
Contents lists available at ScienceDirect

Optics and Lasers in Engineering

journal homepage: www.elsevier.com/locate/optlaseng

A general strategy of in-situ warpage characterization for solder attached
packages with digital image correlation method

Yuling Niu⁎, Huayan Wang, S.B. Park
Opto-mechanics and Physical Reliability Laboratory, State University of New York at Binghamton, Vestal, NY 13850, USA

A R T I C L E I N F O

Keywords:
3-D digital image correlation
In-situ measurement
Warpage characterization
Solder ball attached packages
Facet size and step
Image correlation quality

A B S T R A C T

Recently, 3-D Digital Image Correlation (DIC) is widely applied to the reliability analysis of electronic packages,
which particularly characterizes the in-situ deformation of ball grid array (BGA) packages. During the image
correlation procedure, many parameters influence the accuracy and data integrity of measurement result. Facet
(subset) size is the principal parameter and has been studied with much effort. However, the solder balls, which
are built on the substrate surface, make the scenario different with the conventional 3-D DIC experiment for the
planar samples. The undulant surface generates more obstacles for the successful image correlation. In order to
summarize an effective solution of 3-D DIC measurement method for solder balls attached packages, camera
angle, facet size and facet step are studied with different BGA packages and different stereoscopic camera
systems to achieve the best correlation quality. Also, a novel surface treatment method is introduced to
guarantee the surface speckles are generated uniformly on the fluctuant surface.

1. Introduction

Achieving higher integration level of electronic packages demands
an effective in-situ warpage characterization method to guarantee the
interconnectors’ reliability during the reflow process [1–3]. From the
aspects of economy and efficiency, conventional reflow method is
always selected during the packaging assembly process [4–6]. About
200 °C temperature gap of reflow method generates severe warpage [7–
9] and puts the interconnectors at risk of failure [10]. The non-contact
and totally in-situ advantages made the 3-D digital image correlation
(DIC) a perfect choice to understand the electronic package behavior,
especially warpage, during reflow process. It helps to learn the package
behavior at each temperature load to analyze the effects of different
components and materials of the packages. Compared to the accus-
tomed in-situ warpage measurement technique, like Shadow Moiré
[11–13], 3-D DIC is equipped with higher out-of-plane measurement
sensitivity (± 1/64,000 of field of view), multi-plateau measurement
capability, simpler surface treatment requirement and more uniform
heat sources without any gratings on the sample surface in a convection
chamber [14–16]. In light of the benefits, 3-D digital image correlation
is widely applied in packaging reliability analysis area and becomes the
JEDEC standard for package warpage measurement method [17–19].

Upon the birth of digital image correlation technique, many efforts
have been made to understand the potential errors during both
experiment steps and data post process. Starting from sample prepara-
tion step, the speckle size, density and the contrast ratio are the main

concerns on the specimen surface [20–23]. During the experiment, the
rigid body motion and the out-of-plane deformation may affect the
focal quality and generate errors for the displacement calculation [24].
At the post data process, the selection of facet (subset) size, which is the
fundamental correlation unit, attracts researchers’ attentions and has
great effect on the result deviations [25–28]. These works provide good
guidance in each DIC measurement step and improve the accuracy of
the image correlation result.

However, the objectives of these DIC parameter studies concentrate
on the planar tensile test samples. Another important application realm
for the 3-D DIC is the warpage measurement of electronic packages.
There is no general solution to assist parameter adjustment for the
electronic packaging samples. To carry out the in-situ warpage mea-
surement of solder ball attached packages with 3-D DIC, the conven-
tional strategy is to remove the solder balls mechanically or melt the
solder balls on the substrate surface to generate a flat surface before the
experiment [29,30]. It is destructive and poses the risks of damaging
the copper pad. In Fig. 1(a), the blue part is the surface scratch on the
copper pad, which is generated by removing the solder balls mechani-
cally. Otherwise, the measurement result suffers from the remaining
roots of the melted solder balls on the sample surface (Fig. 1(b)).

To avoid these issues, the warpage measurement of 3-D DIC is
attempted to be executed directly with the solder balls on the substrate
surface. Through adjusting the camera angle, facet (subset) size and
facet (subset) step, a general selection strategy of these parameters is
collected and summarized. The minimum facet (subset) size is con-
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firmed with the literatures to guarantee the systematic error in a low
level [25,27,28]. Then the optimal facet size is studied with the
standard of data integrity. By measuring three BGA packages with
different dimensions and solder ball diameters, the feasibility and
effectiveness of this method is demonstrated.

