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ABSTRACT
New materials and processes are being developed and
introduced to the printed board industry with the objective
of ensuring the reliability of via interconnects under the
harsh conditions required for lead-free assembly. In order
to validate the “goodness” of these materials and processes,
reliability studies must be performed. However, these
studies are often based upon a small number of samples, and
the samples may or may not have been produced with the
same set of manufacturing processes intended for the
production product. Furthermore, the samples must be
produced from a capable and controlled process in order for
the reliability results to be valid.
The IPC PCQR2 Database provides a holistic approach to
understanding the capability of the materials, equipment,
and processes used in the manufacture of printed boards. In
addition, the quality and reliability of printed boards
fabricated under these conditions is established. This
presentation will summarize recent findings of the impact of
lead-free assembly on via reliability and provide a case
study documenting the need for capable,
controlled, and
uniform printed board manufacturing processes.

reliability predictions. Before beginning reliability tests on
printed boards fabricated with lead-free laminate materials,
the materials, equipment, and processes under investigation
must be optimized in terms of uniformity to minimize
variability over the surface of panels, from side-to-side on
panels, from panel-to-panel, and from lot-to-lot. Both
capability, the ability to form the features successfully, and
quality, the degree to which the features conform to
specification, must be satisfied before initiating reliability
studies.
Some of the key questions within the industry today are:
 How does the use of lead-free laminate materials
impact the capability and quality of plated through
hole and via formation processes (drilling, cleaning,
metallization and plating)?
 What are the associated impacts on via hole and
layer-to-layer registration?
 What impact does the use of higher assembly
soldering temperatures have on the reliability of the
via interconnect structures?

INTRODUCTION
New technologies and materials that are developed and
introduced to fabricate and assemble printed boards require
reliability testing to ensure high-quality, long-lasting,
reliable finished products. The lead-free laminate materials
and solder alloys recently introduced to the industry have
been formulated with tradeoffs in cost, performance,
processing and reliability.

In 2001, IPC – Association Connecting Electronics
Industries partnered with Conductor Analysis Technologies
(CAT), Inc. to establish an industry standard for process
capability test panel designs (see Figures 1 and 2), and to
create and maintain a database of printed board
manufacturing capabilities. The Printed Board Process
Capability, Quality, and Relative Reliability (PCQR2)
Benchmark Test Standard and Database was initiated as a
standardized way to assess and report on the process
capability of printed board suppliers, and the quality and
reliability of their respective products as determined through
the use of industry developed test patterns, proven test
methods, and statistical analysis techniques.

Reliability studies are expensive and time-consuming.
Proceeding with reliability studies without knowing whether
the manufacturing process is in control can lead to
erroneous conclusions and very costly mistakes. Reliability
tests are often based upon a small set of samples that are
manufactured with the same materials and processes
intended for the production product. For the tests to be
valid, the samples must be representative of the product. If
the manufacturing process, which includes the materials,
equipment, and processes, is controlled, then the test results
may be valid. Many times, however, the manufacturing
process is not controlled, which can lead to significant
variability in capability and quality, and erroneous

Figure 1. PCQR 2 Test Modules
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The program evaluates the following characteristics of
the participating printed board manufacturers:
 Conductor and space formation capability and
quality
 Via registration capability
 Via formation capability, quality and reliability
 Soldermask registration capability
 Controlled impedance capability and quality

Figure 2. 152.4 by 228.6 mm [6 by 9 inch] Section of a
PCQR 2 Test Panel
As of the end of September 2009, the database contained
414 submissions from a global printed board supply base.
The percentages shown in Figure 3 show the submissions
by global region for the previous 36 months.

