Figure 20. Profile of the tested good bonding wire with the slope of 20 degree
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Table 3. The images of a single bonding wire grabbed by turning on some of the LEDs of

the developed structured LED lighting system

Turned on LEDs | Inclined slope of illuminated wire Grabbed image

13th 26> ~272 degree
8 8
1 3

14th 25—~26=degree
8 8

15th 237 ~25 1 degree
8 8
5 7

16th 22=~23 degree
8 8

17th 212 ~ 222 degree
8 8

18th 201~21§degree
8 8

19th 181~20l degree
8 8

20th 17§~18z degree
8 8

21st 16§~17§degree
8 8
T .7

From 16th to 19th 1807232 degree
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In Figures 21 (a) to 21(d), we show the gray-level of the pixels on the bonding wires of
the grabbed image when the LEDs from the 16th to the 19th rows were turned on
individually. The gray-level of the pixels on each of the above wire segments will reach to
the maximum value, say 255, if that wire segment is in the slope range that is just proper to
reflect the light from the LEDs. Theoretically, each row of the structured LED is designed to
highlight a specific slope range of bonding wire. But the light of the LEDs will scatter and
the surface of bonding wire will also cause some scattering. That is, the reflective slope
range of bonding wire in each row of the structured LED will be larger than the theoretical
value. But the enlargement is much smaller than the range of incident light angle of one

LED.

In the developed prototype of.structured LED lighting system, if we turn on the LEDs
from the 16th to the 19th rows, they.will also spread the light to highlight some near by wire
segments that will originally be highlighted-by-the 15th or the 20th row of LEDs. To those
bonding wires that are to be highlighted by the LEDs lower than the 14th row or higher than

the 21st row will have their pixels with the gray level far lower than 255.
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Figure 21. The gray-level of the pixels on the bonding wires of the grabbed images in Table 3

when (a) 16th, (b) 17th, (¢) 18th and (d) 19th row of LEDs was turned on.
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For 3D-type defect inspection, the developed LED lighting system must provide light
with any desired spread range of incident angle to distinguish sagged wires from good wires.
The critical segment of good bonding wire sample in this experiment was in about 20
degree slope. A serious drop was found in the critical segment of one sample wire with a
slope of 28 degree, while a slight drop was found in the critical segment of the other wire
with a slope of 24 degree, as shown in Figure 22. Table 4 shows the grabbed images of a
good wire and two sample sagged wires under different spread ranges of incident light angle.
The LEDs on the 19th row were set as the center of incident light angle and the spread
range of incident light angle increased gradually. The slope ranges of the illuminated wire
according to Eq. 4-1 are represented in the first column of Table 4. For the good wire, when
the LEDs on the 16th to 22nd rows were turned on, the whole critical segment was
illuminated clearly. With the same setting, both the slightly and the seriously sagged wires
were represented as a broken line in the grabbed image. That is, both the slightly and the

seriously sagged wires can be detected using thissetting.

When the LEDs on the 15th to 23rd rows were turned on, the slightly sagged wire was
represented as a continuous line, but seriously sagged wire still looked like a broken line in
the grabbed image. That is, only seriously sagged wires can be detected using this setting.
From these experiments, we can see that the devised structured LED lighting system can
distinguish sagged defects in different degree by controlling the spread range of incident
light angle. This makes it easy for the AOI system to detect 3D-type sagged defects with

various inspection specifications.
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(a) (b)
Figure 22. Profiles of (a) the slightly sagged wires with a drop of 24 degree in slope and (b)

the seriously sagged wires with a drop of 28 degree in slope

Table 4. The images of a single bonding wire grabbed for 3D wire inspection by turning on

some of the LEDs of the devised structured LED lighting system.

