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ABSTRACT

As a part of series of studies on X-Ray inspection technology to quantify solder defects in BGA balls, we have
conducted inspection of 3 level POP package by using a new AXI that capable of 3D-CT imaging. The new results are
compared with the results of earlier AXI measurements. It is found that 3D measurements offer better defect inspection
quality, lower false call and escapes.
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INTRODUCTION

Package on Package (POP) devices are different from conventional SMT devices because they require solder attachment
at different levels from the PCB surface. Their importance becomes ever greater as the POPs are increasingly utilized in
various types of assemblies because designers want to take advantage of the 3D integration that offer superior
performances in their new products. Therefore, achieving the best possible POP solder joint quality becomes important

consideration for today’s PCBA manufacturers.

Hence solder joints in a POP device are not inspectable by optical means, X-ray inspection mostly is the only way to
inspect their quality nondestructively. Recently, Automated X-Ray Inspection AXIs (AXI3, AXI4) are found to have
capabilities to detect not only for Solder Bridge, Missing Ball, Extra Solder, and Ball Voiding defects, but also for
open/HIP for the bottom, and top layers of POP¥2,  However AXI images are not as clear as 2DX and planar CT (pCT).
In this project, we use an AXI with pCT (AXI5) capability to study the solder defects in POP to explore improvement in
inspection quality improvements in a production environment.

The goal of this project was to evaluate the level of performance offered by different types of X-ray inspection
equipment. It is good for the PCBA manufacturers to be able to test POP using AXI with pCT images. It is beneficial to
have unambiguous images with Pass/Fail result AUTO output. Our project consists of three phases: 1. Analytical
Comparison of images acquired by 2DX and AXI with pCT, 2. Exploration of possibilities to optimize the AXI with
pCT algorithms in order to improve the quality of defect detection, and 3. Attempt to develop a process for AXI with
pCT algorithm optimization. The optimal algorithm threshold settings will be discussed in the paper.

BACKGROUND

With more and more POP packages are on the production assemblies, how to have zero defects escape rate came to our
focus during recent years. During early 2013, we faced the issue that some open defective pins on the top layer of POP
were escaped from AXI. Therefore, we have been working with our engineers and X-ray vendors for this issue being
resolved. In 2013, the best detecting coverage for open/HIP on the bottom layer was 85% with about 14,000+ false call
PPM, and was about 50% defects detecting coverage with > 30,000 false call PPM for the top layer of POP. It was not
available to detect open / HIP on top layer with 3 layers POP from our AXIs at that time. However with many efforts for



new software development, as well as Algorithms Threshold settings studies, good achievement was obtained in 2014
Both AXI 3 and AXI 4 have capabilities to detect open/HIP defects with 3 layers POP packages, and the average defects
escaped is 4-8 % with about 20,000+ false call PPM. The challenge is getting clear image difference between good
solder and bad solder pins while showing big separation for the main Algorithm measurement numerical data between
them.

There was benefit with AXI capabilities to verify POP solder joints. Since November of 2013, we have not seen any
defective pin on 3 layers POP from our SMT lines at our company site after SMT process improvement. With the
real-time AXI testing data feedback, we are confident with our SMT process. Because of our AXI machine on the line
with high false call PPM and not clear different X-ray images between good solder joint and bad solder joint, therefore
usually we use 2DX to verify the defective pins which is called at AXI. In this way, we do rework only when it is a real
defect.

EXPERIMENTS

In this project, we use AXI 5 for POP X-ray inspection. The reason we choose AXI 5 is that it not only has AXI
capabilities, but also offers CT capabilities at reasonably high speed. These features (AXI & pCT) should provide more
benefits for our SMT lines.

1. Summarization of Previous Experiments on AXI3, AXI 4
The inspection quality of AXI not only depends on the AXI machine design, but also on the structural complexity of a
given POP. Figure 1 illustrates the 3 layers POP we utilized in this study which is assembled on a customer board. We
do not test middle interposer ball layer of the POP on AXI as no SMT process is required on these pins. The POP
structural information is tabulated in Table 1.
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Figure 1. Structure of 3 BGA layers POP on Customer Board a2 (Substrate 2) = 0.262 +£0.022 mm



Table 1.

