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1 This technical paper is published in 12th Annual Pan Pacific Microelectronics Symposium, January 2007. 
This paper describes the methodology to assess the reliability of FCBGA. Some of the data are sourced from analysis 
performed on same/similar feature of the interconnect system. Additional 2nd and system level qualification and reliability 
test for 65nm interconnect system are in progress. 

ABSTRACT 
Increasing demands for graphic virtual reality and 
computation speed on gaming devices are pushing the 
process units from the current 90nm transistors into 65nm 
transistors. To make a stride in reducing the problem of 
power leakage and improving the core performance in clock 
cycle, new chip design strategy and process technology are 
required.  
 
In this study, a product specific technical consortium is 
initiated by voluntary participants, including OEM, Chip 
Supplier, Soldering Material, Fab Supplier, EMS, and 
Metallurgical/Failure Analytical Lab to study the FCBGA 
thermal and mechanical reliability. A 65nm FCBGA with 
electrical daisy chain and thermal die is included in a Test 
Vehicle (TV) and Box Emulator (BE). To facilitate and 
streamline the design development cycle, a closed loop 
Design for Reliability (DFR) model is proposed. 
 
Finite Element Analysis (FEA) was performed on a test 
board with almost the same probing pin-out to see the 
strain response on the PCB by correlating to gage the 
measurement. Then the strain level of the solder joint was 
benchmarked to the yield strength. The reliability of 
FCBGA-solder-PCB pad interconnect system was real-time 
monitored during Accelerated Thermal Cycling (ATC) in 
order to assess the interconnect fatigue life and failure 
mode. In order to derive the mechanical residual stress 
correlation to the reliability scale, a four-point bending test 
fixture was used to apply levels of stress before ATC was 
conducted on the stressed interconnect system. Finite 
Element Modeling was performed to study the strain level in 
the solder interconnect to provide insight for fatigue life 
estimation. Extensive metallurgical analysis was conducted 
at time zero as well as during the ATC to reveal solder 

crack growth, intermetallic compound evolution and 
interfacial grain structure. 
 
The thermal interconnect management system, Process 
Unit-Thermal Interface Material-Heatsink-Fan, contained 
in the Box Emulator, is used to derive the die junction 
temperature (Tj) and thermal resistance (Rth) at various 
interconnect interfaces. Thermal degradation of the system, 
particularly the Thermal Interface Material (TIM), is also 
assessed by thermally stressing the system in ATC then 
plotting the Tj and Rth variation in time series.  
 
Key words: closed loop Design for Reliability, residue 
stress, life testing, reliability, 65nm 
 
INTRODUCTION 
Performance demands in graphic virtual reality and 
computation speed are pushing further advancement in 
semiconductor and packaging technology. To make a stride 
in reducing the problem of power leakage and improving 
the core performance in clock cycle, new chip design 
strategy and process technology are required. Strategy 
information in public domain stated such as redesign the 
future chip in low-power concept, strained silicon such as 
silicon nitride will have influence on the chip 
performance1,2. 
 
To establish a robust development cycle from product 
incubation, function & physical design, design verification 
test  (DVT) & life test, ongoing reliability test (ORT), to 
quality control and management for next generation gaming 
device with 65nm FCBGA, a product specific technical 
consortium was initiated by voluntary participants from 
OEM, Chip Supplier, Soldering material, Fab supplier, 
EMS, and Metallurgical/Failure Analytical Lab. A device 
and system level evaluation approach is adapted by using a 



 

test vehicle for interconnect reliability and box emulator for 
thermal management. 
 
First, a test vehicle is designed to assess the reliability of the 
65nm FCBGA-solder-PCB interconnect system. A detailed 
daisy chain layout is implemented on the following 
components: FCBGA, PBGA, QFP and PTH.  Real-time 
monitoring during life testing and stressing will be realized. 
Ten major goals were targeted to achieve the closed loop 
Design for Reliability. A box emulator has been designed to 
assess the thermal performance of the PSU-Fan-HS-TIM-
FCBGA-PCB thermal interconnect system.  
 
The thermal degradation of the TIM/Thermal material was 
studied by applying stress from accelerated thermal cycling 
(ATC) while the temperature delta between heatsink and Tj 
of FCBGAs was measured. A series of mechanical, 
metallurgical, and chemical analysis was performed to 
measure the PCB and system level reliability. 
 
Residual stress from mechanical tooling and fixture was 
monitored and an experiment with standard 4-point bending 
was performed with various residual stress levels.  The life 
time correlation will be derived. 
 