2. Experiment methodology

3-D DIC does not require white painting on the entire sample
surface, while the sample surface is required to display patterns or
features to be distinguished and traced. For the object surface that has
no feature, artificial speckles should be generated on the sample
surface. The conventional speckle generation method is dusting. For a
flat surface, such as the printed circuit board or metal plate, dusting
guarantees formation of a uniform layer on the surface. However, the
existence of solder balls on the substrate surface make it impossible to
uniformly apply the paint material to cover the substrate surface
(Fig. 2). It will produce initial errors due to the surface treatment

process.
To uniformly cover the substrate surface with features, carbon

coating is introduced to generate fine black patterns on the fluctuant
surface. Originally, this technique helps improve the samples’ conduc-
tivity of scanning electron microscopy (SEM) test. Carbon powders are
equally distributed on the sample surface in the electric field. It
guarantees the production of uniform black layer to prevent optical
dulling of solder balls (Fig. 3(a)). To generate contrast patterns to be
recognized, white spraying patterns are applied on the substrate surface
later (Fig. 3(b)).

After settling the pattern generation method, the next issue is to
adjust different parameters to achieve optimal image correlation
quality. For the successful image correlation, many parameters influ-
ence the correlation result, such as the speckle size and density, camera
angle, facet size and step, calibration deviation, image contrast ratio
and camera shutter time. These factors raised many concerns from
previous works to understand their effects on the correlation deviation.
During the actual experiment operation, the speckle size and density
are hard to resize. The pattern quality and the contrast ratio mostly rely
on the investigator's judgement. To some extent, the references of these
factors can only improve the accuracy theoretically, not practically. So,
this study concentrates on the adjustment of camera angle, facet size
and facet step, which can be readily controlled and resized. Considering
that the stereoscopic systems have different pixels, the optimal facet
size is summarized in a proportion format, instead of a certain pixel
amount, to guide all the current 3-D DIC systems to utilize the result
based on their system capacity.

Fig. 1. (a) Surface scratch due to the solder ball elimination on copper pad; (b) The warpage contour of BGA package with the remaining roots of solder balls.

Fig. 2. Schematic of painting process on the BGA package with the solder balls blocking
the substrate surface.
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3. Experimental parameters study

3.1. Camera angle

Compared to the 2-D DIC with one camera, 3-D DIC is designed to
eliminate the effects of rigid body motion. By adding an additional
camera, the system is capable of recognizing the out-of-plane deforma-
tion. Two sensors focus on the sample surface with a certain angle. Most
manuals and papers introduce this camera angle between 25 and 35
degrees. A large angle can exaggerate the image deformation to
recognize the displacement accurately. In addition, it helps to reduce
the potential error sources in the triangulation calculation. A 30- or
even 50-degree camera angle works well for the planar sample test.
However, for the solder balls attached packages, the large camera angle
makes the image correlation difficult. The schematic (Fig. 4) shows,
that with a large angle, the view of the two cameras concentrates on the
different locations of the solder ball. Only the green area on the top of
the solder ball is the common area. Meanwhile, the solder joints
produce blind areas on the substrate surface. Then, left and right
images are totally different due to these variances and cannot correlate
with each other. In view of this concern, the camera angle attempts to
be reduced to increase the common area to assist the image correlation
calculation. Several BGA samples and different camera angles are tested

to improve the correlation quality.
Given that it is difficult to correlate the undulant surface, data

integrity is set as the standard of correlation quality for the experi-
mental parameters study. The correlation result of a 45×45 mm BGA
packages with different camera angles are shown in Fig. 5. Various
systems are utilized for the study. The systems A, B and C vary on their
pixel amount. 1.4 M means 1.4-million-pixel sensor, so it is the same as
5-million-pixel and 2-million-pixel sensors. When the camera angle
increases to 30 degrees, it totally fails to correlate any area on the
substrate surface because the shared area on the sample is not big
enough to define any common facet on it. As the camera angle is
reduced to be less than 20 degrees, the algorithm realizes most of the
image correlation.

Similarly, two more tests, one 18×14 mm and one 30×30 mm
packages, are performed to confirm the camera angle effect (Fig. 6(a)
and (b)). It demonstrates the same trend of the camera angle effects on
the correlation result. A large camera angle affects the correlation
quality on the undulant surface. Because the solder balls do not cover
the full surface of the substrate, when the camera angle reaches the 30-

Fig. 3. (a) Schematic of carbon coating on the BGA package; (b) BGA package patterns after carbon coating and white dusting.

