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Height Inspection of Wafer Bumps Without
Explicit 3-D Reconstruction

Mei Dong, Ronald Chung, Senior Member, IEEE, Edmund Y. Lam, Senior Member, IEEE, and Kenneth S. M. Fung

Abstract—Die bonding in the semiconductor industry requires
placement of solder bumps not on PCBs but on wafers. Such wafer
bumps, which are much miniaturized from their counterparts on
printed circuit boards (PCBs), require their heights meet rigid
specifications. Yet the small size, the lack of texture, and the
mirror-like nature of the bump surface make the inspection task a
challenge. Existing inspection schemes generally reconstruct every
bump surface. This work addresses by how much can the task be
simplified if merely the bump heights are inspected against the
specification. It is assumed that ball bumps are used as the wafer
bumps. An imaging setup is described that lets the peaks of the
ball bumps be distinguishable in the image data. A measure is also
described that reveals how well the ball bumps meet the height
specification without going through explicit 3-D reconstruction.
The measurement, in the form of a 3 3 matrix extractable from
the image data, is sensitive to variations in the bump heights, but
not to 2-D uncertainties in soldering the bumps onto the wafer
substrate, or small variations in the placement of the wafer in 3-D.
Experimental results are shown to illustrate the effectiveness of
the proposed system.

Index Terms—Ball bumps, bump height inspection, homog-
raphy, specular surface, wafer bumps.

I. INTRODUCTION

O NE goal of the electronics industry is to achieve
smaller-size circuitry and chips so as to reduce device

size, improve their performance and manufacturability, and
ultimately reduce cost. An emerging technology on this goal is
the wafer bumping or wafer-level packaging (WLP) technology
[1]. WLP does not establish electrical connection between
dies by packaging them and having circuitry on printed circuit
boards (PCBs) between them, but connects them directly at the
wafer level. To achieve that, WLP needs to grow solder bumps
on dies or wafers for the necessary direct die bonding.
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Fig. 1. Ball grid array (BGA) often used in wafer bumping.

However, the shrunk dimension also leads to more stringent
requirement on process control and quality assurance of the fab-
rication process. For instance, the solder humps grown directly
on wafers, typically the ball bumps (which are shown in Fig. 1),
are significantly smaller than their counterparts on PCBs. While
those joined to the PCBs are of diameter no less than m,
those to the wafers are generally of diameter 60–300 m [2].
They need to have their heights meet the specification, or else
in the die bonding process the electrical connection could be
compromised, or the dies will be crushed, or even the manufac-
turing equipment could be damaged.

This paper addresses how an array of solder bumps at the
wafer level can have their heights inspected against the spec-
ification in a parallel and effective manner. This paper targets
wafer bumps that are of ball shape and are mirror-like.

Because the wafer bumps are of size several orders of mag-
nitude smaller, visual inspection methods for PCB bumps are
generally inapplicable. There are methods of reconstructing
micro-objects in 3-D, like laser scanning (e.g., [2]), confocal
microscopy (e.g., [3], [4] ), and Moiré interferometry (e.g.,
[5]). Surveys of the technologies are available in [1] and [6].
However, the textureless appearance of the bump surfaces
renders the image data deficient of distinguishable features
for processing; their mirror-like reflective property also limits
the effectiveness of using patterned illumination to generate
artificial texture on them. Confocal imaging is generally appli-
cable. However, as it measures only a single spatial position
at a time, its operation requires scanning in the - and - and

-dimensions, and thus has limited efficiency.
A question asked in this work is, if only the heights of the

bumps not their full 3-D shapes are to be inspected, is there a
more efficient inspection method that can be developed? After
all, metric 3-D reconstruction demands not only a computation-
ally more expensive measuring process, but also a careful cali-
bration of the measuring system in metric terms. If only that the
height information of wafer bumps can be captured by a mea-
sure not necessarily metric, and this measure is to be compared
with that of a reference die or chip (a chip of good quality, often
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termed the golden chip in the industry), the inspection task could
be made simpler.

