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Figure 57 BGA 144 paste volume distribution for standard aperture.

Undersized apertures measured 10.6mil (UAL), 9.4mil (UA2) and were designed to target
a 40% to 50% TE relative to the standard aperture volume. During the assembly process
the actual transfer efficiency ranged from a low of 30% to a high of 53% (215 to 362
mil®). In this instance no assembly defects were observed. Solder paste volume data for

BGA 144 is displayed in Figure 58.
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Figure 58 Comparison of Standard Aperture (SA) paste deposit volumes and Undersized
Apertures (UA1,UA2) paste deposit volumes used to assemble BGA 144 to Cu-OSP
motherboards.

The X-ray image found in Figure 59 shows that the undersized paste deposit generated
during stencil printing process had a very little effect on the volume of the solder joint
formed after reflow. This is because BGA’s already solder balls attached to them; in this
case the BGA 144 had a 20mil solder ball which is relatively large when compared to the

amount of solder paste printed.
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Figure 59 X-ray image of BGA 144 on Cu-OSP with a functional solder joint with ~30% TE
(215 mil®).

4.1.6 BGA 360

A standard stencil aperture size of 10.7x10.7 was evaluated for the BGA 360 device and
was found to yield an average TE of approximately 84%. The smallest deposit created
with the standard design was 66% TE (281mil®) while the largest measured 110% TE

(463mil®). A histogram of the standard deposit volume data may be found in Figure 60.

70



BGA 360
70% 75%  80%  85% 90%  95% 100% 105% 110%

g 8

Frequency
¢

336 360 384 ‘ 432 456
Volume in mil*3

Figure 60 BGA 360 paste volume distribution for standard aperture.

Undersized apertures measured 7.2mil (UA1), 6.4mil (UA2) and were designed to target
a 40% to 50% TE relative to the standard aperture volume. During the assembly process
the actual transfer efficiency ranged from a low of 0% to a high of 34% (0 to 145 mil®).
Because it is a BGA it managed to form an electrically functional joint even though the
PCB pad had no paste printed on it. The solder paste volume data for BGA 360 can be

found in Figure 61.
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Figure 61 Comparison of Standard Aperture (SA) paste deposit volumes and Undersized
Apertures (UA1, UA2) paste deposit volumes used to assemble BGA 360 to Cu-OSP
motherboards.

The X-ray image found in Figure 62 shows that the PCB pad which had no paste
deposited during stencil printing process has formed an electrically functional solder joint
after reflow. This is because BGA’s already solder balls attached to them; in this case the

BGA 360 had a ~10mil solder ball attached to it.

/ No Solder Paste

Figure 62 X-ray image of BGA 360 on Cu-OSP with a functional solder joint when no paste
was printed on the pad.
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4.2 Reliability Results

All the samples which passed assembly yield tolerance determined from the assembly

results were subjected to accelerated thermal cycling using a -40°C to 125°C thermal

profile. Table 5 shows the TE ranges for each component tested in ATC.

Component | Surface Finish | MinTE | MaxTE
LGA 208 Cu-OSP/ENIG 61% 160%
LGA 97 Cu-0OSP 45% 112%
QFN 100 Cu-OSP 35% 130%
QFN 156 Cu-OSP 41% 116%
BGA 144 Cu-0OSP 30% 120%
BGA 360 Cu-OSP 0% 115%

Table 5 Transfer efficiencies ranges tested in ATC.

4.2.1 LGA 208 on Cu-OSP

Thermal cycling results for the entire LGA 208 population on Cu-OSP motherboards is

contained in Figure 63. The data has been separated by stencil (control, Target 85% TE,

Target 70% TE) and plotted using Weibull distributions.

The control samples (Blue) had a TE ranging from 81% to 125%, the target 85% TE

samples (Red) had a TE ranging from 77%-99% and the target 70% TE samples (Green)

had a TE ranging from 61%-81%.
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Figure 63 Weibull plot comparing solder joint reliability of control LGA 208 samples with
Target T.E 85% and Target T.E 70% LGA 208 samples on Cu-OSP surface finish.

