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The self-assembly of solder powder on pads is attractive as a novel intercon-
nection method between chips and substrates. However, the solder used in this
method is limited to Sn-58Bi and Sn-52In. In contrast, Sn-3Ag-0.5Cu has been
relatively less studied despite its wide use as a lead-free solder in assembling
semiconductor packages. Hence, here, polymeric materials incorporating
Sn-3Ag-0.5Cu solder powder were investigated for the self-assembly of the
solder on pads at temperatures up to 260�C in a lead-free reflow process. The
self-assembly of the solder was observed with an optical microscope through
transparent glass chips placed on substrates covered with the polymeric mate-
rials incorporating the solder powder. Differential scanning calorimetry mea-
surements were performed to confirm the behaviors of the reaction of the resins
and the melting of the solder. When epoxy resin with a fluxing additive was used
as a matrix, self-assembly of the solder was prevented by the cross-linking
reaction. Conversely, when thermoplastic resin containing carboxyl groups was
used as a matrix, the self-assembly of solder was successfully achieved in the
absence of fluxing additives. The shear strength of interconnection using re-
flowfilm with lamination was sufficient and significantly increased during the
reflow process. However, the shear strength of the reflowfilm showed cohesive
failure, possibly because of the brittle intermetallic compounds (Ag3Sn, Au4Sn)
network in bulk was lower than that of conventional solder paste that showed
interfacial failure after the reflow process with a rapid cooling rate.
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INTRODUCTION

The flip-chip (FC) technology, termed as C4
(controlled collapse chip connection), for soldering
interconnections of fine pitch pads is widely used for
assembling semiconductor packages.1 The advan-
tageous property of the FC interconnection tech-
nology is the lower electrical resistance of the
conductive path between the chip and substrate,
owing to the intermetallic compound (IMC) between

the solder and pad when compared with that of the
mechanical contact of anisotropic conductive adhesives
(ACAs).2,3 Further improvement of the FC technology
is desired for expanding future applications.1,4,5

One of the novel improvements involves the self-
assembly of solder using thermoset resin, namely,
epoxy resin and solder powder, Sn-58Bi.6–11

Figure 1 shows the method employed for the self-
assembly of the electrically conductive path of sol-
der between the pads and the concurrent formation
of underfill during the reflow process. This method
is also academically attractive because it involves
self-assembly, which is one of the hot scientific
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topics,12–14 and is industrially remarkable as
reported by many authors.2,3,15–20 In these studies,
low-temperature solders were used to self-assemble
at temperatures lower than the onset temperature
(�150�C) of the cross-linking reaction of the epoxy.
The typical low-temperature solders studied were
Sn-58Bi (Tm 139�C) and Sn-52In (Tm 118�C).
Figure 2 shows the reflow process used for the self-
assembly of low-temperature solder and underfill-
ing with epoxy.8

Despite the advantages and extensive research
performed on these solders to date, Sn-58Bi solder

has an inherent drawback, i.e., its reliability
declines as a function of thermal history.21–27

Additionally, Sn-52In solder is expensive. Accord-
ingly, Sn-3Ag-0.5Cu solder has been recommended
by the Japan Electronics and Information Technol-
ogy Industries Association (JEITA), and is widely
used in FC interconnections.28–31 However, as
shown in Fig. 3, cross-linking of epoxy prevents
Sn-3Ag-0.5Cu solder from self-assembling because
the cross-linking reaction starts at a temperature
below the melting and assembling temperatures of
the solder.