In this paper, the use of a measure is proposed that is devel-
oped in the above sense. In the form of a 3 3 matrix termed the
Biplanar Disparity Matrix (BDM), the measure is related to the
distance between the plane of the bump peaks and the plane

of the substrate surface, and in turn the average height of
the array of bump peaks. With the measure, the inspection task
can be simply about comparing the BDM of the inspected wafer
with that of the golden chip. Once the BDM of the golden chip
is recorded (and this need be done only once), any new wafer
can have its BDM checked against this measure for the inspec-
tion task. This way, explicit reconstruction can be avoided, and
metric calibration of the measuring system is no longer neces-
sary.

As for isolated bumps whose peaks deviate too much from
those of the others to lie on the above plane , they will be out-
liers in the associated plane-fitting process and can be identified
as such. The identification of such outlier bumps plus the above
BDM comparison then complete the inspection task. Such an
approach of tackling the inspection task has the essence that,
not only could an array of bumps be inspected in parallel, ex-
plicit metric reconstruction can also be avoided.

In particular, the BDM measure possesses these advantages.
It is sensitive to variations in the bump heights, thus serving the
objective of the inspection task. Yet it is insensitive to how in-
dividual bumps are locally displaced against one another on the
substrate surface, thus enduring 2-D displacement uncertainty in
soldering the bumps onto the wafer substrate. It is also largely
invariant to how the wafer is positioned in 3-D relative to the
imaging system, thus having tolerance to repeatability error in
wafer placement.

This work focuses on how the norm of BDM, which changes
with the heights of the wafer bumps, could be used for the bump
height inspection task. Both synthetic data experiments and real
data experiments show that the BDM norm is effective in re-
vealing change in the bump heights, even under noise and un-
certainties in the image measurement, in the imaging setup, and
in the positioning of the inspected wafer.

The stated approach has a condition to be operable. The bump
peaks must show themselves clearly in the image data in the first
place, or else the plane cannot be extracted, and neither can
the BDM measure. The task is nontrivial however, because of
the tiny size and textureless nature of the bumps.

An imaging setup is described that lets the bump peaks reveal
themselves in the image data. The setup actually turns the spec-
ular property of the solder bumps to an advantage. It involves
two sets of light source and camera, which let the bump peaks
appear as bright points in two images that possess a substantial
baseline between them. It is shown that with the bump peaks
appearing in two images, there is enough information to deter-
mine the BDM measure.

This paper is organized as follows. Section II offers a review
of the concept of homography—the image-to-image mapping
induced by any plane in space. Section III describes the pro-
posed method. Specifically, the followings are described: how
the imaging setup operates, what the BDM measure is, how it is
related to the bump heights, and how it can be extracted from the

image data that is acquired under the described imaging setup.
Section IV presents the experimental results on both synthetic
data and real image data to illustrate the performance of the
method. Finally, Section V offers a conclusion of the investi-
gation and discusses possible future work. Part of the work has
been reported in [7].

II. PRELIMINARIES

It has been noted in the literature that a planar surface pic-
tured in two images generally induces a one-to-one mapping
called homography between the images. Homography can be
expressed as this: for all image positions and
in two images that are projected from the same plane , they
satisfy

(1)

where is a 3 3 matrix (defined up to an arbitrary nonzero
scaling factor) that represents the planar homography associated
with the plane , and denotes equality up to arbitrary scale.
In general, a different plane induces a different homography

. The matrix implicitly captures the 3-D position of the
plane relative to the two camera positions.

Given two images of a plane , (1) also represents a way to
determine the associated homography from merely point
correspondences between the images. From (1), it can be ob-
served that should four or more image point correspondences
be made available, they constitute a system of linear equations
that allow the homography to be uniquely determined (up to an
arbitrary nonzero overall scale of the mapping).

III. INSPECTION WITHOUT RECONSTRUCTION

A. Objectives of the Design

This work focuses on the inspection of ball bumps—a major
form of wafer bumps used in industry. For each single ball
bump, the term bump bottom represents the collection of the
bump surface positions at which the bump touches the wafer
substrate, and the term bump peak represents the bump surface
point that is farthest away from the wafer substrate. For bumps
of ball shape, the bump peak is generally unique—a point where
the surface normal is perpendicular to the wafer substrate sur-
face.

Bump surfaces are mirror-like in their reflective property. The
system design in this work shall make this property an aid to the
inspection task.

Two notions of the inspection task the inspection system
ought to address are as follows.