The row of LEDs that were turned on | Good wire with the Slightly sagged wire Seriously sagged
(inclined slope of illuminated wire) slope of 20 degree with a drop of 24 wire with a drop of

degree in slope 28 degree in slope

Only the 19th !
—~20— degree :
8 8 '

From the 18th to the 20th

(17§~21§de ree)
g 8 °

From the 17th to the 21st

(16§~22§de ree)
g g

From the 16th to the 22nd

(151 1314 )
—_~ — aegree
g g E

From the 15th to the 23rd

132 25 degree)
—_—~ — degree
g gt

From the 14th to the 24th

(122 26> degree)
—_~ — degree
g gt

From the 13th to the 25th

(112 272 degreo)
—~ — degree
g 'g°E

From the 12th to the 26th

(101 2814 )
—_~ — aegree
g g E
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For bonding wire inspection, the light should be set in the proper range of incident
angle to illuminate the good wire segment and to have the sagged wire segment be
highlighted. That is, we should calculate the slope of the wire in the critical segment and the
corresponding row(s) of structured LED lighting system. And then the range of incident
light angle (the number of rows of the LED to be turned on ) should be relaxed until all the
“good” wire segments are illuminated, according to the specification of wire bonding and
Eq. 4-1. After the adjustment, all sagged wire segments can easily be distinguished from the

good wire by the AOI system.
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5. Inspection Algorithms

After grabbing clear images of bonding balls and wires by using proper lighting device,
we developed a set of inspection algorithms for further process. In the wire bonding process,
the bonding machine will first find the pre-designed calibration marks on the IC chip and
the substrate. These marks are designed as the calibrating points to aid locating the substrate
and the IC chip. The corresponding data file was read in from a stored file prior to starting
the wire bonding process. The CAD data file records the position of the calibrating points
and the relative position of each of the pads, leads, and bonding wires. After the calibrating
process, the bonding machine will then start the process of connecting each pad to
corresponding lead. After the bonding process, the bonding balls and wires in the grabbed
images should be compared with the specified positions in the data file to ensure the

correctness.

The inspection process can be divided.into-four steps: bonding ball inspection, shorted
wire inspection, lost/broken/sagged wire inspection and shifted wire inspection. The
inspection sequence is arranged according to the seriousness of defect type to save
inspection time. Besides, the bonding balls and wires have to be inspected under different
types of lighting environment, as described in Sections 3 and 4. The images of bonding balls
and wires have to be grabbed respectively by using proper lighting devices to complete
inspection process. All the bonding balls and wires on the IC chip thereafter can be grabbed
and inspected by using algorithm 1. Figure 23 shows the process to grab and inspect all the

bonding balls and wires on the IC chip.

Algorithm 1: Wire bonding inspection of the IC chip
Input: a data file of the bonding balls and wires

Output: the detected defect of the bonding ball and wire
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Method
Fori=1to4do
Grab a serial of images and connect it into image(i) of the bonding wires of one
side of the IC chip by using surrounding type lighting device
/*image(1), image(2), image(3) and image(4) respectively corresponds to the
bonding balls in the north, east, south and west side of the IC chip*/
End for
Method Bonding ball inspection
/*Compare the position of the bonding balls in the images with the input data
file*/
Fori=1to4do
Grab a serial of images and connect 1t mto. image(i) of the bonding wires of one
side of the IC chip.by using the structured LED lighting system
End for
Method Shorted bonding wire inspection
/*Detect possible shorted defect of the bonding wires*/
Method L ost/broken/sagged bonding wire inspection
/*Detect possible broken, lost or sagged defect of the bonding wires*/
Method Shifted bonding wire inspection

/*Detect possible shifted defect of the bonding wires*/

End algorithm 1
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i=1, j=1
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illuminate wires on i- |«
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v
Go j-th grab position |
of the i-th side

v

Grab img(j)

>+

< All wires on i-th >SN jr
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<

Sew
img(1),img(2)...img(j)
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>ﬁ

All wires of IC are . .
N ++, =
<O grabbed? 2P I

i=1
v

Inspect bonding ball |
in image(i)

Inspect shorted
bonding wire in
image(i)

Inspect lost/broken/
sagged bonding wire
in image(i)

Inspect shifted
bonding wire in
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<A]l wires of IC are: - i+

inspected?

