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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 mechanism for reconstructing wafer bump surface in 3D,
which is based upon projecting a binary grating to the surface with an inclined angle. For the purpose of 3D
reconstruction with high speed and accuracy, the requirements for the projection lens system are the followings:
(1) having a tilted angle between the projection plane and the optical axis; (2) having high bandwidth to let
high-spatial-frequency harmonics contained in the binary grating pass through the lens and be projected onto
the inspected surface properly; (3) having high Modulation Transfer Function (MTF); (4) having large Field of
View (FOV); and (5) having a large Depth of Field (DOF) that corresponds to the depth range or height of the
inspected surface. The above requirements lead to great challenges in the design of the projection lens system.
In this paper, we describe a design consisting of a grating and several pieces of spherical lens, that addresses
the requirements. To reduce the lens aberrations, the grating is laid out with a tilting angle specifically to
make the grating, the lens, and the image plane intersect at the same line. Such a system can project a high
spatial-frequency binary grating onto the inspected surface properly. Simulation results, including performance
analysis and tolerance analysis, are shown to demonstrate the feasibility of the design.

Keywords: Machine Vision, Lens Design, 3D from Structured Light, Modulation Transfer Function, Depth of
Field, Field of View

1. INTRODUCTION

With the semiconductor industry advancing rapidly toward smaller, lighter, faster, and cheaper products, area
array packages including BGAs, CSPs, flip-chip packaging, wafer bumping and wafer-level packaging (WLP)
quickly become the focus of IC packaging technology. They could help improve device performance and manu-
facturability, and ultimately reduce cost.

However, the shrunk dimension of the devices also leads to more stringent requirement on process control and
quality assurance. A particular challenge is the advancement of vision technique for inspecting the 3D surface of
wafer bump accurately and efficiently. There have been a few non-contact optical shape measurement methods
proposed in the literatures: laser triangulation,1,2 confocal microscopy,3, 4 sinusoidal pattern projection,5 and
Moiré interferometry.6, 7 However, all these methods suffer from either low-speed or high sensitivity to noise.
In an earlier work we proposed a novel mechanism for reconstructing wafer bump surface in 3D.8 As shown in
Fig. 1, the grating is projected onto the inspected surface with an incident angle 30◦. The mechanism 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. With a suitable design
of the binary pattern, the binary code will be unique for each bump surface position. With such binary codes,
correspondences between image positions and positions of the projected pattern could be readily established. 3D
information about the bump surface can then be obtained over these coded points via triangulation.
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Figure 1. 3D wafer measurement system

The design of the projection lens, which determines the quality of the projected fringes on the inspected
surface, is very important for the proposed inspection system. For the purpose of reconstructing 3D surface
with high speed and accuracy, the requirements for the projection lens system are the followings: (1) having
a tilted angle of about 60◦ between the reference plane and the optical axis; (2) having high bandwidth to
let high-spatial-frequency harmonics contained in the binary grating pass through and be projected onto the
inspected surface properly; (3) having high Modulation Transfer Function (MTF); (4) having a large Field of
View (FOV) of about 10mm×10mm on the inspected surface, to speed up the reconstruction; (5) having a large
Depth of Field(DOF) that corresponds to the height of the inspected surface. The above requirements lead to
great challenges in the projection lens design. This paper addresses the design of such a projection system that
has high bandwidth, high MTF, large FOV, and large DOF.

The organization of the paper is as follows. Section 2 outline the design issues including the MTF requirement
of the designed lens, the key factors of correcting lens aberration, and the methodology of improving the depth
of field of the lens. The designed lens systems are shown in Section 3. Concluding remarks are presented in
Section 4.

2. DESIGN ISSUES

2.1. MTF requirement of the projection system

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. 2.