Fig. 4. Schematic of optical paths on the solder ball.
Fig. 5. Correlation area percentage with different camera angles and stereoscopic systems
of a 45×45 mm BGA package with solder balls attached.
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degree camera angle, it still correlates the few areas of flat surface. To
plot the consummate warpage contour, a camera angle that is around
10–20 degrees is the best choice. In these diagrams, three 3-D DIC
systems manifest different correlation qualities at 20 degrees. So, the
more reliable camera angle will be 10 or 15 degrees. Meanwhile,
different diameters of the solder ball will change the sheltered areas on
the substrate surface. Table 1 displays the relationship between the
average correlation percentage of three 3-D DIC systems with different
camera angles and the solder ball diameters. Ten or 15 degrees can
guarantee the correlation quality to be maintained more than 97%.
Given that the larger angle can exaggerate the facet deformation and
reduce the potential errors during post data process, 15 degrees is
recommended. At a 15-degree camera angle, from the aspect of the
solder ball diameter, the smaller it is, the more correlation percentage it
has. This phenomenon is more evident when the camera angle reaches
20 degrees. Based on previous analysis, 15 degrees can be used as a
reference value. For the large solder ball diameter, the camera angle
can be as small as 10 degrees, and for smaller solder ball, more than 15
degrees is still safe for the successful image correlation.

3.2. Facet (subset) size

With a fine surface treatment method and camera angle orientation,
the study moves on to the facet (subset) size adjustment. During the
image correlation process, the image is divided into several small facets.
A facet consists of several pixels and becomes the basic calculation unit
during the correlation process. By learning the distance information
through calibration and comparing the orientation of the facets, the
correlation algorithm defines the location of each facet on the sample
surface. Fig. 7 is the identical facet of 15×15 pixels from the left and
right camera. It works like our eye perception. For a square shape from
our left eye, it is shown as the parallelogram shape in our right eye if it
is a flat surface. After correlating all the facets, 3-D DIC combines them
together smoothly and generates the complete out-of-plane deformation
contours.

Previous literatures [27,28] provided a consistent conclusion that
the larger the facet size is, the smaller the systematic error it will be.
There is no doubt that larger facet size can obtain better correlation
quality because more features are included in one facet. Then the
comparison of left and right image is more accurate. However, these
works are limited to define the best facet size with a certain amount,
such as 30×30 pixels or 45×45 pixels. The 3-D DIC systems have
different image pixel capacities. For a 1920×1628 pixels system, a
30×30 pixels facet size is large enough to limit the systematic error
smaller than 0.01 pixel, but this facet size cannot be utilized in a
1280×1024-pixel image system because a 20×20 pixels facet size is
the same view dimension in the new system. For a certain sample

Fig. 6. Correlation area percentage with different camera angles and stereoscopic systems
of (a) 18×14 mm BGA package with solder balls attached; (b) 30×30 mm BGA package
with solder balls attached.

Table 1
The average correlation percentage with different camera angles and solder ball
diameters.

Average correlation 10 degrees 15 degrees 20 degrees

650 µm 98.58% 97.40% 85.24%
550 µm 98.51% 97.64% 90.09%
450 µm 98.42% 98.68% 92.89%

Fig. 7. The identical 15×15-pixel facet from left and right image for a flat sample surface.
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dimension, the larger facet size means fewer data points and details. To
find a general solution for facet size selection, three stereoscopic
systems are tested to seek for a ratio of facet size over the system pixel
capacity instead of a constant facet size amount. Referring to the
literature, the selection of different facet sizes is guaranteed to keep the
systematic deviation in a low level. Then the data integrity is set as the
standard for image correlation quality due to the particularity of the
BGA package's undulant surfaces.

Three BGA packages with different dimensions and solder ball
diameters are analyzed with three stereoscopic systems (Table 2).
According to the previous works, the minimum facet size for each
stereoscopic system is set to minimize the systematic error (Table 3).

The correlation result of three solder ball attached packages is
collected with different facet sizes (Fig. 8(a) and (b)). It is evident that
the percentage of correlation area changes together with facet size, and

has a peak value to produce the best correlation quality. A 90%
correlation area means there is one data point missing among every
10 data points, while a 98% correlation quality increases this ratio to 1
over 50. So, the tiny percentage difference has great influence on the
contour quality. However, the problem turns out that three systems
shift the result due to different image sensors. For a new camera or
package, the optimal facet size selection will be different. This result
cannot be applied to all the 3-D DIC systems and packages.

To unify all the different samples for different systems and provide
the guidance for all the 3-D DIC systems, a ratio f is defined to unify the
variances of samples and systems.

Table 2
Parameters of BGA packages and the stereoscopic systems for facet size analysis.