Y

( Finish )

Figure 23. The flowchart of the developed AOI system for image grabbing and bonding wire

inspection
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5-1 Bonding ball inspection

The first inspected item is the position of bonding ball, the starting point of a bonding
wire. Former researchers focused on inspecting both the contour shape and the position of
the bonding ball. Currently, the bonding machine is good enough that the contour shape of
the bonding ball is accepted as it is. Inspectors need only focus on the position accuracy of
the bonding ball. The best-fitting ellipse method is usually used to search for the center of
bonding ball but it requires a long calculating time. That makes it difficult to synchronize
the inspection process with the production line. Therefore, a proper method is required to

search for the bonding ball.

Generally, the pattern matching is,aipopular method to search for objects with similar
property in an image. The bonding| balls with. cofistant contour should be the suitable
objectives but the bonding wires cause a_problem. The wire connecting the center of the
bonding ball with the lead on the substrate is found-in four directions of the image: north,
east, south and west. Each connecting direction of the wire with the bonding ball may not be
the same, and the shapes of the bonding balls are distinct. Therefore an ordinary pattern
matching method cannot be directly applied to search for the bonding ball with variant
shapes. In Figures 24, four images of the bonding ball are shown. Each image, as a part of
one side image, of the IC chip, has wires connecting with the balls in different direction. We
can also see that the bonding balls in one image have similar shapes, but have variant

shapes with that of other images.

However, if the lead of a pad was found in the upper portion of the image, then the
wire will affect only a small upper part of the contour of the bonding ball. The remaining
part (the lower portion) of the ball is still of the same shape. So, we can take the remaining

lower portion, which is about 60% of a full bonding ball, as a search model for the modified

-38 -



pattern matching approach. Similarly, if the bonding wire goes to the lower side, we take the
upper 60% part of the full bonding ball as the search model, and similarly for the left and
the right side cases. This modified pattern matching method can quickly and accurately

search and detect the positions of all the bonding balls in each of the four side images of IC

chip.

Figure 24. Images of the bonding ball with variant shapes of contour

If the shifted distance of the,/bonding ball.is larger than the allowance, then the
connecting bonding wire will be'marked as a'shifted wire. If a bonding ball is not found in
the specified position, the connecting wire will be marked as a lost wire. The bonding wire
with defect will be ignored in the next.inspection procedure. The method used to check the

position of bonding ball is described in Algorithm 2.

Algorithm 2:  Bonding ball position inspection
Input: four images of the bonding balls, a data file of the bonding balls, templates of
bonding ball
Output: the position of each of the bonding balls
M ethod bonding ball inspection
For i=1 to 4 do
Calculate the approximate position of the upper-left bonding ball, which is closest
to the original point of image(i), according to the data file of the bonding

wire.
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Find the first bonding ball in image(i) by modified pattern matching method.

Find out all the other bonding balls in image(i) by modified pattern matching
method.

/* The first bonding ball is used as a reference for later processing*/

For j=1 to Bdo [* B is the total number of bonding ball in image(i)*/
If the shifted distance of bonding ball(j) is greater than the allowance
Then Mark bonding wire(j) which connecting to bonding ball(j) as a shifted

wire.

Else if bonding ball(j) is missed
Then Mark bonding wire(j) as a lost wire
End if
End for
End for

End algorithm 2
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5-2 Shorted wireinspection

In the bonding wire inspection, the shorted wire will be detected first, followed by the

case of lost/broken/sagged wire. The case of shifted wire will be detected lastly.

To inspect a bonding wire, we need to extract the positions of all pairs of the start point
(bonding ball) and the end point (lead). First we find the position of each of the bonding
balls as described in section 5.1 or directly down load the position data from the bonding
data file. Then we calculate the position of each of the leads on the substrate. The position
of the lead is calculated as follows. A stored image of the calibrating mark is used as a
template to detect the positions of a pair of the calibrating marks in the image by the pattern
matching method. The relative position of évery lead can then be calculated in reference to

the input data file of the bonding wires.

