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ABSTRACT In this paper, we present the concept of traceback analysis to identify the origins of non-wet
defects caused by hydrophobic unknown nanoparticles in the semiconductor packaging process. Traceback
analysis involves five-steps, i.e., practical observation of failure mode, detailed physical and chemical analy-
sis, process investigation, hypothesis establishment, and failure reproduction with comparison. Initially, the
morphology and composition of the unknown nanoparticles are analyzed using an optical microscope (OM),
field-emission scanning electron microscopy (FE-SEM), contact angle (CA), energy-dispersive spectroscopy
(EDS), and Fourier-transform infrared spectroscopy (FT-IR). As a result, spherical unknown nanoparticles
with a size of ca. 500 nm consists of organic imidazole-derived materials, similar to the composition of
organic solderability preservative (OSP). To identify the origin, printed circuit board (PCB) manufacturing
processes are reviewed step-by-step. Traceback analysis identifies that the 1-methoxy-2-propyl acetate
(PGMEA) cleaning solvent can form spherical emulsions when mixed with deionized (DI) water during
the cleaning process. This can occur when PGMEA and DI water mix in the cleaning bath or recycling
pipes, or when leftover PGMEA and DI water mix during next cleaning processes. These PGMEA/DI
water form emulsions owing to the polarity differences between hydrophobic PGMEA and hydrophilic
DI water and remain on the PCB surface. Thus, organic nanoparticles grow in the PGMEA emulsion on
the Cu pad during OSP application for surface finishing purposes. This comprehensive approach ensures a
thorough understanding of defect origins. The traceback analysis described in this study, involving five-steps,
is applicable not only in semiconductor packaging but also in defect investigation across various industries.

INDEX TERMS Non-wet, OSP, traceback analysis, emulsion, PCB.

I. INTRODUCTION

Flip-chip packaging is one of the most widely employed
first-level interconnection techniques for integrated cir-
cuit (IC) chips [1]. The pattern or active side of the IC
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for the flip-chip package faces down to connect to the
printed circuit board (PCB) substrate [2]. In comparison to
conventional wire bonding technology, flip-chip packages
possess various advantages, i.e., increased I/O count density,
shorter interconnection path, improved thermal dissipation,
and faster processing time [3]. This flip-chip technology
was first introduced by International Business Machines
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Corporation (IBM) in the form of a C4 (controlled-collapse
chip connection) solder bump [1], [4]. After C4 technology,
generations have evolved into C2 (chip connection) solders
formed on copper pillars or posts [5]. For the flip-chip mount,
solder bumps were thermally connected to the pad of the
substrate PCB via a reflow process [1].

To ensure the reliability of the interconnection, surface-
finishing methods were introduced for the pad of the PCB
substrate. One of the most extensively employed methods
is gold (Au) - based surfaces, which include electroless
nickel immersion gold (ENIG) and electroless nickel elec-
troless palladium immersion gold (ENEPIG) [6]. Owing
to its high electrical conductivity and chemical resistance,
Au is a preferable noble metal in the electronics industry,
especially in semiconductor fabrication, which requires high
reliability [7], [8]. However, high cost is one of the few
disadvantages of gold, along with its low refined yield [9].
Therefore, researchers have focused on other surface finishes
using metals like silver (Ag), tin (Sn), and copper (Cu) as the
interconnection pad of the PCB substrate [10]. Despite their
cost advantage, these metals suffer from natural oxidation,
resulting in degraded electrical performance [11]. Therefore,
research has been conducted to prevent oxidation by using
various methods and chemicals.

Among other metals, Cu has distinct advantages over Au
in various aspects, such as higher electrical conductivity,
thermal conductivity, and lower cost [12], [13]. Moreover,
Cu has a high oxidation level. Nevertheless, oxidation is
suppressed in a stable environment; thus, thin metals are
coated on the main Cu components. Furthermore, organic
finishing methods have been developed to prevent oxida-
tion of the interconnection pads of PCB substrates. For
Cu metal, the organic solderability preservative (OSP) was
composed of imidazole-derived benzimidazole [14]. These
OSP methods have the advantages of simple and fast
processing, effective oxidation protection, and enhanced wet-
tability [15]. However, unwanted side reactions may occur
during the PCB and OSP surface finishing processes in the
presence of chemicals, solvents, and surfactants. Unwanted
reactions may produce organic residues or particles, even
in the nano-size range, thus decreasing the wettability
between the pad and solder bump and causing non-wet
failure [16].

