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Abstract 
      Because of downsizing of electronic products and cost 
effectiveness, rigid substrate-flexible substrate (RS-FS) bond-
ing technology using ACFs becomes more important as an 
alternative to socket type connectors and rigid/flex substrates. 
However, formation of process related bubbles, entrapped 
inside the ACF layer during bonding processes, is strongly 
influenced by process variables, such as a bonding pressure 
and a bonding temperature. These bubbles can reduce adhe-
sion strength of ACFs joints, and induce moisture penetration 
path and entrapment location during reliability tests in humid 
environments. However, the causes of bubbles formation 
during the ACF bonding process and the effect of bubbles on 
ACFs joints reliability have not been fully understood.  
      Bonding process variables, such as bonding temperature, 
bonding pressure and flexible substrate (FS) types, were 
changed in order to investigate their effects on bubbles forma-
tion. According to the results, the tendency of bubbles 
formation was closely related to these three factors. The 
bubble area increased as the bonding temperature increased. 
Moreover, same tendency was observed against the bonding 
pressure changes at fixed bonding temperature conditions.  
      Two different FSs, which have different surface rough-
ness and energies, were used and the bubbles formed only at 
the FS with larger roughness and lower surface energy. 
According to the results from surface energy measurement of 
FSs by using goniometry, the FS with higher surface energy is 
favorable for bubble free assembly because higher surface 
energy provides better wettability. Therefore, Ar and O2 
plasma treatments were performed on the FS with lower 
surface energy to improve the wettability, and bubbles were 
significantly removed.  
      Finally, two types of test vehicles (TVs), without (type 1) 
and with bubbles (type2), were assembled to investigate the 
effects of bubbles on the ACFs joints reliability in humid 
environments, such as PCT (Pressure Cooker Test). All type 2 
TVs, with bubbles, were electrically failed after 72 hours of 
PCT because the process related bubbles acted as a moisture 
penetration path and entrapment sites. However, all type 1 
TVs survived even after 120 hours of PCT. 

 

1. Introduction 
      The electronics industry is facing many demands such as 
higher interconnection density, electrical performance and 
more functionality. As an example, recent mobile phones 
have many functions such as a camera, an mp3 player, a game 
engine and a display, in one body. When these new functions 
are added, the size reduction becomes more a challenge, 
because these functional parts have been placed on a main 
rigid board in conventional approaches. The mobile phone 
industry and suppliers have developed several solutions to 
deal with the size/performance challenge [1]. One of the 
solutions is modular approach as shown in Fig.1. 

      Each functional module is connected to the rigid main 
substrate so this modular approach has an advantage of design 
flexibility. The key issue of this approach is how to connect 
the modules to a main board with high enough performance, 
cost effectiveness and size reduction. Actually, there are three 
different modulation methods, such as a socket-type 
connector, a rigid/flexible (R/F) substrate and rigid sub.–
flexible sub. (RS-FS) bonding using anisotropic conductive 
films (ACFs). Relative advantages of these three methods are 
compared in the aspects of cost, size and rewokability and the 
result is listed in Table 1. As shown in Table 1, the socket-
type connector and the rigid/flex substrate have disadvantages 
in size issue and cost effectiveness, respectively. Therefore, 
rigid substrate-flexible substrate (RS-FS) bonding technology 
using ACFs becomes more important as an alternative to the 
socket-type connector and the rigid/flex substrate. 
 

 
Fig. 1. A Schematic diagram of modular appoach and its 
benefits [1]. 
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Table 1. Comparisons of module connection methods. 