Accordingly, in this study, thermoplastic resin
that does not cross-link even at high temperatures
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Epoxy matrix: thermal motion

Self-assembly on pad 

Cross-linking reaction

Fig. 1. Self-assembly process of solder for interconnection between chip and substrate during reflow process.
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Fig. 2. Reflow process for the self-assembly of solder, such as
Sn-58Bi, which features a melting point temperature lower than the
onset temperature of cross-linking of epoxy resin.
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Fig. 3. Reflow process of solder, such as Sn-3Ag-0.5Cu, which
features a melting point temperature higher than the onset temper-
ature of cross-linking of epoxy resin. Self-assembly does not proceed
under these conditions.
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Fig. 4. Reflow process for the self-assembly of solder in thermo-
plastic resin.
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Fig. 5. Reflow process adopted in this study in the presence of lead-
free solder Sn-3Ag-0.5Cu.
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of �260�C in the current lead-free reflow process
was studied as a matrix to achieve self-assembly of
Sn-3Ag-0.5Cu solder. The process using this mate-
rial system is shown in Fig. 4. The thermoplastic
resin used in this study shows excellent flux activ-
ity, owing to the carboxyl groups, and also has
excellent film formability that facilitates handling
and repair, owing to the relatively high molecular
weight. This is the first report on the development of
thermoplastic resin film containing solder powder
that is termed reflowfilm.

EXPERIMENTAL

Materials and Test Specimens Preparation
for the Self-assembly of the Solder

Thermoplastic resin containing carboxyl groups,
Sn-3Ag-0.5Cu solder powder (average diameter:

�30 lm), and organic solvent were mixed to produce
a varnish solution. The latter solution was cast on a
poly(ethylene terephthalate) (PET) film and oven-
dried to form a film incorporating the solder powder
(reflowfilm) of �150 lm thickness. Also, an epoxy
paste was formed by mixing liquid epoxy resin,
curing agent, and solder powder. In addition, epoxy
paste incorporating a fluxing agent was prepared.
The obtained film or pastes were placed on a sub-
strate onto which a transparent glass chip was
placed, forming a sandwich structure (glass/film/
substrate) to monitor the flow of the solder. The
substrate used was FR-4 (flame retardant type 4) of
a glass fiber-reinforced epoxy resin containing pads
of 1.3 mm in diameter with 2.0- and 2.2-mm pitches;
areas of the substrate surface that did not contain
the pads were covered with solder resist. The Cu
pad on the substrate was coated with Ni/Au, termed
as ENIG (electroless nickel immersion gold). To
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Fig. 6. Schematic diagram of the shear test conducted on the 3216 component mounted on the ENIG surface finish of the FR-4 substrate.

Fig. 7. Photographic image of reflowfilm.
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Fig. 8. DSC curves of (a) epoxy paste, (b) epoxy paste containing
fluxing agent, and (c) thermoplastic film. The samples were heated at
a rate of 10�C/min.
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observe the interconnection between pads, a 3216
component [Koa, Japan; Japanese Industrial Stan-
dard (JIS) 3216: 3.2 mm 9 1.6 mm, Electronic
Industries Alliance (EIA) standard 1206: 1.2 in. 9
0.6 in.], containing both pads coated with Ni/Sn,
was also mounted on the substrate using the film
incorporating the solder powder.

Reflow Process and Observation
of the Self-assembly of the Solder

The prepared specimens based on the glass chip
and 3216 component were placed in a reflow

chamber and heated in a nitrogen atmosphere using
the heating program shown in Fig. 5. The test
specimens were heated to 260�C at a rate of 4�C/s
(60 s from 20�C to 260�C) that was maintained for
30 s, and then cooled to 20�C at a rate of �4�C/s.
Self-assembly of the solder based on the glass chip
specimen was observed during the reflow process
from the top view of the specimen using an optical
microscope, operating at a long working distance
(SMT Scope SK-5000, Sanyoseiko). The specimen
based on the 3216 component was observed in a
similar fashion, but from the side view of the
specimen.

(a) Before reflow (b) After Reflow

Reflowfilm 
Component ( 3.2 1.6 mm)

Substrate
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Direction of observation
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500 µm 500 µm

Fig. 9. X-ray transmission images of the interconnection between the 3216 component and substrate (a) before and (b) after the reflow process.
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Fig. 10. Optical images of the interconnection between the 3216 component and substrate (a) before and (b) after the reflow process.
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Differential Scanning Calorimetry (DSC)
Measurements

DSC measurements were performed on a Pyris dif-
ferential scanning calorimeter (Perkin Elmer) to con-
firm the behaviors of the resin reaction and solder
melting. The sample (�5 mg) was sealed in an alu-
minum pan and heated from 40�C to 280�C at a heat-
ing rate of 10�C/min under a nitrogen atmosphere.