In this study, we focused on the non-wet failure of an
OSP-finished flip-chip package. Our SEM analysis clearly
showed that unknown nanoparticles were present on the sur-
face of the OSP-coated copper (Cu) pads. With traceback
analysis and engineering, the root and cause of unknown
nanoparticles were discussed in a step-by-step manner
through the investigation of the synthesis and surface fin-
ishing of the OSP-applied PCB from the perspective of
the chemical reactions of the materials. Moreover, unknown
nanoparticles were produced from the reactions of chemicals
and solvents employed in practical PCB manufacturing pro-
cesses. The objective of our study was not only limited to
the examination of unknown nanoparticles causing non-wet
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failure in the flip-chip to OSP-finished substrate PCB,
but also to the general strategy for resolving the produc-
tion of unwanted nanoparticles in view of the chemical
reaction.

We propose a precise expression for the main findings of
this study in four flows.

o We find that the unknown nanoparticles on the Cu pad
in flip-chip package causing the non-wet failure by
lowering the solderability between solder bump and
Cu pad.

e We use various analytical methods to determine
the morphology and chemical structures of unknown
nanoparticles.

o We confirm the associated PCB manufacturing pro-
cesses by step-by-step manner and conduct the
reproduction experiments, verifying the formation
mechanism of unknown nanoparticles.

« We discuss the successful application of traceback anal-
ysis to solve the cause of non-wet failure by the unknown
nanoparticles. This traceback analysis and its five-step
methodology can be applied to solve other failures in
the semiconductor packaging process.

Il. EXPERIMENTS

A. MATERIALS

1-methoxy-2-propyl acetate (PGMEA, CH3CO,CH(CH3)
CH,0OCH3, 99.0%), ammonium hydroxide solution (NH4OH,
28.0-30.0%), acetic acid (CH3COOH, 99.5%), and copper
(D chloride (CuCl, 93.0%) were purchased from Sam-
chun Chemical Co., LTD (Seoul, Korea). Isopropyl alcohol
(IPA, (CH3),CHOH, 99.5%) was purchased from Duksan
Pure Chemicals Co., LTD (Ansan, Korea). Benzimidazole
(C7HgN,, > 98.0%) and ethylenediaminetetraacetic acid
(EDTA, > 98.0%) were purchased from Tokyo Chemical
Industry Co., LTD (Tokyo, Japan). All chemicals were used
without further purification.

B. PREPARATION OF OSP SOLUTION

Benzimidazole (1.0 g) was dispersed in CH3COOH
(1.92 mL) and stirred for 1 h at room temperature (25 °C).
CuCl (0.04 g) was added to NH4OH (0.67 mL) and the
mixture was stirred for 1 h at room temperature. Both solu-
tions were mixed with deionized (DI) water (100 mL) and
stirred for 1 h. Subsequently, EDTA (0.02 g) was added to
the mixture; the reaction proceeded for 12 h with magnetic
stirring at room temperature to obtain the OSP solution. The
OSP solution was then coated onto the surface of Cu pad to
prevent oxide layer formation.

C. REPRODUCTION OF UNKNOWN NANOPARTICLES

To confirm the miscibility and emulsion formation, PGMEA
and IPA were mixed in deionized (DI) water at three dif-
ferent concentrations (1, 10, and 20 wt%) in a final volume
of 20 mL and magnetically stirred for 5 min at room tem-
perature. The OSP solution (2.0 mL) was injected into the
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as-prepared PGMEA and IPA mixed solvent and stirred for
10 h at 400 rpm. After the reaction, the OSP-injected PGMEA
and IPA solutions were centrifuged to collect the precipi-
tates or unknown nanoparticles, and the supernatants were
discarded. The collected precipitates were dried in an oven
overnight at 60 °C.