From Figure 63 there is a significant 22% reduction in characteristic lifetime for the
samples created with a target TE of 70% at the outlier solder joint positions, but just a 4%

reduction in characteristic lifetime of the samples created with a target value of 85% TE

at the outlier positions.

Failure analysis would reveal that the LGA 208 device fails due to corner joint solder
fatigue, and images of typical fatigue cracks may be found in Figure 64. Furthermore,
the devices with intentional low-volume outliers almost always failed at the outlier solder

joint, partly due to the fact that only one corner position contained an intentional outlier.
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Figure 64 a. LGA 208 control sample corner joint failure @ 428 cycles, b. LGA 208 85%
sample corner joint failure @ 341 cycles, c. LGA 208 75% sample corner joint failure @ 335
cycles.

Because the outliers were by far the most likely positions to fail, and because the deposits
sizes varied significantly, the lifetime results were also examined as a scatter plot of
deposit volume versus component lifetime (Figure 65). This analysis considers the
measured paste deposit volume of the identified failure location and its effect on

component life.
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Figure 65 Cycles to Failure Vs. Volume for LGA 208 on Cu-OSP PCB.

Using this technique, a trend is clearly established showing a nearly 50% increase in
lifetime when increasing the solder deposit size from 500 to 775mil3 although there is
considerable scatter in the data. This analysis shows that the effect of outlier size is far

greater than the initial Weibull plots indicated.

Because the LGA 208 sample sizes were reasonably large, another Weibull analysis was
performed by grouping the failures into sets based on the Transfer efficiency of the failed

joint.
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Figure 66 Weibull plot based on Transfer Efficiency of the failed joint of LGA 208 on Cu-OSP
motherboards.

From Figure 66 it is clear that increase in TE improved the life time of LGA 208
components. There in a drop in reliability between the 80%-89% TE samples and 90%-
99% TE samples but the difference is life time is only 6%. Therefore anything above

80% TE for LGA 208 would give similar reliability results as control samples.

4.2.2 LGA 208 on ENIG
Figure 67 shows the failure of LGA 208 on ENIG surface finish. The failure occurred in

the bulk solder during thermal cycling due to fatigue.

Figure 67 a. LGA 208 120% sample corner joint failure @578 Cycles, b. LGA 208 Control

sample corner joint failure @387 Cycles, c. LGA 208 85% sample corner joint failure @353
Cycles.
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From Figure 68 it is evident that T.E 120% LGA 208 samples have performed better than
control samples and target T.E 85% samples. There is 35% increase in failure life time
from control samples to T.E 120% samples and 25% reduction in failure life time from
control samples to T.E 85% samples. Suggesting higher paste volume deposits has better

reliability for LGA 208.

LGA 208 on ENIG

99

//. z'/),
90 // ™ ol 3
- .
80 | ’,”b
70 w .
& u &
2 S /"‘
- + .
C 30 ¢ |« Control
8 - ) _ _m— 85%
E e 120%
o 10

Table of Statistics
Shape Scale Corr F C
4.42575 755.97 0.980 16 0
5.66719 567.57 0.980 16 0
5.83011 1024.50 0.975 16 0

300 400 ) 500 600 700 800 S00 1000
Cycle to Failure

Figure 68 Weibull plot comparing solder joint reliability of control LGA 208 samples with
Target T.E 120% and Target T.E 85% LGA 208 samples on ENIG surface finish.

4.2.3 LGA 97 on Cu-OSP

The data has been separated by stencil (control, Target 85% TE, Target 70% TE) and

plotted using Weibull distributions.
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Figure 69 Weibull plot comparing solder joint reliability of control LGA 97 samples with
Target T.E 85% and Target T.E 70% LGA 97 samples on Cu-OSP surface finish.

The control samples (Blue) had a TE ranging from 71% to 112%, the target 85% TE
samples (Red) had a TE ranging from 60%-82% and the target 70% TE samples (Green)

had a TE ranging from 45%-65%.