Structural Information of POP Board in this Study

POP1 Customer Board Layer (Unit) Size
2 12x12
Size Top (mm?)
Bottom (mm?) 12x12
Top (mm 04
Pitch P (mm)
Bottom (mm) 0.4mm
. Top (mm) 0.18
Bump height
Bottom(mm) 0.2
. Top (mm) 0.25
Ball Diameter
Bottom (mm) 0.25
Top 216
Number 1/0
Bottom 617
. Top SAC 105
Bump material
Bottom SAC 105

Table 2. Test Results Summary for the Top Layer of POP
POP Top # of Defects | # of Defect Detected | # of False Call | Defect Escaped % | False call PPM
AXI 3 27 26 6 3.7% 27778
AXl 4 27 25 10 7.4% 46296

The 2DX results are adopted as the reference for the POP AXI study. We use two parameters (Defect Escaped % and
False Call PPM) to evaluate the AXI capability. Table 2 summarized the results from inspections by AXI 3, and AX1 4
The definitions of Defect Escaped % and False Call PPM are expressed by Equation 1, and Equation 2.

Defect Escaped % =

(Total # of Defect Escaped / Total # of Defects) X 100%

False Call PPM= (Total # of False Call / Total # of Tested Pins) X 1,000,000

Equation 1

Equation 2

The 2DX, AXI3, and AXI 4 testing results shown with pins location in Figure 2. The cell colors are described as below.

Defect Caught by 2DX
Good pin confirmed by 2DX

= Defect Caught by AXI, False Call.

= Defect escapedat AXI, Escape.
n = Defect Caught by both 2DX and AXI.
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Figure 2. The Test Results of POP Board from 2DX, AXI3, AXI4
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Figure 3. X-ray images for Detected HIP, Good solder, False Call pins from 2DX, AXI3, and AXI4.

Figure 3 shows X-ray images for Defective HIP, Good solder, and False Call pins on top BGA ball layer of the POP
from 2DX, AXI3, and AXI4, where green, red, and yellow colors stand for Good solder joint, HIP/Open defective pin,
and False Call pin respectively. It is obvious to see the difference for good solder and open solder on 2DX images.
Based on the observed images, the big challenge in AXI is that there is no clear visible difference visible between the
images of good solder joint verses defective HIP/Open pins. This is true for both AXI3, and AXI4 machines.

Therefore, our previous AXI study shows that AXI 3 and AXI 4 have capabilities to test POP including three ball layers
by full AUTO mode with focus images for different BGA layers on POP Package. Both AXI3 and AXI4 have
capabilities to detect POP open, HIP defects with some level of success. There is no clear visual distinction between
AXI images of good versus bad pins, especially when it comes to HIP/Open defects. The requirement to balance for
Defect Escaped % and False Call PPM was our main focus issue for AXI with POP package, and looking forward to
having characterization of solder defects in POP with AXI systems for inspection quality improvement. That is why we
are working with AXI 5 which has AXI1 and pCT capabilities for the POP project.

2. Highlights of AXI 5

Our experience tells us 2DX and/or CT are good non-destructive methods to verify BGA and POP defects, especially for
HIP/Open. However 2DX and CT are rather considered manual testing tools. It is desirable to have an AXI machine
with 2DX and pCT (planar CT for large board) capabilities. Recently we work with AXI 5 team, and test several
packages which have been challenging to achieve good results on the AXI systems, the POP being one example.

Computed Tomography (CT) inspection technology have long been successfully applied to conduct failure analysis
projects of PCB assemblies. In conventional CT for failure analysis, effective sample rotation of 360 degrees is
necessary to acquire x-ray projected images and reconstruct 3 dimensional volumes with great structural details.
However this CT procedure usually take too long time to routinely employ at production line environment. Therefore,
2D AXI inspection are more common so far on the plant floor.