X-ray Transmission Observation

The self-assembly of the solder powder on the
larger pads for the interconnection between the

3216 component and substrate was observed with a
micro-focus x-ray inspection system MF160C (Hit-
achi Kenki Finetech) after the reflow process.

Mechanical Shear Test and Failure
Observation

The mechanical shear test was performed on a
Dage Series 4000 (Inseto) as shown schematically in
Fig. 6 to measure shear strength and observe fail-
ure mode. The test conditions were: shear speed
50 lm/s; stand-off distance 200 lm; and tempera-
ture �15�C. Each shear test specimen was prepared
by soldering the 3216 component mounted on the
ENIG surface of the FR-4 substrate using either
reflowfilm or a solder paste (composed of Sn-3Ag-
0.5Cu solder of �30 lm diameter and rosin as
fluxing agent) in the reflow process. A shear test
using reflowfilm was also prepared by lamination at
an appropriate pressure using tweezers on a hot
plate at 180�C for 15 s (without reflow process). The
shear strength measurements for each specimen
were conducted in triplicate and an average value
was calculated. Following the mechanical shear
test, the failure surfaces were observed with a dig-
ital microscope (VHX-100 K; Keyence).

Observation of the Soldering Interconnection
Microstructure

The microstructure of the soldering interconnec-
tion was analyzed on a scanning electron micro-
scope (SEM; Royal Philips Electronics XL30 ESEM
FEG) equipped with an energy-dispersive x-ray

0 s 60 s 90 s 150 s

260 °C

20 °C

(b) (c) (d)

(a)
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Fig. 12. Optical images of the glass chip specimen using the thermoplastic film incorporating Sn-3Ag-0.5Cu solder during the reflow process at
(a) 36�C (during heating), (b) 260�C (following heating for 60 s), (c) 260�C (following isothermal heating for 30 s), and (d) 116�C (during cooling).

Fig. 11. Cross-sectional image of the interconnection between the
3216 component and substrate after the reflow process.
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spectroscope (EDX), operating at an accelerating
voltage of 10 kV. Prior to SEM measurements, the
specimen was prepared as follows. The specimen
was impregnated with a liquid-type resin that was
then cross-linked at room temperature. The speci-
men embedded within the cross-linked resin was
polished on wet abrasive paper with varying grit
numbers (JIS) from #500 (average particle size:
30 lm) to #2000 (average particle size: 10 lm) and
finally with a 0.3-lm alumina suspension. The pol-
ished specimen was etched by argon ion milling
(IM400; Hitachi High-Technologies) to remove pol-
ish residue. Finally, platinum (Pt) was deposited on
the exposed surface.

RESULTS AND DISCUSSION

Figure 7 shows a photographic image of the
reflowfilm fabricated in this study that comprises a
thermoplastic resin film containing the solder pow-
der. The film as shown in Fig. 7 is one of the key
features of reflowfilm that allows handling and easy
repair when compared with the paste.

Figure 8 shows the DSC curves of the film and
pastes containing the solder powder. All samples
displayed a sharp endothermal peak at 218�C cor-
responding to the melting of Sn-3Ag-0.5Cu solder.
The epoxy pastes displayed a broad exothermal

peak, corresponding to the cross-linking reaction of
epoxy, at a temperature lower than the melting
point of solder. The onset temperatures of the exo-
thermal peaks of the epoxy pastes in the presence
and absence of flux agent were 40�C and 140�C,
respectively, suggesting that the flux agent accel-
erated the cross-linking reaction. Conversely, the
thermoplastic film containing the solder powder
showed no obvious exothermal peaks, suggesting
that no cross-linking reaction had occurred.