 Cost Size Rework 
Socket-type 
connector O X O 

Rigid/Flex 
substrate X O X 

RS-FS bonding 
using ACF O O △  

ACFs are widely used in display packaging area for the 
interconnection of driver IC bonding such as a chip-on-glass 
(COG) and a chip-on-flex (COF). As a matter of fact, the 
quality of ACFs interconnection is very dependent on 
bonding process variables. Especially, formation of process 
bubbles, which are entrapped at an adhesive layer during 
bonding processes, is strongly influenced by bonding process 
variables. Some studies, which investigated the effects of 
bubbles on the mechanical strength and the reliability of 
adhesive joints or epoxy laminates, have been reported [2–4]. 
According to the previous studies, obviously, mechanical 
strength and moisture absorption were affected by the bubbles 
formation. Therefore, it is possible that process bubbles 
during RS-FS substrates bonding can reduce mechanical 
property, such as the adhesion strength of ACFs joints, and 
induce moisture penetration and its entrapment during 
reliability tests in humid environments. Consequently, 
bubbles also can reduce the reliability of ACFs 
interconnection joints. However, the reason of the bubbles 
formation during ACF bonding processes and the effect of 
bubbles on ACFs joints reliability have not been fully 
understood. 
      Therefore, the purposes of this study are as follows:  

1) effects of bonding process variables on bubbles 
formation; 2) effects of flexible substrate types on bubble 
formation; 3) effects of process related bubbles on ACFs 
interconnection joints reliability. Bonding process variables, 
such as a bonding temperature and a bonding pressure were 
controlled in order to investigate their effects on bubbles 
formation. And the effect of surface state on bubbles 
formation was investigated by using two different flexible 
substrates with different surface morphologies and surface 
energies. The ratio of bubble area was observed by optical 
microscope (OM). Goniometry and atomic force microscopy 
(AFM) were performed to compare the surface energy and 
roughness of each flexible substrate. Finally, to confirm the 
ACFs interconnection joints reliability in humid 
environments, pressure cooker test (PCT) was performed. 

2. Materials & experiments 

2.1. ACF material 
One ACF material developed for RS-FS bonding 

application was used in this study. It was a single-layered 
ACF and the thickness was about 40 µm. Conductive particles 
of ACFs were 6 µm-size Ni metal balls. In general, ACFs for 
PCB bonding application use the Ni metal ball as the 
conductive particle instead of the metal coated polymer ball, 
because of the need of high current carrying capability and 
high surface roughness of metal trace on rigid substrates.  

2.2. Test vehicle (TV) 
Rigid substrate (RS) 
The rigid substrate had 12 µm-thick of Cu metal trace on 

an 1 mm-thick FR-4. The final metal finish condition was 5 
µm-thick electroless Ni and 0.3 µm-thick immersion Au layer. 
The pitch of Cu metal electrodes was 500 µm that consisted 
of Cu metal electrodes with 320 µm width and 180 µm gap 
between adjacent Cu metal electrodes (Fig. 2). 

Flexible substrate (FS) 
Two types of flexible substrates, flexible substrate 1 (FS 

1) and flexible substrate 2 (FS 2), were used. The structure of 
each flexible substrate was different. FS 1 consisted of 25 
µm-thick polyimide (PI) and 12 µm-thick Cu metal traces. 
Final metal finish was 0.5 µm Ni/0.1 µm Au. On the other 
hand, the thicknesses of PI and Cu metal traces of FS 2 were 
38 µm and 8 µm, respectively. The thickness of final metal 
finish was same to FS 1 (Fig. 3). Hydrophilicity of PI surfaces 
of each flexible substrate was investigated by contact angle 
measurement using a KRUSS DSA1 goniometer. The rough-
ness of PI surfaces was measured by using an AFM. 

 
Fig. 2. Top-view of the rigid substrate. 

  
(a) Flexible substrate 1 (b) Flexible substrate 2  

Fig. 3. Top-view of each flexible substrate. 