BGA package Solder ball diameter Field of view Test system

45×45 mm 650 µm 70×60 mm 1.4 M, 5.0 M, 2.0 M
30×30 mm 550 µm 45×40 mm 1.4 M, 5.0 M, 2.0 M
18×14 mm 450 µm 30×25 mm 1.4 M, 5.0 M, 2.0 M

Table 3
The information of the stereoscopic systems and their minimum facet size settings.

Stereoscopic system Image pixel amount Minimum facet size (pixel)

1.4 M – A 1280×1024 15×15
5.0 M – B 2560×2048 30×30
2.0 M – C 1628×1236 20×20

Fig. 8. (a) The 45×45 mm BGA package data integrity result with different facet sizes;
(b) The 18×14 mm BGA package data integrity result with different facet sizes.

Fig. 9. The data integrity result vs. unified ratio f with three systems and three BGA
packages.
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f Actual facet size length
Solder ball diameter length of field of view

Facet size
Long side pixel Solder diameter

Facet size
Image length pixel Solder diameter

=
⋅

=
⋅

=
⋅ (m)

The ratio f is equal to the actual length of facet size divided by the
product length of the image and the solder ball diameter. After
simplifying the equation, the ratio f equals the facet size over the
product of systematic pixels in length and the solder ball diameter.
Here, the ratio of the facet size to the image pixels is the principal
concern. Due to the variance of solder ball diameters, the ratio is
shifted. Some calculation examples prove that the optimal facet size
selections of different systems have a similar ratio f .

f pixel
pixel

f pixel
pixel

f pixel
pixel

= 54 ( )
2560 ( ) ×650 × 10 m

≈32 (1/m)

= 17 ( )
1280 ( ) ×450 × 10 m

≈30 (1/m)

= 28 ( )
1628 ( ) ×550 × 10 m

≈31 (1/m)

−6

−6

−6

Adjusting the x axis with the help of ratio f , all the results are
unified in the same scale (Fig. 9). For different samples measured by
different 3-D DIC systems, the optimal correlation result can be
achieved when this ratio f is between 30 and 32.

With the consideration of systematic deviation and image correla-
tion percentage, this ratio is a comprehensive strategy for performing
measurement with BGA packages. The facet size selection can be easily
chosen through calculating the systematic pixels and the solder
diameter. A relatively large facet size guarantees a reduction of
systematic error, while correlation percentage of the undulant surface

Fig. 10. The 45×45 mm and 18×14 mm BGA package data integrity result with
different facet steps with the optimal facet size selection.

Fig. 11. The warpage contours of the 45×45 mm BGA packages with the 30, 50, 65% and 80% facet overlap at 180 °C.
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remains at a high level. It provides a general solution to measure the
warpage of BGA packages.

3.3. Facet (subset) step

Instead of defining the specimen surface into several independent
facets, some more facets are overlapped to generate more data points in
a limited area. The overlapped facet pixels are called the facet (subset)

step. The facet step assists to describe the surface topography accurately
and make the approximated surface smoother. Meanwhile, the exces-
sive overlapped facets will make the algorithm cannot recognize the
actual surface topography and fails to achieve convergent solution.

In the facet step study, through setting the facet size with ratio f
between 30 and 32, data integrity with respect to the facet overlapping
percentage is plotted in Fig. 10.

Through the measurement results of two BGA packages from three

Fig. 12. (a) The warpage contours of the 45×45 mm BGA packages with the 30, 50, 65% and 80% facet overlap at room temperature; (b) The warpage plot of BGA package along the
diagonal.
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stereoscopic systems, the data integrity keeps more than 90% with a
proper facet size selection and camera angle orientation. It indicates
that the facet size and camera angle are the dominant parameters for
correlation quality. The adjustment of the facet step does not have a
consistent tendency or principle.

Given that the facet step helps to depict more details, the raw
warpage results are plotted with different facet overlapping ratios
(Fig. 11). The 45×45 mm BGA package is heated up to 180 ℃. Fewer
than 95% of data points at 180 ℃ can be correlated to the room

temperature image. The contours imply that 30% overlap is lack of
accuracy because fewer data points are generated. However, the 80%
overlap produces many divergent points. The thermal deformation
makes the correlation process more difficult than it is at room
temperature. The 50% and 65% facet step plots complete warpage
contours, which includes both data integrity and result accuracy.
Through the experience of this study, facet step is suggested to generate
about 40–65% overlapping areas for the optimal correlation integrity
and accuracy.

