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The interfacial reaction between a eutectic Sn-3.5wt.%Ag solder and an elec-
troless nickel-immersion gold-plated Cu substrate during reflow was exam-
ined by transmission electron microscopy (TEM). During the initial reflowing,
the amorphous, electroless Ni (P)-plated layer crystallized into two P-rich Ni
layers: a NijoP5 + NizP mixed upper layer and a NisP lower layer. No ternary
Ni-Sn-P layer was observed in the initial stage. After subsequent reflow for
60 s, a ternary NioSnP layer (containing a small amount of the NisP phase)
was formed between the NizSn, and P-rich Ni layers (NigP + Ni;oP5 + Ni).
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INTRODUCTION

Lead (Pb)-free solder has attracted considerable
attention in electronic materials research due to the
recent health and environmental concerns with
lead.’2° Of the many different solder alloys that
have been proposed as potential Pb-free solders, the
alloy families of Sn-Ag and Sn-Ag-Cu have shown
the greatest promise.*'! In addition to solder,
printed circuit boards (PCBs) and component sur-
face finishes also need to be Pb-free. The selection of
the appropriate substrate metallization plays an
important role in the development of a reliable
packaging technology. Cu has been widely used in
the under bump metallization (UBM) of a chip and
in substrate metallization for chip packaging.
However, the reliability of this solder joint has
raised serious concern, due to the rapid formation of
a Cu-Sn intermetallic compound (IMC) at the Sn-
based solder/Cu interface.?! The formation of a thin
IMC layer is needed to achieve good metallurgical
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bonding, but excessive IMC growth adversely
affects the mechanical reliability of ball-grid-array
(BGA) and flip-chip solder joints. Because this
problem of IMC overgrowth is exacerbated in the
case of Pb-free solders, Ni, particularly in the form
of electroless nickel-immersion gold (ENIG), has
been widely used as a surface finish layer on the
metal bond pad for flip-chip and BGA solder bumps
due to its low cost and simple processing.! 20
Besides the original properties of solder and surface
finish materials, the interfacial reaction between
the solder and substrate is another important
parameter for determining joint reliability.?! In the
case of electroless Ni (P) plating, the presence of P
makes the reaction between Sn and Ni (P) more
complicated than that between Sn and Cu or pure
Ni. In addition to the existence of Ni-containing
IMCs, the reliability of the solder joints is decreased
by the formation of additional layers, such as ter-
nary Ni-Sn-P and P-rich Ni (NipP, Ni;oP5 and
NisP).!11® Furthermore, these layers are quite
thin.'* Therefore, many studies have examined the
interfacial reaction of SnAg/ENIG.'"2%22 Various
analysis techniques, such as scanning electron
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microscopy (SEM), electron probe microanalyzer
(EPMA), and transmission electron microscopy
(TEM), have been used to examine interfacial
reaction. Of these, TEM equipped with analytical
attachments offers the most complete tool for char-
acterizing the formation of these additional layers.
However, solders are typically soft, while IMCs tend
to be quite hard and brittle, which has limited the
level of success in preparing solder samples for TEM
analysis. This study evaluated the interfacial reac-
tion between eutectic Sn-3.5wt.%Ag solder and
ENIG-plated Cu substrate during reflowing at
255°C, using an ultramicrotome and TEM.

EXPERIMENTAL PROCEDURES

The composition of the BGA solder balls used in
this study was Sn-3.5Ag (in wt.%) and their diam-
eters were 500 ym. The substrate was a flame
retardant (FR4) PCB, which was plated with Au and
Ni (P) layers using an ENIG surface finish to a
thickness of 0.15 um and 5 um, respectively. The
electroless Ni (P) layer contained approximately
15 at.% phosphorous (P) due to the use of hypo-
phosphite in the chemical reduction of Ni ions. The
solder balls were bonded to the pads during the
reflow process using a rosin mildly activated (RMA)-
type flux in a reflow machine (RF-430-N2, Japan
Pulse Laboratory Co. Ltd., Japan) at a maximum
temperature of 255°C for 3 s and 60 s. The pre-
heating time was approximately 60 s at 160°C.
After the reflow process, the samples were cooled to
room temperature.

The microstructure and chemical composition
were examined with a TEM equipped with an
energy dispersive X-ray spectrometer (EDS). The
cross-sectional samples for the TEM were prepared
with an ultramicrotome (RMC MT7000). Using this
method, we obtained TEM samples with uniform
thickness, less contamination, and a large
observable area. Each flat polished specimen
(approximately 100 ym in thickness) was embedded
with Epofix (Struers) in an embedding mold. After
being trimmed, the embedded sample was sectioned
at 0.3 mm/s window speed, a 5° bevel angle, and a
40 nm sectioning thickness with a diamond knife
(Druker). The sectioned samples were collected onto
a 3 mm® Mo grid. The sample was examined with a
high-resolution (HR)-TEM (JEM-2100F, Jeol Co.
Ltd.) equipped with a scanning transmission elec-
tron microscope (STEM)/EDS. In addition, a nano-
beam electron diffraction (NBED) technique was
used for the crystallographic confirmation of the
phases formed at the joint.