From Figure 69 there is no significant difference in characteristic lifetime for the samples
created with a target TE of 85% at the outlier solders joint positions and control samples,
but there is 27% reduction in characteristic lifetime of the samples created with a target
value of 70% TE at the outlier positions. Showing a same trend as LGA 208, indicating
increasing the TE increases lifetime. So for LGA 97 TE above 70% would give

comparable reliability results as control samples.
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4.2.4 QFN 100 on Cu-OSP

The QFN 100 was evaluated using a standard assembly process which produced an
average TE of 104% (i.e. Control samples) and with outlier apertures targeting a

minimum 40% and 50% TE on Cu-OSP motherboards.

Due to print variability the standard process actually resulted in TE of 74 to 144% while
the 40% target volume design resulted in TE of 35 to 50% and the 50% target volume
design resulted in TE of 46 to 74%. Because there was little to no overlap in the TE
ranges, the three stencil designs were evaluated independently and three Weibull plots
were produced to compare the lifetime results. These Weibull plots, as contained in
Figure 70, indicate that the standard design (Control) resulted in a QFN 100 assembly
with a characteristic lifetime (N63.2) of 2112 cycles with first failure being detected at

cycle 976.
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Figure 70 Weibull plot comparing solder joint reliability of control QFN100 samples to Target
TE 50% and Target TE 40% QFN100 samples.

The Weibull also show that the 50% target TE samples did not perform as well as the
control. In this case the first failure was detected around cycle 919 and characteristic

lifetime of the sample set was 1771 cycles, or a 16% reduction from the control.

Continuing on, the lifetime analysis of the 40% TE samples shows that these devices
performed significantly worse than either the control or 50% TE specimens. In this
instance the target value of 40% TE resulted in first failure at cycle 700 and a

characteristic lifetime of just 1154 cycles, which is a reduction of 43% versus the control.

Electrical test of QFN 100 was able to isolate the daisy-chain failure locations to specific
rows of solder joints and failure analysis by cross-sectioning was used to determine
which solder joint was responsible for electrical failure. The analysis reveals that the
QFN 100 component fails during thermal cycling due to a solder joint fatigue
mechanism. As shown in Figure 71, the joints tend to fail due to fracture near the

component attachment pad. In all samples evaluated, the crack path appears to have
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propagated through the bulk solder just below the CuSn intermetallic that forms at

component pad surface.

Figure 71 a. QFN 100 control sample corner joint failure @976 Cycles, b. QFN 100 target TE
50% sample corner joint failure @919 Cycles, c. QFN 100 target TE 40% sample corner joint
failure @691 Cycles.

In most instances, the failed solder joint position for each QFN 100 device was at the
corner of the device. Because the outlier deposits were placed at the corners of the
packages, the failure analysis results confirm that the presence of the reduced TE deposits

is responsible for the reduction of the measured lifetime of the packages.

4.2.5 QFN 156 on Cu-OSP

The data has been separated by stencil (control, Target 50% TE, Target 40% TE) and

plotted using Weibull distributions.
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The control samples had a TE ranging from 53%-116%, the target 50% TE samples had a
TE ranging from 41%-81% and the target 40% TE samples had a TE ranging from 17%-

40%.

From Figure 72 it is evident that control QNF 156 samples have performed better than
target TE 50% and target TE 40% samples. There is 17% and 23% reduction in failure
life time for target TE 50% samples and target TE 40% samples respectively when
compared to control samples. Suggesting higher paste volume deposits at corner pads has

improved the reliability for QFN 156 samples.
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Figure 72 Weibull plot comparing solder joint reliability of control QFN 156 samples with
Target T.E 50% and Target T.E 40% QNF 156 samples.
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Figure 73 a. QFN 156 control sample corner joint failure @362 Cycles, b. QFN 156 target T.E
50% sample corner joint failure @393 Cycles, ¢. QFN 156 target T.E 40% sample corner joint
failure @386 Cycles.