65nm FLIP CHIP BALL GRID ARRAY 
The 65nm 1017 FCBGA is a high speed and high 
performance package targeting application to achieve high 
computation speed and high virtual reality graphic output. 
This FCBGA with a dimension of 35x35mm and 1.0mm 
pitch is a Flip Chip SIP (System in Package) package with 
two side-by-side daisy chain test chips.  Both of these chips 
are fabricated with low-k dielectric and high Pb bumps. 
These chips are flip chip mounted on a 2-2-2 organic build 
up substrate as shown in Figure 1.  The 2-2-2 substrate layer 
is particularly designed to maximize performance and 
minimize cost.  Underfill material is applied between the die 
and substrate to manage the CTE mismatch as shown in 
Figure 2. This package is without a heat spreader. A 
heatsink is mounted directly on the FC die back using 
Thermal Interface Material (TIM) to enhance the thermal 
performance.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The organic substrate has a 2 layer core stacked 
up with 2 layer build up on both sides to provide flexibility 
for high density routing. 
 
 

 
 
 
 
 
 
 
 
Figure 2: Flip Chip SIP package. 
 
TEST VEHICLE AND BOX EMULATOR 
A product reliability test vehicle with major Process Units, 
ASIC, QFP, passive, Press-fit, E-Cap was designed to 
assess the reliability of package-to-LF, and solder-to-PCB 
interconnect system as shown in Figure 3. This interconnect 
layout has the capability to evaluate the thermal 
performance of the Power Supply Unit-Fan-Heat Sink-
Thermal Interface Material to Junction temperature Tj of 
major Process Unit and ASIC as illustrated in Figure 4.  
 
The test vehicle and box emulator are designed to achieve 
the following ten goals: 

(1) Signal integrity of via hole ratio trace space etc. 
(2) Metallurgical analysis and strength assessment of 

passive and leaded devices 
(3) Sn-whisker observation, if any. Contamination 

from mixed chemistry and electronic migration 
(4) The PCB fab material property and interconnect 

stress test 
(5) Residual stress correlation to life time scale 
(6) Stress monitoring in assembly and transportation as 

well as standard drop and vibration 
(7) Thermal strap and anti-pad for solder hole fill and 

wave optimization 
(8) 65nm FCBGA reliability  
(9) Manufacturing process qualification 
(10) Thermal management of PSU-Fan-HS-

TIM/thermal material-FCBGA system and 
performance degradation of TIM/thermal material 
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Figure 3: Test board with fully loaded PU, SOIC, QFP, 
passive, press-fit, E-cap for Interconnect Reliability Test.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: A thermal management emulator system, PSU-
Fan-Baffle-HS-TIM-FCBGA. 
 
CLOSED LOOP DESIGN FOR RELIABILITY 
To streamline the process flow of product design, 
component selection, manufacturing process qualification, 
and on going quality management, a revised methodology3 

MDRSTP (Material, Design, Reliability, Stability, 
Traceability, and Predictability), as shown in Figure 5, is 
implemented. The goal is to provide a streamlined technical 
working model to facilitate the migration from product 
design, engineering and reliability verification, process 
development and qualification, and high yield 
manufacturing, to projection of future product and process 
quality. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: MDRSTP (Material, Design, Reliability, Stability, 
Traceability and Predictability) model to achieve streamline 
of product life cycle. 
 

A subset of this working model, DfR (Design for 
Reliability) is used in the early stage to establish a robust 
and closed loop product development. The center pieces of 
the closed loop DfR are as following. 
 
 
The R: 
-Design PCB test vehicle and box emulator for interconnect 
reliability test and thermal management 
-DOE for design and process variation 
 
The S: 
-Process window matching, quality criteria checked 
-Deriving control and Pareto charts 
-Define statistic run rule 
 
The T: 
-e-SPC manufacturing  
-Efficiency improvement and cost reduction 
-Proactive to identify issue and resolve in early stage 
 
The P: 
-Migration from emulation (statistic data driving) to 
simulation (numeric data driving) process 
-Simulation modeling to help decision tree and life 
prediction 
  
To assess the mechanical stress impact to the 65nm 
interconnect system, a Finite Element Analysis (FEA) 
model was built to analyze the strain response of the solder 
interconnect system when the test vehicle is subjected to 
probing force in ICT (In Circuit Test). The physical 
geometry and layout of the whole model are exactly the 
same as the test board. The 65nm interconnect system, 
solder configuration, component and fab flatness are from 
actual solder microstructure and flatness measurements, as 
shown in Figure 7. The coordinates of the push fingers on 
the ICT fixture top cover are imported into the FEA model 
and defined as zero z-defection in the boundary condition, 
as illustrated in Figure 8. The distribution of force field 
from probe are set as a variable, ranging from 7 to 12 oz to 
calculate the principal strain of solder joint and to 
benchmark to yield strength.   
 