2.3. RS-FS bonding process using ACFs 
There were three process steps for RS-FS bonding using 

ACFs those were pre-bonding, alignment and main-bonding. 
First, during pre-bonding, the ACF was applied on the rigid 
substrate and heated at 80oC for 1~2 sec and the release paper 
was removed. Next, Cu metal traces on the flexible substrate 
and the rigid substrate should be aligned. Finally, thermo-
compression bonding was performed by applying heat and 
pressure simultaneously for 20 sec. Fig. 4 shows the 
schematic of RS-FS bonding using ACFs. In-situ bonding 
temperature at ACF joints during main bonding was measured 
using adhesive type thermocouple as shown in Fig. 4, and 
applied bonding temperature was changed in the 160 ~ 200oC 
range. Furthermore, bonding pressure was measured by using 
a load-cell type pressure gauge and applied pressure during 
main bonding was ranged between 6 MPa and 21.5 MPa. Fig. 
5 shows an assembled RS-FS bonding TV. 

2.4. Reliability test in humid environment 
Two types of RS-FS bonded TVs were prepared to 

investigate the effect of process related bubbles on ACF joints 
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Fig. 4. A schematic of RS-FS bonding using ACF. 

 
Fig. 5. An assembled RS-FS bonding test vehicle (TV). 

reliability in humid environment. Type 1 samples were 
bubble-free (without bubble) but type 2 samples had inten-
tionally formed process bubbles (with bubble). PCT was 
performed under 121oC, 2 atm and 100%RH conditions for 
120 hours and the change of daisy chain resistance was 
measured at every 24 hours of PCT. 

2.5. Surface treatment and surface analysis 
Surface treatment was performed on the FS 1 to remove 

process bubbles by using reactive ion etching (RIE). Two 
different gas sources, Ar and O2, were used to generate the 
plasma. Plasma treatment was conducted on the surface of FS 
1 with 200 W of plasma power for 1 minute. The changes of 
surface morphologies of FS 1 before and after plasma 
treatment were observed by using a scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). Also, 
contact angles were measured to calculate the surface 
energies.  

 X-ray photoelectron spectroscopy (XPS) was per-
formed in a UHV system at a base pressure of ~10-10 torr 
using a VG Microtech ESCA 2000 spectrometer. Photoelec-
trons were excited by non-monochromatized Mg Kα (1253.6 
eV) radiation. The binding energies were calibrated by setting 
the instrument work function to give an Ag3d5/2 line position 
at 368.3 eV. A wide scan for survey spectra and high 
resolution spectra were taken with 58 eV of pass energy. 

3. Results & discussion 

3.1. Effect of bonding pressure 
Fig. 6 shows the formation of process related bubbles as a 

function of main bonding pressure with fixed bonding 
temperature at 200oC. As it is shown in Fig. 6, bubbles were 
formed only in TVs assembled with FS 1 (RS-FS 1 combina-
tion). The ratio of process bubbles area to gap area increased 
as the bonding pressure increased. Bubbles firstly appeared at 

bonding pressure of 9.2 MPa and more than 50% of gap 
areas were covered with process related bubbles above the 
bonding pressure of 18.4 MPa. In general, a higher applied 
pressure results in increase of resin flow rate and it makes the  

  
(a) 6.2 MPa, RS-FS 1 (b) 9.2 MPa, RS-FS 1 

  
(c) 12.3 MPa. RS-FS 1 (d) 15.3 MPa. RS-FS 1 

  
(e) 18.4 MPa. RS-FS 1 (f) 21.5 MPa. RS-FS 1 

 
(g) 21.5 MPa. RS-FS 2 

Fig. 6. Observation of process related bubbles as a function 
of main bonding pressure conditions with fixed bonding 
temperature at 200oC. Bubbles appeared only at the TVs of 
RS-FS 1 combination. 

resin easily squeezed out of bonding area. Thus, it can be 
regarded that the higher bonding pressure is favorable to 
make resins fill the every bonding areas and to eliminate the 
process bubbles.  

