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High temperature storage reliability of Cu pillar flip chip interconnects
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Abstract

The Cu pillar flip chip is currently designed and used in the optic communication device that it has
exhibited low reliability at high temperature. This paper aims to report the reliability of Cu pillar flip
chip assembled on electronics board for a new optoelectronic product subjected to high temperature
storage testing. The test was performed at 150°C isothermal condition with the various storage times
up to 2000 h. The aged samples were characterized with scanning acoustics microscopy, scanning
electron microscopy, and energy dispersive X-ray spectroscopy. Two types of intermetallic compounds
(IMC:s) were found at beside of the Cu pillar i.e. CusSns and CusSn. The Cu3Sn layer exhibits a thinner
thickness (~0.62 um at 1000 h) and a slower growth rate (~0.27 wm/1000 h) compared to the CusSns layer
(~7.96 pm and ~2.59 um/1000 h). Cracks were commonly found at the IMC/Cu pillar sidewall interface
that initiating at the solder edge on the pillar side with the smaller solder volume, then propagating along
IMC/Cu interface. At the top of Cu pillar and substrate pad, which were coated by Ni layer, only
(Cu,Ni)sSns was found. The Ni layer influenced both the IMC type and growth rate. All IMCs exhibited
increasing thickness with storage time. These findings provide important insights into the thermal

1. Introduction

Nowadays, electronic devices have evolved and trended to a smaller
and higher performance with multifunction. Flip chip technology has
developed as a leading solution for high-density electronic packaging.
This technology enables the integration of multiple functional modules
into a single package. Traditionally, the flip chip packages based on
solder balls have been widely adopted. However, as package designs
move toward extremely fine pitches, the limitations of solder ball
technology become increasingly evident. In recent years, Cu pillar
bump technology plays an important role in the electronic packaging
to have more I/O density, decrease in the spacing between bumps,
improve electrical and thermal conductive, increase data transfer
speed, thus promoting wider applications of Cu pillar bumps flip chip
technology in electronic product with high-density packaging [1,2,3].
Consequently, this technology has been increasingly implemented in
next-generation optoelectronic modules, including optical transceivers
and laser driver circuits.

However, the reliability of Cu pillar flip chip in optoelectronic
product remains a critical concern, especially under mechanical and
thermal stress. This concerns strongly relate to the interconnect formed
by the solder joint. The miniaturized size of Cu pillars introduces
new challenges caused by the coefficient of thermal expansion (CTE)
mismatch among Cu pillar, intermetallic compound (IMC) layer and
solder, resulting in thermal stresses that can induce creep and fatigue
failures in the solder joints [4,5]. In addition, the high temperature
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reliability of a fine pitch Cu pillar solder interconnects in advanced electronic packaging.

condition can lead to the growth of IMC and the formation voids and
cracks [6].

In this study, the reliability of Cu pillar flip chip packages assembled
on a new optoelectronic product is investigated under high temperature
storage test conditions. The Cu pillar flip chip is connected by SnAg
solder bump on Cu pillar and SAC305 solder paste on substrate pad.
The analysis is performed with scanning acoustic microscope (SAM),
optical microscope (OM), scanning electron microscope (SEM), and
energy dispersive x-ray spectroscopy (EDS).

2. Experimental procedures

Figure 1(a) illustrates a top view schematic of optoelectronic product
with assembled five Cu pillar flip chips on substrate that a biggest
flip chip is connect with a waveguide laser whereas the other four
smaller flip chips are positioned nearby. Figure 1(b) presents the Cu
pillar diagram, which shows the structure before soldering of Cu pillar
with Ni surface finish and SnAg solder bump on the chip side, and
substrate pad with Ni surface finish and SAC305 solder on the board
side. The dimensions of this fine-pitch Cu pillars are 0.08 mm in
diameter, 0.04 mm in height, and 0.15 mm in pitch.

Figure 2 shows the sample preparation process for the optoelectronic
board with Cu pillar flip chip. The chips were initially flipped and
placed on the substrate (interconnect structure as shown in Figure 1),
followed by the first reflow soldering to establish electrical and mechanical
connections between chips and substrate. Subsequently, solder balls
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were placed on the bottom side of substrate and were soldered on
substrate ball pads by the second reflow. After soldering, an underfill
material was applied to completely fill the area beneath each chip
in order to enhance the mechanical reliability and thermal performance
of the flip chip assembly. Table 1 and Table 2 shows reflow profile
implemented to the first and the second reflow soldering, respectively.
(In the second reflow profile, shorter reflow time and lower maximum
temperature is specified to prevent device damage.)