1) In the manufacturing process there is usually tolerance as
to how the bumps are positioned two-dimensionally on
the wafer substrate. In other words, in the height inspec-
tion task, the measurement should be sensitive to the bump
heights, and not to the small 2-D displacements of the
bumps on the wafer substrate surface. More specifically,
suppose is the plane that contains most if not all of the
bump peaks, and the plane that contains the bump bot-
toms (i.e., the wafer substrate surface). Then the height in-
spection task should be about how and are displaced
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against each other in 3-D, and not how the individual bump
peaks are positioned on .

2) The above represents only an overall measure of the
heights of the bumps, and it is derived from the plane

that contains most of the bump peaks. The plane
can be viewed as the average plane of the bump peaks.
However, there could be individual bumps with peaks too
distant from plane . Such peaks, being outliers to the
determination of the plane , need be identified also, as
they also affect the die bonding process.

Notice that by extracting the separation of the two planes
and , and the outlier bump peaks that do not fit plane well,
both the global and local aspects of the bump height inspection
task are addressed. While the former indicates how tall in gen-
eral the collection of ball bumps are, the latter represents the
isolated pitfalls in the solder-bump growing process that should
be looked into as well.

B. Basis of the Design

The concept of planar homography is exploited in this work
in the following way. Suppose there is a way to make the bump
peaks standout as distinct and matchable features in two images.
Then the two images implicitly contain the 3-D information of
the bump peaks, essentially in the homography induced by
the bump peak plane . Such a homography is determinable
from the above feature correspondences by means of (1). The
same two images would similarly allow the homography
associated with the bump bottom plane (i.e., the wafer substrate
surface) to be determined. On the latter, in comparison with ,
homography is generally easier to extract because while fea-
tures on the bump surfaces need be artificially generated and
ought to be generated on specular surfaces, real and distinct fea-
tures like wafer alignment markers and layout textures are gen-
erally present on the wafer substrate surface (as illustrated in the
left subfigure of Fig. 1, and in the image pair shown in Fig. 6)
to be the required feature correspondences.

The key is then how to make the bump peaks standout in two
images. It comes down to a proper use of the specular nature of
the bump surfaces.

In this paper, a rather simple idea is used. Suppose parallel
light is illuminated onto the wafer substrate surface in a head-on
manner, and a camera is positioned to image the wafer from
the same direction. This is illustrated in Fig. 2 as the red light
source and the red camera in the middle of the figure. Notice
that in wafer imaging the visual field of the camera is very small
in comparison with the distance of the camera from the wafer.
Thus, not only can the illumination be taken as parallel, the re-
flected light rays from the wafer to the camera can also be as-
sumed parallel. With such an illumination and imaging setup,
by the specular nature of the bump surfaces, only points on
the bump surfaces that have a surface normal orthogonal to the
wafer substrate surface will appear bright in the image. As dis-
cussed earlier, for ball bumps, points with such surface normals
are mostly the bump peaks. This way, the bump peaks of the
array of wafer bumps appear as distinct features in the captured
image.

In addition, there is also the expected 2-D positions of the
bumps—knowledge from the wafer design—that can be used to

Fig. 2. Illumination and imaging setup that reveals the wafer bump heights
in two images. One pair of the light source and camera (the red pair) involve
parallel light (illustrated at the center of the figure) illuminating the wafer in
a head-on manner, and a camera (also illustrated at the center of the figure)
imaging the wafer from the same direction. The other pair (the blue pair) involve
parallel light (illustrated on the right of the figure) illuminating the wafer from an
oblique angle �, and a camera imaging the wafer from another oblique direction
� (illustrated on the left of the figure) that has the property that the surface normal
of the wafer substrate surface is the angle bisector of the directions � and �.

confirm if any particular bright point in the image is indeed a
bump peak. In the implementation, a bright point closest to the
expected 2-D position of a wafer bump is taken as a bump peak.