RESULTS AND DISCUSSION

Figure 1 shows a TEM micrograph of the
Sn-3.5Ag/ENIG interface after reflowing at 255°C
for 3 s and the selected area diffraction (SAD) pat-
terns obtained from four reaction layers: electroless
Ni (P) plated layer (layer A), P-rich Ni layer (layers
B and C) and Ni3Sn, IMC layer (layer D). Based on
the TEM image contrast, it is apparent that the P-
rich layer between the NizgSn, IMC and the elec-
troless Ni (P) is composed of two reaction layers
rather than one. The lower layer B next to the

IMC layer
(NizSny)

P-rich Ni
layers

Electroless
Ni(P) layer

Fig. 1. Cross-sectional TEM micrograph of the Sn-3.5Ag/ENIG interface reflowed at 255°C for 3 s and selected area diffraction (SAD) patterns
obtained from electroless Ni (P) plated layer (layer A), P-rich Ni layer (layers B and C) and NizSn, IMC layer (layer D). The P-rich layer between
the NizSn, IMC and the electroless Ni (P) was composed of two reaction layers rather than one.
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electroless Ni (P) shows a relatively homogeneous
gray contrast, while the upper layer C next to the
NisSn, IMC shows a dappled (gray and dark) con-
trast. The SAD pattern of the electroless Ni (P)
plated layer indicates diffused halo rings, which is
typical of an amorphous structure. In contrast, dif-
fraction pattern of the P-rich Ni layer that formed in
front of the electroless Ni (P) layer consists of a
Debye ring superimposed with spots, which sug-
gests that the P-rich Ni layer contains fine poly-
crystals of a Ni-P compound.

Kang, Bae, Lee, Park, Yoon, Jung, and Yang

STEM/EDS analysis confirmed that no Au-con-
taining phase or Au layer was present at any posi-
tion of the interface. Layers B and C contained
relatively more P than did the bottom layer. In
addition, no P was detected in the NisSn, IMC
layer. Considering the compositional ratio between
Ni and P, layers B (positions 7-9 in Fig. 2) and C
(positions 4-6 in Fig. 2) are most likely to be NisP5
or NizgP phases. NBED was used to identify the
phases in the P-rich Ni layers. Figure 3 shows the
NBED patterns obtained from the P-rich Ni layers
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Fig. 2. STEM micrograph of the Sn-3.5Ag/ENIG interface reflowed at 255°C for 3 s and the results of EDS analysis (electron probe size 1 nm).
Considering the compositional ratio between Ni and P, the layers B (positions 7-9) and C (positions 4—6) are likely to be phases based on either

NiyoPs or NizP.

Layer B
®¥isP)

Fig. 3. NBED patterns obtained from STEM/EDS analysis of the positions shown in Fig. 2. The upper P-rich Ni layer is Ni;oP5 (NBED pattern
measured at position 4) and NizP (NBED pattern measured at position 5). The lower P-rich Ni layer is NizP (NBED pattern measured at position 8).
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next to the NigSn, IMC in Fig. 2. NBED analysis
confirmed that the upper P-rich Ni layer (layer C) is
composed of Ni;oP5 and NizP. The lower P-rich Ni
layer (layer B) is mainly composed of NizP. This
result is consistent with the STEM/EDS results.

During the reflow process, the uppermost Au flash
layer was completely dissolved into the molten sol-
der, leaving a Ni (P) layer exposed to the molten
solder. In addition, Sn atoms in the solder reacted
with the Ni atoms at the solder/Ni (P) interface,
causing the formation of NizSn, IMC at the inter-
face. Owing to the consumption of Ni to form NizSny
IMC, P was expelled to the remaining Ni-P layer to
form these P-rich Ni layers. This phenomenon is
generally known as “solder reaction-assisted crys-
tallization”.?®> The mechanism is based on the pref-
erential dissolution of Ni from the Ni (P) layer, which
leads to an increase in the P content in the upper
part of the Ni (P) layer and subsequent NisP for-
mation. NBED/EDS analysis confirmed that NisP
and NisP5 were formed in the P-rich Ni layer in the
initial reflow process. Therefore, NisP was the phase
of the initial reaction, and Ni;3P5 might also have
been formed in the initial reflow process. It is
believed that this Ni;sP5 phase was formed between
the IMC layer and the Ni (P) plated layer due to the
rapid diffusion of Ni. The large amount of Ni is dif-
fused into the solder layer at the initial reflow pro-
cess, forming IMCs at the interface. The Ni
concentration is significantly lower at the upper
most region of the P-rich Ni layer (the region
immediately below the solder). Ni;sP5 containing a
relatively low concentration of Ni could be formed.
Therefore, the upper P-rich layer contains Ni;sP5
(layer C in Fig. 1). In addition, the ternary Ni-Sn-P
layer, which is generally recognized as the layer
between the interfacial IMC and the P-rich Ni lay-
ers, was not observed in the initial stage after reflow
for 3 s.

