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Abstract: In this study, intense pulsed light (IPL) soldering was employed on Sn-58Bi solder pastes
with two distinct particle sizes (T3: 25-45 um and T9: 1-8 um) to investigate the correlation between
the solder microstructure and mechanical properties as a function of IPL irradiation times. During
IPL soldering, a gradual transition from an immature to a refined to a coarsened microstructure was
observed in the solder, impacting its mechanical strength (hardness), which initially exhibited a slight
increase followed by a subsequent decrease. It is noted that hardness measurements taken during the
immature stage may exhibit slight deviations from the Hall-Petch relationship. Experimental findings
revealed that as the number of IPL irradiation sessions increased, solder particles progressively
coalesced, forming a unified mass after 30 sessions. Subsequently, after 30—40 IPL sessions, notable
voids were observed within the T3 solder, while fewer voids were detected at the T9-ENIG interface.
Following IPL soldering, a thin layered structure of Ni3Sny intermetallic compound (IMC) was
observed at the Sn-58Bi/ENIG interface. In contrast, reflow soldering resulted in the abundant
formation of rod-shaped NizSny IMCs not only at the reaction interface but also within the solder
bulk, accompanied by the notable presence of a P-rich layer beneath the IMC.
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1. Introduction

Modern electronic packaging technology, which facilitates the interconnection of semi-
conductor chips and packages through solder bonding, stands as a pivotal component in
ensuring device reliability [1-5]. While conventional reflow soldering techniques utilizing
convection ovens have been extensively employed, there is a persistent drive to address
substrate warpage stemming from disparate coefficients of thermal expansion among elec-
tronic package materials, alongside endeavors to curtail soldering expenses [6,7]. This
impetus has fueled the continual evolution of technologies such as laser-assisted bonding
(LAB) and intensive pulsed light (IPL) soldering.

LAB technology, exploiting a laser wavelength that exhibits heightened absorption
characteristics in Si chips relative to polymer materials, offers the notable advantage of
mitigating substrate heating and minimizing warpage [8-10]. Through decades of dedi-
cated research, a repertoire of materials and methodologies applicable to LAB, including
flux-free underfills, has been cultivated. Nonetheless, LAB equipment is encumbered by
the requisite inclusion of a homogenizer to transform the laser point source into a planar
source, and achieving large-area irradiation poses a formidable challenge. Conversely, IPL
technology has traditionally found utility in aggregating and sintering minute nanopar-
ticles via diffusion-mediated reactions. Recently, there has been a burgeoning interest in
repurposing this technology for soldering processes. These advancements underscore the
relentless pursuit within the electronic packaging industry of ways to bolster the reliability
of soldering operations, address substrate warpage concerns, and optimize cost efficiency.
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Only a limited number of documented instances involve the application of IPL sol-
dering to Sn-based solder formulations within operational electronic packages [11-16].
Jung et al. [11] presented findings detailing the IPL soldering of Sn-58Bi, illustrating a
mere 2.5% duration requirement relative to conventional reflow techniques, alongside
a 40% enhancement in mechanical strength. Ha et al. [12] conducted an evaluation of
the reliability impact on Sn—3.0Ag—0.5Cu ball grid array (BGA) packages with Electroless
Nickel Electroless Palladium Immersion Gold (ENEPIG) surface treatment, employing
the IPL soldering methodology. Experimental observations under optimized IPL parame-
ters revealed an approximate 6.7-fold increase in the number of failure cycles compared
to reflow soldering. Furthermore, Min et al. [13] provided comprehensive experimental
results contrasting IPL soldering against conventional reflow soldering. Their analysis indi-
cated significantly lower power consumption during the IPL radiation soldering process
(17.95 kWh) compared to the traditional convection reflow process (29.50 kWh). Moreover,
IPL-soldered joints exhibited a substantial improvement in drop impact reliability (with
a recorded number of drops to failure of 277) compared to reflow-soldered joints (with a
recorded number of drops to failure of 103). These findings underscore the considerable
potential of IPL soldering in reducing process duration, controlling intermetallic compound
(IMC) thickness to enhance drop impact reliability, and optimizing power consumption.

In addition to the aforementioned advantages, IPL soldering exhibits distinctive
attributes. For instance, in reflow soldering, post-process grain growth in solders is promi-
nently observed. Conversely, the IPL process affords facile manipulation of the degree to
which metal particles constituting the solder paste are liquefied, through adjustments in
process parameters such as frequency, pulse width, and intensity. This inherent flexibility
facilitates the generation of varied microstructural configurations, spanning from refined
microstructures with diminutive grain sizes to those characterized by larger grain dimen-
sions. In this study, meticulous scrutiny of the microstructural evolution of Sn-58Bi solder
paste was undertaken, spanning from its nascent stages to later stages of reaction. The
investigation encompassed an analysis of the correlation between grain size and resultant
mechanical properties. It is posited that such investigations furnish valuable insights
pertinent to future applications of IPL in soldering processes.