Figure 9 shows the x-ray transmission images of
the interconnections between the 3216 component
and substrate before and after the reflow process.
The film containing the solder was used as soldering
material. As shown in Fig. 9, the pads displayed
nearly uniform contrast before reflow, indicating
uniform distribution of the solder in the thermo-
plastic resin film. Conversely, the presence of the
large dark domains observed in the post-reflow
image as highlighted by the circle indicates the
coalescence of the solder into large droplets owing to
excellent wettability and Laplace pressure.

Figure 10 shows the reduction in the gap between
the component and substrate, owing to the softening
of the resin during the reflow process, thereby
achieving excellent interconnection. Figure 11
shows the cross-sectional image of the 3216 compo-
nent after the reflow process. As observed, a

260 °C

0 s 60 s 90 s 150 s
20 °C

(c) (d) (e)

(b)

500 µm500 µm500 µm
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Fig. 13. Optical images of the glass chip specimen based on the epoxy paste incorporating Sn-3Ag-0.5Cu solder during the reflow process at (a)
21�C (before heating), (b) 134�C (during heating), (c) 210�C (during heating), (d) �260�C (during heating), and (e) �260�C (following isothermal
heating for 30 s).

Miyauchi, Yamashita, Suzuki, and Takano3416



connecting path, as produced by soldering, and for-
mation of the solder fillet were successful.

Figure 12 shows the optical images of the glass
chip specimen using the film during the reflow
process. As shown in Fig. 12, the solder on the pads
was sufficiently wetted and assembled (coalesced
into large droplets) after 30 s when maintained at

260�C. A shiny surface was observed that confirmed
the successful self-assembly of the solder using
thermoplastic resin and without any fluxing agents.
This indicates that the carboxyl group of the resin
can effectively remove the oxidized solder on the
surface.

Figure 13 shows optical images of the glass chip
specimen during the reflow process. The soldering
material used here was epoxy paste containing the
solder and no fluxing additives. As clearly observed
in Fig. 13, the voids generated at 134�C during the
heating step coalesced into single larger voids with
increasing temperatures. Moreover, coalesced sol-
der droplets were not observed even at tempera-
tures exceeding 218�C (corresponding to the melting
point of solder), thereby suggesting the need for
fluxing additives in the epoxy paste system.

Figure 14 shows optical images of the glass chip
specimen during the reflow process. The soldering
material used here was epoxy paste containing both
the solder powder and fluxing agent. No noticeable
migration of the solder powder was observed during
the reflow process. This was consistent with our
belief that the fluxing agent accelerated the cross-
linking reaction of epoxy, as discussed in Fig. 8, and
consequently inhibited self-assembly of the solder.

260 °C
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20 °C

(c) (d) (e)

(b)

(a)

500 µm500 µm500 µm

500 µm

500 µm

Fig. 14. Optical images of the glass chip specimen based on the epoxy paste incorporating Sn-3Ag-0.5Cu solder and fluxing agent during the
reflow process at (a) 32�C (during heating), (b) 64�C (during heating), (c) 178�C (during heating), (d) �260�C (during heating), and (e) �260�C
(following isothermal heating for 30 s).
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Fig. 15. Shear strength of the 3216 component mounted on the
ENIG surface finish of the FR-4 substrate: (a) reflowfilm lamination,
(b) reflowfilm after reflow, and (c) solder paste after reflow.
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Conversely, as shown in Fig. 12, self-assembly
was successfully achieved when thermoplastic resin
was used as the matrix. It is believed that the solder
in the molten state migrates through the thermo-
plastic resin matrix to achieve self-assembly of the
solder on the pads.

Figure 15 shows the shear strength of the 3216
component mounted on the ENIG surface finish of
the FR-4 substrate. The data represent average
values of the shear strength calculated from three
measurements. The maximum and minimum devi-
ations from the average values are represented by
the corresponding error bars. The reflowfilm with

lamination (without the reflow process) featured a
shear strength of 5.7 MPa and adequate adhesion
property for handling. As observed from the failure
surface in Fig. 16, delamination occurred at the
interface between the 3216 component and the
reflowfilm. Reflowfilm was only slightly damaged by
delamination and could be repaired accordingly.
The shear strength of the reflowfilm after the reflow
process was 23.7 MPa and significantly increased in
comparison with that displayed by the reflowfilm
with lamination. However, after the reflow process
under a rapid cooling rate of �4�C/s, the shear
strength of the reflowfilm (23.7 MPa) was lower

Fig. 16. Digital microscopy images of the failure surfaces of the (a) component and (b) substrate following mechanical shear test of the 3216
component mounted on the ENIG surface finish of the FR-4 substrate using reflowfilm on a hot plate at 180�C for 15 s at appropriate pressure.

