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ABSTRACT

A challenge in the semiconductor industry is the 3D inspection of solder bumps grown on wafers for direct die-
to-die bonding. In an earlier work we proposed a novel mechanism for reconstructing wafer bump surface in 3D,
which is based upon projecting a binary pattern to the surface and capturing image of the illuminated scene.
By shifting the binary pattern in space and every time taking a separate image of the illuminated surface, each
position on the illuminated surface will be attached with a binary code in the sequence of images taken. 3D
information about the bump surface can then be obtained over these coded points via triangulation. However,
when a binary pattern is projected onto the inspected surface through projection lenses, the high order harmonics
of the pattern are often diminished because of the lens’ limited bandwidth. This will lead to blurring of the
projected fringe boundaries in the captured image data and make differentiation between dark and bright fringes
there difficult. In addition, different compositions of the target surface, some metallic (the solder surface) and
some not (the substrate surface of the wafer), have different reflectance functions (including both the specular
and lambertian components). This makes fringe boundary detection in the image data an even more challenging
problem. This paper proposes a solution to the problem. It makes use of the spatial-temporal image volume
over the target surface to tackle the issue of inhomogeneous reflectance function. It is shown that the observed
intensity profile across the images of a fixed point has the same up-and-down profile of the orignal binary gratings,
regardless of the reflectance on the target surface, from which edges can be detected using classical methods like
the gradient based ones. Preliminary study through theoretical analysis and empirical experiments on real image
data demonstrate the feasibility of proposed approach.
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1. INTRODUCTION

In advanced electronic manufacturing that involves say die-to-die bonding, microscopic surfaces like solder bumps
on wafers have to be inspected in 3D. Yet the tiny size and often highly specular and textureless nature of the
surfaces make the task difficult. The size of the entire inspection system is also required to be small so as to
minimize restraint on the operation of the various moving parts in the manufacturing process.

There have been a few non-contact optical shape measurement methods proposed in the literature, which can
be classified into two groups: scanning and non-scanning techniques. The scanning techniques are represented by
laser triangulation1,2 and confocal microscopy.3, 4 Both of them however require complex hardware to function.
The measurement processes are also time-consuming because they require one-dimensional, two-dimensional, or
three-dimensional scanning to cover the entire surface of the object. Typical non-scanning techniques include
Moiré interferometry5, 6 and fringe pattern projection combining phase shifting.7–10 Recently, Gühring11 pointed
out that phase shifting however has a series of drawbacks such as (1) that the phase cannot be recovered precisely
while dealing with surfaces with inhomogeneous reflectance function; and (2) that intensity values at a pixel are
influenced by those of its neighbors. In summary, the primary limitation is that they obtain three-dimensional
information based on analyzing gray-level fringes on the surface. Therefore they suffer from both image brightness
saturation and high sensitivity to noise.
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In an earlier work we proposed a novel mechanism for reconstructing wafer bump surface in 3D.12 The
mechanism was based upon projecting a binary pattern to the surface and capturing image of the illuminated
scene. By shifting the binary pattern in space and every time taking a separate image of the illuminated surface,
each position on the illuminated surface would be attached with a binary code in the sequence of images taken.
With a suitable design of the binary pattern, the binary code would be unique for each bump surface position.
With such binary codes, correspondences between image positions and positions of the projected pattern could
be established. 3D information about the bump surface could then be obtained over these coded points via
triangulation.

However, when a binary pattern is projected onto the inspected surface through projection lenses, the high
order harmonics of the pattern are often diminished because of the lens’ limited bandwidth. Therefore, fringes
projected on the target surface will not remain exactly dark or bright, but will change to gray-level ones. In other
words, the boundaries of the binary stripes will appear blur in the captured image data. But, the reconstruction
mechanism is one that is based upon discrete processing, and thus the detection of the fringes’ boundaries and
thereby binarizaton of the image data is an important step.

In addition, different compositions of the target surface in electronic industry – some metallic (the solder
surface) and some not (the substrate surface of the wafer) – have different reflectance functions (including both
the specular and lambertian components). This makes fringe boundary detection in the image data an even
more challenging problem.