AXI 5 with planar computer tomography (pCT) acquires a stack of slices which is typically 100 slices, but it can be
more whenever necessary. The distance between 2 slices is typically 20 um, but it can be less for higher resolution.
From this stack of slices, the 3D reconstruction is done in real time on the machine PC while scanning. AXI 5 is
especially good for inspecting 3D packages, like POP which require 3D-CT volumetric inspection for quality assurance.
AXI 5 with new approaches to increase the acquisition and reconstruction speed: limited angle, planar CT, etc. Its planar
CT approach with 16 sec/ 35 mm? speed for a FOV at 20um voxel resolution. It also has selective programmable
inspection for any component with planar CT to catch defect in wide area, and operator independent pass/fail judgments
including CT results/images which is very effective feature for SMT lines.

Figure 4 shows AXI 5 images for POP and HIP. Shape difference between good solder and bad solder pins for POP and
BGA can easily be seen, and the speed with image qualities are comparable to normal 2DX and CT. Similar to the
familiar AX1 systems, AXI 5 detects defects based on Algorithm Threshold, however some measurement items of AXI 5
Algorithm can be direct measurements of absolute volume and volume ratio because it has 3D measurement capability.
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a. POP-Good Pin b. POP - Bad Pin ¢. BGA - 3 good pins and 1 HIP
Figure 4. AXI 5 images for Detected HIP, HIP, and Good solder Pins

3. Experiments on AXI 5

With AXI 5, each solder ball can be framed to inspect under one or more measurement window. Two volume
measurement Algorithms are applied: 1. Absolute Volume of the ball; 2. Upper and Lower Dome Volumes for their ratio
calculation (Molume Ratio). The volume measurements are done using voxel element, a benefit of pCT images: 1. Use
reconstructed pCT images of a real solder ball, its volume can be directly measured in voxel units; 2. Any volume
deviation from the standard value indicates the defects like open, less wetting (HIP), as well as potential bridging of
adjacent pins.

The ideal solder ball is a perfect sphere. If an ideal sphere, the solder volumes of Upper and Lower domes will be
identical and their Volume Ratio (VId/Vud) = 1. But there is almost no perfect ideal solder ball during the SMT process.
There are several factors that influence the ball shape to deviate from a perfect sphere: Gravity; asymmetric contact
angles due to different pads at the low and upper contacts in terms of pad sizes and material compositions.

In this project with AXI 5, we focus on the top layer of POP because it is most challenging for previous AXI testing.
Based on the 2DX images, 27 defective pins were confirmed as shown in Table 2. AXI 5 automatically focused the BGA
balls in the POP three layers, and qualities of solder balls are quantify by using volume algorithms: 1. Measure absolute
volume for open / less wetting; 2. Comparing solder volumes composed of spherical dome sections sandwiched between
the two facing pads. The volume dome section is 30% for the Upper and Lower ball.

The total number of pins for top layer POP is 216. The Volume Ratio threshold is set as >1.25. The average Volume
Ratio (VId/Vud = 1.13) with maximum (VId/Vud =1.45) and minimum (VId/Vud =0.97). Figure 5 shows the Volume
Ratio measurement data for the top layer of POP from AXI 5. There is separation between good pins and bad pins with
the 216 pins of Volume Ratio measurement data.

With the threshold as >1.25, total fail pins is 30 with 4 pins as false call, and 1 pin as a defect escaped based on the 2DX
as the adopted Reference. Table 3 is the comparison between 2DX and AXI 5 for these 5 pin discrepancy. When we look
at details for these pins with X-ray measurement data, three pins are considered as on the borderline of adopted
threshold in the earlier study.