A strain gage was attached adjacent to the major BGAs on a 
fully assembled test vehicle, as shown in Figure 9. Strain 
response of various locations was collected when the test 
vehicle was run through ICT, FCT, heat-sink attachment 
station, board handling and transportation. Then strain at 
gaged locations was correlated to the FEA model predicted 
value. Finally, the stress level at the corner and inner row of 
the solder joints are derived to compare to yield strength. 
 
THERMAL MANAGEMENT BOX EMULATOR 
A product emulator with major Process Units FCBGAs, 
PBGA, memory, passive, press-fit, and E-Cap was designed 
to assess the performance and thermal reliability of the 
power supply Unit-Fan-Heatsink-Thermal Interface 



 

Material-FCBGA interconnect system, as shown in Figure 
6. The emulator layout and software program (SW) were 
completed, with a real-time monitoring feature to protect the 
silicon of Process Unit (PU) from operational temperature 
above specification limit. If an unusual user environment, 
such as extremely hot inlet air, impacts the proper function 
of the PU, the SW thermal algorithm will be activated to 
reduce the power consumption of the PU so as to the system 
performance to below nominal capability in order to 
preserve the interconnect reliability and silicon life. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6:  FCBGA schematic and thermal interconnect 
system. 
 
In this study, the thermal degradation of the TIM will be 
assessed by monitoring the HS temperature variation offline 
over time when interconnect stress is accelerated by thermal 
cycling. Junction temperature of the die will be correlated to 
see whether the thermal management system is overloaded 
due to TIM degradation. 
 
INTERCONNECT RELIABILITY 
From product life point of view, since the correlation of 
strain/stress level applied in assembly on the reliability scale 
is unknown, the residual stress may cause early fatigue 
failure and reduced product life below the product warranty 
mission time. Therefore, the logical solution is to establish 
the correlation of stress applied into the system to the 
reliability scale. 
  
Two groups of samples were allocated from production. 
The first group went through regular PCBA including, 
heatsink attachment, de-penalization, TIM phase 
transformation, ICT, FT and box build. Besides above 
regular PCBA and box build, additional thermal and 
vibration stresses were applied to the 2nd group of samples. 
Then both groups of samples were put into a thermal 
cycling chamber. At time zero and every 500 thermal 
cycles, the sample was tested with FT diagnosis. 
Metallurgical analysis was conducted after troubleshooting 
if failure occurs in the cycling process. Failure data was 
collected in time series. 
  
Analysis of life test data consists of two steps: the life 
distribution data fitting and life-stress relationship 
application. The first steps in conducting an accelerated life 
data analysis is to choose an appropriate life data 
distribution model. Although it is rarely appropriate, the 

Exponential distribution model with constant failure rate has 
been widely used as the underlying life data distribution 
with constant failure rate. . Other distribution models such 
as Weibull and Lognormal are more suitable for most of the 
stressed reliability test. Distribution model such as Gamma, 
Normal for continuous data, or Poisson, Binomial for 
categorical data are usually not useful for failure data/curve 
fitting. To determine which distribution model is the best fit 
for the time-to-failure data, parameter estimation 
approaches were used.  

RESULTS AND DISCUSSION 
From FEA, the strain level at two major 65nm FCBGA was 
estimated. Figure 10(b) illustrates the strain at the solder 
joint in FCBGA#2 is slight higher than FCBGA#1. 
However, strain at adjacent corner of FCBGA#2 is higher 
than FCBGA#1, as shown in Figure 10 (b). The Least 
square curve fitting on strain level over 4 corner show PCB 
configuration change with external resultant force field 
before and after fixture adjustment.  On the practical point 
of view, the most optimal strain adjustment is to let all 4 
corners stay on the same positive or negative plane with less 
residual strain variation. The final optimal solution for the 
residual strain is the value which will sustain the fatigue life 
of a interconnect system beyond the warranty mission time. 
 
Figure 11 shows the strain value distribution mapping to 
FCBGA#2. As expected a particular corner has higher strain 
response in ICT force field. The strain level on corner 
solder joint is also benchmarked to the gage value from 
adjacent PCB surface. Overall there is no sign of major 
abnormality in fixture deign, push pin location or probing 
force even if the force is increased to double the generally 
accepted value, although an out of specification mechanical 
stress can damage corner joint preferentially due to this 
higher corner strain trend. Historical data shows that higher 
strain affected interconnect system can cause crack 
generation in the corner joint preferentially. The failure 
mode can happen at solder to IMC interface, solder to 
substrate or delamination under the PCB pad.  
 