Figure 3. PCQR 2 Database Submissions by Global
Region for the Past 36 Months
The North America region includes supplier facilities in
the United States and Canada. The Asia/Pacific region
includes facilities located in South Korea, Japan,
Malaysia, Singapore, Thailand and India.
Supplier
facilities located in either Mainland China or Taiwan
constitute the Greater China region. Finally, the last
region includes facilities located in Europe, the Middle
East and Africa. The bulk of the 404 submissions
represent large-volume, production-level printed board
manufacturing capabilities. There has been increasing
participation from both smaller and prototype

manufacturers. Additional information about the IPC
PCQR 2 Database can be found at www.PCBQuality.com.
This paper will summarize recent findings from a case study
using process capability, quality and reliability data
gathered from printed board supplier submissions of one of
the standardized PCQR2 test panel designs. After initial
testing and analysis, selected via formation modules were
routed out of the submitted test panels; baked to remove
moisture; exposed to six cycles of assembly simulation
temperatures (one of two profiles) in a convection reflow
oven; and exposed to air-to-air thermal cycling for 500
cycles. Changes in via net resistance readings were
recorded for further analysis.
CASE STUDY DETAIL
The test panel design selected for the case study is a 14layer rigid board design built to a nominal thickness of 0.24
cm [0.093 inches]. The overall process panel size is 45.7 by
61.0 cm [18 by 24 inch] with 352 2.54-cm square modules
(see Figures 1 and 2) covering the active 40.6 by 55.9 cm
[16 by 22 inch] surface area. The case study includes 29
active submissions, from 23 unique supplier facilities, to the
PCQR2 Database that are representative of this design. Data
for the study was taken from test and analysis results
reported from August 2005 through May 2008.
For this case study, the design requirements included: 5-mil
lines and 6-mil spaces on outerlayer conductor patterns; 4mil lines and 4-mil spaces on 0.5-ounce innerlayer patterns;
and, through holes drilled with a 10-mil diameter drill. The
plated through holes must survive at least 250 air-to-air
thermal excursion cycles in the Highly Accelerated Thermal
Shock (HATSTM) test system1 from -40C to +145C with no
more than a 10% increase in via hole daisy chain resistance.
Soldermask registration requirement is ±3.0 mils. Lastly,
50-ohm 0.5-ounce stripline impedance structures must show
a predicted yield of 99.7% (3 sigma) at a tolerance of ±10
percent.
Table 1, in the appendix, displays the large number of
readings collected from each 15-panel submission. The
statistical significance of the measurements taken from each
test module type, distributed across the process capability
test panel, ensures the accuracy and precision of the data.
Conductor and Space Capability and Quality
The ability to manufacture conductors and spaces
successfully, as measured by defect density, provides a
convenient means to estimate expected yield on product,
and illustrates the impact of defects on yield. For a fixed
defect density, yield falls off with increased conductor
length on product.
Figure 4 shows two sets of information: 1) the percentage of
suppliers able to form outerlayer conductors and spaces
within acceptable defect levels; and, 2) the percentage of
suppliers that demonstrated acceptable process uniformity
levels expressed as Coefficient of Variation (CoV).

Defect density levels, quantified by defects per million
inches (DPMI) and shown by the first seven bars from the
left in the graph, are divided into three ranges: excellent –
defined as less than or equal to 300 DPMI, moderate –
defined as greater than 300 DPMI but less than or equal to
1000 DPMI, and poor – defined as greater than 1000 DPMI.
These ranges correlate with a supplier’s capability to
manufacture the specific feature sizes. Excellent capability
requires minimal repair and rework, resulting in very limited
yield loss after repair. Moderate capability requires greater
repair and rework efforts and results in modest yield loss.
Poor capability requires significant repair and rework, and
adversely affects yield.

via holes and can affect the reliability of via structures that
are connected to the plated outerlayers.
Figure 5 shows results for 0.5-ounce innerlayer conductor
and space formation capability and quality from the 29
suppliers that fabricated 14-layer 0.093-inch thick
multilayer boards. In this case, the requirement is 4-mil
conductors and 4-mil spaces.

