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Abstract 

PoP is a potential solution to high-speed memory 
packaging. For PoP package, warpage is known as a concern 
over package stacking and SMT yield [1]. The PoP package 
under current study has these features such as fine pitch which 
is 0.5mm for both top and bottom, small ball size and that 
most solder balls are located at the package's two longer 
edges. Therefore the solder joint reliability (SJR) in 
Temperature Cycling on Board (TCoB) test may also pose a 
concern..  

The current paper talks about the systematic simulation 
and optimization of warpage and TCoB SJR for DRAM PoP 
package. For warpage study, 3D finite element analysis (FEA) 
was performed. Not only room temperature warpage, but also 
reflow temperature warpage was investigated. Full factorial 
DOE analysis with approximation model determination was 
conducted for both material selection and structural 
optimization. Based on this study, material selection and 
layout design guidelines were quickly derived to optimize the 
warpage performance of this package. In SJR simulation 
study, various package and stacking configurations were 
proposed and simulated in an effort to improve the SJR in 
TCoB test. Suggestions for improvements were made based 
on those simulation results. 

 
Key words: FEA, warpage, wCSP, PoP, memory packaging, 
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1. Introduction 
There are growing demands for high-density, high-speed 

and small form-factor memory packages. High-speed DRAM, 
an obvious example, transitioned from TSOP to FBGA and 
wCSP (or wBGA) in the past few year. Much work is still 
needed to increase the density and speed of DRAM package 
in a cost-effective manner, both at the die level and package 
level. At the package level, stacking more than one chips 
vertically, by wirebonding currently, is a natural way. Usually 
DRAM die has most of the bond pads located at centerline of 
active surface. Therefore, in a stack-die DRAM package, 
either the bond pads are routed through Redistribution Layer 
(RDL) to the edges of the die (thus wirebonded to the 
substrate) or long loop wires are used to connect the center 
located bond pads to the substrate. Figure 1 illustrates these 
two forms of typical stack-die DRAM packaging.  

It is observed that both packaging forms have long 
electrical paths between bond pads and substrate. Therefore, 
their electrical performance is expected to be compromised. A 

summary of the pros and cons of these two forms of stack-die 
DRAM packaging is given in Table 1.  

PoP, known for its good flexibility and testability, also 
presents a potential solution to high-density and high-speed 
DRAM packaging. A schematic cross-section picture of such 
PoP is shown in Figure 2. Unlike the normal PoP package 
where all the four sides of package are populated with solder 
balls, the DRAM wCSP PoP only has solder balls at the 
longer two sides as shown in Figure 3, mainly to shorten the 
conductive path between top package and PCB. 

Three basic wCSP PoP stacking configurations were 
proposed with the company as test vehicles for high-speed 
DRAM packaging as shown in Figure 4. In Figure 4 (a), top 
wCSP is joined to the pre-deposited solder balls on bottom 
wCSP. Figure 5 shows the side views on the physical sample 
of this Pre-solder configuration. Due to the stoppage of the 
mold cap of bottom wCSP, the solder joints between top and 
bottom exhibit slender profile as shown in the cross-section 
picture in Figure 6. Castellation configuration in Figure 4 (b) 
is similar to Pre-solder. However, mold cap in Castellation 
allows the use of panel molding. The Castellation design also 
works as a test vehicle to study the process feasibility so that 
future PoP bottom package can adopt this design to avoid 
direct gate molding. Pre-bump configuration in Figure 4 (c) 
adopts substrate with pre-bumped copper studs as shown in 
Figure 7 (a). As such, the packaging process can also use 
panel molding. Figure 7 (b) illustrates the copper studs after 
panel molding. It should be noted that the solder joints 
between top and bottom packages in Pre-bump configuration 
are no longer of slender profile as no pre-deposited solder 
balls are needed anymore. 

  For PoP package, warpage is known as a concern over 
package stacking and SMT yield [1]. Furthermore, because of 
these features of wCSP PoP configurations such as fine pitch, 
small ball and that most solder balls are located at the package 
two longer edges, SJR under TCoB test could also become a 
concern.  

