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Abstract 
The stress free state and deformation of an ACF flip chip 

assembly may depend upon the curing characteristics of the 
adhesive, but may also depend upon the temperature cycling 
history of the assembly after it was cured. The thermal 
deformation of an ACF flip chip assembly after curing and 
cooling-down processes is investigated. In-situ deformation 
behaviors of ACF flip-chip-on-board assembly under various 
temperature cycling regimes are investigated using high 
sensitivity moirk interferometry. In particular, the effect of 
temperature cycling history on the thermal deformation and 
stress-free state and is discussed in detail. Results indicate that 
the T, of ACF have a significant role in the thermal 
deformation and stress-free state during thermal cycling 
testing. 

1. Introduction 
Flip chip technology gains popularity as one of electronic 

packaging candidates to meet lower cost, finer pitch, higher 
electrical performance, and better reliability. In flip chip 
technology, polymeric materials such as underfills or ACA 
materials could redistribute the stress and strain caused by 
different thermal expansion between chip and substrate and 
hold the flip chip joint from mechanical deformation [ l ,  21. 
Therefore, epoxy based materials such as underfills or ACAS 
have been used successfully to improve the fatigue life of flip 
chip assembly. Although many factors influence flip chip 
reliability, the biggest determinants of performance are often 
the coefficient of thermal expansion (CTE), and modulus (E) ,  
and the glass transition temperature (TJ.  Of all these factors, 
the effect of T, on the thermal deformation and device 
reliability is now being overlooked. The stress free 
temperature, or the temperature at which the flip chip 
assembly exhibit no deformations, is an important factor in 
the analysis and modeling of an adhesive flip chip assembly. 
This is because the adhesive plays a significant role in 
transferring stress within an assembly. The stress free 
temperature of an adhesive flip chip assembly may depend 
upon the curing characteristics of the adhesive, but may also 
depend upon the temperature history of the assembly after it 
was cured. For the simplicity in thermo-mechanical analysis, 
the curing induced stress state is usually neglected by 
assuming a so-called stress free state. 

Polymeric adhesive properties usually assumed to be 
constant after fully-cured. Many studies also postulate that 
stress-free state is usually either the curing temperature or 

glass transition temperature. Many researchers have been 
focused on stresses and strains in interconnections in flip chip 
devices under such assumptions. Thermo-mechanical stresses 
arise from the thermal expansion mismatch between a chip 
and a substrate. However, polymeric adhesives chemically 
shrink during the curing process, so that internal stresses 
develop in the cured adhesives. These internal stresses 
noticeably alter the stress state or stress free temperature in 
the flip chip structure. Moreover, high temperature exposure 
to as-bonded package may alter the curing-induced internal 
stress state, which results in the change of deformation 
behavior of flip chip package (31. Unfortunately, above 
assumptions were not verified by rigorous studies and the 
stress-free temperature was used arbitrarily. Therefore, it is 
very important to clarify the stress free temperature and to 
understand deformation behavior under the temperature 
cycling regime. 

A better understanding of T8 affecting thermal 
deformation and reliability will provide the optimum material 
properties and device performance. This study will report 
some interesting results that may answer the following some 
questions. 

(1) How would he the ACF flip chip package deformed 
after the bonding process and subsequent temperature 
cycling. respectively? 

(2) How would be the stress-free temperature behaved 
under the different temperature cycling history? 

(3) What should be the characteristic temperature at stress 
free state for accurate modeling? 
(4) What is the effect of Tg of ACF layer on the structure 
deformation and integrity during thermal cycling? 

2. Experiments 
2.1. Sample preparation 

The dimension of the silicon chips with plated gold bumps 
was 10.0mmx10.0mmx0.6mm. The dimension of gold bump 
was 120x120x18pm3 and the bump pitch was 250 w. The 
organic substrate used in this work was 1.0" thick FR-4 
substrate and the area of substrate was 3Ox3Omm'. The metal 
pads on the organic substrate were made of nickel-gold plated 
copper. 

After ACFs were placed onto a substrate, a chip and a 
substrate were aligned and bonded by applying heat (180°C) 
and pressure (100Nlchip) for 30sec. The thickness of 

0-7803-836561041$20.00 WO04 IEEE 1731 2004 Electronic Components and Technology Conference 



adhesive layer was about 50 pm after flip-chip bonding. Fig. 
1 shows a cross sectional picture of the ACF flip chip 
assembly. 