Let us observe 2DX and AXI 5 CT images for some of these pins. Figures 6 and 7 are images of pin # B29 of the top
layer POP from AXI 5, and the 2DX respectively. The Volume Ratio (VId/Vud =1.252) for pin # B29, so AXI 5 calls the
pin as a defect, and its measurement data is on the borderline close to Threshold value. The pCT image shows that pin is
not a perfect solder joint as shown in Figure 6. The three pins with arrows are indicated are good solder pins in Figure 7:
Because there is a circle at the top-left area ball on the 2DX image, it shows that the pin has good joints with the pad of
the top layer of POP.
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Figure 5. AX1 5 Volume Ratio Measurement Data for the Top Layer of POP, Volume Ratio Threshold > 1.

Table 3.  Comparison between 2DX and AXI 5 for Top Layer of POP

Pin # 2DX AXI15 Volume Ratio Note
B29 Good Bad 1.2517 Borderline
E28 Good Bad 1.2517 Borderline
E29 Good Bad 1.2462 Borderline
H29 Good Bad 1.3094 False call
V28 Bad Good 1.1623 Escaped
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Figure 6. AXI1 5 Image for Pin # B29 Figure 7. 2DX Image for Pin # B29

Figures 8 and 9 are images of the pin # V28 on the top layer POP from AXI 5 and the 2DX, respectively. Hence the
Volume Ratio (VId/Vud =1.116) for pin # V28, so AXI 5 calls the pin as a good solder joint due to its measurement data
which is smaller than the Threshold (VId/Vud =1.25). However its pCT image shows that the pin is not a perfect solder
joint as shown in Figure 8. In Figure 8, two yellow arrows are defective pins (V28, W28) on the 2DX image, one green
arrow is a good pin (Y28) due to visible circular features at the top-left area of the ball on 2DX image. Table 4 listed test
data summary of AXI 3, AXI 4, and AXI 5 with the top layer of POP. The AXI 5 has significantly better test results
(defect escaped 3.7% with false call PPM as 18,518) among the AXI 3, AX14, and AXI 5. We are working on further
reducing false call PPM by the Algorithm optimization and additional profile testing.
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Figure 7. AX1 5 Image for Pin # V28 Figure 8. 2DX Image for Pin # V28, W28, Y28

Obviously, the algorithm threshold setting affects its testing results. Collecting more data in real production environment
will certainly enhance such engineering decisions of threshold setting. In Table 4, we tabulated AXI 5 Volume Ratio
threshold settings versus its testing results. It is obvious to see the setting is 1.25 which is a good number for this case.
Table 5 is the summary of AXI1 5 with other two AXIs test results conducted previously.

Table 4.  AXI 5 Volume ratio Threshold Setting versus Testing Results

AXI 5 Threshold # of Defect Escaped # of False call | Defect Escaped % False call PPM

1.30 8 29.63% 4630

1.25 1 4 3.70% 18519
1.20 1 10 3.70% 46296
1.16 0 25 0.00% 115741

Table 5. Test Summary of AXI 3, AXI 4, and AXI 5 with Top Layer of POP
POP Top | #of Defects | # of Defect Detected | # of False Call | Defect Escaped % | False call PPM

AXI1 3 27 26 6 3.7% 27778
AXI 4 27 25 10 7.4% 46296
AXI 5 27 26 4 3.7% 18518

CONCLUSIONS

As an extended study of earlier reported projects, we have conducted inspection of solder defects on the top layer of

mounted POP devices by an AXI system capable of high speed CT imaging, AXI 5.

e AXI 5 produced better testing results with the top layer of POP as shown in Table 5. The interesting facts are that
pCT pass/fail calls generated by AXI 5 are independent from operator judgments, and they can be automatically
saved to a server to be reviewed by the engineers.

e The attribute Gage RR results are in progress.

e This project is still ongoing to develop a process for AXI with pCT algorithms and parameter optimization.

e For POP applications, 3D imaging offer less ambiguous decisions for solder bridges, open defects while 2D or 2.5D
images sometimes encounter confusion from the shadow of neighbors.



e This study on POP with AXI 5 is just a start, while more packages evaluation like connectors ongoing to utilize the
machine’s 3D imaging capability in a wider range of applications®.
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