2. Materials and Methods

Two distinct sizes of Sn-58Bi solder paste were procured from BBEIN: type 3 (BBI-
LESP04, 25-45 um) and type 9 (BBI-NCLFSP048, 1-8 um). A printed circuit board (PCB)
featuring Electro-less Nickel Immersion Gold (ENIG)-treated 400 pm metal pads was
fabricated for substrate application, possessing dimensions of 77 x 132 mm? with a 6 x 12
array for ball alignment. Solder paste deposition onto the PCB was facilitated using a metal
mask with a thickness of 0.2 mm. For IPL soldering, the charge voltage and peak current
were maintained at 1500 V and 2000 A, respectively. The IPL irradiation area spanned
20 x 30 cm?. Process variables for IPL, including frequency and pulse width, were set at
3 Hz and 2.0 ms, respectively, with IPL irradiation sessions ranging from 10 to 70 during
soldering operations. Figure 1 provides a graphical representation of the IPL process
variable configurations for enhanced comprehension. Furthermore, the experimental
parameters utilized in this investigation are summarized in Table 1. Depending on the
experimental conditions, the applied energy increased proportionally with IPL irradiation
sessions, ranging from 100 to 700 J/cm?, while maintaining a consistent power consumption
of 18 kWh.

For comparative analysis, a reflow-soldered joint was fabricated utilizing a reflow ma-
chine (model: BT301N) manufactured by Autotronik-SMT GmbH, Amberg, Germany. The
peak temperature during reflow was set at 180 °C, and the specific reflow profile employed
in the experimental setup is delineated in Figure 2. Microstructural and compositional char-
acterization of the solder joints was conducted utilizing field emission scanning electron
microscopy (FE-SEM, model: JEOL JSM-7900) coupled with energy dispersive spectroscopy
(EDS, model: JEOL JXA-8500F). The thickness of the IMC in the SEM micrographs was



Crystals 2024, 14, 465

30f10

quantified by employing image analysis software, whereby the thickness of the IMC layer
was defined as the total area occupied by the phase divided by its length. Average thickness
values were derived from measurements acquired from six distinct regions within each
reaction specimen. Electron Backscattered Diffraction (EBSD) analysis was performed
utilizing FE-SEM (model: HITACHI S-5000) equipped with EDAX Velocity super. The hard-
ness of the solder joints post-IPL irradiation was assessed utilizing MMT-X7A equipment
from MATSUZAWA. The hardness assessment involved the averaging of measurements
taken at six distinct locations for each solder, with a measurement interval of 100 um, using

aload of 5 gf and a dwell time of 10 s.
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Figure 1. Process variables for IPL soldering.

Table 1. IPL soldering conditions and sample identification.

Number of

Sample ID Frequency Pl.llse IPL Total Power . Time
Width e Energy Consumption
Irradiation
(Hz) (ms) (n) (J/cm?) (kWh) (sec)

IPL 10 3 2 10 100 18 33
IPL 20 3 2 20 200 18 6.6
IPL 30 3 2 30 300 18 9.9
IPL 40 3 2 40 400 18 13.2
IPL 50 3 2 50 500 18 16.5
IPL 60 3 2 60 600 18 19.8
IPL 70 3 2 70 700 18 23.1
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Figure 2. Reflow profile for Sn-58Bi soldering.

3. Results and Discussion
3.1. Microstructural Evolution during IPL Soldering

When IPL soldering was conducted under the prescribed conditions of a 3 Hz fre-
quency and a 2 ms pulse width, the evolution of macrostructural features in Sn-58Bi solder
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paste was observed as a function of the number of IPL irradiation sessions, as illustrated
in Figure 3. Following 10 IPL irradiation sessions, it is evident that a substantial portion
of both type 3 (T3) and type 9 (T9) solder paste particles remained unmelted, retaining
their initial particle size distribution. Notably, in the case of T9, partial melting and re-
combination of particles can be observed predominantly in the upper region, resulting
in an enlargement of particle dimensions from the initial 1-8 pm range to several tens
of micrometers.
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Figure 3. Macroscopic morphological changes in Sn-58Bi solder pastes with increasing sessions of
IPL irradiation (3 Hz, 2 ms).