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 com-
ponents get smaller as the frequencies go up. When a binary pattern is projected onto the inspected surface
through a set of projection lens, the high order harmonics of the pattern will be diminished because of the lens’
limited bandwidth (shown in Fig. 2). Therefore, fringes projected on the target surface will not remain exactly
black or white, but will change to gray-level ones. In other words, the boundaries of the binary stripes will
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Figure 2. A graph of the luminance of a binary grating.

appear blur in the captured image data. When a binary grating with spatial frequency (ν) is projected on the
reference plane through projection lens, the modulation transfer function (MTF) of the projection lens is defined
as following

MTF =
Mi(ν)
Mo(ν)

(2)

Where Mi is the modulation of projected fringes and Mo is the modulation of the grating. MTF is a function of
spatial frequency (ν), which will decrease rapidly as the frequency goes up.

In order to sharpen an edge between black and white stripes, more series of harmonics of the proper frequency
and amplitude should pass through the projection lens. The sharper the edge, the higher frequency components
it contains. Fig. 3 illustrates a set of intensity profiles around the edge region varying from smooth to sharp.
The smooth edges do not contain enough high frequency harmonics to make a rapid transition. However, with
more higher frequency harmonics being contained, sharper edges could be obtained.

Figure 3. Intensity distribution of edges with different MTF value

If we want to capture fringes with sharp edges on the inspected surface, we need to design a projection lens
with a high MTF value on 5× harmonics of the grating’s spatial frequency. For our system requires a binary
grating with 10lp/mm spatial frequency, we need to design a lens with good MTF performance on 50lp/mm
spatial frequency.

2.2. Key factors in the design

Various kinds of aberrations occur when the light passes through the lens far from the optic axis of the lens, such
as spherical aberration, coma aberration, chromatic aberration, and so on.9 Symmetric doublets can reduce the
spherical aberration greatly. More completed coma aberration correction can be achieved by using a combination
of lenses symmetric about a central stop, such as Double Gauss Lenses. One way to minimize the chromatic
aberration is to use glasses of different dispersion in a doublet or other combinations. A combination of different
lenses will be used in this designed optical system to compensate the lens aberration.
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Cross-axes layout of the CCD camera and the grating projector means the image plane (i.e, the reference
plane shown in Fig. 4) is not perpendicular but tilted to the optical axis. Therefore, the binary grating is
projected onto the inspected surface with an inclined angle θ. Big θ can improve the 3D reconstruction precision
of the inspected wafer. However, it will greatly enlarge the lens aberration and reduce the MTF performance
quickly.

Figure 4. Optical configuration of the grating projection unit.

The first problem due to this optical layout is that the lateral magnifications are different for the upper and
lower edges of the image plane. The keystone distortion is not symmetric with the optical axis so that we can’t
use the common spherical lens combination to correct all of them. The second problem due to this tilting of the
image plane is that the image changes its focus linearly from the lower to the upper image edges. The image
can be sharply focused only for a horizontal strip on the image. A useful solution to eliminate both the keystone
distortion and the linear defocusing is to make the grating, the lens, and the image plane intersect at a common
line. Furthermore, the intersection lines of the grating and image planes with the corresponding principal planes
must have the same height, as shown in Fig. 5. We can clearly see that the required tilting of the grating plane
to eliminate the keystone distortion is in the opposite sense to that required focusing the image over the whole
image plane.10

Figure 5. Optics layout of tilted grating and image plane.

Let R1 be an arbitrary vector in the grating plane inclined at angle P to the axis of the input lens, and R2 be
the projected image of R1 in the image plane with an inclination angle of Q. Let m be the magnification of the
projection lens. R1 can be decomposed into three orthogonal components x1, y1, and z1 (shown in Fig. 5). Since
the inclination of the grating plane is a constant angle P , the following relationship will always be satisfied:
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{
tanP = z1/x1

tanQ = z2/x2
(3)

The R2 components of the image of R1 will be similarly designed so that x2, y2, z2 are related to the grating
components by

⎧
⎨

⎩

x2 = −m · x1

y2 = −m · y1

z2 = m2 · z1

(4)

Where m2 is the familiar longitudinal magnification. The relation between the tilted angle of grating pattern
plane P and the tilted angle of image plane Q can be expressed as

tan Q = −m · tan P (5)

By using the method of tilting the grating plane, the off-axis keystone distortion can be corrected properly.

