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30 October 2019 studies on fluxless soldering are very rare, especially those involving the use of
electroless nickel immersion gold (ENIG) substrate under formic acid (FA)

© Springer Science+Business  atmosphere that can effectively reduce the majority of solders. In this work, the

Media, LLC, part of Springer characteristic parameters of FA reflow soldering performed by combining Sn—

Nature 2019 3.5Ag-0.5Cu (SAC305) solder and ENIG substrate are compared with the sol-
dering conducted using liquid rosin mildly activated (RMA) flux. It is found
that the wettability of FA-exposed solder is greater than that of RMA-containing
solder because the former spreads across the interfacial layer of intermetallic
compounds (IMCs) produced before the melting of SAC305. Additionally, the
interfacial reactions of FA-exposed solder resemble those of RMA solder before
and after the thermal aging at 150 °C. Therefore, the impact strengths of these
two solders are almost the same due to the similarity of their microstructures
and close growth rates of (Cu,Ni)¢Sns IMC layers during thermal aging. The
findings of this study suggest that FA reflow soldering is a promising envi-
ronmentally friendly technique for electronic packaging.

Introduction the soldering process, flux serves as a chemical
cleaning agent that not only removes the oxide layer,
Sn-rich solders with good wettability and low melt-  but also enhances the wettability between the molten

ing points (210-220 °C) are commonly used for sol-  solder and the substrate [7]. After soldering, flux
dering interconnections in the surface mount  residues are typically removed to prevent corrosion
technology, flip chip, and micro-bump methods uti-  [8, 9]; however, the use of halogenated solvents (such
lized in advanced electronic packaging [1-6]. During as chlorofluorocarbons [10]) for removing rosin-
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based liquid fluxes must be limited due to its nega-
tive impact on the environment [11]. Meanwhile, in
modern electronics, the increase in the solder bump
density and reductions in the gap between the chip
and substrate gap and the spaces between various
components can become roadblocks for the flux
cleaning process [12]. Additionally, solder pastes
with the newly developed no-clean type fluxes suffer
from the flux residue splattering on in-circuit testing
pads [13], which decrease the optical efficiency of
optoelectronic products (including light emitting
diodes) [8, 10, 14, 15]. Consequently, fluxless solder-
ing demonstrated high market potential [10] and
received much attention from researchers, especially
fluxless soldering using an ultrasonic technology
[16-19], plasma-assisted dry soldering [20], a fluxless
process using argon atom sputter—etching [19], and
fluxless Au/Sn eutectic die bonding in vacuum [21].
One commonly used fluxless soldering method
involves the decrease in the oxidation state of metals
and enhancement of solder wettability in a reducing
atmosphere, such as hydrogen gas or formic acid (FA;
HCOOH). On the one hand, the efficient reduction by
pure hydrogen at 300 °C is not suitable for most
solders utilized in the electronics industry
[7, 8,12, 15, 22-25]. On the other hand, among many
possible interconnecting materials, the applicability
of lead-free Sn—Ag—Cu alloy (SAC solder with > 95%
Sn) in microelectronics packaging continues to grow
[5, 26, 27]. The oxide phase of SAC solder is com-
posed of SnO and SnO, compounds [28-30], whose
reactions with FA can be expressed as follows [25]:

5nO + 2HCOOH — Sn(HCOO),+H,0O (1)
SnO, + 2HCOOH — Sn(HCOO)2+Oz + Hp (2)

Sn-(II) formate (Sn(HCOO),;) decomposes into Sn,
carbon dioxide, and hydrogen at 150 °C according to
the following reaction:

Sn(HCOO),— Sn + CO, + H, (3)

Furthermore, the contact angle of SAC solder with
a typical intermetallic compound (IMC) layer formed
at the interface between the solder and Cu substrate
during FA reflow soldering is almost equal to that
observed for the liquid rosin mildly activated flux
(RMA solder) [31]. Hence, FA is a promising reagent
for fluxless soldering.

To prevent oxidation and ensure a relatively long
pre-assembly shelf life, electroless nickel immersion
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gold (ENIG) layers are deposited on Cu substrates.
ENIG exhibits good wettability with SAC during
soldering, and its Ni layer serves as a diffusion bar-
rier against the reaction of Cu with Sn-rich solders
inducing the growth of brittle IMCs during electro-
migration and thermal aging [32-34]. Despite these
advantages, the effect of FA reflow soldering on the
ENIG substrate and mechanisms of its interfacial
reactions have not been investigated in detail.