Figure 73 shows the failure of QFN 156 samples. These failures also take place at the
component side as shown in the figure. All components have failed near the IMC

interface. The failure mode is similar to QFN 156.

4.2.6 BGA 144 on Cu-OSP:
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Figure 74 Weibull plot comparing solder joint reliability of control BGA144 samples with
Target T.E 50% and Target T.E 40% BGA 144 samples.
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From Figure 74 it is evident that target TE 40% samples performed better than target TE
50% and Control samples. Target TE 40% samples shows 38% and target T.E 50%
samples show 11% improvement in failure life time than control samples. Suggesting

lower paste volume at a corner joint has improved the reliability of BGA 144 samples.

Figure 75 . a) BGA 144 control sample corner joint failure @972 cycles, b) BGA 144 target
T.E 50% sample corner joint failure @783 Cycles , ¢) BGA 144 target T.E 40% sample corner
joint failure @915 Cycles.

Figure 75 shows the failed joints of BGA 144. The failure of the joint was on the board
side, a thin crack is initiated at the high stress region of the solder joint and propagates all

the way till it causes a complete electrical contact failure in thermal cycling.
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4.2.7 BGA 360 on Cu-OSP
BGA 360
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Figure 76 Weibull plot comparing solder joint reliability of control BGA144 samples with
Target T.E 50% and Target T.E 40% BGA 360 samples.

From Figure 76 it is evident that target TE 40% samples and target TE 50% performed
better than the Control samples. Target TE 40% samples shows 8% and target TE 50%
samples show 5% improvement in failure life time than control samples the numbers are
not statistically significant. Suggesting paste volume outliers at a corner joint had no

significant effect on the reliability of BGA 360 samples.

Figure 77 a. Corner joint failure of standard joint of target 40% TE sample; b. Undersized
functional joint of the sample in adjacent figure.
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From the X-ray images in Figure 77, it is observed that the sample which had an
undersized joint did not fail at the undersized joint location but failed at a corner location
which had a good sized standard joint. Out of 32 samples which had undersized joints, 20
samples failed at a good standard joint location when the undersized joint was still

electrically functional.

4.3 Conclusion

From the assembly and reliability results it is evident that outliers in solder paste printing
process will affect the assembly yield and reliability of bottom terminated components
(BTC) and BGA'’s had no reduction in reliability due to low volume paste deposits, this
can be expected because the volume of the solder paste printed is very little when
compared to the volume of the BGA ball in this experiment the total volume of the solder
paste printed is about 10% of the volume of the solder ball. But for BTC the entire joint
should be formed based on the solder paste deposited during stencil printing process.
Therefore a precise tolerance limit for the solder paste volume deposited is needed for

these BTC package types to achieve good assembly yields and reliability.

From this experiment it is observed that LGA’s and QFN’s deliver better reliability for
joints formed with higher TE paste deposits when compared to joints formed with low

TE.

We have up to this point deduced the consequences of undersized paste deposits through
comparison of the characteristic lives as indicated in the Weibull fits to the failure rate

distributions. This would not necessarily be a meaningful metric for product populations
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Device TE for Good TE for Good

Assembly Yield Reliability
LGA 208 60% 80%
LGA 97 50% 710%
QFN 100 30% 50%
QFN 156 30% 50%
BGA 144 30% 30%
BGA 360 30% 30%

Table 6 Acceptable lower limits of transfer efficiencies for good assembly yield and reliability.

Based on the experimental results Table 6 lists the TE tolerance limits to obtain high
assembly yields and good reliability for the components under test. For BGA’s it was
observed low solder paste volume deposits at corner locations improved reliability of the
package, but lowering the solder paste deposits may not be practical and a nitrogen
atmosphere is used for reflow which most of the high volume manufacturers do not use to

save cost. So, based on the results it was decided a 30% TE cutoff would be ideal for

BGA’s for both assembly yield and reliability.
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