2.2.1. Improving the depth of field

When a lens focuses on a object at a distance, part of the object at that distance are in focus. Other parts which
are not at the same distance are out of focus. The zone of acceptable sharpness is referred to as the Depth of
Field. Since the average height of the bump is from 80um to 400um, the optics should have a Depth of Field of
about 400um. Increasing DOF of the projection lens increases the sharpness of a deformed pattern image. DOF
can be calculated as,

⎧
⎪⎨

⎪⎩

�L1 = F ·δ·L2

f2+F ·δ·L
�L2 = F ·δ·L

f2−F ·δ·L
�L = �L1 + �L2 = 2f2·F ·δ·L2

f4−F ·δ2·L2

(6)

Where δ is the diameter of the acceptable circle of confusion. f is the focal length of lens. F is the aperture (or
F-stop). L is the focused subject distance (this is set on the lens focus scale). �L1 and �L2 are the near and far
distance values of Depth of Field respectively. �L is the whole Depth of Field of the optics. From Equation 6,
we know that the Depth of Field can be increased by reducing lens’ aperture.

3. PROJECTION SYSTEM DESIGN AND PERFORMANCE ANALYSIS

The projection lens should be able to project the binary grating with spatial frequency 10lp/mm to the inspected
surface with FOV of 10×10mm properly. In order to capture the deformed fringes with sharp edge, the high
modulation at 5× harmonics of base frequency is needed.

3.1. Designed projection system

Define the Field of View to be 10mm×10mm. Five symmetrical positions, as shown in Fig. 6, were used for
performance analysis. The purpose of the design was to optimize all parameters of the optics such as radii,
thickness, glasses, conics, aspheric coefficients, and so on. The layout of the designed projection optics is shown
in Fig. 7, whose aperture is 9.05mm.

In order to improve the DOF of the projection lens, the aperture of the first designed optics was reduced to
8mm. The modified design with a larger DOF is show in Fig. 7. The components’ parameters of the modified
design are shown in Table 1.
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Figure 6. Symmetrical Field of View in the 10×10mm image plane.

Figure 7. 3D layout model of the projection lens.

Table 1. Specifications of designed lens system with larger DOF

20 Surface No. Radius of curvature (mm) Thickness (mm) Material
object ∞ 14.00 air

1 ∞ 3.00 BK7
2 24.53 14.15 air
3 82.92 3.00 SF5
4 21.38 7.89 SK11
5 -28.75 7.60 air
6 26.68 11.49 SF5
7 21.84 20.09 air
8 83.79 2.00 SF5
9 28.12 5.00 BK7
10 -35.92 6.89 air
11 ∞ 100.00 BK7
12 ∞ 63.39 air

image ∞

Table 2. Parameters of the two designed lens

Lens Surfaces Number OI distance Focal length NA Aperture Magnification MTF@50lp/mm

Small DOF 14 210.48mm 39.72mm 0.1 9.05mm -2.134 0.52
Large DOF 14 244.52mm 40.88mm 0.1 8.00mm -2.62 0.44
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The parameters of two designed systems are shown in Table 2, where OI distance is the total length from the
grating to the image of the lens. From Table 2, we can see that as the aperture being reduced from 9.05mm to
8.00mm, the MTF is also reduced a little from 0.52 to 0.44.

As for the designed system with small DOF, the tilted angle of the image plane is Q = 30◦, the tilted angle of
the grating is P 1 = 15.04◦, and the optical paraxial magnification m1 is −2.134. From Equation 5, the relation
between the tilted image and grating plane is tanQ/ tanP1 ≈ −m1.

As for the designed system with larger DOF, the tilted angle of the image plane is also Q = 30◦, the tilted
angle of the grating pattern is P2 = 12.35◦, and the optical paraxial magnification m2 is -2.62. The relation
between the tilted image and grating plane of this modified design is tanQ/ tanP2 ≈ −m2.

