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ABSTRACT 
The test results for numerous chip scale package assembly 
performed under MicrotypeBGA Consortium led by the 
Jet Propulsion Laboratory have been published 
previously. Cycles-to-failures (CTFs) of assemblies with 
underfill to 3,000 cycles of -30 to 100°C and 1500 in the 
range of -55 to 125°C are presented. The virgin of these 
assemblies with numerous chip scale packages and a 
control TSOP were also subjected to two vibration levels 
for upto 6 hours to characterize their times-to-failures 
(TTFs). Assemblies with and without underfill were 
tested. This paper presents vibration behavior of these 
assemblies along with optical and SEM cross-sectional 
micrographs taken after failures. 

Key words: Vibration, CSP, microBGA, TSOP, underfill, 
solder joint reliability, thermal cycle 

INTRODUCTION 
Although the expression “CSF‘” (chip scale package) is 
widely used by both suppliers and users, its definition has 
evolved as the technology has matured. When introduced 
to the market, a very precise definition was adopted by a 
group of industry experts. CSP was defined as a package 
that is up to 1.2 or 1.5 times larger than the perimeter or 
the area of the die. Soon, it became apparent that 
suppliers were using the term CSP to promote a miniature 
version of a previous package, namely, the ball grid array 
(BGA). 

A rapid transition to a much lower size was difficult both 
for package suppliers and end users. Suppliers had 
difficulty in building such packages and users had 
difficulties in accommodating the need for the new 
microvia printed wiring board (PWB), chiefly, because of 
routing requirements and increased cost. Other issues for 
accepting the “interim definition” by industry included 
needed maturity in assembly and infrastructure. For 
example, the use of pitches other than 0.5 mm, including 
0.75 and 0.65, was aimed at using a standard PWB design 
rather than a microvia in order to avoid the elevated cost 
of the latter. 

Thus, in reality, CSPs are miniature new packages that 
industry has already implemented, and there are many 
unresolved technical issues associated with their 
implementation as they become available. Technical 
issues themselves also change as packages mature. For 
example, in early 1997, packages with 1 mm pitch and 
lower were the dominant CSPs, whereas in early 1998 
packages with 0.8 mm and lower became the norm for 
CSPs. Now, packages with 0.4 mm pitch have become 
available. 

In addition to finer pitch PWB desigdassembly challenge, 
new package configurations including the use of flip chip 
die rather than wire bonds and stacked die within 
packages or CSP stack with peripheral attachment will 
add additional complexity when the package reliability are 
being developed. New unknown potential failure 
mechanisms will add to such challenges. 

CSPs and newer stack versions have their own unique 
form factor not seen in SMT and many of them may not 
be able to meet traditional reliability test requirements for 
commercial application. Also, because of their wide usage 
in portable electronics, additional emphasis has been 
placed on specific new tests such as bend and drop tests to 
meet reliability requirements for such products. The small 
form factor with large functionality necessitates use of 
area array packages with small, rigid balls not having the 
resistance to thermal and mechanical exposure required 
for these products[ 1-41. 

However, rapid changes in electronics have reduced 
thermal cycle life expectancy in favor of CSP 
implementation. Requirements for dynamic loading, 
especially for cell phone applications, may be resolved by 
the use of underfill [ 5 ]  or corner staking [6] despite 
knowing their drawbacks of imposing additional costly 
process steps and introducing reworkability in most cases. 
Limited test results become available on vibration 
behavior of BGAs [7,8], but data are scarce for vibration 
performance of CSP, especially for high reliability 
applications. 
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Purpose of This Paper 
Underfill has been widely used to improve solder joint 
reliability of area array flip chip die attachments by at 
least an order of magnitude. Underfill is used both within 
packages and on the PWB. It acts to absorb the CTE 
mismatch and consequently reduce stress significantly by 
distributing it uniformly through the solder joints. 
Underfilling, however, is undesirable because of the 
additional process requirements increase cost and reduce 
manufacturing throughput. Another drawback of underfill 
is the inability to rework defective parts. Progress has 
been made to reduce the negative impact of underfilling 
by shortening the process time though the use of snap cure 
polymers and enabling reworkability by the development 
of reworkable underfills. 