Various methods have been proposed to detect boundary in the last two decades.13–17 However, their
detection accuracies would generally be compromised should the object be of homogeneous reflectance property.
There were approaches such as deformable contours and level set methods that are optimization-based to reduce
the influence of inhomogeneous surface reflectance, but then they require iterations15, 16 and consume more
computations.

This paper proposes a solution to the fringe boundary detection problem. It makes use of the spatial-temporal
image volume over the target surface to tackle the issue of inhomogeneous reflectance function. Moreover, the
proposed approach could achieve high detection speed.

The organization of the paper is as follows. Section 2 outlines the proposed approach. Experiment results
on PCB are shown in Section 3. Concluding remarks are presented in Section 4.

2. BOUNDARY DETECTION

A binary pattern (stripe grating) is a repeating sequence of light and dark bars, with one pair of adjacent light
and dark bars making up each cycle. These cycles repeat over and over in a grating. One would expect that
these square gratings are reducible in the captured image data to a set of sharp edges like the bars shown in
Fig. 1.

Figure 1. A graph of the luminance of a binary grating.
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Figure 2. Optical geometry setting of binary projection system.

A binary pattern f(x) of period 2L can be expressed by a Fourier series:

f(x) =
4
π

∞∑

n=1,3,5,···

1
n

sin
(nπx

L

)
(1)

It consists of more high-frequency components than the sinusoidal grating, and the amplitudes of the compo-
nents get smaller as the frequencies go up. What in reality contrasts with Fig. 1 is, when light passes through the
binary grating and is projected to a target object through a series of projection lens, the high-order harmonics
of the pattern are often diminished because of the lens system’s limited bandwidth. Therefore, fringes projected
on the target surface generally do not remain exactly black or white, but are changed to gray-level ones. In other
words, the boundaries of the binary stripes will appear blurred in the captured image data (as shown in Fig. 3).

However, the reconstruction mechanism is one that is based upon discrete processing, and thus the detec-
tion of the fringes’ boundaries and thereby binarizaton of the image data is an important step. Yet, different
compositions of the target surface, some metallic (the solder surface) and some not (the substrate surface of
the wafer), have different reflectance functions that consist of both the specular and lambertian components.
This makes fringe boundary detection in the image data a nontrivial problem. Herein we propose a solution to
it. The solution makes use of the spatial-temporal image volume on the target surface, as opposed to merely
spatial derivatures of the image data as practised traditionally, to tackle the issue of inhomogeneous reflectance
function.

Consider any image position (x, y) (that is equivalent to position DC in Fig. 2) that perceives signal from a
particular surface point J of the target object; the surface point J reflects light that goes through a particular
position of the binary fringe grating plane. In the pattern projection process, the surface property (shape,
reflectance etc.) of the target object at surface point J is invariant to the change of pattern. The invariance can
be modeled as a transfer function FS(x, y). Similarly, the effect of the optical projection lens can be modeled as
FL(x, y), and the image capture at the camera as FC (which is largely independent of the image position (x, y)).
When a pattern P is projected onto the surface, the image intensity I(x, y) captured by the camera at position
(x, y) could be represented as

I(x, y) = FCFS(x, y)FL(x, y)P (x, y) (2)
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Figure 3. Fringe pattern after the low-pass effect of lens projection. The fringe deforms because the high order harmonics
have their amplitudes diminished.

where FL(x, y), FS(x, y), and FC are unknown but invariant (Fig. 4) to pattern P .

Figure 4. Imaging model.

For a fixed binary grating, shifting it in space in small displacements will produce a series of patterns Pi(x, y)’s
for every image position (x, y) on the image data. With Pi(x, y)’s, different image intensities Ii(x, y)’s can be
obtained respectively as:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

I1(x, y) = FCFS(x, y)FL(x, y)P1(x, y)
I2(x, y) = FCFS(x, y)FL(x, y)P2(x, y)
...
In(x, y) = FCFS(x, y)FL(x, y)Pn(x, y)

(3)

where FS(x, y) represents for image position (x, y) the transfer function on image intensity due to the target
object surface.