The above represents a way of obtaining only the first image
of the bump peaks. Now suppose parallel light is again illumi-
nated onto the wafer surface, but this time from a direction that
makes an incident angle (about 30 in the implementation)
with the surface normal of the wafer surface. Suppose this time
the camera is positioned in a way that, should the wafer sub-
strate surface be a perfect mirror, it would receive the mirror
reflection of the above illumination beam. The above is illus-
trated in Fig. 2 as the blue light source and the blue camera.
If the light source and the camera are positioned as described,
the collection of bump peaks, being all from metallic surfaces,
and having surface normals very close to that of the wafer sub-
strate surface, would reflect the illumination directly into the
camera. In other words, the bump peaks will appear again each
as a bright point in the middle of a relatively dark region (the rest
of the associated bump surface) in the image acquired by this
second position of the camera. This way, a second image of the
same feature points—the bump peaks—which is captured from
a viewpoint (an oblique viewpoint with respect to the wafer sur-
face) different from that of the first image, is also acquired.

The two images then allow the homography , and also
the homography , to be determined. 3-D information about
the planes and , and in particular the separation of the
planes—a measure related to the bump heights that this work is
interested in—is thus embedded in the image data. The question
is just in which way is the information extracted.

Next is a more detailed description of the design of the illumi-
nation and imaging setup for obtaining feature correspondences
over the planes and . It is also shown how the measure re-
lated to bump heights can be determined without going through
explicit 3-D determination of any 3-D plane or point.
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C. Imaging Setup

An illumination and imaging setup that allows the planes
and to be accessible in two images and is illustrated in
Fig. 2.

Features of the setup can be highlighted as follows.
• Two sets of light source and camera combination are re-

quired to acquire two images of the wafer bump array from
two separate viewpoints.

• The first light source-camera pair: In one set of light
source and camera combination, the light source (illus-
trated in Fig. 2 as the red light source in the middle of the
figure) illuminates parallel light in a direction orthogonal
to the wafer substrate surface, and the camera (illustrated
in Fig. 2 as the red camera in the middle of the figure) im-
ages the wafer surface from the same direction. This way,
the points on the bump surfaces that appear bright in the
image are those that have surface normal orthogonal to the
wafer substrate surface. As discussed in the previous sec-
tion, such points are close to the bump peaks that are de-
sired. If the light source is a red one, indeed the bump peaks
will appear as isolated points in red in the image.

• Calibration: The above light source-camera pair can have
their required spatial geometry assured by the use of a
simple calibration object—the golden chip itself. First,
let the light source and the camera be positioned both
head-on as much as practicable toward the golden chip;
the camera should capture a substantial portion of the
wafer. The camera is then moved a little in all directions
from its current position, and also oriented from its current
viewing direction a little in all angles, until the golden chip
in the image appears the brightest overall speaking. Here,
the entire wafer surface, and in particular the substrate
surface, are treated as a planar mirror whose normal is
what both the light source and the camera cater for. With
the camera fixed at the new position and with the new ori-
entation, the light source undergoes similar perturbation of
its spatial position and orientation, until again the golden
chip appears the brightest in the image. The iterations
continue until the overall brightness of the image can gain
no more.

• The second light source-camera pair: In another set of
light source and camera combination, the light source (il-
lustrated in Fig. 2 as the blue light source on the right of the
figure) illuminates parallel light to the wafer surface from
an oblique angle , and the camera (illustrated in Fig. 2 as
the blue camera on the left of the figure) images the wafer
surface from another oblique angle which is such that the
surface normal of the wafer substrate surface is the angle
bisector of the directions and . This way, again only those
points on the bump surfaces that have surface normals bi-
secting and will appear bright in the image. Such points
have the surface normal being the normal of the wafer sub-
strate surface, and are thus close to the bump peaks. If the
light source is a blue one, indeed the bump peaks will ap-
pear as isolated points in blue in the image.

• Calibration: The above light source-camera pair can
also have their spatial geometry assured by the use of the

golden chip itself. The calibration procedure is similar
to that for the first light source–camera pair, except that
here the two instruments are not initialized to be head-on
toward the wafer, but to form a triangle with the wafer,
and with the wafer normal being approximately bisecting
the light source–wafer direction and the camera–wafer
direction.

• The two light source–camera pairs can operate at different
instants. Alternatively, if they are in different light colors
(say one is in red and the other in blue) they can operate
at the same time. In any case, the operation allows bump
peaks to be distinct feature points in two images. With the
use of the epipolar constraint of the two cameras, the dis-
tinct feature points can form image point correspondences

.
• Distinct features over the bump bottoms, or equivalently

the wafer substrate surface, are generally present as align-
ment markers and distinct layout features. In other words,
in the aforementioned images the bump bottom plane
are also visible as distinct features, though not as isolated
points in general. Again, with the use of the epipolar con-
straint of the cameras, the distinct features can form image
feature correspondences over the
bump bottom plane .