So, if we assume that underfill improves reliability, then 
one thought might be that if everything else failed to 
improve reliability of CSPs, underfilling might be the 
ultimate undesirable solution. This approach for CSPs was 
used by Sony when its passport size camera was first 
introduced in early 1997. Investigators have shown that 
underfill materials and processes play a key role on the 
assembly reliability. Literature data on the effects of 
underfill on assembly reliability is limited, especially for 
the effect of package types including those modified for 
relieving stress mismatch between die and substrate. 

The effect of underfilling on long-life thermal cycle 
behavior of various CSPs were presented first. The 
investigation aimed to answer some of the key questions 
on the interaction of package type and underfill on 
thermal cycle behavior. Further work was carried out on 
the same type of test vehicles to characterize vibration 
behavior under two levels (7.8 and 16.9 Grms) and three 
time intervals (2, 4, and 6 hours). The purpose of test was 
to determine TTFs and understand failure mechanisms of 
CSPs with and without underfill. 

This paper presents CTFs and TTFs for various CSP 
assemblies with and without underfills. Assemblies were 
inspected visually and cross-sectioned after test 
completion using optical and scanning electron 
microscopy (SEM) to determine crack initiation and 
propagation. Photomicrographs of these samples were 
also included. 

CSP TEST MATRIX 
Test Vehicle (TV) 
Eleven packages from 28 to 275 110s as listed in Table 1 
were used. A photo of an assembled test vehicle with 
underfill used for vibration testing is shown in Figure 1. 
The TSOP was used as control and had no underfill. The 
PwBs were fabricated from FR-4 and BT (bismaleimide 
triazine) materials (which were available in the resin 
copper coated form) and a high temperature FR-4. The 
boards were double sided, standard and microvia. Four 

types of surface fmishes were considered, the majority 
were organic solder preservative (OSP) 

Solder PasteNolume 
Three types of solder pastes were included: 
0 no-clean; 
0 water soluble (WS); 

rosin mildly activated ( M A ) .  
Three stencil thicknesses were included, but the majority 
of test vehicles used a 6 mil thickness. 

TV Features 
All packages were daisy-chained, and had up to two 
internal chain patterns. Packages had different pitches, 
solder ball volumes and compositions, and daisy-chain 
patterns. In most cases, these patterns were irregular and 
much time and effort was required for the PWB design. 
The test vehicle (TV-I) was 4.5" by 4.5". . 

Underfill 
Several assemblies had underfilled packages even though 
it was known that the packages may not require 
underfilling. This was done in order to better understand 
the impact of underfill on solder joint reliability for 
different CSP styles. Package 0 required underfill, and of 
these packages, the majority were underfilled. Several 
were not underfilled in order to better understand the 
reliability consequence of not using underfill for this 
package. 

Environmental Testing 
The test vehicles were monitored continuously during the 
thermal cycle and random vibration test for electrical 
interruptions and opens. The criteria for an open solder 
joint specified in IPC 9701[9], Table 4-3.3.3, for thermal 
cycle was used to interpret electrical interruptions for both 
thermal cycle and vibration. Failures detected by 
continuous monitoring were verified manually at room 
temperature (RT) after subsequent removal from thermal 
cycle chamber or from the random vibration table. For 
vibration, checking was done at two hour intervals. 
Details of wiring attachments and monitoring equipment 
are discussed below. 

Vibration Test Set Up and Monitoring 
Test set up is shown in Figure 2. The Anatech Event 
Detector and the lap top computer used to record the 
electrical data were both plugged into an extension-cord- 
type power strip with internal surge-suppression. The 
electrical connection from the Anatech to the TVs was 
made by soldering 20 gauge wire to the through hole 
connections on the TVs. The wires and ribbon cable that 
connected the TVs to the Anatech were shielded with a 
ground braid (refer to figures 3 and 4). 

A jumper wire was soldered from a ground pin on each 
TV to the ground braid which shielded the wires. This 
ground braid was also clamped to the ground braid that 
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ran from the Anatech system ground to earth ground. 
The shielded wires were hung by a bungee cord from the 
ceiling in order to distance them from the vibration table 
which emits strong electromagnetic fields. The Anatech 
program was not run until the power to the vibration table 
was turned on. This prevented false failures due to the 
power surge which occurs when the table is initially 
powered up. 

