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Total Process Control and

Dr. Paul P.E. Wang, Jorge Martinez-Vargas, Dinesh Gill, Ramamoorthy Ganapathy lyer and Dan Kauss

From reliability, stability and
traceability to predictability.

reliability, stability, traceability and predictability

(RSTP) model was proposed and implemented.
This methodology enables product developers to perform
electronic package and solder joint reliability studies,
product process qualification, electronic statistical process
control (e-SPC), real-time monitoring of manufacturing,
and prediction of process and product quality. The goal of
the study was to provide a streamlined technical working
model and to facilitate the migration from product design
to future quality.

Two high performance packages, a flip chip ball grid
array (FCBGA) and a micro pin grid array (uWPGA) socket,
and a product board for high-end server and desktop appli-
cations were selected. A consortium team from a package
supplier, original equipment manufacturer (OEM), elec-

T o achieve total process control and management, a

tronics manufacturing services (EMS) provider and soft-
ware provider was established to assess the packages and
solder joint reliability on a test vehicle.

HPGA Socket, FCBGA

A pPGA 9591/0 socket served as an interposer with a
lever-actuated feature and zero insertion force mechanism
to interconnect the PGA central processing unit (CPU) to
the printed circuit board (PCB).

The basic construction of the socket interposer consist-
ed of a cover and a housing. The housing featured eutectic
surface-mount area array solder balls, integral levers and a
rocking latch. The cover consisted of contact cavities that
accept PGA contacts and molded polarity markings. A
removal tape was available on top of the cover to facilitate
the pick-and-place operation.

The 1849 FCBGA was a high speed and high perfor-
mance package targeting applications such as high-end
graphic, high-end server, microprocessor and telecommu-
nication routers/switchers. It utilized high-density and
multiple layer organic substrates to achieve higher density
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TABLE 1: Paste printing optimization.!

TABLE 2: Thermal profile optimization.2
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I/O interconnection, better signal integrity and improved relia-
bility on the PCB level.

The integrated circuit (IC) chip was fabricated with high lead
bumps, and then the flip chip was mounted onto the organic
substrate. Underfill was applied to the gap between the IC and
organic substrate to lock the IC chip and its high lead bumps.
The flip chip package consisted of a copper stiffener to enhance
package stability and reduce substrate warpage and a nickel-plat-
ed copper lid to ensure high thermal conductivity. The ball pitch
of the package was 1.0 mm with a full array of 1849 pins.

Two types of substrates—Substrate A (7 layer) and Substrate B
(9 layer)—were used. Core layer stacked up/lamination provided
the flexibility for routing high I/O

Thermal Optimization DOE

The thermal profile for the package and TV were derived by
using a three-level DOE (Table 2). The DOE level for control was
selected to accommodate the thermal specifications of the pack-
age and process equipment.

The solder ball size and circularity at the following three levels
were scanned as an important response parameter: (1) package
pad and solder ball interface, (2) center of the solder ball and (3)
interface of PCB pad and solder ball. The standoff of the package
was estimated by measuring at the left, middle and right-hand side
of the diagonal of the package on the cross section sample, as well
as by laminography. Optical microscope and SEM/EDX were used
to determine the solder wetting and
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Test Vehicle

Hesperor Paramciers

Package Realiability, Process Opti-
mization DOE

To assess the solder joint reliabili-

A package with two types of sub-

ty under the package/substrate and

strate construction, material proper-

optimize the process window, test

ties and three other PCB and process

vehicles were designed with a daisy

control variables was studied in a four

chain (DC) structure.! The DC of
the package was separated into die
level and substrate level so the L oowe boied tovn [ Loy

factor fractional factorial design with
two levels as shown in Table 3.
Data collection devices and failure

integrity and continuity of these two

levels could be traced at the same
time. Eight FCBGA with DC were
laid out on the test vehicle (TV)!,

optimization DOE.2

A

TABLE 3: Package reliability assessment and process

analysis techniques were utilized in the
process and in the assessment of the

and two pPGA sockets were laid out
on another TV? to trace the reliabili-
ty of the package and solder joint.

Model I: Reliability

To determine the influence of
controlled variation from the process
to the reliability of the package in a
systematic approach, a package relia-
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bility and process optimization
model was initiated via the design of
experiment (DOE) method.

Paste Printing Optimization

Pad sizes with five other process variables were optimized by
using a fractional factorial design in a two-level DOE as shown
in Table 1. The solder volume was measured, and printing effec-
tiveness was calculated by comparing the theoretical volume
from the stencil thickness and aperture geometry. Similarly, the
paste height printing effectiveness was calculated.

With the variation of printer mechanisms and process direc-
tion, the analytical approach proposed from a previous study®?
was used to reveal the correlation of solder volume/printing effi-
ciency to the printing and squeegee directions. The paste volume
from the solder paste inspection system was formatted into the pin
orientation; data were then statistically analyzed to see signifi-
cances in the distribution.