Cohesive failure observed except in the encircled areas

(a)

500 µm 500 µm

(b)

Interfacial
failure

Fig. 17. Digital microscopy images of the failure surfaces of the (a) component and (b) substrate following mechanical shear test of the 3216
component mounted on the ENIG surface finish of the FR-4 substrate using reflowfilm under the reflow process.

Interfacial
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(a)

500 µm 500 µm

(b)

Fig. 18. Digital microscopy images of the failure surfaces of the (a) component and (b) substrate following mechanical shear test of the 3216
component mounted on the ENIG surface finish of the FR-4 substrate using solder paste under the reflow process.
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Fig. 19. Cross-sectional SEM images of the 3216 component mounted on the ENIG surface finish of the FR-4 substrate using solder paste under
the reflow process under different magnifications showing (a) an overview image, (b) fillet from the enclosed section in (a), (c) solder inter-
connection from the enclosed section in (b), and (d) solder/substrate pad interface from the enclosed section in (c).
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Fig. 20. Cross-sectional SEM images of the 3216 component mounted on the ENIG surface finish of the FR-4 substrate using reflowfilm under
the reflow process under different magnifications showing (a) an overview image, (b) fillet from the enclosed section in (a), (c) solder inter-
connection from the enclosed section in (b), and (d) solder/substrate pad interface from the enclosed section in (c).
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than that of conventional solder paste (36.1 MPa).
Figures 17 and 18 show digital microscopy images
of the failure surfaces following a mechanical shear
test using reflowfilm and solder paste, respectively,
under the reflow process with rapid cooling. As
shown in Fig. 17, for the reflowfilm system, inter-
facial failure between the 3216 component and the
solder occurred in small areas, as enclosed in the
circles. In the other areas that account for a large
fraction of the failure, cohesive failure occurred
because both the pads of the 3216 component and
the ENIG surface finish of FR-4 substrate were
covered with solder. However, as shown in Fig. 18,
for the solder paste system, interfacial failure in the
areas, as highlighted by the circle, accounted for the
large fraction of failure observed.

Figures 19 and 20 show the cross-sectional SEM
images for the solder paste and reflowfilm systems
after the reflow process with rapid cooling. It is well
known that the thin Au coating of ENIG rapidly
dissolves in bulk solder, and that an IMC layer of
(Cu,Ni)6Sn5 is formed on the Ni surface during the
reflow process.32 As shown in Fig. 19, using solder
paste, a (Cu,Ni)6Sn5 layer was observed on the Ni
surfaces of the 3216 component and the substrate.
The occurrence of interfacial failure (macroscopic
crack propagation at the interface between Ni and
solder) upon shear test of the reflowed specimen
using solder paste is possibly because of the brittle
property of the (Cu,Ni)6Sn5 layer. Similarly, as