Figure 5. 0.5-ounce Innerlayer Conductor/Space

Figure 4. Outerlayer Conductor/Space
Outerlayer feature sizes chosen for the case study are 5-mil
lines and 6-mil spaces. As is shown in Figure 4, 27 of the
29 suppliers demonstrated excellent capability (less than or
equal to 300 DPMI) to manufacture the 5-mil conductors,
while only 13 suppliers demonstrated excellent capability to
form the 6-mil spaces. The amounts of etch compensation
applied to the outerlayer artwork patterns does influence the
supplier’s ability to successfully form conductor spaces.
The Coefficient of Variation (CoV) is defined as 100
multiplied by the standard deviation divided by the mean
and is expressed in percent. The CoV, shown by the last
five bars in the graph, is also divided into three ranges:
excellent – defined as less than or equal to 8%, moderate –
defined as greater than 8% but less than or equal to 12%,
and poor – defined as greater than 12%. Looking at Figure
4, we see that 23 of the 29 suppliers showed excellent
uniformity for the formed nominal 5-mil wide conductors
while only 8 suppliers showed excellent control for finished
conductor height.
Finished conductor height variations exhibited by suppliers
on plated outerlayers are influenced by the density of the
conductor artwork patterns on those plated layers and the
uniformity of plating distribution across the process panels
and plating racks. These plating distribution variations also
influence the uniformity of the plated copper in the through

Since 0.5-ounce innerlayer processing requires only imaging
and etching operations, the excellent, moderate and poor
capability levels are reduced. Defect density levels (DPMI),
again shown by the first seven bars from the left in the
graph, are divided into three ranges: excellent – defined as
less than or equal to 200 DPMI, moderate – defined as
greater than 200 DPMI but less than or equal to 700 DPMI,
and poor – defined as greater than 700 DPMI.
Figure 5 shows that 26 of the 29 suppliers demonstrated
excellent capability to manufacture 4-mil conductors, while
only 20 suppliers demonstrated excellent capability to form
the 4-mil spaces. Similar to outerlayer processing, the
amounts of etch compensation applied to the innerlayer
artwork patterns does influence the ability to form the
smaller conductor spaces.
Similar to defect density, the three levels of CoV values for
innerlayer processing, shown by the last five bars in the
graph, were also reduced: excellent – defined as less than or
equal to 5%, moderate – defined as greater than 5% but less
than or equal to 10%, and poor – defined as greater than
10%. In Figure 5, 19 of the 29 suppliers showed excellent
uniformity for the 4-mil wide conductor while 26 suppliers
showed excellent control for finished conductor height.
Via Capability, Quality and Reliability
The capability to form via structures, and the quality and
reliability of the interconnection depend upon many steps,
including the registration, drilling, cleaning (drilling debris
and resin smear removal), metallization, electroplating and
patterning processes. Misregistration of the drilled via hole
with respect to the connecting land(s) or pad(s) can lead to
marginal interconnections that exhibit increased resistance

and perhaps lead to reliability problems.
Figure 6 shows the percentage of suppliers able to achieve
specific levels of annular ring or radial distance registration.
Through via registration yield is measured and reported for
each of the radial distances. For this case study, 5 mils was
the desired annular ring clearance. The cutoffs for excellent
and moderate registration yield are 95 percent and 90
percent, respectively.
Only 8 suppliers demonstrated
capability results in the excellent range at equal to or greater
than 95 percent registration yield for the 5-mil radial
clearance. From the other 21 suppliers, 4 showed moderate
capability while 17 demonstrated poor registration
capability at the 5-mil radial clearance.

Figure 6. Through Via Registration
Figure 7 shows two sets of information: 1) the percentage of
suppliers able to form through via holes within acceptable
defect levels shown in the left half of the graph; and, 2) the
percentage of suppliers that demonstrated acceptable
reliability levels measured as minimum cycles to failure
shown in the right half of the graph.