In this study, SAC solder balls were applied onto
ENIG substrates under FA atmosphere, and their
wettability and interfacial reactions were examined.
Because the mechanical reliability of solder joints is a
critical parameter in the electronics industry [35, 36],
impact tests were conducted on these joints before
and after the thermal aging at 150 °C for 168, 512, and
1008 h. In addition, RMA reflow soldering was per-
formed for comparison purposes.

Experimental
Solder wettability

A Sn-3.0massAg—0.5massCu solder (SAC solder) ball
with a diameter of 0.76 mm and a Cu substrate with
the dimensions 30 mm x 30 mm x 0.5 mm and
ENIG finish (ENIG substrate) were prepared for
wettability testing, as shown in Fig. 1. FA gas (5 vol%
formic acid 4+ 95 vol% N) was used as soldering
reducing atmosphere for the fluxless soldering pro-
cess. The thermal effect observed during the re-
melting of the solder ball (reflow) on the wettability
of FA-exposed solder was investigated at various
temperatures ranging from 250 to 290 °C, as shown in

L 15 mm

Solder

Au
Ni
l Cu
((\
&
0.76 mm //

Figure 1 Schematic diagram of ENIG pads using for wettability
test.
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Table 1. Spreading areas were measured by an opti-
cal microscope (OM, KEYENCE VHX-900) after sol-
dering. In situ observations were conducted as
second-by-second measurements of the spreading
areas using a charge-coupled device (CCD) camera
(SONY) to evaluate the corresponding spreading
rates. (Both these parameters were utilized to deter-
mine solder’s wettability.) The exact values of solder
spreading areas were calculated using commercial
software (Image]).

Interfacial reactions and impact testing

Solder bumps (consisting of the SAC solder balls on
ENIG pads embedded into a flame retardant-4 (FR-4)
substrate as shown in Fig. 2) were used for studying
interfacial reactions and impact strengths via a reflow
process. (The corresponding reflow profile is shown
in Fig. 3.) To obtain ENIG substrates, electroless Ni
layers with thicknesses of 5 pm were deposited onto
Cu pads. (The thickness of the Au flash on the Ni
layer was approximately 50 nm.) Before the reflow
process, the SAC solder balls were immersed in a 4
vol% HCI solution for 120 s, after which both the
balls and FR-4 ENIG substrates were ultrasonically
cleaned in ethanol for 300 s. After the reflow, the
solder bumps were aged inside an oil bath at 150 °C
for 168, 512, and 1008 h.

To estimate the impact strengths of the soldered
bumps, high-speed tests were conducted using a
micro-impact tester (MI-S, Yonekura Mfg. Co., Ltd.).
The testing speed was 1 m/s, and the impact height
from the solder resist was equal to 0.08 mm (Fig. 4).
Ten bumps were evaluated under each condition
using the average value of the impact strength.

Cross-sectional microstructures of the solder
bumps were observed by a field-emission scanning
electron microscope (FE-SEM, Hitachi SU-70), and
their IMC thicknesses were determined. Elemental

Table 1 Summary of FA-exposed solder heating processes for
wettability test

Heating process O] @) ®
Preheat temperature (°C) 110 110 110
Preheat time (s) 60 60 60
Peak temperature (°C) 250 270 290
Peak time (s) 120 120 120
Heating rate (°C/s) 2.5 2.5 2.5
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Figure 2 Schematic diagram of Cu substrate with ENIG finish
using for soldering process.
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Figure 3 Schematic diagram of high-speed impact test.
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Figure 4 Soldering process of RMA solder.

compositions of the solder bumps were identified by
field-emission electron probe microanalysis (EPMA,
JEOL JXA-8530F).