FIGURE 1: Three-dimensional surface plot of package warpage of yPGA (a) and flatness of PCB (b).
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FIGURE 2: Surface plot of twist and bow of the PCB on a global scale.
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fracture mode of the solder

joint and package in accelerat-
ed thermal testing (ATC). The
hardware setup for the reliabil-
ity oven and real-time moni-
toring followed IPC standards,
SM-785° and 9701.6

Reliability Testing
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assess the via integrity on the
TV and solder joint reliability.
The failure cycle and fracture
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to optimize the package sub-
strate construction and process
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PCB incoming quality analysis,
and the second coupon stayed
with the TV through the assem-
bly process to quantify the via
life/integrity and degradation
due to the impact of mechani-
cal handling, thermal process and electrical test. The test coupon
with the daisy chain via structure tracked the net resistance change
during the thermal cycle. The specific resistance/temperature level
was designed to be just above the glass transition temperature of
the substrate (150°C).

A device similar to the mechanical deflection system (MDS)
was used in a second DOE as a test method to screen the
responses for the solder joint reliability.” This tester used coupled
torsion forces to induce repetitive in-plane shear and out-of-
plane tensile forces on the TV to simulate mechanical stress on
the solder joints. The applied repetitive torsion force changed its
direction and magnitude as the TV reached each half cycle.

ATC with a 10-min. ramp and dwell and 10°C/min. ramp
rate in the range of 0°C to 100°C was conducted to assess the
solder joint reliability. A real-time event detector was used in
the single zone test chamber for ATC testing so that intermit-
tent high resistance in the DC could be captured. The test dura-
tion was 63% cumulative failure or 6,000 cycles, whichever con-
dition occurred first. The basic ATC test, real-time monitoring
and oven setup followed the Solder Joint Reliability Test Stan-
dard® and IPC-SM-785.7

FIGURE 3: DOE grid search (a) and response pro-
file (b) for paste printing optimization. Scatter plot
of printing efficiency of two PPGA sockets along
printing and squeegee directions (c).

FIGURE 4: Solder ball diameter (a) and circularity

(b) of a HPGA socket by laminography, and solder

ball average standoff and standard deviation mea-
surement by laminography and cross section (c).

Process, Solder Joint Quality

Quality of the solder joint and process window was derived
from reliability tests; visual inspection and package warpage and
PCB flatness; x-ray inspection; dye penetrant test and metallurgi-
cal cross section.

Visual inspection was performed on the periphery solder
joint of the FCBGA package and socket by using an optical
microscope. The assessment of the quality of solder joint was the
major purpose of this test. The focus was on assembly and
rework defects such as solder bridging, insufficient solder, ball
misalignment and cold solder joints. The Shadow Moiré tech-
nique was used to inspect the PCB flatness and FCBGA and
MPGA socket warpage under the temperature profile—26, 125,
183, 225, 183, 26°C—to emulate the thermal impact in the early
stage of the package and reliability study. Surface mapping was
plotted to show the coplanarity, twist and bow of the PCB and
coplanarity of the packages.

The solder joints of all packages on the test vehicle were
examined using a transmission x-ray to detect possible solder
defects in solder joints on the inner rows. Laminography x-ray
inspection was also performed on packages. The diameter and
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circularity at the PCB side, package side and center of the solder
ball under the package were measured.

A dye penetrant test was performed on both first pass and
reworked TVs after reliability testing. The test procedure and
failure mapping were specified in an earlier study.” Statistical
analysis was performed after the failure mapping, and criteria of
the process window were concluded.

All cross sections were finely polished down to 0.05 um and
chemically etched. All cracks, intermetallic compounds (IMC),
solder alloy structure and wettings were

variation may not be an issue. Although the stress relaxation of
the solder joint and its influence to reliability are unknown, the
system cooled down to a lower temperature. Figure 2 shows the
twist and bow of the PCB at various temperatures. The maxi-
mum percentage of twist and bow was in the range of 0.7 to 0.84
with respect to the diagonal or side length. Overall PCB flatness
at the local socket pad area and global location fulfilled general
requirements. Laser scanning was performed on both types of
packages for the coplanarity of the solder bump.

examined using an optical microscope and
scanning electron microscope (SEM). The
chemical compositions of the solder alloy
and IMC were also identified with energy-
dispersive x-ray spectroscopy (EDS) and x-
ray fluorescence.

Model II: Stability

To establish a robust manufacturing
process, a few major process steps should be
implemented. Through these steps, the yield
and defects per million opportunities
(DPMO) for a product will be in control and
migrate to a higher statistical standard.

Process Window Matching

The process windows for paste printing
and thermal reflow, as well as the profile for
mechanical parts derived from Model I:
Reliability, were process-matched. As shown
in Model I, all major intrinsic process vari-
ables such as paste volume and reflow dwell
were derived and optimized along with
machine-specific parameters such as print-
ing pressure and reflow conveyor speed.
These intrinsic process variables enabled the
developer to move the optimal window for a
specific product to a different surface-
mount line by performing a simple match-
ing process by using statistical indexes.

IQA Screening

Figure 1a and b show the PCB flatness and
MPGA socket under emulated temperature
profile by Shadow Moiré. The co-planarity is
defined as the difference between the maxi-
mum to minimum z-axis height of the pack-
age along the diagonal line. As shown in the
surface plot, the higher the temperature, the
smaller the difference in the thermal charac-
teristic of most polymer material. Based on
the data, socket flatness variation is larger as
compared to the PCB specification.