Fig. 1. A microscopic picture of flip chip package attached to 
FR-4 substrate with ACF 

2.2. High resolution moire interferometry 
Moire interferometry is a whole-field optical interference 

technique with high resolution and high sensitivity for 
measuring the strain fields [4]. Recently, this technique has 
been successfully applied to measure the themo-mechanical 
deformation of electronic packages with an objective to study 
package reliability [4, 5 ,  61. An widely used moire 
interferometer in electronic package analysis is the Portable 
Engineering Moire Interferometer from Photomechanics 
(PEMI). In moire interferometry. deformed specimen gratings 
interfere with the reference grating to produce the moire 
fringe pattern. The resulting fringe pattems 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 he determined from 
fringe orders by the following relationships: 

where f is the frequency of the virtual reference grating, 
and N, and Ny are fringe orders in the U and V field moire 
pattems, respectively. A virtual reference grating with a 
frequency f of 2400 lines/" is used, which provides a 
sensitivity of 0.417 pm per fringe order. When the strains are 
required, they can be decided from the displacement fields by 
the relationships for small engineering strains. 

The test package was first sectioned and polished to the 
cross-section of interest. A schematic of experimental flip 
chip package with the cross section that was analyzed is 
shown in Fig. 2 (a). A very thin layer of epoxy adhesive was 
used to adhere a fringe grating on the cross-section of the 
specimen at the room temperature. The ultra low expansion 
(ULE) grating mold and room temperature curing epoxy 
(F253, TRA-BOND) were used for this experiment. The 
deformation at room temperature was taken as a reference 
deformation state. The ACF flip chip assembly for the moire 
experiment was subjected to the temperature cycling regimes 

as shown in Fig. 2 (b). The holding time was about 2-3 
minutes at each temperature. 
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Fig. 2. (a) Schematic specimen of ACF package, and (b) 
temperature cycling history for moire test 

2.3. Thermal characterization of ACF 
Polymeric ACF chemically shrinks during the curing 

process, so that the curing induced internal stress is developed 
within a cured ACF material just after curing and cooling- 
down. The curing induced internal stress may alter the 
apparent ACF properties and overall package deformation 
behavior. To elucidate the characteristic behavior of thermo- 
mechanical package deformation during the temperature 
cycling, it is important to clarify the characteristic materials 
behavior of as-cured ACFs during the subsequent temperature 
cycling. 

Thermo-mechanical properties such as thermal expansion 
and modulus were experimentally characterized by thermal 
analyzer (Seiko Instruments TMNSS 6100) during the 
subsequent heating and cooling processes. Nz gas was 
continuously purged into the sample tube. 

3. Results and Discussions 

3.1. The deformation of ACF flip chip packages 
The deformed shape of ACF flip chip was investigated by 

using surface measurement system. The measured contour 
map of relative displacement of ACF-bonded flip chip, 
generated by bonding and cooling-down to room temperature 
is shown in Fig. 3. 

It was found in Fig. 3 that the ACF package warped as a 
tent-like shape after bonding process. This warped structure is 
caused by CTE mismatch between the silicon chip and the 
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FR-4 organic substrate. Moreover, die warpage was almost 
symmetrical in four sides of a silicon chip. In Fig. 3, die 
warpage may be defined as a vertical displacement change 
either along the one side among four sides of chip or along 
the chip diagonal. Because the moire experiment is performed 
at the cross section surface as shown in Fig. 2 (a), vertical 
displacement change along the one side is referred as die 
warpage. From the contour map in Fig. 3, relative vertical 
deflections along the chip side and chip diagonal were about 
5.7wm and 12.8pm, respectively. 

Fig. 3. The deformed shape at room temperature for a flip 
chip assembly bonded with ACF. The flip chip bonding was 
performed for 30 seconds at 180°C 

3.2. The warpage behavior of ACF packages during 
temperature cycling (-SOT - + 130OC) 

Under the temperature cycling regime corresponding to 
Fig. 2 (b). the horizontal displacement (U) fields and vertical 
displacement (V) fields evolve as shown in Fig. 4. Vertical 
displacement fields in the chip side reveal the bending 
behavior (die warpage) of the package. Just after flip chip 
bonding, thermo-mechanical deformation naturally exists in 
the package structure. However, no fringe patterns were 
observed at room temperature of Fig. 4, because fringe 
grating was adhered on the cross sectional surface at room 
temperature. That is, the package deformation at room 
temperature is taken as a reference deformation state. 

Fig. 5 shows the die warpage behavior estimated from 
moire experiment as a function of temperature. Interestingly, 
there were two characteristic die warpage curves as illustrated 
in Fig. 5. As the temperature firstly increased, die warpage 
changed linearly. Once the temperature increased above Tg of 
ACF. which will be discussed below, die warpage shifted and 
followed the lower curve in Fig. 5. During further 
temperature cycling, die warpage repeatedly followed the 
lower curve. Principally, the die warpage after the bonding 
process is due to both curing induced internal stress and 
thermal stress. High temperature exposure above Tg of ACF 
would be expected to relax the internal stress. The internal 
stress relaxed during the first heating cycle above Tg, and the 
warpage value increased on cooling. Accordingly, internal 
stress relaxation results in the large amount of warpage 
hysteresis. Moreover, a linear slope in warpage curve below 
100°C indicates that the warpage is primarily elastic below i",. 
No other transitions were observed in the low temperature 
range of the temperature cycling history. 
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3.3. The warpage behavior of ACF packages during 
temperature cycling (-SOT - + 75°C) 