The current paper focuses on the simulation and 
optimization of warpage and TCoB SJR for wCSP PoP 
packaging of DRAM chips. For warpage study, 3D FEA was 
performed. Not only room temperature warpage, but also 
reflow temperature warpage was investigated. Simulation-
based full factorial DOE analysis with approximation model 
determination was conducted for both material selection and 
structural optimization at the single wCSP package level. 
Based on this study, material selection and layout design 
guidelines were quickly derived to optimize the warpage 
performance of this package. In solder joint fatigue simulation 
for TCoB performance evaluation, apart from the three basic 
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configurations other stacking configurations were proposed 
based on design and process feasibility and simulated in an 
effort to find out the significant factors that impact TCoB 
reliability and to provide guidelines on design and material 
selection for TCoB reliability improvement.  

 

 
a: Long wire version 

 
b: RDL version 

Figure 1: Two forms of  two-die stacking in DRAM 
packaging  

 
Table 1: Summary of pros and cons of two formats of stack-

die DRAM packaging 
Pros 1. Lower cost because no RDL process is need in 

the front end. 

Long wire 
Cons 

1. Compromised electrical performance. 
2. Assembly difficulty such as wiresweep and 
paste on wire or film on wire  
3. Failure in one die may cause entire package 
scrapped. 

Pros 1. Relatively easy assembly process. 
RDL 

Cons 1. Compromised electrical performance. 
2. Wafer cost is high. 

 

 
Figure 2: Cross-section picture of wCSP PoP 

 

  
Figure 3: Planar view of wCSP ballout for PoP 

 

a: Pre-solder (Leg 1-1) 
 

b: Castellation (Leg 2-1) 
 

 
c: Pre-bump (Leg 3-1) 

Figure 4: Three basic configurations proposed for wCSP PoP 
 

 
a: View on the shorter side 

 

 
b: View on the longer side 

 

 
c: Side view of a normal wCSP and a wCSP PoP 

Figure 5: wCSP PoP engineering sample 
 

 
Figure 6: Cross-section picture of solder joint between top and 

bottom packages in pre-solder configuration of wCSP PoP 
 

 
a: copper studs on bare substrate 

 

 
b: copper studs after panel molding 

Figure 7: Pictures of physical Pre-bump wCSP PoP 

2. Simulation-based DOE Analysis of Warpage 
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Warpage is not only a concern for automation of ball 
mounting and singulation processes, it is also a factor of yield 
loss in package stacking and SMT of PoP [1]. Validated FEA 
simulation, with the use of DOE methodology, provides a 
systematic approach of analyzing the impact of a series of 
design and material parameters on output responses such as 
warpage [2-14]. The combination of ANSYS/Mechanical, 
EXCEL and JMP proves a powerful and low-cost tool for 
simulation-based DOE analysis [14]. With the help of 
simulation based DOE analysis, design and material selection 
guidelines can be quickly obtained. An approximation model 
can be also be efficiently derived to replace further simulation 
efforts. 

In this study, the approach in [14] was adopted to 
investigate the impact of design and material on the warpage 
of single package as shown in Figure 8. It is obviously seen 
from Figure 8 that the warpage is significant because of the 
un-optimized design/material and large package size. 

 

 
Figure 8: Single package before PoP stacking 

2.1 Effect of Material Properties on Warpage 
The purpose of this study is to provide guidelines for 

material engineers to screen the material candidates for further 
evaluation. The current analyses used the package 
dimensional information highlighted in bold in Table 2. 
Temperature cooling down from 175oC to 25oC and ramping 
up from 175oC to 260oC with stress-free state assumed at 
175oC were simulated. The average CTE for simulation input 
was calculated using Equation 1 when Tg falls in the 
simulated temperature range. Figure 9 illustrates how the 
warpage mode and value are defined in this paper. 