Manual and Continuous Monitoring 
Prior to vibration testing, the resistance for each daisy- 
chain channel was measured by probing and the results 
were documented. The resistance was also checked 
intermittently during testing (when the table was off) to 
verify failures. At the end of testing, all daisy-chain 
channels were measured again. 

During vibration testing, continuous electrical monitoring 
was performed using an Anatech event detector which has 
200 nanosecond detection limits for opens, where opens 
are loop resistances of >lo00 ohms. 

Accelerometer 
The control accelerometers were placed on the vibration 
fixture as shown in Figure 4. Each control accelerometer 
was attached with a 6-32 fastener, with a force of 10 in- 
lbs. For each TV, one response accelerometer was placed 
near the center of the board and another accelerometer 
was placed near the ceramic package, as shown in figures 
3 and 4. 

Vibration Mounting Fixture 
The shaker table used for this experiment is shown in 
Figure 2. Two assemblies identified as SN 037 and SN 
062, without and with underfill, respectively, were 
mounted on the shaker table using simple support 
fixturing (translation is fixed, rotation is not). The simple 
support fixturing was used, since this was the fixturing 
was used for another program at Boeing in order to be 
able to directly correlate data. This fixturing was chosen 
since modeling has shown that using fixed edge boundary 
conditions results in excessive restraint of 
curvature/displacement during vibration testing. It was 
shown analytically that an unreasonably severe 
acceleration level (>50 Grms) may be needed to initiate 
failures in leaded components within the desired 3 hour 
timeframe. A force of 10 ft-lbs was used to tighten the 
clamps around the TVs. 

Vibration Test Profiles 
Two assemblies SN 037, without underfill, and SN 062, 
with underfill, were exposed to 2 hours of random 
vibration testing at a level of 7.8 Grms, followed by 2 
hours at 16.9 Grms. After total of 4 hours of exposure at 
the two level, the assembly with no underfill ( SN 037) 
was removed for failure analysis. The assembly with 
underfill (SN 062) was further vibrated at the level of 16.9 

Grms for an additional 2 hours. The input profiles are 
shown in Figures 5 and 6.. 

Thermal Cycle Profiles 
For reference, data gathered under two thermal profiles 
are also included. The profiles were: 

Cycle A: The cycle A condition ranged from -30" to 
100°C and had an increase/decrease heating rate of 2" 
to 5"C/min and a dwell of about 20 minutes at the 
high temperature to assure near complete creep of the 
solder. The duration of each cycle was 82 minutes. 
Cycle B: The cycle B condition ranged fiom -55" to 
125"C, with a very high heatingkooling rate. This 
cycle represent near thermal shock since it utilized a 
three region chamber: hot, ambient, and cold. 
Heating and cooling rates were nonlinear with dwells 
at the extreme temperatures of about 20 minutes. The 
total cycle lasted approximately 68 minutes. 

THERMAL CYCLEE RESULTS- 
POSITIVE/NEGATIVE EFFECT OF UNDERFILL 
CTFs test results for assemblies with underfill were 
analyzed and compared to standard assemblies without 
underfill. Three categories of CSP assemblies with 
underfill based on their impact on reliability were 
identified: (1) improvement by underfilling, (2) minimal 
effect, and (3) degradation due to underfilling. 

Table 2, provides a summary of CTFs for the TAB CSP-1 
assembly that underfilling had negative effect, i.e. reduced 
CTFs for underfilled assemblies. This Table includes test 
results to 3,000 cycles under A condition (-30/100"C) and 
to 1,500 cycles under B condition (-55/125"C). Under 
both cycle conditions, assemblies with underfill showed 
much lower CTFs than those with no underfill. 
Assemblies showed no failure to 3,000 under A condition, 
whereas the assemblies with underfill failed at 996, 1385, 
1727, and <2000 cycles. Note that the TAB CSP package 
decouples the die CTE mismatch by use of a stress 
dampening elastomeric materials layer and flexible TAB 
lead interconnects. 

Results for a leadless 28 l/O package case with improved 
CTFs for underfill condition are plotted in Figure ?? 

As expected, cycles to failure increased as temperature 
cycling range decreased. CTFs for the B condition ranged 
from 372 to 546 with an N63.2% (No) of 465 and an m 
Weibull value of 7.2. For A condition, it ranged from 641 
to 1007 cycles with an N63.2%0f 839 cycles and an m value 
of 7.5. 

