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Fig. 6. Failure mode at the top of the solder ball in low-CTE samples.

Fig. 7. Plastic strain distribution versus crack location in failed low-CTE
sample.

Fig. 8. Drop-test boards mounted onto the shock machine, wired for in situ
resistance monitoring.

on the glass package side. High strain concentration was
observed on the package side where all the solder cracks were
located, as shown in Fig. 7.

VI. RELIABILITY TESTING—DROP TEST

A. Drop-Test Procedure

Drop testing was performed consistent to JEDEC
JESD22-B111 standards using Lansmont shock test equip-
ment. With the components facing down, the drop-test boards
were mounted to the shock table, as shown in Fig. 8 [19].
The test boards were subjected to a 1500-G, 0.5-ms duration
shock pulse. Testing was carried out until 200 drops, for each
sample, and the resistance of the corner and inner daisy chains
was monitored in situ at a rate of 250 kHz. In compliance with
JEDEC, failures were defined as the instances of discontinuity,
which were verified by at least more instances in the next

TABLE X

SUMMARY OF DROP-TEST RESULTS

Fig. 9. Weibull failure distribution plot for drop testing of corner circuits.

five drops. For verification, all samples were manually probed
again to confirm the fails recorded in situ.

B. Drop-Test Results

A total of eight boards were placed in drop testing with
up to four low- or high-CTE samples mounted on each board.
Daisy-chain resistances were measured by the data acquisition
system during each drop cycle.

Daisy-chain failure criteria were established based on the
following three conditions: 1) a 20% increase in daisy-chain
resistance; 2) corner circuit to sustain at least 40 drops; and
3) inner circuit to survive at least 200 drops.

The drop-test results for the corner and signal circuits are
compiled in Table X [19]. On the corner circuit, marginal
failures were observed on both low- and high-CTE samples.
Approximately 50% of the corner nets failed before 200 drops
across all samples. Furthermore, no failures on the signal
circuit were detected. High-CTE samples appear to have three
failure distributions: A fail at six drops is likely due to a latent
processing defect, and failures at 47 and 54 drops are 50%
lifetime of the next distribution, which fails past 100-drop
cycles.

Weibull failure distributions, as shown in Fig. 9, indicate a
low Weibull slope (β), suggesting a wide range of variability
caused by a yield issue at time t0, and possibly attributed due
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Fig. 10. C-SAM characterization after drop testing on low-CTE sample post
200 drops.

to process defects in substrate fabrication. Moreover, with low
number of samples and the wide failure distribution (due in
part to outliers), absolute values of unreliability may not be
used. Ignoring the outliers with early failure, low- and high-
CTE samples exhibit similar failure distributions, indicating
that there is a limited effect of the glass CTE on the drop-test
performance [19].

C. Failure Analysis of Drop-Test Samples

Failure analysis of the drop-test samples was again per-
formed with three characterization methods: C-SAM, optical,
and SEM/EDS to determine the failure mechanisms.

1) C-SAM Characterization: After drop testing, C-SAM
inspection (Fig. 10) was performed with a high-resolution
230-MHz transducer. No signs of delamination or cohesive
glass cracking could be noticed, despite some minor initial
defects being present. This suggests that the polymer applied
to protect the glass edges was effective in preventing crack
propagation as described in [20].

2) Optical Characterization: On individual BGA rows,
it could be observed that defects attenuated moving toward
the inner circuit from the corners, which is expected as the
solder balls get closer to the neutral point. For all sample
configurations, there were two characteristic failure modes
described from here on as Mode 1 and Mode 2. Mode 1 failure
in the Cu redistribution layer was found most predominant
among all sample types, as shown in Fig. 11 [19]. Several
other literature studies have indicated Mode 1 failure to be a
common failure mechanism for drop-test reliability [22], [23].
A crack in the copper trace is initiated at the point where
there is critical stress concentration. In the presence of strong
intermetallic adhesion, the failure migrates to the thin copper
trace where stress exceeds its ultimate strength [23]. Mode 2
failures occur near the Cu–Ni interface.

Further analysis was carried out with scanning electron
microscopy to understand the cause of Mode 1 and Mode 2
failures.

3) SEM/EDS Characterization: Interfacial characterization
was first performed to investigate the intermetallics formed
between ENEPIG and SAC105. A quantitative analysis of
nickel phosphorus layers in the ENEPIG surface finish
confirmed the phosphorus content to be in the expected
8%–9% range. Excellent solderability was confirmed with
good intermetallic (Ni3Sn4) formation achieved during BGA
balling as shown in Mode 1 crack in Fig. 12.

Fig. 11. Optical images of cross sections of failed drop-test samples
with (a) and (b) Mode 1 failure: crack in the Cu routing layer and
(c) and (d) Mode 2 failures: crack in the Ni layer near the Cu–Ni interface.

Fig. 12. IMC formation on a BGA with Mode 1 crack.

Mode 2 failures, which are not a standard failure
mechanism, were investigated by point scan mappings at
central sites away from the crack tip. These scans revealed
the presence of small globules and particulates from the
passivation at the Ni and Cu pad interfaces, which were
entrapped during the fabrication process. The samples with
SMD-defined passivation were fabricated by laminating the
dielectric film over the Cu pads and laser drilling openings to
expose the Cu pad surfaces. Subsequently, plasma cleaning
was applied to remove any particulates from the pad surface.
Inadequate or ineffective cleaning may have caused dielectric
particulates residues on the Cu pads onto which the ENEPIG
surface was plated, leading to Mode 2 failures.

VII. CONCLUSION

This paper reports the first demonstration of balanced
drop test and thermomechanical reliability of ultrathin, large
glass BGA packages. These BGA packages comprise glass
substrates that are directly mounted onto the board, without
the need for intermediate packages. This approach, therefore,
qualifies as a new major platform for system integration and
miniaturization without modification of the processes or the
interconnection structure.

During TCT, all samples qualified 1000 JEDEC-based
thermal cycles using the SAC105 solder. Low-CTE samples
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recorded first failure at 1100 cycles, whereas high-CTE
samples passed with stable daisy-chain resistances until
5300 cycles. High-CTE glass, therefore, constitutes a
promising platform for the integration of high-performance
systems as it can accommodate high-density interconnections
to support split dies, while maintaining outstanding board-level
reliability. Experimental results achieved indicate excellent
correlation with the thermomechanical modeling predictions.
However, from a system-level perspective, the TCT reliability
can further be optimized to balance both chip- and board-
level reliability that will be pursued in the future work at the
3-D Packaging Research Center in the Georgia Institute of
Technology. During drop testing, 28/30 samples passed the
drop-test failure criteria (corner circuits in samples survived
40 drops and inner chains passed 200 drops). Thus, for
drop performance, no clear effect of the glass CTE could be
observed. More importantly, no glass-specific failure modes
were observed, confirming applicability of glass as a superior
substrate material for large, package-to-board integration.
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