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In this study, solder ball incorporated polyvinylidenefluoride (PVDF) nanofiber was added into the ACF system to overcome short
circuit issues of fine pitch flex-on-flex (FOF) assembly. Also, in order to improve the thermal mismatch of the flexible substrate
which can lead to electrode misalignment during the bonding process, low melting temperature Sn58Bi solder balls were used
with vertical ultrasonic (U/S) bonding method. When performing FOF assembly using PVDF nanofiber/Sn58Bi solder ACF and
vertical ultrasonic bonding, PVDF nanofiber/Sn58Bi solder ACFs showed 34% higher solder capture rate on an electrode compared
to conventional Ni ACFs and conventional Sn58Bi solder ACFs. Additionally, PVDF nanofiber/Sn58Bisolder ACFs showed 100%
insulation between neighboring electrodes where conventional Ni ACFs and conventional Sn58Bi solder ACFs showed 75% and
87.5% insulation. Other electrical properties such as contact resistance and current handling capability as well as reliability test
of PVDF nanofiber/Sn58Bi solder ACFs showed improved results compared to those of conventional Ni ACFs, which proves the
formation of stable solder joint of PVDF nanofiber/Sn58Bi solder ACFs.

1. Introduction

The rapid development of portable electronic products
requires miniaturized, multifunctional, and high perfor-
mance package products. In order to fulfill these require-
ments, flex-on-flex (FOF) assembly was introduced due to
its fine pitch capability and reduced assembly thickness and
areas [1].

In various electronic interconnections, anisotropic con-
ductive films (ACFs) are commonly used as an intercon-
necting material [2–7]. These ACFs are well-known adhesive
materials which consist of conductive particles and polymer
resin material. However, for conventional ACFs, conductive
particle such as gold coated Ni ball showed insufficient
power carrying capability as well as reliability due to the
physical contact after bonding. In order to overcome this bar-
rier, metallurgical bonding based solder ACFs with vertical
ultrasonic bonding were introduced previously where solder

ACFs showed excellent metallurgical solder joint formation
resulting excellent electrical properties and reliability [8–10].

But, when it comes to fine pitch application, solder balls
have the tendency to agglomerate between the neighboring
electrodes resulting short circuit. Regarding the short circuit
issue, nanofiber incorporated ACFs were introduced in the
past [11–15] in our group using electrospinning technique
[16–19].

In this paper, we will introduce Sn58Bi (melting point:
138∘C) incorporated nanofiber/solder ACF. Commonly used
solder ball such as SAC305 (96.5% Sn, 3% Ag, and 0.5%
Cu with a melting point of 217∘C) requires high bonding
temperature (∼250∘C) in order to form stable metallurgical
joints. This high temperature can cause thermal mismatch of
the substrate during bonding processwhich leads to electrode
misalignment. By using Sn58Bi solder ball instead of SAC305
solder ball, it is possible to lower the bonding temperature
which will also lower the thermal mismatch between the top
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Figure 1:The images of 100 𝜇mpitch top and bottomflexible printed
substrates (FPCs).

Cu electrode

Figure 2: The SEM image of the copper electrode of 100 𝜇m pitch
FPC.

and bottom substrate as well as forming stable solder joint in
fine pitch FOF assembly.

2. Experimental

2.1. Material Preparation and Equipment

2.1.1. Test Vehicle Preparation. Polyimide base 100 𝜇m pitch
flexible printed circuits (FPCs) were designed as shown in
Figure 1. Both top and bottom flexible substrates contain
96 electrodes and the height of each electrode was around
12 𝜇m shown in Figure 2. The main bonding area of the
FPC was 2mm × 10mm. The electrodes of the FPCs were
copper electrodes. The copper electrodes were then treated
with 100 nm thick organic solderability preservative (OSP)
material in order to prevent any additional oxidation. The
bottom FPC contains six contact resistance measurement
points and four insulation resistance measurement points.