After 20 IPL irradiation sessions, notable particle bonding occurred, particularly evi-
dent in the T3 solder paste despite its larger initial particle size. Significant solder lump
formation, primarily concentrated in the upper portion, can be observed, with partial lump
formation occurring in regions interfacing with the ENIG substrate. Notably, remnants
of smaller particles persist in the mid-section. Conversely, in T9, the agglomeration phe-
nomenon initiated in the uppermost region propagates downward, albeit with limited
advancement observable at the lower extremity.

Following 30 IPL irradiation sessions, complete fusion of solder particles from both T3
and T9 culminated in the formation of a singular, substantial solder bump. Subsequent to
3040 IPL irradiation sessions, a considerable prevalence of voids can be observed within
the T3 solder bump, whereas T9 exhibits only sparse, round voids primarily localized at
the lower extremity of the solder bump. The occurrence of voids during IPL soldering
can be attributed to the size and aggregation process of the initial solder particles in the
solder paste, as well as the wetting characteristics on ENIG, the substrate surface treatment.
In the T3 sample, substantial aggregates form as a unified entity, with voids emerging in
between, whereas in the T9 sample, initial formation comprises small and medium-sized
aggregates that subsequently coalesce into a single large aggregate. Notably, for the T9
sample, the initial solder particle size is smaller, and there is improved spreading on ENIG,
resulting in a minimal occurrence of voids. Beyond 50 IPL irradiation sessions, both T3 and
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T9 configurations manifest a densified microstructure with minimal void formation, with
discernible convergence in structural characteristics.

Under the conditions of a 3 Hz frequency and a 2.0 ms pulse width, the alterations
in the microstructural characteristics of Sn-58Bi solder paste as a function of the number
of IPL irradiation sessions were as depicted in Figure 4. Initial inspection of the Sn-58Bi
solder particles after 10-20 IPL sessions revealed a notably finer microstructure in type 9
(T9) compared to type 3 (T3). Notably, the bright, protruding regions within the solder
particles corresponded to Bi, while the darker, recessed regions represented Sn, forming
an alternately arranged lamellar structure. The lamellar width was in the order of several
micrometers in T3, whereas it diminished to submicron dimensions in T9.
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Figure 4. Changes in microstructure of Sn-58Bi solders with increasing sessions of IPL irradiation
(3 Hz, 2 ms).

As IPL reached 3040 sessions, the emergence of interparticle bonding and the coars-
ening of lamellar structures within the particles became increasingly apparent. Particularly
in the case of T9, the microstructure following 30 IPL iterations exhibited a coexistence of re-
gions characterized by submicron-sized lamellae and coarsened regions featuring lamellae
several micrometers wide. Subsequent IPL irradiation sessions led to a predominant trans-
formation of the microstructure, where the solder area predominantly comprised coarsened
regions. Beyond 50 IPL sessions, discerning differences in microstructural features between
T3 and T9 became challenging.

It is established that the reaction between Sn-58Bi solder and ENIG results in the
formation of Ni3Sny IMCs at the interface [17-24]. Initially, when the number of IPL irradia-
tion sessions is limited, the thickness of the formed IMC remains minimal. However, as the
number of irradiation sessions increases to 70, NizSng IMCs with thicknesses comparable to
those observed in conventional reflow soldering can be discerned at the interface. Notably,
the degree of IMC formation appears independent of the solder particle size, indicating a
consistent reaction mechanism across different particle sizes.
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3.2. Correlation between Microstructure and Mechanical Properties of Sn-58Bi Solder

The morphological features of the Sn-58Bi/ENIG reaction interfaces following 70 rounds
of IPL irradiation and conventional reflow processing are depicted in Figure 5. Post
70 IPL rounds, a thin layered structure of NizSng IMCs can be observed at the interface,
alongside the presence of a minor quantity of feather-shaped IMCs within the Sn-rich
region within the solder matrix. In contrast, after the reflow process, rod-shaped NizSny
IMCs are evident at the interface, accompanied by a notable abundance of feather-shaped
IMCs distributed throughout the solder volume. Notably, a distinct P-rich layer atop
the Ni-P layer is prominently visible in the reflow specimen, presenting as a thin, dark
band [25-28]. Conversely, this P-rich layer is conspicuously absent from the IPL specimen.
These observations suggest a heightened level of chemical reactivity occurring at the
5n-58Bi/ENIG interface during the conventional reflow process.