The joint was then reflowed at 255°C for a
prolonged time (60 s) in order to determine the
microstructural and compositional changes in the
Sn-3.5Ag/ENIG joint. Figure 4 shows the cross-
sectional TEM micrograph of the interface reflowed
for 60 s. A significantly different interfacial reaction
was observed in the specimen. There are two dis-
tinct layers between the interfacial NigSn, IMC and
Ni (P) layers: the lower thick layer (light gray,
approximately 750 nm in thickness) and an upper
thin layer (dark gray, approximately 200 nm in
thickness). The difference in the contrast indicates
that the top layer contains heavier elements (Sn)
than the lower one does. EDS analysis showed that
the dark gray region (layer C in Fig. 4) is composed
of Ni, Sn and P, while the light gray region (layer B
in Figs. 4 and 5) contains Ni and P only. Electron-
diffraction pattern analysis (Fig. 6) combined with
the EDS analysis confirmed the bottom layer (layer
B) to be composed of NizP, Ni;oP5 and Ni, while the
top layer (layer C) is a mixture of NioSnP and NisP.
These layers do not consist of a single phase but,

Layer D

| - - . K j - Lo
Fig. 4. Cross-sectional TEM micrograph of the Sn-3.5Ag/ENIG
interface reflowed at 255°C for 60 s and the NBED patterns obtained
from the NigSn, IMC layer (layer D). A markedly different interfacial
reaction was observed from the specimen. There were two distinct
layers between the interfacial NizSn, IMC and Ni (P) layers.
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rather, are composed of two or three phases. Indeed,
the main phases of the layers B and C were NisP
and Ni,SnP, respectively.

The ternary Ni-Sn-P phase has been reported in a
few studies examining the Sn-Ag/Ni (P) system. 5720
Hwang et al. examined the interfacial reaction
between the Sn-3.5Ag solder and Au (0.06 ym)/
Ni-6wt.%P (5 um) plated layer at a reflow tempera-
ture of 230°C for 40 s and reported that NizSnP
formed on top of the NisP layer in Sn-3.5Ag/Ni-P
joints.?° Lin and Duh reported the transformation of
NisP-NisSnP as a result of the in-diffusion of Sn.'®
Although the precise reason for the formation of this
Ni,SnP layer is unclear, it is presumably related to
the transformation of an upper P-rich Ni layer
(NioP5 + NigP) that had formed in the previous
reaction.

Two possibilities for the formation of NisSnP can
be deduced. Figure 7 shows a schematic diagram of
this process. As shown in the figure, the Ni,SnP
phase can be formed by a reaction between the
Ni;»,P5 phase and internally diffused Sn because
Ni5P5 is formed at the upper P-rich Ni layer before
the formation of NisSnP (A — B in Fig. 7). How-
ever, NijoP5 is a meta-stable phase that is easilzy
transformed into other Ni-P compounds.!®**
Therefore, Ni;oP5 converts to Ni,P as a result of
continuous Ni diffusion. From the Ni-P binary phase
diagram,?* Ni-P compounds appear in the form of
NisP, NisPy, NijsP5 and NigP in sequence with
decreasing Ni content. It is expected that NiyP
should be the next phase to be formed after NisPs.
Therefore, with the successive diffusion of Ni, Ni;5P5
can be transformed to NisP between the IMC and the
lower P-rich Ni layer (A — « in Fig. 7). Although
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Fig. 5. The results of STEM/EDS analysis (electron probe size 1 nm). The dark gray region (layer C in Fig. 4) is composed of Ni, Sn and P, while
the light gray region (layer B in Fig. 4) is composed of Ni and P only.

_ NP
[110] zone axis

Layer B
(NigP+NipP+Ni)
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Fig. 6. NBED patterns obtained from layers B and C in Fig. 5. The bottom layer (layer B) is composed of NizP, Ni;oPs and Ni, while the top layer
(layer C) is a mixture of Ni,SnP and NizP.

B: For 60 sec.

. Sn Sn

Sn

Ni,P; — > Ni,SnP

a: For 360 sec.

(Intermediate)

Sn

Ni,,P; Ni,P — Ni,SnP

Fig. 7. Schematic diagram for the formation of the Ni,SnP ternary phase.
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the NiyP phase was not detected in this study, it might
be possible to form a Ni,P phase through an inter-
mediate (3—60 s) reflow reaction. Therefore, it is pos-
sible that the Sn atoms diffused into NiyP to form
NioSnP (A — o — BinFig. 7). These results are in
agreement with those reported by Lin and Duh.

CONCLUSIONS

This study examined the interfacial reaction
between eutectic Sn-3.5wt.%Ag solder and an
ENIG-plated Cu substrate during reflow, using a
TEM. During the initial reflow for 3 s, the amor-
phous, electroless Ni (P) plated layer crystallized
into two P-rich Ni layers: a Ni;sP5 + NigP mixed
upper layer and a NisP lower layer. In addition, the
ternary Ni-Sn-P layer, which is generally recog-
nized as a layer formed between the interfacial IMC
layer and the P-rich Ni layer, was not observed in
the initial stage. After a prolonged reflow reaction
for 60 s, a ternary Ni,SnP layer (containing a small
amount of NisP) was formed between the NisSny
and P-rich Ni layers (NigP + Ni;oP5 + Ni).
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