2.1.2. PVDF Nanofiber/Sn58Bi Solder ACF Formation.
Nanofibers containing Sn58Bi solder balls were electrospun
using the electrospinning equipment shown in Figure 3.
Electrospinning is a common method used to produce
nanofibers, where voltage is applied to the syringe needle
generating a charge at the tip of the needle. As the polymer
solution is charged, this will act as a driving force for the
polymer solution to migrate from the tip of the needle to

Figure 3: The Image of the electrospinning apparatus.

the ground collector producing nanofibers. The nanofiber
diameter can be controlled by changing the polymer
concentration, applied voltage, working distance, pump rate,
and so forth. The compositions of the ACF materials are
shown in Table 1. For the optimized PVDF nanofiber/solder
ACF, the polymer solution consisted of 15 wt.% of PVDF,
42wt.% dimethylacetamide (DMAC), and 28wt.% acetone
along with 15 wt.% Sn58Bi solder balls. After the polymer
solution was well mixed with solder balls, the mixed polymer
solution was then transported to the syringe followed by
the electrospinning process. The PVDF nanofiber was
electrospun at 10 KV while working distance, pumping
rate, and needle diameter were fixed as 10 cm, 20 𝜇L/min,
and 250 𝜇m. Then the Sn58Bi solder ball incorporated
PVDF nanofiber layer was fabricated and the fiber layer was
laminated between two nonconductive films (NCFs) with
a thickness of 10 𝜇m using the roll and vacuum laminator
resulting in final PVDF nanofiber/Sn58Bi solder ACFs with
a thickness of 25𝜇m.

2.1.3. Vertical Ultrasonic Bonding Apparatus. Solder ball nor-
mally contains native oxide, which prevents solder joint to
formwell. By applying vertical ultrasonic bonding, this native
oxide layer can be broken during the bonding process. The
vertical ultrasonic (U/S) bonding apparatus was developed
previously, and Figure 4(a) shows the one used in this exper-
iment. The longitudinal vibration frequency of the bonder
was 40KHz and the output power was 400W. Also, the
U/S vibration amplitude ranged from 4 to 13 𝜇m. The U/S
bonding apparatus have 3 important regions: bonding region,
preparation region, and aligning region. The U/S vibration
is applied at room temperature and the vibration is mainly
applied on the bonding horn located in the bonding region
shown in Figure 4(b). The size of the U/S horn was 22mm ×
3mm which covers the ACF bonding area of FOF assembly.
And 200𝜇m thick silicone interposer was placed between the
horn and the FPC. The schematic of the ultrasonic bonding
process is shown in Figure 5.

2.2. Optimization of Vertical Ultrasonic Bonding Condition.
In this experiment, the bonding condition is divided into
prebonding condition and main bonding condition. The
bonding conditions were decided based on the resin curing
temperature, Sn58Bi solder ball melting temperature, and
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Table 1: The material composition of conventional Ni ACFs, conventional Sn58Bi solder ACFs, and PVDF nanofiber/Sn58Bi solder ACFs.

ACF type Conventional ACF Solder ACF Nanofiber solder ACF
Conductive particle content (wt.%) 30wt.% Ni ball 20wt.% Sn58Bi solder ball 15 wt.% Sn58Bi solder ball
Conductive particle size (𝜇m) 8 𝜇m 5∼15𝜇m 5∼15𝜇m
Nanofiber material — — PVDF
Resin type Epoxy Epoxy Epoxy
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US controller

Replaceable US horn
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MicroPACK 1
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Figure 4: The image of (a) U/S bonding apparatus and (b) U/S horn for FOF bonding.
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Figure 5: The schematic image of the ultrasonic FOF bonding
process.

PVDF melting temperature which was determined by the
DSC curve. The prebonding condition was selected so that
the conductive particles were captured between the top and
bottom electrodes before the main bonding preventing any
resin capture during the main bonding process. The main
bonding conditionwas selected so that the solder ballmelting
occurs while fully curing the resin. Lee et al. performed
FOF assembly using 250∘C as a bonding temperature due to
the use of SAC305 solder ball which has a melting point of
217∘C. However, high bonding temperature can result high
thermal mismatch resulting electrode misalignment. Thus,
in this experiment, both 200∘C and 250∘C were considered
as bonding temperature candidates for comparison. For
comparison, themain bonding pressure and timewas fixed to

3MPa 5 sec bonding.Thermalmismatch between the top and
bottom FPCs was observed through the optical microscope.
In order to measure the total misalignment length one side
of the electrode was aligned perfectly while the other side
is misaligned. The misalignment value was then compared
with the dimensional change of the FPC using the thermal
mechanical analysis (TMA) in order to confirm the bonding
temperature effect on the thermal mismatch. In addition,
the degree of curing was measured through the Fourier
transform infrared spectroscopy (FT-IR).