However, bubble formation is strongly dependent on the 
sample geometry. In this case, the easiest and fastest path of 
the resin flow was the gap between Cu metal traces because 
the gap acted as a channel for resin flow. In fact, the bubbles 
formed at centers of gap areas and propagated to edges. As 
the bonding pressure increased, the flow rate of resin also 
increased. Furthermore, the resins located outermost of 
bonding area could be more easily squeezed out so resin 
deficiency could be occurred. This resin deficiency at bonding 
edges could enhance flow rate of resins from centers to edges 
to fill up the deficiencies. Therefore, the reason why process 
bubbles formed from centers of bonding area was presumably 
due to the resin deficiencies by ‘squeeze-out’ phenomena. As 
shown in Fig. 6, one remarkable result was that process 
related bubbles were formed only at TVs of RS-FS 1 combi-
nation. No bubbles appeared at TVs of RS-FS 2 combination. 

The effect of bonding pressure on the formation of 
process bubble has not been fully understood and in-depth 
studies are still underway. 

3.2. Effect of bonding temperature 
Fig. 7 shows the formation of process related bubbles as a 

function of main bonding temperature with fixed bonding 
pressure at 15.3 MPa. Black arrows indicate the process 
related bubbles. The bubbles firstly appeared at 185oC of 
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bonding temperature condition. Total bubble area increased as 
the bonding temperature increased. When the bonding 
temperature was exceeded 200oC, more than 50% of total gap 
area was covered with process bubbles (Fig. 7 (f)). In general, 
a higher bonding temperature results in a lower initial ACFs 
resin viscosity and a shorter gel time, but the resin cures more 
rapidly [5]. Furthermore, this also increases the rate of tem-
perature rise due to exothermic heat during curing. Therefore, 
there is not enough time for the resin flow to spread and fill 
every bonding area at higher main bonding temperatures.  

Moreover, the formation of bubbles was also dependent 
on the type of flexible substrate. Bubbles formed only at the 
TVs of RS-FS 1 combination. 

  
(a) 160oC (b) 170oC 

  
(c) 180oC (d) 185oC 

  
(e) 190oC (f) 200oC 

Fig. 7. Observation of process related bubbles as a function 
of main bonding temperature conditions with fixed bonding 
pressure at 15.3 MPa. Bubbles appeared only at the TVs of 
RS-FS 1 combination. 

3.3. Effect of flexible substrate 
According to the results of previous chapters, the bubble 

fomation was affected by the type of flexible substrate. At 
first, TVs with bubbles were cross-sectioned and the location 
of bubbles was observed (Fig. 8). As shown in Fig. 8, bubbles 
were formed at the interface of PI of FS 1 and ACFs. 
Therefore, it was considered that the formation of process 
related bubbles strongly depended on the surface properties of 
flexible substrates. Actually, surface roughness and hydro-
philicity of PI surface can be possible causes of the formation 
of bubbles. Fig. 9 shows the SEM and AFM images of FS 1 
and FS 2. Each flexible substrate has very different surface 
morphologies. Values of root mean square (RMS) average 
and peak-to-peak of height are listed in Table 2. 

 

 
Fig. 8. Cross-section of a dot-line AB and observation of the 
location of a process related bubble. 

 
(a) Flexible substrate 1 

 
(b) Flexible substrate 2 

Fig. 9. Comparisons of PI surface morphologies of FS 1 and 
FS 2 using SEM and AFM. 
Table 2. Root mean square average (RMS) and peak-to-peak 
of PI surface roughness. 

 Flexible sub. 1 Flexible sub. 2 

RMS (nm) 300.7 1.1 

Peak-to-peak 
(nm) 1095 11.2 

PI of FS 1 has rougher surface than that of FS 2. As 
mentioned in previous chapters, bubbles were formed only 
when FS 1 was used. Thus, it was considered that the resin 
flow was interrupted by the rough PI surface of FS 1 but 
bubbles were not formed at FS 2 surface due to its smoother 
PI surface than FS 1. However, this result does not imply that 
rough PI surface is not suitable as a base film of flexible 
substrates. According to the results of 90o peel test, the peel 
strengths of FS 1 are about twice than those of FS 2. Actually, 
rough profiles of PI surface can provide good adhesion 
between ACFs and PI-based flexible substrates due to the 
mechanical locking (anchoring) effect. 
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Another consideration is the investigation of hydrophilic-
ity because hydrophilicity is closely related to wetting of 
adhesives on PI surfaces. Two test liquids, deionized water 
(DI water) and glycerol, were used to investigate the hydro-
philicity and the surface energy of PI surfaces. The results of 
contact angle measurement are listed in Table 3.  
Table 3. The results of contact angle measurement. 