Figure 7. Through Via Formation Capability and
Reliability
Drilled and plated through vias fabricated with a 10-mil
diameter drill centered on 22-mil diameter lands are
required for the case study. Defect density, quantified by
defects per million vias (DPMV), was reported from each

submission. The three ranges that depict capability level are
different from those of conductor formation, primarily
because repair of defective vias is very difficult, if not
impossible. The performance level separating excellent
from moderate is set at 50 DPMV, while the performance
level separating moderate from poor is 100 DPMV.
Suppliers demonstrating excellent capability will exhibit
little or no yield loss from “opens” in vias. Suppliers
demonstrating moderate capability can expect moderate
yield loss due to “opens” in vias, while those demonstrating
poor capability can expect large to severe yield loss.
The capability results for 10-mil drilled vias were excellent
for only 17 of the suppliers who submitted panels consistent
with the case study design. Of the remaining 12 suppliers, 3
demonstrated moderate capability and 9 showed poor
capabilities in forming the 10-mil drilled holes.
Successfully forming and registering the through vias is
necessary, but not sufficient in satisfying the criteria for the
case study. The next step is to evaluate the reliability of the
through via structures that were formed at less than 500
DPMV. Via reliability may be investigated by exposing via
daisy chains to repeated thermal excursions, which
accelerate failures that may occur in finished product while
operating under normal service conditions. The temperature
changes impart tensile, compressive, bending, and shear
stresses on the interconnect structure, caused by a mismatch
in thermal coefficient of expansion between the metallic and
dielectric materials. Further, material degradation may
occur at elevated temperatures, which alter material
properties and shorten expected life.
Six via formation and reliability module samples from each
submission were cut out of the panels; baked to remove
moisture; and were subjected to six cycles in a convection
reflow oven to simulate the assembly and rework processes.
Following assembly simulation at one of two pre-defined
reflow profiles, each of the six samples was subjected to
500 air-to-air thermal excursion cycles in the HATS™ test
system. Each cycle went from the low temperature of -40C
to the high temperature of +145C, with a total cycle time of
approximately eight minutes. During thermal cycling, the
precision (4-wire) resistance of each daisy chain net was
measured at approximately 12-second intervals. The high
resistance reading recorded during each cycle was compared
against the high resistance measured at the stabilized
elevated temperature, +145C, of the first cycle.
Figure 7, in the right hand portion of the chart, shows the
percentage of suppliers able to achieve the desired cycles to
failure plotted against drill size for samples that reached the
failure criteria (10 percent increase in resistance) during the
test. The data in the figure show that for 10-mil drilled
holes, only 12 suppliers met the requirement of a minimum
of 250 thermal cycles from each of the six nets tested, while
2 suppliers achieved between 100 and 250 cycles. The
remaining 15 suppliers showed poor results or less than 100
minimum cycles before failure. In some cases, there were

‘infant mortality’ failures after the assembly simulation
phase even before thermal cycling.
Soldermask Registration Capability
The next to last requirement in the case study is the ability
to meet a ±3-mil soldermask registration tolerance. Figure 8
shows the results for soldermask registration, where
registration tolerance is plotted versus percentage of
suppliers.

the specified tolerances. The cutoffs for excellent tolerance
and moderate tolerance are ±10 percent and ±15 percent,
respectively, about the normalized values of 50 and 100
ohms. The data shows that 27 suppliers met the excellent
criteria for 50-ohm 0.5-ounce single-ended stripline
structure with one showing moderate tolerance and one
showing poor tolerance.
The results, as would be expected, for the 100-ohm 0.5ounce differential pair stripline structures are similar. Out
of the 29 submissions, 25 demonstrated excellent tolerance
control, three with moderate tolerance, and one that
exceeded the ±15 percent tolerance requirement.
CONCLUSIONS
The 29 submissions used in the case study were from
globally based printed board supplier facilities. Figure 10
shows the supplier submissions by global region.