As described above, high temperature exposure above Tg 
of ACF causes the characteristic warpage transition and the 
large amount of hysteresis in die warpage behavior. The IOW 
temperature cycling experiment below Tg was performed in 
order to study the stress free state and its variations. The 
temperature cycling range was from -50°C to +75'C, which 
consistently was helow the i"' of ACF. Fig. 6 shows the 
evolution of U and V displacement fields during the low 
temperature cycling. Fig. 7 shows the die warpage behavior 
estimated from moire experiment as a function of 
temperature. During the subsequent temperature cycles below 
Tgr ACF package structure repeated the initial warpage 
behavior as shown in Fig. 7. When compared with the 
warpage behavior in Fig.5. insignificant warpage hysteresis 
and linear slopes indicate that the package deformation is 
primarily elastic under the low temperature cycling helow T, 
of ACF. 
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warpage) under temperature cycling (-50°C - +75'C) 

3.4. The warpage behavior of ACF packages during high 
temperature cycling (+25OC - +17S°C) 

As described above. no other warpage transitions were 
observed at the low temperature range below room 
temperature. To investigate the warpage behavior at higher 
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temperature range, moire experiment was performed during 
high temperature cycling between +25'C and +175C. 

Fig. 8 shows the die warpage behavior during the high 
temperature cycling. Two characteristic die warpage curves as 
shown in Fig. 5 were also observed in Fig. 8. In the high 
temperature region above lOO"C, warpage was not greatly 
changed. It means that the die warpage is fully diminished at 
the high temperature region above T, of ACF. In this rubbery 
region above T,, ACF modulus is so low that mechanical 
constraint acting on the surfaces of the chip and the substrate 
becomes free. Therefore, the thermal expansion of the chip 
and substrate becomes approximately a free expansion. It 
means that above Tg. flip chip joint becomes warpage-free 
and shear-dominant. In this point of view, at the high 
temperature range above T', flip chip joint may experience the 
significant shear deformation, presumably resulting in the 
poor reliability in thermal cycling test. It suggests that when 
the Tz value of ACF is higher than the highest temperature in 
the cycling history, warpage shift does not occur and shear 
deformation is significantly reduced in the high temperature 
range. 
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3.5. Thermal and mechanical behavior of ACF during the 
temperature cycling 

ACF cured at 180°C and experienced no other thermal 
history is denoted as ac-cured ACF. Fig. 9 shows the thermal 
behavior of as-cured ACFs as function of temperature cycles. 

It is generally assumed that the thermal and mechanical 
behaviors of polymer materials are constantly reproducible 
regardless of temperature cycling. However, during the first 
heat cycle, as-cured ACF exhibited the distinctive behaviors 
as shown in Fig. 9. It was confirmed by DSC work that the 
cure level of ACFs after 30 seconds at 180°C was higher than 
90%. Therefore, post-cure issue during temperature cycling 
can be excluded in this discussion. 

Distinctive thermal expansion behaviors in Fig. 9 (a) are 
believed to be due to the fact, that high curing stress 
developed in the ACF during curing causes polymer chains to 
be highly stressed and results in the increase in apparent 
thermal expansion during first heat cycle. During further 
cycles, ACF exhibits the similar thermal expansion behaviors. 
As described in Fig. 9 @). glass transition temperature in 
DMA curve noticeably shifted to a higher temperature after 

first heat cycling and did not change regardless of further 
cycles. Moreover, glass transition region of as-cured ACF 
was broader than that of ACF exposed to high temperature 
above Tr The lower T, and broader glass transition of as- 
cured ACF is believed to be induced by residual curing stress 
developed during curing process. It is clear that the high 
temperature exposure of assembly above T, causes the 
relaxation of residual curing stress, which has an effect on the 
warpage behavior and stress-free-state. 
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Fig. 9. The thermal behavior of (a) dimensional change, and 
(b) storage modulus under the subsequent temperature cycling 
above T, of ACF 

Conclusions 
Below the Tg, the assembly warpage was behaved linearly 

with changing temperature. Once the temperature is beyond 
the Tg , warpage was diminished and then followed the other 
characteristics curve upon the cooling of assembly. Therefore. 
it was found that the effect of temperature history on the 
warpage behavior was dependent upon the T, of polymeric 
ACF material. When the maximum temperature in the 
temperature cycling range was smaller than the T, of ACF, 
warpage behavior was almost reversible and no warpage 
shifts were observed. However, when the T, of ACF was 
within the temperature cycling range, both warpage and 
stress-free-state shifted. Presumably, it may be attributed to 
viscoelastic relaxation of the residual curing stress developed 
during assembly process. This indicates that the stress-free- 

1734 2004 Electronic Components and Technology Conference 



state and warpage behavior of the flip chip assembly are 
characterized by glass transition temperature (TJ. 
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