Suppose that before we take data for the target object we place a calibration plane Π under the system to
capture similar image data. The calibration plane Π is a planar object whose 3D information is exactly known.
For each image position (x, y) associated with the target object, there is a corresponding image position (xΠ, yΠ)
associated with plane Π, which receives signal through the same position of the binary fringe pattern. Image
position (x, y) to image position (xΠ, yΠ) is as point DC to point DA in Fig. 2.

As the binary grating shifts to create patterns Pi(x, y)’s, similar to Ii(x, y)’s for the target object, image
intensity values Ji(xΠ, yΠ)’s are collected for the calibration plane Π:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

J1(xΠ, yΠ) = FCFΠ(xΠ, yΠ)FL(x, y)P1(x, y)
J2(xΠ, yΠ) = FCFΠ(xΠ, yΠ)FL(x, y)P2(x, y)
...
Jn(xΠ, yΠ) = FCFΠ(xΠ, yΠ)FL(x, y)Pn(x, y)

(4)
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where FΠ(xΠ, yΠ) represents the transfer function due to the calibration plane Π for image position (xPi, yΠ).

Combining Equations (3) and (4), we have Ii(x, y)/Ji(xΠ, yΠ) = FS(x, y)/FΠ(xΠ, yΠ) which is a constant for
all i, and therefore allow Ii(x, y)’s be related to Ji(xΠ, yΠ)’s without involving the unknowns FL(x, y), FS(x, y),
FΠ(xΠ, yΠ), and FC, as:

I1(x, y) : I2(x, y) : · · · : In(x, y) = J1(xΠ, yΠ) : J2(xΠ, yΠ) : · · · : Jn(xΠ, yΠ) (5)

Equation (5) shows that Ii(x, y)’s and Ji(xΠ, yΠ)’s display exactly the same profile (including 0-to-1 and
1-to-0 transitions) along the time-axis if their amplitudes are normalized to the same scale. In other words, the
image frames at which (x, y) is a 0-to-1 or 1-to-0 boundary point in I (due to shifting of the binary grating in
space) could be read from Ji(xΠ, yΠ)’s. The only problem is, it seems correspondence between (x, y) of I and
(xΠ, yΠ) of J needs be first established.

Notice that on the image data of the calibration plane Π, because of the plane’s homogeneity in surface
reflectance and planarity in shape, and of our adoption of telecentric camera lens and projection lens in the system
(so that both the pattern projection and the image capture are almost parallel), the time profile Ji(xΠ, yΠ)’s
of image intensities has the same dynamics (though possibly different phase) irrespective of the image position
(xΠ, yΠ). In fact due to the optical setup and the planar nature of the calibration plane, the dynamics at all
image positions consist of the same and simple periodic cycles of 0-to-1 and 1-to-0 transitions, and one could
determine from them the intensity threshold (relative to the intensity fluctuation amplitude) for pinpointing
0-to-1 and 1-to-0 transitions in the intensity profile of any image position (xΠ, yΠ).

It follows that even the correspondence between (x, y) on I and (xΠ, yΠ) on J needs not be established. We
could just examine what the intensity threshold is for the boundary points in J , and borrow that threshold for
detecting boundary points in I.

We first locate the edge positions (0-to-1 and 1-to-0 jumps in the image data) in J . On this we could simply
use traditional gradient-based edge detector, for the calibration plane is of homogeneous reflectance. Knowing
the intensity value Jedge of such edge point, we could determine the relative intensity threshold Tedge (relative
to the intensity fluctuation amplitude) as:

Tedge =
Jedge − mini Ji

maxi Ji − mini Ji
(6)

The relative threshold Tedge can be applied to detect edge points in the image data of the target object. For
any arbitrary position (x, y) in image data I of the target object, a number of intensities I1(x, y), I2(x, y), · · · , In(x, y)
are available. (x, y) is an edge point in any kth image frame Ik if the parameter Tk computed from:

Tk =
Ik − mini Ii

maxi Ii − mini Ii
(7)

is such that the quantity |Tk − Tedge| is close enough to 0.