The reliability test, high-temperature storage (HTS) referring to
MIL-STD-883L Method 1005.1 standard [7], was performed to
evaluate the effects of isothermal aging on Cu pillar interconnect at
150°C of a constant aging temperature, with a varying duration from
250 h to 2000 h of aging time.

After the high temperature storage test, the samples were first
examined by scanning acoustic microscopy (SAM) to detect internal
voids or delamination in a non-destructive manner. However, SAM
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provides limited resolution for distinguishing fine microstructural
defects, its results were used primarily for preliminary reliability
screening. Subsequently, the samples were prepared by cross-section
technique that were polishing down to 0.3 um. The cross-sectioned
samples were characterized by optical microscopy (OM), scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) to investigate microstructure at the interconnect area and to
identify the intermetallic compound (IMC) phases. IMC thickness
measurements were conducted at 9 sampling points in each analyzed
area to investigate the effect of aging time and interfacial material
on IMC growth. Figure 3 showed the cross-section plane, optical
micrograph, and the three investigated sampling locations that represent
in the left, middle, and right area. These cross-section plane and the
three sampling locations were selected based on the expectation that
a larger electronic component assembled on the board are subjected
to a higher residual stress and a higher possibility to failure [8].
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Figure 1. (a) Top view schematic of optoelectronic product with assembled Cu pillar flip chip on board (b) structure of Cu pillar and substrate before soldering.
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Figure 2. Sample preparation process

Table 1. Reflow profile implemented to the first reflow soldering.

\ Place solder ball

24 Reflow soldering

Reflow zone Preheat Soaking Reflow (TAL) Max Temperature
Temperature 130°C 130°C to 180 °C 220°C 255°C to 260 °C
Specification <4°Cs! 50sto70s 100sto 110's
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Table 2. Reflow profile implemented to the second reflow soldering.

Reflow zone Preheat Soaking Reflow (TAL) Max Temperature
Temperature 130°C 130°C to 180 °C 220°C 230°C to 240°C
Specification <4°Cs! 60sto120s 20sto 70 s

Left

Middle

Figure 3. Optical micrographs of cross-sectioned sample and sampling investigated location, representing as left, middle, and right.

3. Results and discussion
3.1 Voids and delamination in Cu pillar solder bump package

Figure 4 shows C-scan acoustic images obtained from the opto-
electronic samples after various high-temperature storage durations.
This non-destructive imaging technique was used to assess the integrity
of the Cu pillar flip chip interconnects, particularly focusing on the
solder joints to detect internal voids, cracks, or delamination. The absence
of white spots at the Cu pillar and solder bump locations across all aging
conditions can imply that the solder joints remained intact and free
from void defect throughout the thermal aging. However, these acoustic
imaging results are just the preliminary joint reliability detection that
still need the confirmation by the other microstructural studies in the
subsequent sections.

3.2 Microstructure and defects in Cu pillar solder bump
interconnects

Figure 5 shows cross section electron micrographs of the inter-
connects at different sampling locations, obtained from samples with

(a) 250 h

(b) 500 h

(d) 1500 h

various storage times. Some voids were found in the solder bulk that
might generate due to the volume shrinkage during the formation of
IMC[5]. The presence of voids can significantly influence the mechanical
integrity of solder joints where large voids reduce the load-bearing
area, accelerating crack initiation under stress. Most of SEM images
reveal cracks at the edge of solder bulk and cracks along the interface
between IMC layer and Cu pillar. Both types of cracks are affected
from CTE mismatch among the materials (solder, underfill, Cu pillar,
and IMC). Cracks at the edge of solder bulk near Cu pillar/IMC layer
interface can be caused by CTE differences of solder, IMC, and Cu
pillar with the excessive plastic deformation (creep) of solder bump
over than IMC and Cu pillar material, incorporating with the thickened
IMC layers, leading to high stress concentration and crack initiation
[9-11]. The electronmicrographs illustrate that the cracks along the
interface between IMC layer and Cu pillar typically occur on the side
with a smaller solder volume, and propagate along the IMC layer and
Cu pillar interface because the low solder volume is insufficient support
the accumulated thermal stress, causing the thermal stress to be directly
transferred to the brittle IMC layer.

(c) 1000 h

-—w

Figure 4. Acoustic images obtained from samples with various storage times (a) 250 h, (b) 500 h, (c) 1000 h, (d) 1500 h, and (e) 2000 h.
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Figure 5. Electron micrographs of the sampling interconnects obtained from samples with various storage times (a) 250 h, (b) 500 h, (c) 1000 h, (d) 1500 h, and
(e) 2000 h.