As a major goal of this proactive program in the early stage 
of the development of a product, a well-monitored and 
adjusted mechanical tooling and fixture and optimized 
reflow process is developed. Figure 12  shows a good 
solderability interconnect example that is free of macro 
void, stress affected interconnect, and good IMC bonding to 
component substrate as shown in (a) and to PCB pad as in 
(b). Elemental study by EDX indicated the IMC 
composition at solder to pad interface are very close to 
atomic ratio of Cu6Sn5. The thickness of IMC estimated to 
approximate 3 μm at PCB side as illustrated in Figure 13. 
 
To reveal the solder interconnect system failure mode, 
tensile test was performed on major BGA. Statistical 
mapping of failure location indicates that the majority 
(50%) of the failure mode is happening below the pad as 
under-pad delamination or trace pulled from board. 30% of 



 

the failure location is at solder to IMC interface on the PCB 
side, as shown in Figure 14. 
 
The thermal degradation of one of the thermal material is 
studied. Accelerated thermal cycling of 0~1000C with 60 
min cycle time was performed on the thermal interconnect 
system. Temperature delta between temperature at heatsink 
and Si junction of FCBGA is plotted against number of hour 
as shown in Figure 15. The data trend of few systems as 
well as average indicated that the degradation is tapped off 
after 60,000 hours. The Polynomial curve fitting shows the 
slope of the curve is very low in the beginning and flattens 
out overtime as also show in the formulation (1). 
 
Δ T = 18.2653+7.6877E-5*t-4.1615E-10*t2  (1) 
 Where 
 
ΔT: temperature difference of Heatsink and Tj of the 
FCBGA 
t: the time to degradation 
 
 
CONCLUSION  
To streamline the product design cycle, a closed loop 
Design for Reliability methodology is implemented. In this 
study, a 65nm FCBGA with electrical daisy chain and 
thermal die is included in a Test Vehicle (TV) and Box 
Emulator (BE) for reliability testing, residual stress 
correlation and thermal performance assessment. 
 
Early stage Finite Element Analysis show corner joint is 
more subject to higher strain value which close to the gage 
data in the adjacent area proportionally. Overall there is no 
sign of major abnormality in fixture deign, push pin location 
or probing force even if the force increase to double the 
generally accepted value. Time zero metallurgical analysis 
show there is no solderability and component warpage 
issues. Statistic mapping indicate failure mode for tensile 
test on interconnect system happened in under pad fracture 
or in the solder to IMC interface which consistent to general 
observation. 
 
FUTURE STUDY 
The reliability test and residue stress correlation to life time 
scale will be performed after the test vehicle time zero 
analysis.  System level thermal aging phenomenon will be 
functional-test monitored by doping Arizona dust and fiber 
in a closed chamber while the system is in full operation. 
The dust concentration (g/m2/day) and doping time (day) 
are considered as stress factors to expedite the experiment 
duration. For thermal material degradation, the 2nd set of 
accelerated life testing will be performed or an estimated 
acceleration factor will be used to predict the life of material 
in the user environment. 
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(a)                          (b)     
 

 
 
 
 
 
 
 
 
 
 

(c)  (d) 
(d)  

Figure 7: FEA model (a) and mesh around solder bump (b) built based on a similar solder joint configuration and overall 
component and PCB flatness (c) and final component-solder-PCB interconnect system. 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
   (a)       (b) 
Figure 8: The push fingers in ICT fixture with circled area represent the two 65nm FCBGA (a) and probing point under the 
PCB and FEA model (b). 
 



 

 
 
Figure 9: Strain gaged test vehicle to collect stress response from various mechanical process and to use as correlation factor 
for FEA model. 
 
 
 
 
 
 
 

 
 
 
   (a)                  (b) 
 
 
 
 
 
 
    (a)       (b) 
Figure 10: Strain responses of two FCBGA under ICT probing force field and push finger boundary condition (a) and an 
example of gaged strain value of FCBGA#1, 2  before and after fixture adjustment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)  (b) 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
       (c )  
Figure 11: Strain level mapping on FCBGA#2 (a), at particular corner show higher strain response in ICT force field (b) and 
maximum Pricipal distribution across the I/O under various probing force (c). 

 
 

           
(a) (b)  

 
 
 
 
 
 
    
 
 
 
 
 
 
       (c) 
Figure 12:  An example of good solderability solder interconnect free of macro void, stress affected connection, and good 
IMC bonding to component substrate (a) and to PCB pad (b) from a similar interconnect system.  EDX analysis of elemental 
composition of IMC at solder to pad interface. 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 
 
 
 
 
 
 
 
 
    

 
Figure 13:  IMC thickness of various BGA on test vehicle 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   (a)       (b) 
Figure 14:  Failure mode statistic mapping of FCBGA#2 (a) of dye penetrant test (b) after extensive accelerated thermal 
cycling test on the interconnect system  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Thermal performance of thermal material verse time under Accelerated Thermal Cycling. 
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