4. Discussion

4.1. Facet step effects on the warpage result

The effectiveness of 3-D DIC measurement has been validated. The
validated works are based on the very fine adjustment of the facet size
and step. In Fig. 11, the contours imply similar warpage distribution but
different details. It is necessary to look into the details of the surface
topography variance with different facet steps. The contours of the
solder ball attached packages, at 25 °C, are plotted (Fig. 12(a)). They
show the concave shape that center is low and corners are high.
However, the color distribution becomes less accurate as the facet step
decreases. The warpage diagram along a diagonal is extracted and
plotted in Fig. 12(b).

In the diagram, four warpage values are around 232 µm with the
maximum warpage of 240 µm and minimum warpage value of 224 µm,
which shows the warpage variation is about 4% for different facet
overlapping percentages. Except for the 30% facet step curve, the other
three curves indicate the identical warpage value and distribution. It is
Considered that 80% overlap poses the risks of generating divergent
data points at high temperature. The 40–65% facet step is recom-
mended to guarantee the accuracy of the warpage measurement result.

Fig. 13. Warpage contours of BGA package at 20 °C with and without solder balls attached.

Fig. 14. The warpage plot of BGA package with and without solder balls attached during the thermal cycle.

Fig. 15. The schematic of BGA connector with suspended solder balls above the substrate
surface.

Fig. 16. The schematic of general solution to measure the solder balls height variance for
BGA connector.
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4.2. Warpage comparison without solder balls

Before this work's method, all the 3-D DIC experiments of BGA
packages were performed by initially shaving or melting the solder
balls. Customers were always suspicious about the solder ball elimina-
tion effects on the final warpage results. In Fig. 13, the warpage
distribution of the identical BGA package validates the warpage result
when the substrate is attached with and without solder balls.
Furthermore, the diagonal warpage diagram (Fig. 14) solidifies that
fine solder ball elimination will not affect the warpage distribution of
the packages because there is no other method available to compare the
in-situ warpage result with solder balls attached. With the novel 3-D
DIC method in this work, the potential risks of damaging the sample
surface vanish, which validates the accuracy.

4.3. BGA connector warpage measurement

For the 3-D DIC tests, both the tensile test samples and the BGA
packages have continuous planes to define the facet. For some special
samples, the BGA connector has the solder balls built on the top of a pin
(Fig. 15) and the height variance of its solder balls is the main concern.
3-D DIC has the capability to measure multi-planes, but the solder balls
are too small to define individual facets on them. The problem is that
the surface is incoherent and the solder balls is removed from the
substrate. The suspended solder balls cannot share the same facet with
the substrate surface. There is no in-situ measurement tool available for
this special sample in current electronic packaging area.

In order to measure the BGA connector with 3-D DIC, the particular
solution is to assume a virtual plane on the top of all the solder balls
(Fig. 16(a)). Then the substrate surface is covered with black to
function as a black background in the image. Each facet attempts to
depict the virtual plane (facet), which consists of four solder balls on
the top surface (Fig. 16(b)). With this strategy, the measurement was
performed (Fig. 17) and the result was validated by the optical
profilometer at room temperature. The special case shows the applic-
ability and flexibility of the 3-D digital image correlation technique.

5. Conclusion

A general strategy for in-situ warpage characterization of solder ball
attached packages is introduced. The effectiveness and accuracy are
validated. Compared to the conventional DIC method, it does not
require shaving the solder balls before the experiment.

This method helps adjust the camera angle, facet (subset) size and

facet (subset) step in current 3-D DIC systems. Various measurement
results are concluded as a ratio f to guide all the stereoscopic systems to
conduct the similar experiment with the optimal image correlation
quality. The ratio format result can be widely utilized with different
system capabilities.

The comparison study of warpage result with or without solder balls
shows the effectiveness of this new method. At the same time, the
nondestructive test is more convenient and safe. The special BGA
connector experiment shows the universality and robustness of 3-D DIC
technique. More application areas and complicated samples can be
tested with this method in the future.

3-D DIC requires more than 10 parameters be adjusted during or
after the measurement. The complicated settings make it difficult to be
applied widely to all industrial warpage measurement. This study
provides the guidance to settle the three important factors for the 3-D
DIC experiment process. All the warpage measurements for electronic
packages can follow the equation and the method in this work to
achieve the optimal correlation quality for any operator who lacks
experience. By knowing the system pixels and the sample's dimension,
the corresponding facet size and step can be calculated directly through
the empirical equation in this paper. In addition, the relatively small
camera angle can also help to generate less calibration deviation
because the left and right images are more similar to each other with
less image variance from left and right sensor. This study helps to find
the issues during reflow process to improve the reliability of BGA
packages without removing the solder balls. The nondestructive and in-
situ warpage measurement also make the experiment more convenient
and closer to the actual packaging assembly process and the warpage
result more convincing to customers because the package structure is
not damaged.
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