Simulation was firstly performed to confirm the 
correlation between simulation results and actual 
measurement on feasibility build. It is shown in Figure 10 that 
good agreement was achieved between simulation and 
measurement. The analysis was then moved on to simulation-
based DOE study. A 9-parameter and 2-level material DOE 
matrix was defined in Table 3 and 4 for room and reflow 
temperature warpage study respectively. A full factorial DOE 
approach was used. 

Table 2: Nominal dimensions of the wCSP PoP under study 
Dimension (mm) wCSP for PoP 

Size Thickness 

Die 11.94x7.68 
19.49x7.68 

0.110 

Die Attach Calculated 0.040 

Bond Window 12.54x0.9 
20.09x0.9 

N.A. 

EMC 12.54x8.68 0.350 
Solder Mask 0.025 

Core 0.060 
Cu 

12.54x11.58 
20.09x11.58 

0.012 

finalref

greffinalg
ave TT

TTTT
CTE

−
−+−

=
)()( 21 αα  (Equation 1) 

 
Figure 9: Definition of warpage mode and value 

 

 
Room Temperature (crying mode) 

 
Reflow Temperature (smiling mode) 

Figure 10: Agreement between simulation and measurement 
on samples from feasibility build 

 
Table 3: Material DOE matrix (room temperature) 

Material Room Temp Properties 

14000 15 EMC E (MPa)
32000 

CTE (ppm/K) 
35 

500 150 Die Attach E (MPa)
2500 

CTE (ppm/K) 
350 

2000 80 Solder Mask E (MPa)
4000 

CTE (ppm/K) 
120 

20000 XY: 12/Z: 20Core E (MPa)
30000 

CTE (ppm/K) 
XY: 16/Z: 60

 
Table 4: Material DOE matrix (reflow temperature) 
Material Reflow Temp Properties 

300 30 EMC E (MPa)
2000 

CTE (ppm/K) 
60 

1 150 Die Attach E (MPa)
10 

CTE (ppm/K) 
350 

100 100 Solder Mask E (MPa)
500 

CTE (ppm/K) 
150 

7000 XY: 6/Z: 100Core E (MPa)
15000 

CTE (ppm/K) 
XY: 12/Z: 200
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Figure 11 shows that good fit achieved between simulation 
results and the approximation model by regression analysis of 
DOE results. Figure 12 gives the Pareto plots showing the 
effect of material properties on warpage at both room and 
reflow temperature. The current selectable materials include 
EMC and substrate core materials as listed in Table 5 and 6 
respectively. It is clearly seen from the Figure 12 that higher 
average CTE and larger modulus EMC are desirable and have 
large impact on room temperature warpage. CTE of substrate 
core also plays some role. Low CTE substrate core material is 
desirable at room temperature. The materials properties listed 
in Table 5 and Table 6 were plugged into the DOE derived 
approximation model. Warpage of each set of material 
combination was quickly calculated. Figure 13 (a) and (b) 
show the normalized warpage performance at room and 
reflow temperature respectively. It is noticed that same as the 
feasibility build the simulated warpage of current material 
selection has crying mode at room temperature and crying 
mode at reflow temperature. It is clear seen from Figure 13 (b) 
that the selection of material has insignificant impact for 
reflow temperature warpage. However, at room temperature 
EMC E, F and low CTE core substrate are highly desirable as 
illustrated by Pareto plots in Figure 12. Due to the high cost of 
EMC_F, eventually material combination of EMC_E and low 
CTE core substrate were chosen for the next stage of study. 