D. CHARACTERIZATION

The appearance of non-wet failure of the flip-chip package
was observed using an optical microscope (OM, BH2-UMA,
Olympus). The morphologies of the OSP-finished Cu pad
with unknown nanoparticles and reproduced nanoparticles on
the PCB were evaluated using field-emission scanning elec-
tron microscopy (FE-SEM, S-4800, Hitachi). The elemental
compositions were obtained using an energy-dispersive spec-
trometer (EDS, Elect Super, AMETEK) installed in the
FE-SEM. The surface properties of the pristine Cu pad,
OSP-finished Cu pad, and OSP-finished Cu pad with
unknown nanoparticles were investigated using contact angle
measurements (CA, Phoenix 300, SEO). The chemical struc-
ture bonds of the OSP-finished Cu pad with unknown
nanoparticles were investigated using Fourier-transform
infrared spectroscopy (FT-IR, Nicolet iS10, Thermo Fisher
Scientific).

a)

Cu internal Solder Bump
pattern Non-wet failure

Flip-chip package

Ill. RESULTS AND DISCUSSION

A. PRACTICAL OBSERVATION OF FAILURE MODE

The actual failure of non-wetting caused by the unknown
nanoparticles in the semiconductor packaging process was
confirmed. Fig. la illustrates a cross-sectional view of the
flip-chip package. The patterned side of the IC chip was con-
nected to the PCB substrate via an interconnection between
the solder bump and the Cu pad. OM analysis was con-
ducted to confirm the practical non-wet failure, which is
one of the most common failures in flip-chip packages,
as shown in Fig. 1b. Numerous factors, including the tem-
perature profile, warpage of materials, and low wettability,
can cause non-wet failure of solder bumps on the Cu pad.
In terms of wettability, the presence of organic materials
or contaminants directly degrades the soldering between the
bump and pad, resulting in non-wet failure. To closely exam-
ine the morphology of the unknown nanoparticles, FE-SEM
was conducted on the PCB, which revealed non-wet failure,
as shown in Fig. lc. The size of the unknown nanoparti-
cles was determined to be ca. 500 nm; and their shape was
spherical. The effects of the unknown nanoparticles on the
surface properties of the Cu pad were investigated using CA
measurements (Fig. 2). The contact angles of various PCB
substrates with pristine, OSP-finished, and OSP-finished

Underfill  gqder Balls

IC chip

b)

Silicon

..Pattern

et §

Non-wet failure

FIGURE 1. a) Schematic illustration of flip-chip package. b) OM image of non-wet failure in flip-chip package at solder bump and Cu
pad of PCB substrate. c) SEM image of unknown nanoparticles formed on the Cu pad of OSP-finished PCB substrate.
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FIGURE 2. CA images of water droplet on surface of a) pristine Cu pad, b) OSP-finished Cu pad, and c) OSP-finished Cu pad with

unknown nanoparticles.

Cu pad with unknown nanoparticles were measured to be ca.
41.0°, 78.6°, and 105.9°, respectively. We clearly observed
that the pristine Cu pad exhibited the most hydrophilic
properties without organic materials. With OSP finish-
ing, the contact angle of the Cu pad increased owing
to the hydrophobic properties of the OSP. Notably, the
PCB substrate with unknown nanoparticles exhibited the
highest hydrophobicity, which might impede metal-to-metal
bonding during the reflow process and lead to non-wet
failure.

B. DETAILED PHYSICAL AND CHEMICAL ANALYSIS
Various detailed analyses were conducted to confirm non-
wet failure. First, EDS was conducted on an OSP-finished
Cu pad with unknown nanoparticles to investigate their ele-
mental composition. For the OSP-finished Cu pad, C, O,
N, and Cu were detected. In addition, the OSP-finished Cu
pad with unknown nanoparticles contained C, O, N, and Cu,
similar to the OSP-finished Cu pads with different elemental
ratios. Importantly, only C, O, and N were detected as non-
metals, indicating that the majority of the organic materials
or solvents utilized did not contain other elements. The ele-
mental compositions of the OSP-finished Cu pad and the
OSP-finished Cu pad with unknown nanoparticles are shown
in Fig. 3a.