@) T3 (IPL70) T9 (IPL70)

—m— T3 Reflow

|—=— T9 Reflow
—mu— T3 IPL

J-m—To1PL

I

0.24 ; /i%

P
e o 0O
\‘wv

e o
o o
1

IMC thickness(pm)
o o
w b

40 0 10 20 30 40 50 60 70 80

Number

Figure 5. Close observation of the Ni3zSny IMCs formed at the Sn-58Bi/ENIG interface after 70 IPL
sessions (a) and after the reflow process (b). (c) Measured thickness of the NizSny IMCs.

During the IPL process, the intermittent application of instantaneous light followed
by rapid cooling cycles leads to inadequate interdiffusion between the solder and ENIG. In
contrast, the reflow process maintains the solder in a molten state for an extended duration,
facilitating sufficient interdiffusion between the solder and ENIG. Consequently, once Ni
atoms are introduced into the solder, they can diffuse over an extended period and react
with Sn to form additional NizSny IMCs within the solder matrix.

Initially, the thickness of Ni3Sng IMCs formed at the interface during the IPL process
is minimal, and the growth rate is sluggish. However, after 50 IPL irradiation sessions,
the IMC growth rate accelerates significantly compared to the initial stages of the reaction,
as shown in Figure 5c. Nonetheless, even after 70 IPL irradiation sessions, the overall
thickness of the IMCs remains inferior to that observed in the reflow process.

Following IPL and reflow soldering, EBSD analysis was conducted to assess the
microstructural characteristics and grain orientation within the solder specimens. Phase
maps and inverse pole figures (IPFs) for each solder variant were generated, as depicted in
Figure 6. In the phase map, the red region signifies Sn while the green region corresponds to
Bi. Post-IPL and reflow soldering, discernible variations in grain orientation were observed
within the solder specimens.

Upon IPL soldering for 40 cycles, the orientation of Sn grains was situated within the
intermediary region between the (001) and (110) planes in both T3 and T9 specimens. With
an increase in the number of IPL irradiation sessions to 70, T9 specimens maintained a
similar orientation, while T3 specimens exhibited an orientation spanning from (001) to
(100). Conversely, after reflow soldering, a dominance of orientation within the intermediate
region of the (100) and (110) planes was observed in both T3 and T9 specimens, with the
left-hand side of T9 grains exhibiting a direct (110) orientation in addition.



Crystals 2024, 14, 465

7 of 10

Phase Map IPF Map Phase Map IPF Map
T9(40)
g{i} &
Phase
Bl snTin)
[ si Bismuth) T3(70) 0001 Bi T9(70)
; § / 1100 §
70um & _
o110 1210

Figure 6. Results of EBSD analysis for the specimens fabricated with IPL soldering (after 40 and
70 sessions) and reflow soldering.

Regarding Bi grains, the (1210) orientation emerged as the predominant orientation
across all specimens, irrespective of the soldering method employed. Additionally, the
presence of the (0001) orientation was noted alongside the (1210) orientation exclusively
within the grains of 70-IPL-session specimens. This observed shift in solder grain orienta-
tion contingent upon the soldering method or degree of irradiation presents an intriguing
discovery warranting further investigation.

Figure 7 illustrates the variations in average Sn grain size and hardness across each
solder variant, as determined through EBSD analysis and hardness testing. The average
grain size was quantified based on the enumeration and dimensions of grains within a
180 x 550 um? area of each specimen. Notably, the grain size of Sn, constituting the solder,
exhibited a nadir at 40 IPL sessions, subsequently increasing with additional IPL irradiation
sessions. Conversely, the hardness value displayed a maximum at 40 IPL sessions, declining
with escalating IPL irradiation counts.
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Figure 7. (a) Average Sn grain size and (b) average hardness measured for the solders fabricated by
IPL or reflow soldering; (c) Hall-Petch relationship taken from the measured grain size and hardness.
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It is widely acknowledged that as the microstructure coarsens, mechanical properties
such as hardness and strength tend to degrade [29-33]. Specifically, hardness often con-
forms to the well-established Hall-Petch relationship, which correlates hardness with the
inverse square root of grain size [29,30].

H = Hy+kd~'/? )

where H is hardness and d the average grain size. Hy and k are constants. Figure 7c
displays a graph illustrating the relationship between the inverse square root of average
grain size (d~'/?) and hardness (H), as determined by substituting the measured grain size
and hardness values from each solder variant produced via IPL and reflow soldering into
the Hall-Petch relationship. Overall, it is evident that, with the exception of the IPL T3
specimen irradiated 30 times, the graph demonstrates a predominantly linear correlation
between d~1/2 and H, thus adhering to the Hall-Petch relationship.