Results for test vehicles with underfills are also shown in 
Figure 6. Under the B thermal cycle condition, 
underfilled assemblies showed only one failure out of four 
assemblies at 1374 cycles when the group was subjected 
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to a total of 1,500 cycles. Under condition A, no failure 
was observed for the underfilled assemblies to a total of 
3,000 cycles. These limited test results clearly indicate 
significant improvement can be achieved by underfilling 
for this category of peripheral leadless package. 

RANDOM VIBRATION RESULTS 
Times-to-Failures 
TTFs under random vibration for assemblies with and 
without underfills are listed in Table 3. Note that the first 
2 hours (1 20 minutes) random vibration were performed 
at 7.8 Grms. Except for Chip-on-flex with 206 I/Os, all 
assemblies survived 2 hours at this level of random 
vibration. TSOP that was used as a control package, was 
the only one that showed no failure to 6 hours of random 
vibration, 2 hours at 7.8 and 4 hours at 16.9 Grms. Note 
that TSOP was not underfilled in both assemblies and 
both showed no failures. In contrast, wafer level CSP was 
undefiled on both assemblies and their TTFs were in the 
same range. This may indicate that dynamic behavior of 
the two assemblies were similar. 

Most non underfilled assemblies were failed within half- 
an-hour after the random vibration level increased from 
7.8 to 16.9 Grms. The one with the longest surviving time 
was the TAB CSP, 46 I/O package, the one showed 
negative effect on CTFs with underfilling. In generall, 
underfilled assemblies had higher TTFs and survived a 
total 3 hours of random vibration; three assemblies 
showed no failures to a total of 6 hours of random 
vibration (2 hours at 7.8,4 hours at 16.9 Grms). 

lst, 2nd, loth Daisy Chain Interruptions 
Table 3 lists TTF interruptions observed for the first time 
as well as 2"d and 10" electrical interruptions. The first 
interruption is reported as assembly failure as defined by 
IPC9701 specification and they are listed in Table 3. 
However, it is apparent that time differences between the 
first and the tenth interruptions are generally small with a 
maximum difference of 1 1.6 minutes. One assembly, 
chip-on-flex, 206 I/O, showed a significant differences 
between the first and the lo* electrical interruptions. The 
first failure occurred after only 18.2 minutes and it took 
another 163 minutes before the 10" interruption was 
detected during continuous electrical monitoring. 

SEM Microscopy 
Scanning Electron Microscopy (SEM) photomicrographs 
and cross-sectional microscopy for the leadless package, 
28 1/0 after 4 hours of random vibration at two levels of 
7.8 and 16.9 Grms are shown in Figures 7-9. Even though 
this part failed after 137 minutes, no significant 
microstructural damages are observed when removed 
from vibration table and cross-sectioned after 240 
minutes. There are however, signs of hair line cracks that 
visually could be observed only at a relatively high 

magnification. It appears that these cracks are induced 
only on one side of package, pins towards top right 
comer. From cross-sectional micrographs, fine cracks in 
solder are apparent under the pin close to body. A crack 
an angle propagated and angle towards the void formed on 
top of the via with further initiation away from the via and 
its extension to the toe. These cracks are different from 
those generally formed due to thermal cycles that show 
clear signs of microstrutural changes with widening 
between the crack surfaces. 

CONCLUSIONS 
The effects of underfill on thermal cycles-to-failures 
may be positive, neutral, or negative depending on 
package types. It improved the reliability of leadless 
package, was neutral for chip-on-flex, and had 
negative effects on the TAB CSP reliability. 
All packages with or without underfill survived 2 
hours of random vibration at 7.8 Grms and most 
failed within 4 hours of additional vibration at 16.9 
Grms. Underfilling improved resistance to vibration. 
TSOP with no underfill was the only package that 
survived 6 hours of vibration. 

Hair line cracks induced by vibration are significantly 
more diMicult to detect visually compare to more 
pronounced cracks with gross microstructural 
changes formed by thermal cycling. 
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Figure 1 Pha ltograph of the 
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Figure 2 Vibration test set 

Figure 3 Test vehicles w ,tion to vibration table. 