FT-IR analysis was used to characterize the chemical
structures of the OSP-finished Cu pad and the OSP-finished
Cu pad with unknown nanoparticles (Fig. 3b). For the
OSP-finished Cu pad, peaks related to benzimidazole and
copper oxide were mainly detected. In detail, the peaks
observed at 3,100-2,980 cm~! indicate aromatic C-H
and N-H stretching [17]. In addition, the peak observed
at 1,613 cm™! corresponds to N—H bending [18], [19],
[20], [21]. The peaks at 1,551 and 1,499 cm~! were
attributed to the presence of C = N stretching vibrations [22].
Moreover, aromatic C—N stretching peaks were observed
at 1,247 ecm~! [23]. These peaks clearly demonstrated that
benzimidazole or derived materials containing amine and
imine groups were the main chemicals in the OSP-finished
Cu pad (Fig. S1). Furthermore, peaks ascribed to the
slightly formed oxide layer on the Cu pad were observed
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at 1,464 and 1,303 cm™! and were attributable to Cu—O
structures [24]. For the OSP-finished Cu pad with unknown
nanoparticles, similar N-related characteristic peaks were
observed at 3,057, 1,603, 1,342, and 1,247 c¢cm~! and
were attributed to C-H and C-N stretching, N-H bend-
ing, C-N stretching, and aromatic C-N stretching, respec-
tively [25], [26]. In addition, other peaks, including O-H
stretching, C-O stretching, and C =C bending, were
detected at 3,300, 1,180, 1,113, 1,004, and 964-905 cm™!,
indicating the presence of organic materials other than
N-related materials in both the OSP-finished Cu pad and
the OSP-finished Cu pad with unknown nanoparticles [27],
[28], [29], [30]. Moreover, small traces of Cu—O materials
were detected at 1,464 and 1,303 cm™! in analogous to the
OSP-finished Cu pad [31], [32].

C. INVESTIGATION OF PROCESS

To better understand the origin of the unknown nanoparticles,
the manufacturing process of the OSP surface-finished PCB
and the utilized chemical materials were investigated. The
manufacturing process of PCB involves many steps, such
as printing, etching, lay-up, drilling, electroless deposition,
imaging of the outer layer, plating, solder mask coating,
and surface finishing (Fig. 4a) [33]. Furthermore, clean-
ing process is frequently performed during many processes
to remove dust and residues. Therefore, cleaning solvents
such as IPA, PGMEA, alcohol mixtures, and DI water have
been utilized for cleaning processes in various manufacturing
industries [26], [34]. For the PCB cleaning process, the PCB
was placed in a cleaning bath and the cleaning solvent or
DI water was sprayed for cleaning (Fig. 4b) [35]. During
the cleaning process, cleaning solvents with dirt are recycled
directly from the cleaning bath or some filtrations are applied
before recycling. These recycling of cleaning solvents is
essential from the perspective of cost reduction, but there is
also the risk of mixing leftover solutions from the cleaning
process within the bath or pipes.

D. HYPOTHESIS ESTABLISHMENT
Leftover PGMEA or IPA can be mixed with DI water for a
sequential cleaning process. Therefore, different molecular
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FIGURE 3. a) EDS spectra and b) FT-IR spectra of OSP-finished Cu pad and OSP-finished Cu pad with unknown

nanoparticles.

sizes of cleaning solvents may impact their ability to mix with
DI water. Solvents with smaller molecules, such as IPA, were
miscible with DI water; however, PGMEA, owing to its larger
molecular size, displayed lower miscibility.