• The above two sets of correspondences would allow the
two homographies and to be determined through
the use of the following properties:

for all (2)

and

for all (3)

The use of homographies makes the above process sensitive
not to how the bumps are positioned on the planes and ,
but to how the planes and are displaced against one an-
other in space.

However, the process only measures global information about
the bump heights, in particular how the planes and are
located relative to each other. As pointed out earlier, there is an-
other aspect of it—the local aspect. only represents the plane
that contains the majority of the bump peaks. Isolated bumps
whose heights deviate too much from plane could exist, and
they can be identified as the outliers under robust determina-
tion [8], [9] of homography . Such isolated bumps represent
non-systematic error in the solder-growing process and should
be noted as well.

With the above, the remaining issue is to examine how the
difference of the planes and can be captured in a simple
manner. Notice that this work sets out the objective of not mea-
suring the plane separation in metric terms, but just inspecting
if the bump heights fit the manufacturing specification or not. In
other words, what is needed is a measure that can be compared
with that of the golden (reference) chip. It would add conve-
nience if the measure can be computed directly from the homo-
graphies and without requiring to determine the planes

and explicitly.
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D. Overall Measure of Bump Heights in Explicit Plane
Parameters

In this section, it is laid down how the bump height informa-
tion is related to the parameters of the planes and . This
is to pave the ground of, in the subsequent section, relating the
height information to the homographies induced by the planes.

For any plane in space that is imaged by a camera, there
is the unit surface normal of the plane and a perpendicular
distance of it from the camera center. is a concise way
of describing the plane.

Using the above plane representation, a simple expression
that captures the difference of two planes and is the
3-vector , where is the unit surface normal
of with respect to the reference camera coordinate frame
(say the coordinate frame of the red camera in the middle of
Fig. 2), is the distance of from the associated camera
center, and are the similar entities of plane . In par-
ticular, if the planes and are close to being parallel, the
surface normals are about the same, and the norm of the 3-vector

(for some scalar ) represents
a direct measure of the average bump height.

Considering the very limited visual fields of the cameras for
the planes and , generally the difference of the surface
normals and is negligible. This work, for simplicity of the
investigation, focuses on the use of the norm
in expressing the global height information of the wafer bumps.

The goal of this work is to determine the 3-vector
, and specifically its norm, directly from homographies

and , without extracting explicitly the plane parameters
of the planes nor calibrating the full set of intrinsic parameters
of the imaging setup.

E. Biplanar Disparity Matrix: An Equivalent Measure

1) Homography and Plane Parameters: Consider two im-
ages (captured by cameras 1 and 2, respectively) of a plane
in space which has normal and distance from Camera 1’s
coordinate frame. Suppose that the two cameras have intrinsic
parameter matrices and (both 3 3 upper triangular ma-
trices) within them, respectively, and relative geometry
( for rotation, and for translation) between them.

Given any 3-D point on , suppose and are its position
vectors with reference to the coordinate frames of Camera 1 and
Camera 2. Suppose also that the point has image positions and

in the two images, both in homogeneous coordinates.
It is known that , where is the position

of any particular reference point on . In fact the equation can
be expressed as

(4)

It is also known that

(5)

Equations (4) and (5) together imply

(6)

or simply

(7)

Since according to the perspective projection model the cor-
responding image positions and are related to the 3-D
positions and by and

, (7) can actually be transformed to

(8)

Together with (1), the above pinpoints how the homography
induced by plane is related to the plane parameters

of :

or

(9)

where is the normalized homography (i.e., the homography
matrix of unit norm), and is the scalar involved in the homog-
raphy normalization process.

Notice also that the scalar in (9) can be related to the
global scale of the imaging parameters if the epipolor geom-
etry of the image pair is known. Equation (9) can be written as

, which can be further simplified
to , where is
the fundamental matrix of the image pair. Suppose is the nor-
malized Fundamental matrix (i.e., Fundamental matrix of unit
norm) such that for some fixed scalar . Then given
the unit-norm and the unit-norm , the scalar is related
to the fixed scalar by

(10)

where is a global constant related to the imaging parameters,
not the plane .