Since high temperature is more critical
for solder interconnects, the large flatness
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FIGURE 5: Strain/rate correlation to the reliability scale (a) and

DOE implementation approach from proactive intrinsic variables,

loading speed and deflection to solder joint reliability (b).

Paste Printing

Figure 3a and b show the optimized process window that
derived from the statistical grid search and response profile. Five
control variables demonstrated strong correlation to the response
as indicated from multiple regression analysis. Separation speed
showed little influence to the paste volume and height due to pos-
sible factors such as aperture finish. Three major indexes for the
statistical analysis—probability plot of the residue, prediction
and residue, and a Box-Cox plot—indicated that the data match-
ing was robust.

A three-dimensional trace plot and surface plot were generat-
ed based on printing efficiency on all I/O. A two-dimensional
scatter plot of the average printing efficiency along the x printing
direction and y squeegee direction was generated (Figure 3c). A
5% small variation of printing efficiency occurred along y
squeegee direction on U8 and U13 as expected. Consistent data
distribution along the squeegee path was also observed. The
small variation was rationalized due to the squeegee being sup-
ported by the rails in the direction of y. A large 15% paste print-
ing variation in the printing depth direction x was found for
both U8 and U13. The central dip was a normal response for the
compliance of the PCB to the printing pressure.

Other Measurements

The solder joints of the FCBGA and pPGA were inspected
under transmission x-ray and optical microscope inspection. No
solder joint abnormality occurred.

Solder diameter and circularity at three levels were studied by
using X-Ray Laminography (Figure 4a and b). The diameter of the
solder joint at the middle showed less variation and higher average
value due to the fact that wetting of the solder was limited by the
pad size at top and bottom and characteristic of the pad surface.

On the other hand, wetting at the PCB pad had a higher cir-
cularity value due to the definition of pad geometry. However,
the variations of the data are larger at both the top and bottom
levels, again due to the surface characteristic of the pad.

Figure 4c shows the standoff of the puPGA along the diagonal
line by two methods, laminography and cross section. A consis-
tent trend occurred in both data collection methods. Data range
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FIGURE 6: X-bar and R control charts of VHDM insertion force per pin.

dispersion was about 25% by laminography as compared to 5%
by the cross section method. However, the centerlines of data
distribution were very close by both methods. Standard devia-
tion also showed consistent pattern with 5% deviation. This con-
sistency of standoff across the diagonal length has positive con-
tributions to solder joint reliability.

Mechanical Stress Monitoring

Mechanical stress from various sources is a major concern for
solder joint reliability. Strain gauges have been widely used in
detecting the strain change on the PCB as well as package sur-
faces during and after a specific process. To avoid instantaneous
cracking at the BGA joint, the current strategy is to reduce as
much strain/rate as possible, although this reduction may just
delay the instantaneous type of failure to the long-term fatigue
type of failure. Therefore, a logical resolution is to establish the
correlation of loading speed and deflection to the reliability scale
as illustrated in Figure 5a and b.

Process Control to Statistical Run

With the process window derived and an effort made to match
these intrinsic variables, the large sample size in the new product
introduction (NPI) and process qualification stages allowed the
process developer to establish basic statistical indexes with good
confidence. Figure 6 shows an example of x-bar and R control
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charts of a VHDM insertion into a product board. With specific
quality control limits defined, the control chart monitored the
insertion force (Ib/pin) in time series throughout the product
assembly history. Major statistical indexes were calculated on paste
volume, solder diameter and circularity, standoff, epoxy volume
for heatsink and shear strength. All these efforts paved the way to
achieve the total data-driving process control and management.

The general rules for quality process control are based on com-
mon sense and statistical reasoning. Data outside the control
limit—six in a row and/or eight in a row on

Dr. Paul P.E. Wang (email: Pauchiu. Wang@Sun.COM) and Jorge Martinez-
Vargas are with Sun Microsystems, Inc., Santa Clara, CA. Dinesh Gill and
Ramamoorthy Ganapathy Iyer are with Solectron Corp., Penang, Malaysia.
Dan Kauss is with Motorola Inc., Schaumburg, IL.

Part II of this article will be featured in the May issue, and Model III (Trace-
ability) and Model 1V (Projection) of the experiment will be discussed.

Originally published in the 2003 SMTA International Proceedings.

one side of the centerline—are referred to as
out of control. By assuming three ratio-
nales—the data follow a trend of normal dis-
tribution, consecutive samples are indepen-
dent and not correlated, and a process is in
control—the probability of any sample mean
in an x-bar control chart above or below the
centerline is equal to 0.5. Accordingly, the
probability that nine consecutive samples will
fall on the same side of the centerline is equal
t0 0.5**9 = 0.00195. Note that this number is
approximately the probability with which a
sample mean can be expected to fall outside
the three-times sigma limits. Therefore, these
rules are used in the process qualification as
the point at which quality alert and engineer-
ing resolution should be prompted. u
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