3.2. Performance analysis

An ideal lens will focus an input parallel beam to a perfect point (focal point) which should be infinitesimal.
However, because of lens aberrations and diffraction, the focal spot of a real lens has a finite size. All singlet
lenses have significant amount of aberrations. Fig. 8 shows a so-called spot diagram where the grating plane and
the image plane are placed at the right angles to the optical axis. In order to eliminate the keystone distortion,
the average image spot size at the edge of the field will also increase.

(a) Designed projection lens with small DOF

(b) Designed projection lens with large DOF

Figure 8. Spot diagrams of three Fields of View of the two projection lens.

To describe the lens’ ability of transferring contrast at a particular resolution level from the grating to the
image, the MTF curves are shown in Fig. 9 and Fig.10 of three image positions (0, 0), (5, 5), and (-5, -5).
For each MTF figure, there are two MTF curves, one for the tangential MTF and the other for sagittal MTF.
The reason for the two MTF plots are different is that point spread function become asymmetric off-axis, which
means that the resolution in the two directions will also be different.
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Figure 9. MTF of small DOF design.

(a) (b) (c)

Figure 10. MTF of large DOF design.

A graph of the encircled fraction of the fraction of the energy plotted against the radius of the aperture is
called the radial energy distribution curve. The curves (shown in Fig. 11) indicate the fraction (E) of the total
energy in an image pattern that falls in a circle with radius R.

When the aperture is reduced, the DOF is increased as shown in Fig. 6. The design with aperture 8mm has
a larger Depth of Field than the design with aperture 9mm. From Fig. 6, we can also observe that the MTF
parameters is reduced a little.

3.3. Tolerance analysis
Though a theoretical MTF curve can afford the helpful optical prescription of the lens, it does not indicate the
actual performance of the lens after manufacturing. Manufacturing always introduces some performance loss in
the design due to tolerances. For the reason, tolerance testing enables characterization of the actual performance
of both designed lens and manufactured lens. Table 3 and Table 4 are the tolerance data and the simulated
MTF parameters after considering the tolerance of the manufacturing, optical system, as well as the performance
requirements of the optical system.

By using an optical system with more lenses, we can further improve the theoretical performance. However,
it will introduce more tolerance in the manufacturing and affect the optical performance. At the same time, the
manufacturing cost will also increase.

4. CONCLUSION

In order to realize our proposed system for inspecting semiconductor surface, a novel projection lens is designed
using a combination of lenses and the correcting method of keystone aberration distortion. The designed lens

SPIE-IS&T/ Vol. 6056  605601-8



LUFF. L111t1 -S.Fl liii
H. H. H .O@E Ft —5. LcOa. 5. @ø IN

100.000
RADIUS FROM CENTROID IN MICRONS

—— ooer0ure=9mm
—a— ooer0ure=8mm

o so-

ft—--.
045- / N/:a_as

E 0.40

0.35-

-300 -200 -1000100200300
FocalPiane urn

Figure 11. Encircled energy curves of the large DOF design.

Figure 12. Depths of Field of two projection lens in FOV (0, 0).

Table 3. Tabulation of typical optical fabrication tolerances9

Diameter Thickness Radius Linear Dimension Angles

Low Cost ±0.2mm ±0.5mm Gage ±0.5mm Degrees
Commercial ±0.07mm ±0.25mm 10 Fr. ±0.25mm ±15′

Precision ±0.02mm ±0.1mm 5 Fr. ±0.1mm ±(5′ − 10′)
Extra Precise ±0.01mm ±0.05mm As req’d As req’d Seconds

SPIE-IS&T/ Vol. 6056  605601-9



Table 4. Tolerance testing of the two designed lenses (MTF@50lp/mm)

20 times Monte-Carlo test 90% 50% 10%
Small DOF Design MTF > 0.36 MTF > 0.43 MTF > 0.48
Large DOF Design MTF > 0.33 MTF > 0.39 MTF > 0.42

can project binary grating onto inspected surface properly, which has following characteristics:(1) having a tilted
angle between the reference plane and the optical axis; (2) having high bandwidth; (3) having high MTF; (4)
having large FOV; and (5) having large DOF. Theoretical analysis demonstrates the feasibility of our designed
projection lens.
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