Results and discussion
Wettability

Figure 5a shows the average spreading areas
obtained for FA-exposed solder at 250 °C, 270 °C,
and 290 °C after 2 min and for the solder containing
RMA flux at 250 °C corresponding to the reflow
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temperature of SAC solder joints [31, 37, 38]. The
average spreading area in the former case was
31.19 mm?, and that in the second case was
28.43 mm?. Moreover, the average spreading areas of
FA-exposed solder during the reflows at 270 °C and
290 °C were 37.44 and 40.77 mm?, respectively. The
obtained results show that the average spreading
area of FA-exposed solder exhibits a positive corre-
lation with the reflow temperature under the speci-
fied conditions, which significantly improves solder’s
wettability [39, 40] because the viscosity and surface
tension of liquid Sn-based solders typically demon-
strate negative correlations with temperature unless
the latter is extremely high [41, 42]. Figure 5b shows
the spreading rates obtained for FA-exposed and
RMA solders after 120 s of the reflow at 250 °C. The
observed trends are very similar, while the spreading
area of FA-exposed solder is slightly larger than that
of the solder with RMA flux. The spreading areas of
both solders gradually increased even in the end of
the reflow process, which was in good agreement
with the results of a previous study [43]. The reason
for the enhanced wettability of the solder exposed to
FA atmosphere is the formation of an IMC layer
before solder melting. In the experiment conducted
according to the diagram presented in Fig. 6, a glass
pad with a Sn bulk on its surface was placed on the
left side, and an ENIG pad was placed at a distance of
1 mm from the glass pad on the right side. Subse-
quently, both pieces were placed inside a reflow
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chamber. After introducing FA atmosphere, the
chamber was heated to 250 °C for 30 min.

After the reaction, Sn residues were formed on the
ENIG pad near the glass substrate, as shown in
Fig. 7a. Because the boiling point of Sn (about
2602 °C) is much higher than 250 °C, we believe that
the volatilization of Sn barely occurs under this con-
dition. Hence, the Sn residues were likely caused by
the Sn formate steaming (Sn(COOH);(,)) from the left
side (Sn/glass) to the right side (ENIG) before the Sn
phase melted on the glass surface [44] followed by
the Sn formate (Sn(COOH);(,)) decomposition on the
ENIG substrate at a temperature of around 200 °C
[44-47]. The latter was formed during the reduction
process under FA atmosphere (iIHCOOH(,) via the
chemical reactions:

SnO;) + IHCOOH ) — Sn(COOH); ;) +HaOyq) (4)
SnO;() +HCOOH ) — Sn(COOH), ) +Ha(g) + Oag)
(5)
Further, the Sn reacted with FA as follows:
Sns) + iHCOOH y) — Sn(COOH); ) +Ha(g) (6)
After that, Sn formate evaporated:
Sn(COOH);;)— Sn(COOH);, (7)

The formation process of Sn residues on the ENIG
substrate via Sn formate steaming is illustrated in
Fig. 7b, while the surface modification caused by
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Figure 5 Spreading area of solders on ENIG pad: a the average
spreading areas of solders under formic acid atmosphere at 250 °C,
270 °C, and 290 °C for 2 min, and that of solder using RMA flux
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Figure 6 Schematic diagram of Sn steaming experiment.

their melting is depicted in Fig. 7c. The modified
surface with a composition determined by EPMA
contained 57.39 at% Sn, 30.68 at% Ni, and 11.93 at%
Au. As the reflow temperature (250 °C) was greater
than the Sn melting point (232 °C), we assumed that
the surface modification was caused by the formation
of IMCs (Ni3Sny and AuSng) [32, 48]. Therefore,
during soldering under FA atmosphere, Sn formate
produced from solid Sn spread across the ENIG
substrate around the SAC305 solder ball (see Fig. 8a)
and then decomposed into Sn on the ENIG substrate
at approximately 200 °C (Fig. 8b). As the temperature
increased above 232 °C, the SAC solder ball and
decomposed Sn melted and formed IMCs at the
interface (Fig. 8c). Owing to the IMC formation via
the reaction between the decomposed Sn and ENIG

(a) (b)

Sn oxide film

® /4222222
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Glass Lo

on metals surface

Sn formate

Step 3. Sn formate evaporation

Formic acid

Step 1. Formic acid chemisorption
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substrate, the molten solder ball could spread across
the surface of IMCs (Fig. 8d).