To observe the miscibility, the IPA and PGMEA solvents
were mixed with DI water at three different concentrations:
1, 10, and 20 wt%. We clearly observed that all concentra-
tions of IPA solvents were homogeneously mixed without
any separation with DI water. In contrast, PGMEA solvents
were composed of non-homogeneous mixtures in DI water.
Furthermore, emulsions were formed in PGMEA/DI water
mixtures with concentrations of 10 and 20 wt% (Fig. 5a).
In addition, the laser irradiated the IPA and PGMEA/DI
water mixtures at 20 wt%, and light scattering occurred only
in the PGMEA/DI water mixture owing to the presence of
the emulsion (Fig. 5b). The formation of emulsions origi-
nated from the molecular structure and relatively nonpolar
nature of PGMEA in DI water. In general, solvent mixtures
with different polarities, assisted by hydrodynamic forces,
can produce emulsions [36]. Thus, in practical cleaning
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processes, a relatively nonpolar PGMEA solvent can aggre-
gate in polar DI water with the assistance of stirring or
even flowing conditions. One of the most interesting func-
tions of an emulsion is its capacity as a nanoreactor for
nanoparticles [37]. Thus, we hypothesized that PGMEA and
the emulsion may be related to the formation of unknown
nanoparticles. In addition, the aforementioned OSP, which
was analogous to the elemental and chemical compositions of
the unknown nanoparticles, was correlated with the cleaning
solvents.

With regard to the origin of the unknown nanoparticles,
we hypothesized that the emulsions formed by PGMEA in
DI water act as nanoreactors for the growth of spherical
nanoparticles based on OSP (Fig. 6a).

E. REPRODUCTION OF FAILURE WITH COMPARISON

To verify our hypothesis, OSP was added to PGMEA/DI
water mixtures at three different concentrations. Additionally,
OSP was added to the IPA/DI water mixture for comparison
purposes. OSP was then injected into the mixture and stirred
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FIGURE 4. Schematic illustration of a) PCB manufacturing process and b) PCB washing showing the recycling of DI water and

cleaning solvent during the process.

a) b)
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PGMEA 1% PGMEA 10% PGMEA 20%

IPA/DI water mixture

B e —
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PGMEA/DI water
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Light scattering

IPA/DI water
mixture

Laser beam

FIGURE 5. Digital photographs of a) PGMEA and IPA solvents in DI water at 1, 10, and 20 wt% concentrations and b) light
scattering results of PGMEA and IPA solvents (20 wt%) using a laser beam.

at a constant speed for 10 h at room temperature (Fig. 6b).
After the reaction, the solutions were drop-cast for FE-SEM
analysis (Fig. 7). Notably, spherical OSP-injected PGMEA-
based nanoparticles (OSP/PGMEA-NPs) with a size of ca.
500 nm were obtained from the sampling of OSP-injected
PGMEA mixtures of 10 and 20 wt%. In contrast, residues
with no morphology or aggregates were observed in the
OSP-injected IPA mixtures. Clearly, the solutions with emul-
sions formed only spherical nanoparticles, which was in
accordance with our hypothesis. Accordingly, our final task
was to compare the reproduced OSP/PGMEA-NPs with the
OSP-finished Cu pad with unknown nanoparticles. In this
regard, EDS and FT-IR analysis were performed on the
OSP/PGMEA-NPs and OSP-finished Cu pad with unknown
nanoparticles. First, EDS was employed to quantify the ele-
mental compositions of the samples, as listed in Table 1.
We clearly observed that both samples exhibited similar com-
positions, thus verifying the presence of N element from the
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imidazole-based materials in OSP. Furthermore, the FT-IR
spectra of the OSP/PGMEA-NPs and OSP-finished Cu pad
with unknown nanoparticles provided detailed information
regarding the similarities in their chemical and molecular
structures, as shown in Fig. 8. Both materials exhibited
N-related peaks at 1,603, 1,342, and 1,247 cm_l, indicating
N-H bending, C-N stretching, and aromatic C-N stretching
vibrations, respectively [38], [39], [40], [41]. In addition,
characteristic peaks associated with organic compounds were
observed at 3,057, 1,180-1,004, and 964-905 cm™!, cor-
responding to C—H stretching, C-O stretching, and C = C
bending vibrations, respectively [42], [43]. Moreover, Cu—O
peaks were detected at 1,464 and 1,303 cm~! for both the
OSP/PGMEA-NPs and OSP-finished Cu pad with unknown
nanoparticles [23]. Consequently, the OSP/PGMEA-NPs and
OSP-finished Cu pad with unknown nanoparticles were
analogous in terms of morphology, size, elemental com-
position, and chemical structure, thus confirming that the
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FIGURE 6. Schematic illustration for proposed mechanism of a) formation of unknown nanoparticles on the Cu pad using PGMEA and
IPA solvents. b) Digital photographs of OSP-injected PGMEA and IPA mixtures.