Our fringe boundary detection mechanism puts together the whole sequence of image data to eliminate the
influence of the projection lens, the camera, and the inhomogeneity of surface reflectance of the target object.

3. EXPERIMENT ON PCB

Calibration should be done first, which ensures that the illumination, the imaging, the grating plane, and the
grating motion are aligned properly. The optical axes of the camera and illumination should be on the same
plane. A Ronchi grating with period 200 microns and an incident angle θ = 30◦ of projection was adopted. The
projection system consisted of an illuminator and several sets of lens. The grating was shifted in space 5 times,
each time by 20 microns. The magnification of the projection system was 3 times, which means the projected
pattern would be enlarged 3 times to have a period of 600 microns on the inspected surface. The imaging system
had a magnification of 0.75 times, a resolution of 1000× 1000, and a pixel size of 7.4 micron × 7.4 micron in the
CCD sensing array.
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In the calibration phase, we projected the fringe pattern onto a sheet of white paper, which serves as the
reference plane Π. By this step, a codeword for each position on the reference plane Π was transferred from the
corresponding position on the grating plane. The image sequence for the reference plane is shown in Fig. 5.

Figure 5. Image sequence of the reference plane in the calibration phase under Ronchi pattern projection. These images
were captured by shifting the pattern in one-tenth period increments.

In the operation phase, we projected the same fringe pattern onto a PCB. With five shiftings of the pattern
and imagings of the illuminated object, we established also a codeword for each point on the inspected surface.
To put simply, the codeword is the sequence of “1”s and “0”s in the image sequence (shown in Fig. 6) at every
image position.

In the calibration step, we projected the pattern onto a piece of white paper which possesses homogenous
reflectance function. Therefore, the fringe on the plane will not be influenced by inhomogeneous reflectance
function and the boundaries could be detected by traditional edge detection algorithms like Canny edge detector
(shown in Fig. 7). Based on the result, the threshold Tedge was obtained to be 0.497 with Equation 6, which
was applied in proposed time profile-based boundary detection mechanism. The time profile-based boundary
detection mechanism we proposed can also obtain good results (shown in Fig. 8). These two different algorithms
give similar results, demonstrating that the time profile-based approach could be as good as the image gradient-
based on scenes with homogeneous reflectance.

We did the same comparison on the operation image sequence. Here the inspected surface is made of different
materials including metallic solder and non-metallic substrate, which leads to inhomogeneity of the surface
reflectance function varying from the specular to the diffuse extremes. The image intensity distribution, so
influenced by the surface reflectance, leads to deteriorated result of boundary detection by Canny edge detector
(as shown in Fig. 9). However, our time profile-based mechanism can reduce the influence of the reflectance
function inhomogeneity and get much better result (as shown in Fig. 10). The detected boundaries are found to
be much closer to the expected ones by mapping the boundaries onto the image sequences.

4. CONCLUSION AND FUTURE WORK

A new approach of detecting projected fringe boundary on surface with inhomogeneous reflectance function
has been presented. The binary pattern imaged over the inspected surface is varied by shifting the binary
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Figure 6. Image sequence of the inspected surface (PCB) in the operation phase under projection of the same pattern.
These images were captured by shifting the pattern in one-tenth period increments.

Figure 7. Fringe boundary detection for the reference plane by Canny edge detector.
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Figure 8. Fringe boundary detection for the reference plane by our time profile-based edge detector.

Figure 9. Fringe boundary detection for the inspected surface by Canny edge detector.
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Figure 10. Fringe boundary detection for the inspected surface by our time profile-based edge detector.

grating in space. Therefore, image sequence can be obtained for the inspected surface. Our fringe boundary
detection mechanism puts together the whole sequence of image data to eliminate the influence of the projection
lens, the camera, and the inhomogeneity of surface reflectance of the target object. Theoretical analysis shows
that the approach could effectively detect fringe boundary on surface with inhomogeneous reflectance function.
Experiments on real objects also demonstrate that the approach can reduce much the influence of inhomogeneous
reflectance function on the inspected surface and detect fringe boundary accurately. In the future work, sub-pixel
edge detection technology will be applied in order to increase the accuracy of boundary detection.
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