shown in Fig. 20, the reflowed specimen using
reflowfilm also featured a (Cu,Ni)6Sn5 layer on the
Ni surfaces. Moreover, an IMC network throughout
the bulk was observed in the solder interconnection.
The network was composed of large needle- and
plate-like IMC particles. Based on the EDX analysis
shown in Fig. 21, the large needle-shaped IMC
particles may correspond to Ag3Sn because analysis
revealed the presence of Ag, whereas the large
plate-shaped IMC particles may correspond to
Au4Sn because analysis revealed the presence of
Au. It is well known that needle-shaped Ag3Sn and
plate-shaped Au4Sn are formed in solder bulk dur-
ing Sn-Ag-Cu soldering on ENIG surface finish
(reflow), isothermal aging, and thermo-mechanical
cycling (TMT).1,28,33–37 Large IMC particles,
exhibiting brittle properties, greatly affect plastic
deformation of solder.33,38 As a result, the strain-
delocalized boundary between large IMC particles
and Sn (solder matrix) can trigger crack propaga-
tion.33,39 Crack propagation through solder bulk
(macroscopic cohesive failure) upon shear test of the
reflowed specimen using reflowfilm may occur near
the boundary between IMCs and Sn (solder matrix)
owing to strain localization (microscopic interfacial
failure). The onset of macroscopic cohesive failure is
mainly because of the less robust network interface
between IMCs (Ag3Sn, Au4Sn) and Sn (solder
matrix) when compared with that of the layer
interfaces Ni/(Cu,Ni)6Sn5 and (Cu,Ni)6Sn5/solder.

5 µm

(b)

Ag(c)

5 µm

Au(d)

5 µm

(a)

20 µm

Fig. 21. Cross-sectional SEM images and corresponding EDX mapping images of the 3216 component mounted on the ENIG surface finish of
the FR-4 substrate using reflowfilm under reflow process. SEM images showing (a) solder interconnection (also shown in Fig. 20c) and (b) IMC
particles from the enclosed section in (a), and EDX mapping images showing the presence of (c) Ag in (b) and (d) Au in (b).
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However, a distinct network structure composed of
IMCs for the reflowed specimen using solder paste
was not observed in the solder bulk. This indicated
that macroscopic interfacial failure had mainly
occurred.

The reflowed specimen of reflowfilm showed lower
shear strength when compared with that of solder
paste possibly because of the IMCs network of sol-
der bulk. However, the (Cu,Ni)6Sn5 layer thickness,
which is responsible for poor reliability, was
�1.7 lm for the reflowed specimen of reflowfilm
(Fig. 20d) and �2.1 lm for that of solder paste
(Fig. 19d). It should be pointed out that the thick-
ness of the Ni layer decreased during the reflow
process according to the extent of Ni mass transfer
to IMC. Before reflow, both the reflowfilm and sol-
der paste systems displayed the same Ni layer
thickness. Thus, considering the above points,
reflowfilm is more advantageous. Therefore, sup-
pression of the IMC network formation is required
for its reliability. It is well known that cooling rate
has a great effect on IMC formation as observed for
Ag3Sn in solder bulk.38 Further study is required to
evaluate the size and distribution of IMC, and their
shear strength under a standard reflow process with
a slower cooling rate.

CONCLUSIONS

The self-assembly of Sn-3Ag-0.5Cu solder on pads
in polymeric materials was investigated using DSC,
optical microscopy, and x-ray transmission analy-
ses. The shear strength of the interconnection using
reflowfilm with lamination and after reflow with
rapid cooling was measured. Microstructure ana-
lysis was conducted using SEM. The conclusions are
as follows:

(1) Thermoplastic resin film containing Sn-3Ag-
0.5Cu solder powder that facilitates handling
and repair was successfully fabricated. The film
was named reflowfilm.

(2) No distinct exothermal peaks corresponding to a
cross-linking reaction were detected by DSC for
the film. Self-assembly of the solder and forma-
tion of the connective path of the solder between
the component and substrate were successfully
achieved using the film.

(3) The film (reflowfilm) contains carboxyl groups
in the thermoplastic resin and no fluxing addi-
tives were required to achieve excellent solder
wettability.

(4) The epoxy paste lacked sufficient flux activity.
The epoxy paste containing fluxing agent pre-
vented migration of the solder powder, probably
because of the accelerated cross-linking reaction
caused by the fluxing agent.

(5) The shear strength of the reflowfilm with lamina-
tion was sufficient and significantly increased
during reflow process. Delamination damage of
the reflowfilm was sufficiently low for repair.
However, the shear strength of the interconnection

using reflowfilm, showing cohesive failure, possibly
because of the brittle IMC (Ag3Sn, Au4Sn) network
in bulk, was lower than that of conventional solder
paste that showed interfacial failure.
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