2.3. Characterization of Nanofiber Effects on
ACF Joint Properties

2.3.1. Conductive Particle Movement Analysis. During the
prebonding process, conductive particles tend to move due
to polymer resin flow. The conductive particle movements
were observed before and after prebonding through the
microscopic image. Since it is difficult to observe the con-
ductive particles directly through the metal electrodes using
the optical microscope, we use a 26 𝜇m thick transparent
PI film on one side and 100 𝜇m pitch FPC on the other
side in order to observe the particle movement through
the microscope. The number of conductive particles for
conventional Ni ACFs, conventional Sn58Bi solder ACFs,
and PVDF nanofiber/Sn58Bi solder ACFs was counted and
recorded in order to confirm the nanofiber effect on the
solder movement. The number of conductive particles cap-
tured was then converted to the particle capture rate for
comparison.
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Figure 6: Test fixtures of measuring (a) insulation resistance and (b) contact resistance.
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Figure 7: The SEM image of Sn58Bi incorporated PVDF nanofiber
layer.

2.3.2. Electrical Property Analysis. As mentioned in the con-
ductive movement analysis, conductive particles migrate due
to the polymer resin flow during the bonding process causing
conductive particles to agglomerate between the neighboring
electrodes. For finer pitch applications, this bridging of
agglomerated conductive particles may result in electrical
short circuit between the electrodes. The insulation rate is
the exact opposite of short circuit. When the insulation rate
is 100%, this means that there are no short circuits. The
insulation property and contact resistances of conventional
Ni ACFs, conventional Sn58Bi solder ACFs, and PVDF
nanofiber Sn58Bi solder ACFs were measured by the test
fixture shown in Figure 6.

2.3.3. ACF Joint Analysis. After the FPCs were bonded by
vertical ultrasonic bonding method, the ACF joints were
observed through the scanning electron microscope (SEM)
in order to confirm whether stable metallurgical joint forms
between the conductive particle and the electrodes of FPCs.

2.4. Reliability Evaluations on Vertical Ultrasonic Bonded
ACF Joints

2.4.1. Current Carrying Capability. The current carrying
capability was determined by measuring the current while
applying voltage to the FOF assembly and increasing it

gradually using the DC power supply. The voltage was
increased by the increment of 0.1 V after each measurement.
The measurement was continued until the current dropped
to zero.This allows us to determine the maximum amount of
electrical current of the bonded FOF assembly.

2.4.2. Pressure Cooker Test. Lastly, the pressure cooker test
(PCT) was performed in order to evaluate the reliability of
the FOF assembly using the nanofiber Sn58Bi solder ACFs
and U/S bonding and compare this with that of conventional
Ni ACFs and conventional Sn58Bi solder ACFs. The test was
performed at 2 atm, 121∘C, 100%RH for 48 hours.The contact
resistances were measured for every 16 hours to confirm any
electrical open circuit.

3. Results and Discussion

3.1. PVDF Nanofiber/Sn58Bi Solder ACF Fabrication. The
PVDF nanofiber/Sn58Bi solder ACF was produced first
by obtaining PVDF nanofibers through electrospinning
technique. As mentioned in the experimental section, the
concentration of the polymer solution was optimized and
then electrospun at an optimized spinning condition to
produce solder ball incorporated PVDFnanofiber.ThePVDF
nanofiber containing Sn58Bi solder ball is shown in Figure 7.
It was observed that PVDF nanofiber completely covers the
Sn58Bi solder ball. After producing the PVDF nanofiber, the
nanofiber layer was laminated between two 10 𝜇m thick NCF
films using a roll and vacuum laminator as mentioned before.

3.2. Optimization of Vertical Ultrasonic Bonding Condition.
The DSC curves showing the resin curing temperature,
Sn58Bi solder ball melting temperature, and PVDF melting
temperature are shown in Figure 8. Resin curing shows
exothermic reaction where solder melting and polymer melt-
ing show endothermic reaction. The prebonding was per-
formed below the resin curing temperature (≤80∘C) allow-
ing the resin to flow thoroughly before the main bonding
process where the solder wetting occurs. The prebonding
condition was optimized as 6 MPa pressure at 78∘C for 10
seconds where it showed sufficient resin flow. The cross-
section image after the prebonding condition is shown in
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Figure 8: The DSC curve of (a) epoxy base resin containing Sn58Bi solder balls and (b) PVDF nanofiber containing Sn58Bi solder balls.

Figure 9:The SEM image of joint formation area after the prebond-
ing condition.
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Figure 13: The conductive particle movement analysis results of conventional Ni ACFs, conventional Sn58Bi solder ACFs, and PVDF
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after bonding.
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ACFs.