 Flexible sub. 1 Flexible sub. 2 

DI water 105.2o±0.5o 61.4o±1.3o 

Glycerol 82.1o±2o 66.9o±1.1o 

According to the results, the PI surface of FS 1 was more 
hydrophobic than that of FS 2. Actually, the critical surface 
tension, γc is an important factor to predict the wetting 
between substrates and adhesives. In order to have a good 
wetting onto the substrate, γc of substrates must be higher 
than that of adhesives, and the reported γc of epoxy is 47 
mJ/m2 [6]. The γc values of FS 1 and FS 2 were calculated by 
using modified Young-Dupre equation based on the results of 
contact angle measurement. The equation is as follows: 

      γlv (1 + cos θ) = 2 ( γsv
dγlv

d ) 1/2 + ( γsv
pγlv

p )1/2            (1) 
where γlv is total surface energy of the test liquid, γsv is surface 
energy of the substrate, θ is the measured contact angle and 
subindices d and p mean dispersive and polar terms. The 
calculated surface energies (γc) of FS 1 and FS 2 were about 
37.9 mJ/m2 and 42.8 mJ/m2, respectively. Although both 
flexible substrates had lower critical surface energies than 
epoxy, γc of FS 2 was higher than that of FS 1. Consequently, 
adhesives can easily wet on the PI surface of FS 2 rather than 
that of FS 1, and FS 1 has more potentialities to form process 
related bubbles than FS 2. The results of surface energies are 
well-corresponding to the dependency of bubbles formation 
on flexible substrate type. 

3.4. Reliability test  
Two different types of TVs were assembled to investigate the 
effect of bubbles on PCT reliability. Type 1 TVs were 
assembled under bonding pressure of 9.2 MPa at 190oC, so 
they were bubble-free. However, bonding pressure of type 2 
TVs were 21.5 MPa at the same bonding temperature, 190oC, 
so they had many intentionally formed process bubbles. All 
TVs were assembled with RS-FS 1 combination because 
bubbles were not formed in RS-FS 2 combination. Fig. 10 
shows the changes of daisy chain resistance during PCT. 
Daisy chain resistances of both types of TVs slightly 
increased until 72 hours of PCT, but those of type 2 TVs 
significantly increased after 72 hours. The failure criteria of 
this study was defined when the daisy chain resistance in-
creased two times of initial daisy chain resistance. Therefore, 
all type 2 TVs were failed after 72 hours. However, the final 
daisy chain resistance of type 1 TVs was only about 12.2% of 
increase compared to initial daisy chain resistance. 

In general, the bi-material interface is the weakest location 
of moisture penetration during PCT. Therefore, in this TVs, 
the interface of PI and ACFs was the major location of 
moisture penetration due to its low adhesion. Furthermore, pr- 
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Fig. 10. The changes of daisy chain resistance during PCT. 

   
(a) 24 hours (b) 48 hours (c) 72 hours (d) 96 hours 
Fig. 11. Growth of process related bubbles by moisture pene-
tration during PCT. 

ocess related bubbles could accelerate moisture penetration 
and play as moisture entrapment sites. Consequently, moisture 
induced the growth of initial process related bubbles. As 
shown in Fig. 11, initial bubbles grew gradually by moisture 
penetration as the PCT went on, and the growth of bubble 
area caused contact loss and electrical failure eventually. 
According to the results of PCT, the initially formed process 
bubbles can cause moisture penetration paths and entrapment 
sites so process related bubbles should be removed for better 
reliability in humid environments. 