(a) 250 h (c) 500 h

(b) 1000 h (d) 1500 h

Cug Sn,

Cug Sn

Figure 6. IMC phase at beside (left and right) of Cu pillar analyzed on samples with various storage times (a) 250 h (b) 500 h (c) 1000 h (d) 1500 h (e) 2000 h.
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3.3 IMC phase identified by element analysis

The IMCs formed adjacent to Cu pillars were analyzed by EDS, the
two types of IMCs were identified i.e. CusSns and CuszSn as shown in
Figure 6. Moreover, the analysis showed that the cracks at side of Cu
pillar initiated with the brittle IMC phase of CusSn, as the illustrated
in the zoom-in images in Figure 6(e). The top of Cu pillar and substrate
Cu pad coated by Ni layer obviously influences to IMC layer that formed
a ternary (Cu,Ni)sSns IMC at the interface, as shown in Figure 7.
In addition, CusSns is observed as a dispersed IMC phase in the solder
bulk that the distribution and morphology might affect to the overall
mechanical properties of the interconnect. The greater CusSns IMC
precipitated phase in solder contributed to decreases the mechanical
property [12].

3.4 IMC Thickness Measurements

Figure 8 presents the box plot illustrating the measured thickness
of IMC adjacent to the side of Cu pillar, specifically on CusSns (in red)
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(b) 800 h

Ni (Cu,Ni)s Sns
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\
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and CusSn (in blue), at the various storage times. Both CusSns and
CusSn layer exhibits growth when storage times increase. The mean
thickness of both IMC layers increased in correlation with the aging
duration. However, the CusSn layer growth rate is slower than CusSns
and remains consistently thinner than the CueSns layer along the testing
time. In addition, the thickness of CusSns IMC layer seems to stabilize
after approximately 1500 h of storage time, due to the CuzSn and CusSns
layer acting as the diffusion barrier between Cu pillar and solder. This
behavior represents the evolution of the IMC layers over time, that
enhances the understanding about reliability and failure mechanisms
of Cu pillar flip chip interconnects under thermal stress.

In Figure 9, the box plots of IMC thickness at the top of Cu pillar
and at the substrate pad show that the presence of Ni layer significantly
affects to IMC growth behavior. As illustrated in the boxplot, the mean
thickness of the (Cu,Ni)¢Sns IMC layer increases with prolonged aging,
however, its growth rate is slower compared to the CueSns and CuszSn
IMC layer formed adjacent to the side of the Cu pillar as reported in
Figure 8, due to Ni layer acts as a diffusion barrier, effectively suppressing
IMC growth.

30 pm

Figure 7. IMC phase at top of Cu pillar and substrate Cu pad coated by Ni layer analyzed on samples with various storage times (a) 250 h (b) 500 h (c) 1000

h (d) 1500 h (e) 2000 h.
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Figure 8. Thickness of CueSns (in red) and CusSn (in blue) IMC layers adjacent to the side Cu pillar measured from samples with various storage times.
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Figure 9. The (Cu,Ni)sSns IMC layer thickness at the top of Cu pillar and substrate side measured from samples with various storage times.

4. Conclusions

In this work, the high temperature storage reliability of Cu pillar
flip chip solder bump was investigated under and isothermal aging
condition of 150°C for up to 2000 h. The main findings can be summarized
as follows:

e Cracks are always found at the edges of solder bumps and
along the interface between the IMC layer and the Cu pillar.
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e The cracks originally started at the edge of the solder bump
on the pillar side with the smaller solder volume and subsequently
propagated along IMC layer/Cu pillar interface, essentially affecting
on a brittle CusSn layer. To reduce crack initiation, a proper and balance
solder volume is needed to reduce local stress concentration, especially
near Cu pillar side.

e Three types of IMCs were identified in this Cu pillar package
i.e. CusSns, CusSn, and (Cu,Ni)sSns. All IMC layers thickened by
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the longer storage times, however, CusSns thickness demonstrates a
trend toward saturation after a prolonged high temperature storage
time, reflecting characteristics of IMC growth behavior over time.

e The CusSn IMC layer is typically thinner throughout the
test and exhibited a slower growth rate compared to CueSns.

e The (Cu,Ni)sSns IMC layer is only found at the interface
between the solder bulk and the Ni layer, where the presence of Ni
behaved as a diffusion barrier, promoting a slower IMC growth.
Therefore, Ni layer can be used to suppress excessive IMC growth and
enhance interfacial stability during long time under high temperature
storage.

This study provides a comprehensive understanding of the IMC
evolution and failure mechanisms of Cu pillar flip-chip interconnects
under high temperature storage test. The experimental findings can
serve as useful guidelines for improving the long-term reliability of
Cu pillar interconnects in next-generation optoelectronic products
and high-performance electronic packaging applications.
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