Figure 9. It is shown that the film thickness was reduced
down to 10 𝜇m, where solder ball is closely in contact with
the top and bottom electrodes. And then the main bonding
was performed to melt the Sn58Bi solder ball and PVDF
nanofiber and cure ACF resin finally. As mentioned before
for comparison the main bonding pressure and time were
set to 3MPa 5 sec bonding for comparison. In order to
select the main bonding temperature, degree of curing and
thermal mismatch were measured. The FT-IR results for
200∘C and 250∘C bonded samples are shown in Figure 10. As
the resin is cured, the integrated area near 915 cm−1 tends to
decrease. For both 200∘C and 250∘C bonded samples, more
than 90% resin curing occurred. However when observing
the PI film thermal mismatch result after the main bonding
process shown in Figure 11, 250∘C bonded sample showed
an average thermal mismatch value of 22𝜇m where 200∘C
bonded sample showed an average thermal mismatch value
of 11 𝜇m. Since the top and bottom FPCs are of the same
material, it is expected that the misalignment is due to the
thermal gradient.When observing through the thermodetec-
tor, the temperature difference between the top flex and the
bottom flex was around 150∘C.Themisalignment values were
compared with the dimensional change results of FPCs using
the thermal mechanical analysis (TMA) shown in Figure 12.
By lowering the bonding temperature to 200∘C, the thermal
mismatch between the top and bottom FPC was lowered
which eventually improved the electrode misalignment.

3.3. Characterization of Nanofiber Effects on
ACF Joint Properties

3.3.1. Conductive Particle Movement Analysis. The results
of conductive particle movement analysis are shown in
Figure 13. For conventional Ni ACFs and conventional
Sn58Bi solder ACFs, the number of conductive particles
located on the electrode area before prebonding was 45
and 49 for 10000 𝜇m2 area. However, after the prebonding

process, the number of conductive particles reduced down
to 21 and 23 resulting 47% capture rate for both ACFs. In
contrast, for the PVDF nanofiber/Sn58Bi solder ACFs, 26
solder balls were counted before the prebonding process, and
21 solder balls were captured after the prebonding process,
resulting in 81% capture rate. By using PVDF nanofiber,
the conductive particle capture rate was increased by 33%
compared with the conventional Ni ACFs and conventional
Sn58Bi solder ACFs because of the suppression of solder ball
movement during the prebonding process.

3.3.2. Electrical Property Analysis. PVDF nanofiber forms
an insulation coating around the solder ball acting as an
insulation layer. The insulation property results for conven-
tional Ni ACFs, conventional Sn58Bi solder ACFs, and PVDF
nanofiber/Sn58Bi solder ACFs are shown in Figure 14(a).
For conventional Ni ACFs and conventional Sn58Bi solder
ACFs, conductive particles tend to agglomerate between
the electrodes resulting in short circuit after the bonding
process. Conventional Ni ACFs and conventional Sn58Bi
solder ACFs showed 75% and 87.5% insulation rate, while no
short circuit was observed for the PVDF nanofiber/Sn58Bi
solder ACFs, showing 100% insulation property which in
otherwords is 0% short circuit.Theoptical images of the short
circuit region are shown in Figures 14(b) and 14(c). Also, the
optical image for the PVDF nanofiber/Sn58Bi solder ACF is
shown in Figure 14(d). It was shown that, even though the
solder balls tend to agglomerate, the solder ball showed no
direct contact due to the nanofiber. This result clearly proves
the excellent insulation property of PVDF nanofiber/Sn58Bi
solder ACFs compared with conventional Ni ACFs and
conventional Sn58Bi solder ACFs. In addition, the average
contact resistances of conventional Ni ACFs, conventional
Sn58Bi solder ACFs, and PVDF nanofiber Sn58Bi solder
ACFs were 16.7mΩ, 14.7mΩ, and 15.6mΩ, respectively, as
shown in Figure 15. For conventional Ni ACFs, the Ni ball
forms a physical contact with the electrodes preserving its
shape, while, for conventional Sn58Bi solder ACFs and PVDF
nanofiber/Sn58Bi solder ACFs, the solder ball spreads out
forming a metallurgical joint with the electrodes allowing
larger contact area. This is why conventional Ni ACF showed
the highest contact resistance.