 
Figure 11: Simulated vs. Approximation (left: room 

temperature warpage, right: reflow temperature warpage) 
 

 
a: for room temperature warpage 

 
b: for reflow temperature warpage 

Figure 12: Pareto plots for material optimization 
 

Table 5: EMC candidates 

EMC E@ 25 
(MPa) 

E@ 260 
(MPa) 

α1 
E-6 

α2 
E-6 

Tg 
(C) 

Average 
CTE 
E-6 

EMC_A 19600 300 14 55 135 24.9 
EMC_B 23000 800 10 39 123 20.1 
EMC_C 20500 300 10 41 110 23.4 
EMC_D 25500 1000 8 31 125 15.7 
EMC_E 21000 650 12 45 110 26.3 
EMC_F 15000 250 18 62 120 34.1 

Table 6: Substrate core materials candidates 

Core E@25 (MPa) α1 
E-6 

α2 
E-6 

Tg 
(C) 

Standard 27000 XY:15 
Z: 32 

XY: 11 
Z: 142 185 

Low CTE 29000 XY: 11.5 
Z: 22 

XY: 6.5 
Z: 115 180 

 
Warpage Comparison of the 6 EMCs (Room Temperature)
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a: Warpage at room temperature 

 
Warpage Comparison of the 6 EMCs (Room Temperature)
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b: Warpge at reflow temperature 

Figure 13: Warpage of the material candidates at room and 
reflow temperature 

2.2 Effect of Structural Dimensions 
The purpose of the structural DOE analysis is to study 

how the change of structural dimensions such as die and 
substrate core thickness impacts the warpage. The structural 
DOE matrix is listed in Table 6. Again a full factorial DOE 
was performed and good fit achieved between approximation 
model calculation and simulation results. It is shown in Figure 
14 that thinner die, bond line thickness (BLT) and thicker 
mold cap (or larger mold coverage) can help to bend up the 
room temperature warpage that is in crying mode. It is also 
observed that although the core thickness does not play a 
significantly role in room temperature warpage, thicker core 
thickness can help to reduce the reflow temperature warpage 
which has smiling mode. 
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Table 6: Structural DOE matrix under study 
Geometry Dimensions 

Lower Bound 0.25mm 
Mold Cap Thickness 

Higher Bound 0.28mm 

Lower Bound 75µm 
Die Thickness 

Higher Bound 110µm 

Lower Bound 30µm 
BLT (Bond Line Thickness) 

Higher Bound 60µm 

Lower Bound 60µm 
Substrate Core Thickness 

Higher Bound 110µm 

 

 
a: for room temperature warpage 

 

 
b: for reflow temperature warpage 

Figure 14: Pareto plot for structural optimization study 

2.3 Summary and Conclusions 
In this study, both material and structural DOE studies 

were performed. Given by material engineers the available 
material list, it was found that high average-CTE and high 
modulus EMC are highly desirable for warpage at both room 
and reflow temperature. Low CTE substrate core material can 
also help to reduce the warpage at both room and reflow 
temperature. Several structural changes, namely increase in 
mold cap thickness (or increase the mold coverage) and 
reduction in die thickness and BLT, all lead to increase of 
mold compound material and help to reduce the room 
temperature warpage that is very important when product 
transfers to mass production mode. Based on DOE analysis, 
approximation models based on regression analysis were 
derived and ready for material and design engineers to use. 
Those approximations models can replace further simulation 
analyses once new material or new design need to be 
evaluated.  

 

3. TCoB Reliability Evaluations and Optimization 
For SJR prediction in TCoB test, it was found in [15] that 

Schubert’s hyperbolic sine constitutive model plus his creep 
strain energy density based fatigue correlation model gives the 
best overall prediction accuracy for typical lead-free solders 
like SAC305/405. The current analysis used this approach for 
the solder joint fatigue simulation and reliability prediction.  

The SAC305/405 solder constitutive equation and fatigue 
model are shown in Table 7 and 8 respectively. Other material 
properties involved and dimensional information is listed in 
Table 2 and 9. The current analyses used a smaller package 
size due to computational efficiency. The materials used did 
not adopt the warpage-optimized material selection either. 
However, the trend derived from current study should apply 
to the larger package size and optimized material selection in 
previous section. The FEA used 3D quarter symmetric models  
typically as shown in Figure 15. The TCoB testing condition 
for simulation input is -40oC to 125oC with 15mins 
dwell/ramp on 1.1mm  PCB board that is typically used in 
DIMM module. 