2) Biplanar Disparity Matrix D: The above analysis, and
in particular (9), offer that in the task of wafer bump height
inspection, the planes and of the
bump peaks and bump bottoms have

where and are the normalized homographies associated
with the planes and , respectively, and and the
scalars involved in the homography normalization processes.

Subtracting the above two equations, the following can be
obtained:

(11)
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which is a transformation (via parameters of the height-inspec-
tion imaging system) of the global height measure

that the previous section advocated.
In other words, the global height measure can be obtained

from the homography measures via , without
the need of determining explicitly the plane parameters of
and nor calibrating fully the camera parameters , , ,
. However, the measure requires the values

of and to compute.
Notice that with feature correspondences over the planes

and , not only could the unit-norm homographies and
be determined, respectively, the unit-norm fundamental ma-

trix can also be evaluated from all correspondences over the
scene including those over the planes and . With these,
by (10), and , for some irrespective of planes
and , can be determined from , , , and from some
partial camera parameters (specifically of camera 2 and the
displacement between the cameras).

The above thus gives rise to the following measure, which is
modified from the one in (11), and which is referred to as the
BDM

(12)

Such a matrix , computable from merely feature correspon-
dences over the bump peaks and bump bottoms, encodes the dif-
ference between two planes—the plane that contains the peaks
of the bumps, and the plane that contains the bottom of the
bumps. It is invariant to global transformation of the wafer, but
variant to relative transformation between the two planes, and
is thus a measure employable for deciding if a wafer has bump
heights meeting the specifications or not.

This work focuses on the use of the norm of , which is re-
ferred to as the -norm. The -norm of the inspected wafer
is to be compared with that of the golden (reference) chip that
surely meets the height specification. Should the difference ex-
ceed a certain threshold, the inspected wafer is regarded as not
meeting the specification.

IV. EXPERIMENTAL RESULTS

A. Sensitivity of BDM

To be useful for bump height inspection the -norm should
be sensitive to changes in the bump heights. To examine the no-
tion, synthetic data experiments were conducted. The imaging
setup was constructed in such a way that the intrinsic parame-
ters of the cameras, and the alignment of the bumps on the wafer,
were close to those of the real instruments used in practice. The
settings in the synthetic experiments are listed out in Table I.

The heights of the bump array were allowed to vary from
m to m while the other parameters were kept constant,

and how the -norm reflected the change in the bump heights
was examined. The empirical results are shown in Fig. 3. In the
case of an ideal system that has no other error or uncertainty, the

-norm changes linearly with the bump height. This is what one
would expect from the form of (11).

TABLE I
SETUP IN SYNTHETIC DATA EXPERIMENTS

Fig. 3. The �-norm against the wafer bump height, in the ideal case where
there is no other error or uncertainty.

However, in practice there would inevitably be errors and un-
certainties. In this paper, the errors or uncertainties are catego-
rized into three kinds, as listed below, which were introduced to
the synthetic data experiments.

1) Image Resolution Error: The images are of limited res-
olution, and thus image projection will be truncated to the
position of the nearest pixel in the image.

2) Brightest Point Determination Uncertainty: Under the
aforementioned illumination the peaks of the bumps would
appear as bright points in the image. However, due to image
sensing saturation and feature extraction error, there are
generally uncertainties in determining the image positions
of such bright points. In the experiments, it was assumed
that such uncertainties were in the range pixel in each
position coordinate.

3) Wafer Pose Uncertainty: In practice, even with the most
accurate placement mechanism, wafers may not be always
placed at exactly the same position under the aforemen-
tioned light sources and cameras. There could thus be rigid
transformation of the inspected wafer relative to the golden
(reference) chip. In this paper, such a global transformation
of the wafer is divided into two groups:
• 2-D Uncertainty: there is 2-D translation and rotation

on the wafer plane. In the experimentation, the wafer
was moved on its own plane in two orthogonal direc-
tions, and rotated about the wafer surface normal; the
perturbations thus contained a total of three degrees of
freedom (DoFs). Upon suggestion from the industrial
partner of this work, the 2-D translation uncertainty was
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Fig. 4. The�-norm against the wafer bump height, in the presence of image
resolution error, brightest point determination uncertainty, and wafer pose un-
certainty.

modeled to be no more than m in any direction,
and the rotation uncertainty no more than .