FIGURE 7. SEM micrographs of OSP-injected PGMEA mixtures of a) 1, b) 10, and c) 20 wt% concentrations, and OSP-injected IPA
mixtures of d) 1, e) 10, and f) 20 wt% concentrations.

TABLE 1. Elemental composition of “OSP/PGMEA-NPs” and “OSP-finished Cu pad with unknown nanoparticles”?.

Element (atomic %)

Sample
C (0) N Cu
OSP/PGMEA-NPs 75.5 43 12.6 7.6
OSP-finished Cu pa(.i with unknown 578 37 16 29.9
nanoparticles

2Elemental compositions of samples was obtained using the EDS mode installed in the FE-SEM system (beam current: 10.0 pA, accelerating
voltage: 20.0 kV).
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unknown nanoparticles originated from the PCB-cleaning
process.

Thus, we concluded that the unknown nanoparticles were
derived from the formation of emulsion and growth of OSP
nanoparticles within the emulsion. The proposed mechanism
for the formation of unknown nanoparticles in a practical
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PCB manufacturing process can be described as follows.
First, the PCB was cleaned using PGMEA and DI water.
During the cleaning process, recycled PGMEA and DI water
were mixed in a cleaning bath or recycling pipe. Another
option was that the remaining PGMEA or DI water could
remain on the PCB and mix during the next cleaning process.
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These mixed solvents could form emulsions because of their
different polarities and remain on the PCB surface. Finally,
the nanoparticles began to form in the emulsion on the
Cu pad with the application of OSP for surface finishing.
With hydrophobic nanoparticles, the Cu pad and solder bump
could not form proper metal-to-metal bonds, resulting in the
non-wet failure of the flip-chip package. Based on these
results, we suggest that PCB manufacturers can prevent the
formation of unknown nanoparticles by avoiding the mixing
of solvents during the cleaning process or by applying plasma
cleaning to remove the nanoparticles from the surface of
the Cu pad. Accordingly, traceback analysis consisting of
the five steps, i.e., practical observation of failure mode;
detailed physical and chemical analysis; investigation of
process materials, and instrument; hypothesis establishment,
and reproduction of failure with comparison successfully
revealed the origin and mechanism of non-wet failure. The
methodology and five steps of traceback analysis can be
applied to identify another failure mode that occurs during
the semiconductor manufacturing process. The methodol-
ogy and summary of the traceback analysis are presented
in Fig. 9.

IV. CONCLUSION

In this study, the origin of the unknown nanoparticles formed
on the OSP-finished Cu pad of the PCB substrate, which
facilitated the non-wet failure of the flip-chip package, was
identified by applying traceback analysis. Traceback analysis
was conducted in five steps: practical observation of the
failure mode; detailed physical and chemical analysis; inves-
tigation of the process, materials, and instrument; hypothesis
establishment; and reproduction of failure with comparison.
In the reproduction of failure with the comparison step,
PGMEA formed emulsions with DI water at concentrations
of 10 and 20 wt%, as confirmed by visual or light scat-
tering experiments. With OSP injection, OSP/PGMEA-NPs
were reproduced in the emulsion, which had morphological
and chemical characteristics similar to those of unknown
nanoparticles. This result demonstrated that traceback anal-
ysis successfully determined the formation mechanism of
unknown nanoparticles. To further develop and improve
traceback analysis as a universal method, various failure
cases from different companies must be studied. Despite this
fact, most semiconductor-related manufacturing processes
are non-disclosure; thus, this can be a limitation for current
traceback analysis. However, we believe that the correct use
and application of traceback analysis in industrial fields can
effectively solve failures and identify their causes. Expanding
this research to include other types of failures will provide a
more comprehensive understanding of different mechanisms.
Engaging with more industry partners will help gather diverse
data and improve the robustness of this method.
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