In general, the wetting of a solder on a particular
substrate produces a typical reactive wetting system
[49], in which IMCs precipitate at the liquid/solid
interface [50]. According to the reaction product
control (RPC) model, reaction products determine the
ultimate solder wettability and spreading process
[51]. In this study, although the same (Cu,Ni)¢Sns
layer was formed and contacted the liquid solder, the
solder wettability under FA atmosphere was greater
than that of the solder containing RMA flux. In pre-
vious studies, it was found that the wettability of
lead-free solder on the IMC layer (CugSns/CuzSn)
was higher than that of the same solder on the Cu
surface [49, 52, 53]. In addition, the wettability of Sn
on the Ag;Sn IMC surface was greater than that of Sn
on an Ag substrate [54]. Thus, it can be concluded
that the higher wettability of FA-exposed solder as
compared with that of the solder containing RMA
flux is caused by the spreading of the SAC solder ball
on the IMC surface. Meanwhile, the surface rough-
ness was also changed by the formation of IMCs
under FA atmosphere, which significantly affected
solder’s wettability [48, 55-58]. Hence, a detailed
study of the effects produced by the surface tension-
driven flow (such as Sn steaming) on the surface
morphology under FA atmosphere is required.

Sn formate

e T TT Vo0 0

Step 2. Sn oxides reduction  Formic acid

& Sn formate formation
® Sn formate

Sn

Step 4. Sn formate steaming
& Sn formate decomposition

Figure 7 Diagram of Sn steaming hypothesis: a EPMA mapping results of Sn steaming experiment; b the process of Sn residues on the

ENIG substrate via Sn formate steaming hypothesis; and ¢ SEM image of IMC in the area of Sn residues.
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Figure 8 Effect of Sn (a)
steaming phenomenon on
wettability. < Sn formate
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Moreover, we also found that under the same
conditions, the spreading rate of FA-exposed solder
on the Cu substrate was much lower than that of the
solder containing RMA flux (Fig. 9). This difference
was likely caused by the continuous breakdown of
the Cu oxide film, which could not be easily removed
by the reaction with FA and thus reduced the solder
wettability. Therefore, the wettability of FA-exposed
solder on the ENIG pad was significantly greater than
that of the same solder on the Cu substrate

Interfacial reactions

Figure 10a shows the SEM image of the joint cross
section obtained for as-reflowed FA soldering. After

Spreading area (mm?)

0.0 1 1 1 1 I
0 10 20 30 40 50 60

Time (s)

Figure 9 Tendency of the spreading of FA-exposed solder and
RMA solder on Cu pad reflowed at 250 °C.
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Step 4. Solder spreading on IMCs

the reflow process, the Au flash layer dissolved into
the molten SAC305 solder, leaving (Cu,Ni)¢Sns IMC
at the interface between SAC305 solder and the
Ni(P) layer. Moreover, a thin Niz;P layer was pro-
duced between the (Cu,Ni)sSns IMC and Ni(P) layers.
The Cu phase of the former layers resulted from
SAC305 solder, and its composition determined by
EPMA corresponded to 42.60 at% Cu, 16.50 at% Ni,
and 40.90 at% Sn. According to the results of ther-
modynamic calculations, (Cu,Ni)¢Sns was formed by
the dissolution of Ni in the CuSns phase because the
reflow time was not sufficient for the formation of a
ternary compound NizsCugeSnys [59]. Consequently,
(Cu,Ni)¢Sns was produced at the interface instead of
CugSns or NizSny [60]. Furthermore, a P-rich Ni layer
was also formed between the (Cu,Ni)¢Sns and Ni-P
layers; it contained approximately 25 at% P suggest-
ing NisP as its possible composition [32].
Ni(P) species were crystallized into NizP ones
because the self-crystallization temperature of amor-
phous Ni(P) was 250 °C [60]. After the thermal aging
for 1008 h, the thickness of the (Cu,Ni)¢Sns layer
increased (Fig. 10c); moreover, the presence of
stable NizP species strongly affected the growth of
the Ni-Sn IMC phase [1]. Hung et al. [61, 62] sug-
gested that the Ni;P layer could act as a barrier to the
diffusion of Ni and consequently suppressed the
growth of the NizSny layer. Additionally, the inter-
facial morphologies of RMA solder before (Fig. 10b)
and after (Fig. 10d) the thermal aging were almost
identical to those of FA-exposed solder. Figure 11
shows that the IMC growth rate during FA reflow
soldering was almost equal to that during RMA
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Figure 10 Cross-sectional
SEM image of solder bumps
on ENIG substrate for FA
soldering and RMA soldering:
a, b as -reflowed solder
bumps; ¢, d thermally aged
solder bumps.

