus thickness 
contraction curve for cooling-down process. 
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Fig. 10 shows the behaviors of contraction stresses 

developed during cooling-down process, estimated by 
numerical integration according to equation (5), as a function 
of temperatures.  

Upon cooling ACFs from bonding temperature to Tg, the 
contraction stress was almost negligible because ACFs in a 
rubbery state had a extremely low modulus. At lower than Tg 
of ACFs, contraction stress gradually started developing as a 
result of cooling shrinkage and significant increase in a glassy 
modulus. It is evident that contraction stresses during ACF 
bonding process is mainly due to the cooling-down process 
below Tg. Therefore, Tg is an important factor to for 
determining the contraction stress level in ACF joint. After 
contraction stresses started developing at Tg, the stresses were 
built up linearly with decreasing temperature below Tg. For 
four ACF materials in this study, the build-up behaviors of 
contraction stresses below Tg was clearly different as shown 
in Fig. 10. Namely, the build-up of contraction stresses is 
strongly dependent on ACF materials properties: thermal 
expansion coefficient (CTE), elastic modulus (E), and glass 
transition temperature (Tg). 
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Figure 10. Estimated contraction stresses along z-axis during 
cooling-down process. Stress is calculated by numerical 
integration according to the equation (5) 
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Experimental verification of contraction stresses using a 
phase shifting moiré analysis  

The U and V displacement field of an ACF flip chip 
assembly with the bi-thermal loading of -75oC is shown in 
Fig. 11. After the specimen was cooled to room temperature 
from 100oC of grating replicated temperature, all of the 
components contracted in both the x and y directions. 
However, in the conventional U and V moiré displacement 
fields, only a few fringes were observed at an ACF layer. 
Since fringes were fussy and not well defined, it was difficult 
to extract accurate displacement data along the z-axis in a thin 
ACF layer from these images. Therefore, a phase shifting 
moiré analysis was adopted.  

 
 

 
(a) 

 

 
(b) 

Figure 11. Moiré fringe patterns of the ACF-B flip chip 
assembly with bi-thermal loading of ∆T = -75oC: (a) U-field 
and (b) V-field 

 
Fig. 12 shows the refined displacement contours at the 

ACF layer using a phase shifting moiré analysis. From the 
refined displacement contours, it was observed that the 
nanoscale deformations at the ACF layer could be resolved.  

The measured moiré fringes represent the total 
displacements, which include the free thermal contraction or 
expansion part of displacement and the stress-induced part of 
displacement [11]. In terms of strain, the total strain obtained 
from the moiré fringes is 

TT ∆αεεεε σασ +=+=  

where Tε  is a total strain, σε  is the stress-induced part of 
the strain, αε  is the free thermal contraction or expansion 
part of strain, α  is a coefficient of thermal expansion (CTE) 
of the material, and T∆  is a temperature change during the 
thermal loading. 

Since the ACF layer is constrained along the vertical 
thickness direction by the interconnect bumps, V-field fringes 
is mainly determined by the thermally induced strain part. The 
vertical thermal strain at the ACF layer can be calculated by 
counting the number of fringes in ACF layer of Fig. 12. Using 
the vertical thermal strain, the amount of contraction stress 
along an ACF thickness can be calculated as below: 

yy E εσ ×=  

where E is the room temperature elastic modulus, and εy is the 
thermal strain calculated by Eq. (2) in the V-displacement 
field during the thermal loading of -75oC. 
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Figure 12. Local redefined V-field displacement contours of 
ACF assemblies using a phase shifting moiré analysis (104nm 
per a fringe contour): (a) ACF-B, and (b) ACF-C 

 
Contraction stresses between the numerical results 

estimated by the incremental approach to linear elasticity and 
the experimentally measured moiré results were compared in 
Table II. As shown in Table II, the vertical contraction 
stresses of ACF layer measured by using a phase shifting 
moiré technique was in quite good agreement with the 
predicted results obtained by using the incremental approach 
to linear elasticity based on the thermal and mechanical 
analysis. From these results, a new incremental approach to 
linear elasticity was suggested to predict the amount of 
contraction stresses of ACF flip chip using their materials 
properties, such as modulus, CTE, and Tg. 

 
Table II. Comparison of contraction stresses between the 
numerical results estimated by the incremental approach to 
linear elasticity and experimentally measured moiré results 
 

 

Materials Predicted 
from Fig. 101 

Moiré result2 
(MPa) 

Error 
(%) 

ACF – B 27 29.5 9.26 
ACF – C 33 32.6 1.21 

1Estimated from 100oC to 25oC, 2Calculated as σ=E εy 

Conclusions 
During the cooling-down process, ACFs exhibited large 

cooling shrinkage represented by a straight line having one 
deflection point, compared with ACFs cure shrinkage. Based 
on the incremental approach to linear elasticity, the full 
temperature-evolution of contraction stresses of ACFs could 
be well predicted using thermal shrinkage and thermo-
mechanical properties of ACFs. The significant development 
of contraction stresses was observed during the cooling-down 
process below Tg. The build-up of contraction stresses with 
decreasing temperature below Tg was greatly affected by ACF 
material properties: thermal expansion coefficient and glassy 
modulus. Therefore, it is concluded that Tg, CTE, and 
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modulus are the important factors determining the build-up of 
contraction. Therefore, the build-up behavior of contraction 
stresses during cooling-down process can be predicted from 
ACF material characteristics: thermal shrinkage, elastic 
properties, and Tg. And, the local refined V displacement 
contour using a phase shifting moiré technique and the 
incremental approach to linear elasticity showed same amount 
of contraction stresses during bi-thermal loading from 100oC 
to 25oC. Therefore, it was verified that full temperature-
evolution of contraction stress based on the incremental 
approach to linear elasticity could be used to predict the 
contraction stresses of ACF flip chip assembly. 
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