3.3.3. ACF Joint Analysis. The conductive particles form
contact joints which act as an electrical pathway. The SEM
images for conventionalNiACFs, Sn58Bi conventional solder
ACFs, and PVDF nanofiber/Sn58Bi solder ACFs joints are
shown in Figure 16. It is shown that both conventional Sn58Bi
solder ACFs and PVDF nanofiber/Sn58Bi solder ACFs form
excellent solder metallurgical joint which forms Cu-Sn inter-
metallic compounds (IMC) layer where conventional Ni
ACFs only form physical contact resulting less stable joints.
Also, the contact areas for conventional Sn58Bi solder ACF
and PVDF nanofiber/Sn58Bi solder ACF joints were larger
than that for the conventional Ni ACFs resulting stable
contact resistances as well as good reliability explained later.
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Figure 16: The SEM images of solder ball contact joints of (a) conventional Ni ACF joint, (b) conventional Sn58Bi solder ACF joint, and (c)
PVDF nanofiber/Sn58Bi solder ACF joint.
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3.4. Reliability Evaluations on Vertical Ultrasonic Bonded
ACF Joints

3.4.1. Current Carrying Capability. The current carrying
capability results of conventional Ni ACFs, conventional

Sn58Bi solder ACFs, and PVDF nanofiber/Sn58Bi solder
ACFs are shown in Figure 17. Conventional Ni ACFs were
able to carry 0.94A at 2.9 volts bias where conventional
Sn58Bi solder ACFs and PVDF nanofiber/Sn58Bi solder
ACFs were able to carry near 0.99A and 1.07A at 3.1 and
3.2 volts bias. For conventional Sn58Bi solder ACFs and
PVDF nanofiber/Sn58Bi solder ACFs, higher solder joint
contact area was observed resulting higher current carrying
capability compared with the conventional Ni ACF. However,
the main failure occurred at the FPC line damage rather than
the solder joint failure. Still it was shown that PVDFnanofiber
Sn58Bi solderACFs have excellent current carrying capability
compared to that of the conventional Ni ACF.

3.4.2. Pressure Cooker Test. Joint stability of the FOF assem-
bly ACF joints was tested by a pressure cooker test (PCT).
The pressure cooker test (PCT) results of conventional
Ni ACFs, conventional Sn58Bi solder ACFs, and PVDF
nanofiber/Sn58Bi solder ACFs are shown in Figure 18. For
both Sn58Bi solder ACFs and PVDF nanofiber/Sn58Bi solder
ACFs, no open circuits were observed even after 48 hours
showing stable joint formation where conventional Ni ACFs
showed open circuit even after 16 hours of PCT. This is due
to the unstable joint stability of the conventional Ni ACF
which forms a physical contact between the Ni ball and the
electrodes.
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Figure 18: Pressure cooker test results of (a) conventional Ni ACFs, (b) conventional Sn58Bi solder ACFs, and (c) PVDF nanofiber/Sn58Bi
solder ACFs.

4. Conclusion

Fine pitch flex-on-flex (FOF) assembly was successfully
demonstrated using PVDF nanofiber/Sn58Bi solder ACFs
and vertical ultrasonic bonding method. By using Sn58Bi
solder ball instead of SAC305 solder ball, the bonding
temperature was reduced from 250∘C to 200∘C resulting
improved thermal mismatch. When looking at the conduc-
tive particle movement analysis after the bonding process,
PVDF nanofiber/Sn58Bi solder ACFs showed 33% cap-
ture rate improvement compared with the conventional Ni
ACFs and conventional Sn58Bi solder ACFs. Also, PVDF
nanofiber/Sn58Bi solder ACFs showed 100% insulation prop-
erty. It is clearly shown that PVDF nanofiber successfully
suppresses the conductive solder ball movement and acts as

an insulating layer around the solder ball. When observing
the reliability results, conventional Sn58Bi solder ACFs and
PVDF nanofiber/Sn58Bi solder ACFs showed preferable reli-
ability results compared to those of conventional Ni ACFs.
This is because conventional Sn58Bi solder ACFs and PVDF
nanofiber/Sn58Bi solder ACFs contain stable metallurgical
solder joints along with the high contact area.

Overall, PVDF nanofiber/Sn58Bi solder ACFs showed
excellent solder movement suppressing capability as well as
insulation property while lowering the bonding temperature
improving the thermal mismatch which eventually improves
the electrode misalignment for fine pitch FOF assembly.
Currently, the bonding temperature was set to 200∘C due to
themelting point of the nanofiber polymermaterial and resin
curing. If we select a nanofiber polymer material with a low
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melting point (below 150∘C) and also use a fast curing resin,
it is possible to lower the bonding temperature even down
to 150∘C. However, more research needs to done to meet
the right mechanical properties and melting temperature
of the nanofiber polymer material in order to lower the
bonding temperature. This nanofiber solder ACF technology
will provide great potential use for future advanced fine pitch
electronic assemblies.
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