In the realm of solder compositions, studies have highlighted that mechanical strength
tends to improve with the refinement of the internal structure. For instance, Li et al. [32]
investigated composite solders comprising Sn-58%Bi alloyed with 0, 0.03, 0.05, and 0.1 wt%
CugSns nanoparticles. They observed that the addition of CugSns nanoparticles, particu-
larly those sized at 10 nm, led to microstructural refinement of the Sn-58%Bi solder, with
the solder containing 0.05 wt% CugSns nanoparticles exhibiting superior performance.
This enhancement in solder strength was attributed to the refinement of matrix phases,
aligning with the principles outlined in the Hall-Petch equation. Similarly, Zhang et al. [33]
demonstrated that Ga additions in Sn-XGa alloys (where X = 0.5, 1.0, 2.0 wt%) could mod-
erately refine 3-Sn grains while rendering the alloys more prone to recrystallization during
cross-sectioning and polishing processes. Notably, Sn-1.0Ga exhibited significantly elevated
yields and tensile strengths compared to pure Sn, attributed to the robust solid-solution
strengthening effect of Ga and the refinement of (3-Sn grains.

In this study, an intriguing observation was made where, despite an increase in
the number of IPL irradiation sessions from 30 to 40 during the initial stages of the IPL
process, the hardness of Sn-58Bi solders exhibited an increase, contrary to the expectations
based on the Hall-Petch relationship. This anomaly is believed to be associated with
the densification of the solders. As depicted in Figure 3, the solder initially possessed a
coarse microstructure with internal voids at 30 IPL sessions, gradually transitioning into
a denser structure with diminishing voids as the number of IPL sessions increased. This
transformation in the microstructure of the solder likely contributed to the enhancement of
its mechanical properties.

Min et al. [13] explored the feasibility of IPL soldering for BGA package assembly
under varying IPL soldering conditions. During the soldering process, Ag and Cu compo-
nents within the 5n-3.0Ag-0.5Cu solder underwent transformation into AgzSn and CugSns
IMCs. Atlower IPL energies (or fewer irradiation sessions), partially unreacted Ag was
detected within the solders, resulting in lower shear strength and hardness values. How-
ever, with an increase in IPL energy (or irradiation count), complete transformation of Ag
to AgsSn occurred, leading to improved strength and hardness. From these findings, it can
be inferred that during the initial stages of the IPL soldering process, all solder particles
melt and coalesce into a unified lump, yet the resulting solder lump may still exhibit an
immature microstructure. The specimens subjected to 30 IPL sessions in this study likely
resembled such cases, displaying an immature structure characterized by internal voids and
consequently exhibiting lower hardness values. The deviation of the 30-IPL specimen from
the linear relationship depicted in Figure 7c can thus be attributed to this phenomenon.

4. Conclusions

In this study, Sn-58Bi solder with two different particle sizes of 1-8 um (T9) and
25-45 um (T3) was used and the number of IPL irradiation sessions was increased under
the frequency and pulse width conditions of 3 Hz and 2.0 ms. Through an examination of
alterations in solder microstructure and hardness, the following conclusions were drawn.
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(1) As the number of IPL irradiation sessions increases, the initial solder particles gradu-
ally agglomerate and aggregate into a single lump after 30 irradiation sessions. After
30-40 IPL sessions, a large number of voids was observed overall inside the T3 solder,
and a small number of round voids was discovered at the interface with ENIG in T9.

(2) After IPL soldering, a thin layered structure of NizSng IMC forms at the Sn-58Bi/ENIG
interface, and the P-rich layer is not prominently visible. In contrast, after reflow
soldering, rod-shaped NizSny IMCs are abundantly formed not only at the reaction
interface but also within the solder bulk, accompanied by the notable presence of a
P-rich layer beneath the IMC.

(38) After IPL soldering, the orientation of Sn grains is situated within the intermediary
region between the (001) and (110) planes. On the other hand, after reflow soldering, a
dominance of orientation within the intermediate region of the (100) and (110) planes
can be observed. Regarding Bi grains, the (1210) orientation emerges as the predomi-
nant orientation across all specimens, irrespective of the soldering method employed.

(4) During IPL soldering, as the number of irradiation sessions increases gradually, a
progression from an immature to a fine to a coarsened microstructure occurs in the
solder. Consequently, the mechanical strength (hardness) of the solder exhibits a
tendency to initially increase slightly, before decreasing. The hardness measured
in the immature stage may deviate slightly from the range predicted by the Hall-
Petch relationship.

(5) Based on the experimental findings, for IPL at a frequency of 3 Hz and a pulse
width of 2 ms, optimal outcomes were achieved within the IPL exposure range of
40-50 sessions, characterized by a diminutive grain size, elevated hardness, and
minimal IMC thickness.
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