Figure 4 Details of wire connections and location of two accelerometers (near the center) 
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I No Underfill I , .  x -  I 

223.1 
155.9 

TAB CSP- 1,46 VO 
TAB CSP-2,40 I/OS 

Table 2 Comparison of cycles-to-failures for assemblies with and without underfill. 
CTFs decrease due to underfilling 

I ~... 7 
racnage di thermal cycle condition I Number and cycles to 

I 

Package F, TAB --- 
125OC, B, 1,500 Cycles 
Package F, TAB ' - - A -  

I at 709, 896, and 1,380 cycles 

~. . ._ 

330.4 
207.9 

CYY, -55°C to I 3 out of IO failnre 

Wire bond on flex- 1, 144 I/O 
Wire bond on flex-], 176 I/O 

:hip on Flex- I ,  99 (I/O) 
:hip on Flex- I ,  206 (I/O) 

I cycles 
1w - 

f 

.........._._.__. 

r 

161.6 No Failure 
No Part No Failure 

No Part No Failure 
No Part 18.2 

I $.,. . . . . . . . . . . . 7 0 1  ........................................... 

I I 

I 

u I 100 200 300 400 500 6W 700 800 9M) 1OW 11W 

Number of Thermal Cycles 
Figure 6 Cycles-to-failures for a 28 110 leadless package without and with underfill and their Weibull distributions. 

CTFs increased for underfilled assemblies 

136.7 
164.7 (underfill) 

:eramic CSP, 265 I/O 
Vafer Level CSP, 275 I/O 

Table 3 Random vibration failure times in minutes fnr  acremhlin. 

234.4 
182 

~- ---  --..-...UL.-U with and without underfill. 
Improvement for underfilled assembly 

No Underfill (SN037) '- With Under 
(Total t i r -  ' 

Package & UO Time in minutes 

136.7 :eramic La-, LO> uu 
Vafer Level CSF --* -'- 

I 

wr, 44 iiv 

I 
234.4 I 

I No Failiire 

'1111 (dN62) 
oe o nours ,2 hours at  

, - ---I." ... f.0, r uours a t  16.9 Grms) 

.._- - I (increased resistance, 4 hours, RT ) 
I - . " 'U11U' v 

- 
Leadless- 1.28 I/O 

I 207 9 
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Table 4 Random vibration failure times for the lst , 2nd, and loth interruption in daisy chain continuity, 2 hours at 7.8, 
2 additional hours at 16.9 Grms for no underfill, and 2 more hours at 16.9 for the underfilled assemby 

Package & I/O 
Minutes to 1'' interruption Additional Minutes to Additional Minutes to 

No Underfill znd interruption lothinterruption 
(Underfil). No Underfill No Underfill 

TSOP, 44 UO 
(Underfil). (Underfil). 

No Failure No Failure No Failure 

Leadless- 1,28 I/O 
Leadless-2, 46 I/O 

136.7 (No failure) 4.5 (NF) 6.1 (NF) 
NA(O.1) NA(1.5) 152.9 (207.9) 

TAB CSP-1,46 I/O 
TAB CSP-2,40 I/OS 

223.1 (330.4) 0.3 (3) 1 1.6 (only 3 interruptions) 
155.9 (207.9) 0.1 (.I) 1.5 (1.5) 

Wire bond on flex-I, 144 I/O 
Wire bond on flex-1, 176 I/O 

Figure 7 SEM Photo micrograph of pinl-4, top left corner, away from the center of board, after 2 hours a t  7.8 Grms 
and additional 2 hours at 16.9 Grms. No apparent damage due to vibration 

161.6 (No Failure) 0.1 (NF) 1.5 (NF) 
No Part (No Failure) NP (NF) NP (NF) 
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Chip on Flex-l,99 (VO) 
Chip on Flex-I, 206 (I/O) 

NP (NF) NP (NF) 
NP (38.4) NP (162.9) 

No Part (No Failure) 
No Part (18.2) 

Wafer Level CSP, 275 1/0 164.7 (1 82) 0.1 (0.1) 2 (1.3) 



Figure 8 SEM Photo micrographs of pins 25-28, top right corner, away from center of board, after 2 hours of 
vibration a t  7.8 Grms and additional 2 hours at 16.9 Gmrs. Hair line cracks are apparent on the enlarged pin 28 (left) 
and pin 27 (right) 

Figure 9 SEM cross-sectional photomicrographs of pins 1 and 28 (top left and right corners) with hair line cracks in 
solder joint under the pin extended to the toe 
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