Figure 8. Soldermask Registration
Similar to via registration criteria, the cutoffs for excellent
and moderate registration yield are 95 and 90 percent,
respectively. For the ±3-mil registration requirement, 18
suppliers demonstrated excellent capability, while 3
suppliers fell into the moderate category and 8 others fell
into the poor category. Overall board thickness and number
of layers in the board are the major influencing factors that
impact through via registration to inner layers.
Controlled Impedance Capability
Figure 9 shows the results for 50-ohm single-ended
controlled impedance structures on the left hand side of the
graph and 100-ohm differential pair controlled impedance
structures on the right hand side.

Figure 10. Supplier Submissions by Global Region
Table 2, in the appendix, shows a summary in tabular form
of all process capability elements for the 29 submissions in
this case study. Also included in the figure is the assembly
simulation profile to which the via reliability coupons from
each submission were subjected. The profile for tin/lead
solder has a peak temperature of 215C while the profile for
lead-free solder has a profile with a peak temperature of
260C. Finally, for reference, the laminate material glass
transition temperature (Tg) and the IPC-6012 plating classes
are also shown.
Only three of the 29 submissions demonstrated excellent
process capability (defect density) and quality (uniformity)
while 12 submissions demonstrated excellent via reliability
(minimum cycles to failure). After merging all of the
results, there are only two submissions with both excellent
process capability and quality, and via reliability.

Figure 9. 50Ω and 100 Ω 0.5-ounce Stripline Impedance
The supplier requirement is that the impedance structures
must show a predicted yield of at least 99.7% (3 sigma) at

In Table 3, also in the appendix, points are applied to each
of the three levels to obtain an overall relative score for each
submission. An excellent level was assigned 3 points; a
moderate level 2 points; and, a poor level no points. After
calculating the relative scores for each submission, we see
three natural groupings. The top score is 42 points with
excellent levels for all of the features and requirements. A

second group includes scores of 38-41 with only one or two
moderate levels; the rest of the levels are excellent. The
third group, with scores of 35 to 37, have at least one
element with a poor level and one or two elements with a
moderate level.

criteria in the areas of conductor/space formation, via
registration, via formation, soldermask registration and
impedance uniformity. Relying on reliability studies alone
can give a “false-positive” indication of a given supplier’s
perceived capabilities and control.

Of the 29 submissions used in the case study, there were six
pairs of submissions from the same printed board
fabrication facility. Examining the last row of information
in Table 2, we see that all six facilities performed at equal to
or better levels on their second set of submitted test panels.

Proceeding with reliability studies without knowing whether
the manufacturing process is capable and in control can lead
to erroneous conclusions and very costly mistakes. The IPC
PCQR2 Database, with its standardized designs and test
methods, provides a holistic approach to understanding the
capability of the materials, equipment, and processes used in
the manufacture of printed boards. Reliability tests are
often based upon a small set of samples that are
manufactured with the same materials and processes
intended for the production product. For the tests to be
valid, the samples must be representative of the product. If
the manufacturing process, which includes the materials,
equipment, and processes, is controlled, then the test results
may be valid. Both capability and quality must be satisfied
before initiating reliability studies.

SUMMARY
New technologies and materials, such as lead-free laminate
materials and solder alloys introduced into the printed board
industry, require reliability studies to evaluate and validate
the “goodness” of the via interconnects exposed to these
harsh lead-free assembly conditions. From the case study
discussed in this paper, it was found that although certain
printed board suppliers demonstrated acceptable via
interconnect reliability, not all of those same suppliers were
able to meet acceptable capability and quality (uniformity)
REFERENCES
1
Integrated Reliability Test Systems, Inc., www.hats-tester.com
APPENDIX

Table 1. Statistical Significance of Database Measurements

Table 1. Case Study Summary Table #1

Table 2. Case Study Summary Table #2

Originally published in the Proceedings of the SMTA International Conference, San Diego, CA. October 4-8, 2009.