 
Table 7: Constitutive equations for SAC305/405 

Solder composition Constitutive equation 
Sn3.8Ag0.7Cu 

Sn3.5Ag0.75Cu 
Sn3.5Ag0.5Cu 
(Schubert et al. 

[16]) 

[ ]

( ) ⎟⎟⎠
⎞

⎜
⎜
⎝

⎛ −

×=

KT o
6500exp

)02447.0sinh(277984 41.6σε&
 

E (MPa) 61251-58.5T (degree K) (Schubert et al. [16]) 
υ 0.36 

CTE (ppm/K) 20.0 
 

Table 8: Schubert’s energy-based fatigue correlation model 
for his hyperbolic sine constitutive equation [16] 

Creep Energy Density ( )02.1345 −= accsticcharacteri wN  

 
Table 9: Material properties used in simulation 

Material Properties for Simulation 
 

E@25C 
(MPa) 

α1 
E-6 

α2 
E-6 

Tg 
(C) 

Silicon 131000 2.6 - - 

Die 
Attach 

1890@-65C 
658@25C 
16@100C 
5.3@175C 

70 350 40 

EMC 23000 
20000 

9 
14 

38 
55 

133 
135 

Solder 
Mask 2400 60 130 100 

Core 28500 XY: 14 
Z: 30 

XY: 7 
Z: 180 185 

Cu 117000 17.3 -  

PCB 23000 XY: 17 
Z: 80   
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Figure 15: FE mesh for the Pre-bump configuration 

3.1 Simulation of Basic Configurations 
The SJR evaluation is firstly done for the three basic 

stacking configurations as shown in Figure 4. The results are 
plotted in Figure 16. Note that in the current and subsequent 
discussions all the predicted characteristic lives are 
normalized against bottom package of Leg 1-1 Pre-solder 
whose characteristic life is 820 cycles predicted by simulation. 

It is shown in Figure 16 that Pre-solder design gives the 
best TCoB reliability for both top and bottom packages. We 
also notice that in Pre-solder and Castellation designs, solder 
joint reliability of top package is much better than that of 
bottom. The better solder joint reliability of top package 
probably attributes to its slender and compliant solder joint 
profile which can better withstand the cyclic loading due to 
CTE mismatch. In Castellation design, due to the extra mold 
coverage on the two edges, has less solder joint reliability for 
both top and bottom packages compared with the similar Pre-
solder design. In Pre-bump design, it seems that the existence 
of copper studs and extra mold materials has significant 
negative impact on the SJR of bottom package. However, for 
top package, it is expected to have similar solder joint 
reliability as bottom package because both have similar solder 
joint shape. 

 
TCoB Performance Comparison Among Three Basic Configurations
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Figure 16: TCoB performance comparison among the three 

basic stacking configurations 

3.2 Effect of Alternative EMC (Epoxy Molding Compound) 
TCoB test is typically conducted under temperature range 

below the Tg of EMC. Therefore α1 CTE of EMC plays an 
important role in package's SJR as it effectively influences the 
CTE mismatch between package and PCB. Below Figure 17 
shows the effect of using alternative EMC on solder joint 
reliability. The alternative EMC, highlighted in bold in Table 

9, has α1 CTE of 14ppm/k. It is clearly seen from Figure 17 
that by using a EMC whose α1 is closer to that of substrate 
and PCB the solder joint reliability can be significantly 
enhanced. It must be noted that the preference of higher α1 
CTE EMC in TCoB SJR does not conflict with the high 
average CTE  EMC requirement in warpage optimization. An 
EMC with both high α1 and average CTE is achievable. It is 
also interesting to notice that use of alternative EMC has 
different level of impact on SJR. A highlight is that the 
alternative EMC can enhance the top package's solder joint 
reliability of Castellation by almost 100%,  making it even 
better than that of Pre-solder.  