3.5. Plasma treatment and surface analysis  

Ar and O2 plasma treatments were performed on the PI 
surface of FS 1 before ACF bonding assembly. The changes 
of PI surface morphologies after the plasma treatments were 
measured using an AFM (Fig. 12). As shown in Fig. 12, 
initial spiky surface became smoother after plasma treatment 
but RMS roughness of Ar plasma treated surface slightly 
increased due to the physical bombardment effects. Surface 
energies of plasma treated FS surfaces increased about 20 ~ 
25 mJ/m2, and bubbles were not observed at plasma treated 
FSs, even though the bonding was performed with very high 
bonding pressure of 21.5 MPa (Fig.13).  

XPS analysis was performed on the as-received and 
plasma treated PI surfaces, and Fig. 14 shows the results of 
C1s peaks difference of the PI surfaces. The C1s spectrum of 
as-received PI surfaces were mainly consisted of about 70.2% 
of C-C bond and 29.8% of C=O bond. After Ar plasma treat- 
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(a) As-received PI 

  
(b) Ar plasma treated PI (c) O2 plasma treated PI 

Fig. 12. Comparisons of PI surface morphologies before and 
after plasma treatment. 
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Fig. 13. Comparisons of surface energies and bubbles for-
mation after plasma treatment on FS1 surfaces. 
ment, the intensity of C-C bond peak increased, but C=O 
bond peak was almost disappeared. However, C-O bond peak 
was newly observed. Generally, C-O bond is known as 
hydrophilic structure by combining to hydrogen or carbon [7]. 
Therefore, these C-O and C-C bonds might contribute to 
improve wettability of PI surface during ACF bonding.  

In the case of O2 plasma treatment, core level peak 
intensity was almost same to as-received PI. However, peak 
intensity of oxygen containing C bonds increased after O2 
plasma treatment. As shown in Fig. 14(c), C-O bond formed 
during O2 plasma treatment and the ratio of C-C, C-O and 
C=O bonds was about 58.8% : 23.4% : 17.8%. Therefore, m 
any hydrophilic C-O bonds were formed at PI surface during 
O2 plasma treatment. As a summary, hydrophilic C-O bonds, 
generated during Ar and O2 plasma treatment, increased 
surface energies and wettability of PI surfaces resulting in a 
significant bubble reduction during ACF bonding. 

 
 
 

282 284 286 288 290 292 294

C=O

C
ou

nt
s 

(a
.u

.)

Binding energy (eV)

As-received - C1s
 Original plot
  Fitting plot
 C-C bond
 C=O bond

C-C

 
(a) As-received PI 
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(b) Ar plasma treated PI 

282 284 286 288 290 292 294

C=O

C
ou

nt
s 

(a
.u

.)

Binding energy (eV)

O2 plasma - C1s
 Original plot
 Fitting plot
 C-C bond
 C-O bond
 C=O bond

C-C

C-O

 
(c) O2 plasma treated PI 

Fig. 14. Deconvolution of XPS C1s spectra of PI surfaces 
before and after plasma treatment. 

4. Conclusions 
(1) The formation of process related bubbles was closely 

related to the process variables, such as a bonding tempera-
ture and a bonding pressure conditions. Bonding temperature 
affected to gel time and cure time of ACFs and bonding 
pressure influenced resin flow rate. Proper ‘process windows’ 
should be found to fabricate reliable bubble-free ACFs joints. 

(2) According to the results, the PI surface with higher 
hydrophilicity, surface energy and lower roughness was 
favorable to fabricate bubble-free ACFs joints.  

(3) Type 2 TVs (w/ bubble) showed worse PCT reliability 
than type 1 TVs (w/o bubble) because the process bubbles 
acted as the moisture penetration path and entrapment sites. 
Therefore, process bubbles must be removed to make reliable 
ACFs joints in humid environments. 
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(4) Ar and O2 plasma treatment enhanced the surface 
energies and wettability by generating hydrophilic C-O 
bonds. Therefore, process related bubbles were significantly 
removed at ACFs joints. 
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