• Tilt Uncertainty: There could be tilt of the wafer plane,
due either to placement error or to the uncertainty in the
thickness of the glue between the wafer and the feed-in
system. In the experimentation, the wafer surface was
rotated about two orthogonal axes that are on the wafer
plane and that contain the wafer centroid; the perturba-
tions thus contained two DoFs. Upon suggestion from
the industrial partner of this work, the tilt was modeled
to be no more than about any direction on the wafer
plane.

The sensitivity experiments were repeated with the
above errors and uncertainties under an image resolution
of 1000 1000, and the results are shown in Fig. 4.

The results show that the -norm tolerates uncertainties in
the specified ranges reasonably well, maintaining its sensitivity
toward changes in the wafer bump height, in an approximately
linear manner.

B. Performance on Real Image Data

Synthetic data experiments have the essence that ground truth
is available to evaluate the results. Real image experiments, in
contrast, can let the real uncertainties and errors in their reason-
able extent be brought to the investigation.

With aid and support from the industrial partner of this work,
the proposed inspection design was prototyped, and real image
data experiments were conducted with it. Shown in Fig. 5 is the
illumination and imaging setup, consisting of one set of light
source and camera placed at the center, and another set placed
laterally.

Sentec-405 CCD cameras of 752 582 resolution, equipped
with Navitar Zoom 6000 lenses, were used for imaging.

Fig. 6 shows two images, one taken by the center camera and
the other by the lateral camera, of an inspected wafer in the
experiments.

On extracting distinct and matchable features over say the
wafer substrate surfaces (the bump bottoms), the Harris corner
detection [10] was used which possesses good repeatability
under small change of object pose and illumination.

Fig. 5. Prototype of the proposed inspection design that was implemented.
(a) The overall system consisting of two sets of light source and camera, one
set placed in the middle, and the other placed laterally. (b) A closer display of
the parallel light source that was for the lateral camera.

Fig. 6. Image pairs (each consisting of a center image and a lateral image)
in real image experimentation. Top: one image pair of one wafer. Bottom: one
image pair of another wafer.

On parameter estimation in various places of the implemented
system, the robust estimation algorithm RANSAC [11] was used
to avoid the influence of outliers in the data.

The success of the described inspection approach—that of
checking if the inspected wafer has a BDM close enough to that
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Fig. 7. The 6-DoF motion stage used for perturbing the pose of the inspected
wafer over five DoFs.

of the golden chip—largely depends upon how stable the BDM
of an array of wafer bumps is under limited image resolution,
brightest point detection error in the image domain, and realistic
perturbations to wafer placement. The real image experimenta-
tion was thus centered around the stability of BDM.

Limited image resolution and brightest point detection error
came naturally with the use of real instruments and an imple-
mented detector. However, the wafer placement uncertainties,
in the absence of a wafer feeding system used in industry in the
fabrication workshop, require to be introduced artificially. As
described earlier, the uncertainties can be regarded as consisting
of five DoFs. In the experimentation, they were generated using
a 6-DoF motion stage that is shown in Fig. 7.

1) Major Steps: Below the major steps used in the real image
experimentation were outlined.

1) Imaging Setup: Position the two light source-camera
pairs properly using the calibration procedure outlined
in Section III-C, with the lateral light source and camera
positioned on the two sides of the wafer at about 30
from the normal of the wafer surface. Such a step need
be conducted only once. Then determine the Fundamental
matrix between the displaced cameras. On this there
are a variety of methods (e.g., [12], [13] ) to choose from
in the public domain; in this work’s experimentation the
method described in [13] was used. Again, this needs to
be conducted only one time.

2) D-norm Determination: Establish image point correspon-
dences over the bump peaks, and

over the bump bottoms. Esti-
mate the homographies and from the two sets of
point correspondences, using (2) and (3). Use (10) to mea-
sure and for and , respectively. Use (12)
to come up with a measure of the -norm for the inspected
wafer.