Thermal

(150 °C 1008 h)

reflow soldering at different aging times, and that the
thickness of the IMC layer was proportional to the
square root of the aging time, indicating that FA
atmosphere barely affected the interfacial reaction
between the ENIG substrate and SAC solder. From
the results presented above, it can be concluded that
FA reflow soldering is a promising alternative to
RMA reflow soldering in terms of performance and
environmental characteristics, although no reliability
testing of the former method has been conducted yet.

Impact strength

The mechanical reliability of FA reflow soldering was
evaluated by performing impact tests, and the
obtained data were compared with the results of
RMA reflow soldering (Fig. 12). During FA reflow
soldering, the impact strength before the thermal
aging at 150 °C was 107 MPa, and its magnitude
decreased to 86, 83, and 80 MPa after the thermal
aging for 168, 504, and 1008 h, respectively. All
impact strengths of the samples used for FA reflow
soldering were slightly higher than those of the
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Figure 11 Statistics of IMC thickness of solder bumps for FA
soldering and RMA soldering.

specimens utilized for RMA reflow soldering, and
their decreases were likely caused by the growth of
brittle IMCs at the interface during thermal aging.
Figure 13 shows the EPMA mappings, corresponding
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Figure 12 Effect of aging time on impact strength of FA-exposed
and RMA solder bumps.

to the SEM images of the fracture surfaces obtained
for the FA-exposed and RMA solders before and after
the thermal aging for 1008 h. (Here, the impact
direction is oriented from left to right.) In the as-

Test direction
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reflowed solders, as the high concentration of Ni
remained in the left section of the fracture surface,
fracture mostly occurred across the IMC layer, while
the high concentrations of Sn and Ag were partially
preserved in the right section. The joints of both the
as-reflowed FA-exposed and RMA solders cracked
along the solder/substrate interface and then prop-
agated into the bulk solder. After the thermal aging
for 1008 h, high contents of Ni were observed across
the entire fracture surface, while Sn and Cu species
were also detected in the same areas for both cases,
suggesting that the fracture occurred within the IMC
layer at the solder/substrate interface after thermal
aging for 1008 h. It was reported previously that
ductile fracture occurred in the solder bulk where
brittle fracture originated in the IMC layer [36].
Therefore, the as-reflowed solders exhibited both
ductile and brittle fractures simultaneously. After
1008 h of aging, the fracture mode changed to the
total brittle fracture with an increase in thickness of
the IMC layer. Because the differences in the impact
strengths and fracture modes of FA-exposed and

Aging time: 0 h

Aging time: 1008 h

Figure 13 EPMA mapping analysis results of fracture surface of as-reflowed and 1008 h aged FA-exposed and RMA solders in impact

test.
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RMA solders were very small, FA atmosphere had
almost no effect on their mechanical stabilities.
Hence, the latter factor can be neglected when con-
sidering the replacement of RMA reflow soldering
with FA reflow soldering.

Conclusion

In this study, the wettability, interfacial reactions,
and impact strength of FA-exposed solder on the
ENIG substrate were examined, and the obtained
results were compared with the parameters of RMA
reflow soldering. As indicated by in situ observa-
tions, the spreading area of the solder exposed to FA
atmosphere was 10% greater than that of the solder
containing RMA flux, which demonstrated the
enhancement of solder’s wettability by FA. The latter
was caused by the solder spreading on the interfacial
layer of (Cu,Ni)¢Sns IMC formed by Sn residues on
the ENIG substrate via Sn formate steaming before
the solder ball melted during FA reflow soldering.
The IMC growth rate of FA-exposed solder was
nearly identical to that of RMA solder, and their
interfacial reactions were very similar. Moreover, the
impact strength of FA-exposed solder (107 MPa) was
approximately equal to that of RMA solder (99 MPa)
due to the same interfacial reactions. The decrease in
the impact strength observed after 168, 504, and
1008 h of the thermal aging at 150 °C was induced by
the growth of the brittle IMC layer at the interface
with a similar pattern. The findings of this work
indicate that RMA reflow soldering can be potentially
replaced with FA reflow soldering for the environ-
mental protection during electronic packaging.
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