 
Impact of Alternative EMC
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Figure 17: Effect of α1 CTE of EMC on solder joint reliability 

3.3 Effect of Mold Coverage on Top Package 
It could be more economical to adopt a top package which 

is fully covered by EMC as shown in Figure 18 and 19. 
Simulation results in Figure 20 demonstrates that this 
adoption can significantly improve the SJR of both top and 
bottom packages. However, it is hard to explain explicitly the 
reason of this phenomenon as the CTE mismatch among those 
different materials of the package is hard to judge before a 
simulation is really done. 

 

 
Figure 18: Leg 1-6 

 

 
Figure 19: Leg 2-4 
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Figure 20: Effect of mold coverage on top package 
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3.4 Effect of Applying Dummy Solder Balls 
Earlier simulation results show that SJR of bottom 

package, which interfaces with PCB, is critical in determining 
the overall reliability performance. However, the small 
number of solder joints and small solder joint size make the 
SJR performance not so satisfactory. Application of dummy 
solder joints as shown in Figure 3 and 21 was proposed to 
reinforce the bottom package's SJR. Figure 22 shows that the 
use of dummy solder balls can significantly enhance the 
reliability of bottom package and bring both packages to 
similar number of fatigue cycles.  

 
Figure 21: Leg 1-7 

 
Impact of Adding Dummy Balls to Bottom Pkg
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Figure 22: Effect of using dummy solder joints for PoP 

bottom package 

3.5 Effect of Using JEDEC Ballout on Bottom Package 
Because the requirement of high speed, the original 

ballout only puts the solder balls at the two longer edges of 
the package, which aims to shorten the conductive path 
between top package and PCB. However, the ballout is not a 
JEDEC compliant one and earlier study also shows that SJR is 
possibly a concern without applying dummy solder balls. The 
study in this part explores the SJR of moving back to JEDEC 
ballout as shown in Figure 23. It is shown in Figure 24 that 
JEDEC ballout, similarly effective as adding dummy solder 
balls, can also significantly increase the TCoB reliability. This 
is because JEDEC ballout uses 0.8mm pitch, larger solder ball 
size and larger solder mask opening. 

 
Figure 23: Leg 1-8 
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Figure 24: Impact of using JEDEC ballout for PoP bottom 

package 

3.6 Effect of Package Size 
The package size is also expected to play a role in 

affecting SJR. In this study, a larger PoP, whose dimensions 
were used in earlier warpage DOE study 2, was simulated and 
compared with nominal design. As shown in Figure 25, the 
larger package size will reduce the TCoB reliability, probably 
because of the larger die size used and thus increased CTE 
mismatch. 

 
Impact of Package Size

0.00

0.50

1.00

1.50

2.00

2.50

Pre-solder Pre-solder Larger Package Size

1-1 1-3

N
or

m
al

iz
ed

 T
C

oB
 P

er
fo

rm
an

ce

Normalized Characteristic Life (Top Pkg) Normalized Characteristic Life (Bottom Pkg)  
Figure 25: Effect of package size on solder joint reliability 

3.7 Summary and Conclusions 
The initial stacking configurations may see SJR concern in 

TCoB test based on simulation results. It was found out that a 
high α1 CTE EMC, increase the EMC coverage on top 
package, application of dummy solder ball on bottom package 
and use of JEDEC ballout and ball size on bottom package 
can help to enhance the overall solder joint reliability. Larger 
package size, together with larger die size, will tend to reduce 
the SJR compared with a smaller package. 

4. Overall Summary and Conclusions 
Thermo-mechanical simulation was performed in the early 

stage of wCSP PoP development to aid the design and 
material selection. Warpage simulation was performed in first 
stage as significant warpage would interrupt the automation of 
several processes and shed some concerns over the yield of 
package stacking and SMT. Simulation-based DOE analysis 
was performed for both material and structural optimization. 
Material selection and design guidelines were quickly 
obtained to mostly reduce the warpage at both room and 
reflow temperature. In TCoB simulation, it was found from 
early simulation that the SJR of the initial wCSP PoP package 
design might be unable to meet the reliability requirements. 
Several design and material selection proposals were 
simulated and evaluated. From the simulation results, 
development engineers can quickly identify the feasible 
solutions to overcome the weakness of initial design.  
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