3) Stability Examination: Give random perturbations to the
wafer pose (translation, rotation, tilting), then take pictures
using the two cameras and repeat the above process of

-norm acquisition.
2) Results: Three wafers of different bump heights

( , , had bump heights in the ratio about 1:0.5:0.25, and
was of bump heights about m), supplied by industry, were
used in the experiments. In the experiment, seven image pairs

Fig. 8. Distributions of the �-norm of three wafers �, �, � (the blue, red,
and green curves, respectively), which were of different bump heights, in a real
image experiment.

of each wafer were captured under random perturbations of the
wafer placement. The perturbations in the five DoFs and in the
range described earlier were conducted using a 6-DoF motion
stage that is shown in Fig. 7.

Fig. 8 shows the distributions of the -norm of the three
wafers. The results show that, even in the presence of realistic
uncertainties and errors, the -norm is stable upon different
trials of the same wafer using different image pairs, and it does
reflect difference in bump heights. It is gathered that the BDM

, even just its norm, does have the potential to be used toward
inspecting the wafer bump heights against the specification.

Fig. 8 also indicates that should a table of -norm against
bump height be there, which need be built only once offline,
there is the possibility that not only does the -norm inspect
bump height against the specification, it might also reveal the
bump height to a certain accuracy.

To investigate the stability issue further, and in particular
which DoFs of the uncertainty in the wafer pose contribute
most to the -norm fluctuations, two wafers ( and ) were
selected for further experimentation.

For each wafer, 21 pairs of images were used for -norm de-
termination. The image data were divided into three subgroups,
which are referred to as subgroup 1, 2, 3, each owning seven
pairs of images. Subgroup 1 had random tilt added to the wafer
pose as described in the earlier section. Subgroups 2 and 3 had
pure translation and pure rotation respectively in the plane of
the wafer substrate surface.

The -norm associated with each image pair, of each sub-
group, of each wafer, was determined independently. Their
values are listed in Tables II and III, and plotted in Fig. 9.

The results show that among the three kinds of uncertainties
to the wafer pose, the one related to the tilting of the wafer gen-
erally caused the greatest disturbance to the -norm. This is
not unexpected, as tilt of the wafer (against the direction of the
light source and the viewing angle of the camera) will generally
move the brightest-appearing point of each bump surface away
from the bump peak, on which the determination of -norm is
dependent. Wafer also had more fluctuations in the -norm
than wafer . The reason could be that wafer A had taller and
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TABLE II
DISTRIBUTIONS OF�-NORM IN DIFFERENT SECTORS OF WAFER �

TABLE III
DISTRIBUTIONS OF�-NORM IN DIFFERENT SECTORS OF WAFER �

Fig. 9. Distributions of the�-norm induced by two wafers� and� (the blue
and red curves, respectively) under various disturbances to the wafer pose.

bigger bumps, and thus the surface normal changed more grad-
ually on each bump surface, resulting in a bigger vicinity of the
bump peak that appeared similarly bright in the image data. That
in turn induced more error in, again, the brightest point extrac-
tion.

The experimental results also show that bump height plays the
dominant role in determining the value of -norm. Despite the
value fluctuations due to all the aforementioned uncertainties
and errors, the -norm can still well separate wafer from
wafer .

V. CONCLUSION AND FUTURE WORK

A method of inspecting the heights of an array of wafer ball
bumps has been presented, that requires no explicit 3-D recon-
struction of the bumps nor full metric calibration of the inspec-
tion instruments. The method relies upon the use of a measure
BDM, that is non-metric but related to the bump heights, and
that is to be compared with the same measure of the golden
chip to accomplish the inspection task. A design of the imaging

setup has also been shown that makes such a BDM measure ex-
tractable. Experiments show that the norm of BDM is effective
in revealing change in bump height, even under realistic noise
and uncertainties.

Owing to the rather small visual fields of the cameras over
the wafer bump array, the bump peak plane and the bump bottom
plane can well be approximated as parallel. However, in the pre-
sented treatment this assumption has not been enforced, and the
homographies induced by the two planes are allowed to be in-
dependent. It is believed that the assumption can let the homo-
graphies be related, and be determined together from all image
data available, thereby resulting in more accurate homographies
and an enhanced system performance. Future work will address
the inclusion of such an assumption in the system.
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