As to the errors of the bonding wire-itself;-the most serious case is shorted defect. The
projection method is used to check a reectangular region in which every two adjacent wires
are covered. The projection region will only cover the critical segments of the bonding
wires which are in a specified range of slope, as illustrated in Figure 25. The number of
pixels and accumulative gray-levels in this region are summed together in the direction
parallel with the bonding wire. All the bonding wires are marked as the shorted wires first.
And then the AOI system will confirm whether every bonding wire connect with the next
one or not. If there is no wire connecting the two adjacent wires, the accumulative
gray-level will be lower than the background threshold. Then, the inspected bonding wire
will be marked as a normal wire. The following Algorithm 3 presents the method for

shorted bonding wire inspection.
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Reflective
segment

Bonding
ball

(a) (b)
Figure 25. Illustration of the projection regions for (a) a pair of normal wires and (b) a pair
of shorted wires. The red rectangular regions indicate the projection regions and

 patallel with the wires.

: he bonding wires

Method

For i=1to 4 do
For j=1to W do /*W is the total number of bonding wires in image(i)*/
Calculate the position of the lead of bonding wire(j), according to the input
data file of the bonding wires.
Get the position of pad of the bonding wire(j) from the bonding ball
inspection process or the corresponding data file
Mark wire(j) as a shorted wire
End for
For j=1to W-1 do

Get the accumulative gray-levels of projection within the rectangular region
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between and parallel with wire(j) and wire(j+1).
If one of the accumulative gray-levels is lower than the background value
Then Mark wire(j) as a normal wire
End if
End for
End for

End algorithm 3

5-3 L ost/broken/sagged wire inspection

By using the LED structured lighting system, the bonding wire in specified range of
slope will reflect sufficient light into the camera. In the grabbed image, the gray-level of the
pixels that lying on the center of sufficiently teflective wire segment will reach the
maximum value (say 255 in an=8-bit grayscale image). If a bonding wire disappears, the
gray-level of the pixels lying on theispecified-position of the wire will be as low as the
background value. Due to the incomplete reflection of light, the gray-level of the pixels of
the sagged wire segment will be lower than the maximum value but higher than the
background value. That is, if we set scan lines which cross the reflective segment of a
bonding wire, as illustrated in Figure 26, then the lost, broken or sagged wires can be
distinguished from the normal wires by checking the highest gray-levels of the pixels lying
on the scan lines. Once a broken wire happened, the tension of the wire will result in a great

gap. So, the distance between every two scan lines can be set wider to save calculation time.

The gray-level variance of the pixels between the normal and the sagged wire is caused
by the variance of the slope. A sagged wire with minor defect will only reduce the
gray-level of its corresponding pixels in the image slightly. But, a serious sagged wire may

reduce the gray-level of its corresponding pixel to be as low as the background value. That
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1s, a serious sagged wire may be inspected as a broken wire. If we want to distinguish
serious sagged wire from broken wire, more images grabbed by using different lighting
environments are required. The algorithm of lost/broken/sagged bonding wire inspection is

described in algorithm 4.

Reflective
segment

(b)

Figure 26. Illustration of the scan ‘l,mes R)r ’wstfbro,kgn/sagged wire inspection. The red lines

indicate the scan lines of (a) a n0rm51 wire (b) a lost wire (c) a broken wire and (d)

a sagged wire

Algorithm 4: L ost/broken/sagged wireinspection
Input: four images of the bonding wires, a data file of the bonding wires
Output: the index of lost/broken/sagged wire
Method
For i=1to 4 do
For j=1to Wdo /* W is the total number of bonding wires in image(i) */
Set scan lines which cross the bonding wire(j) in image(i)

For k=1toLdo /* L 1s the total number of scan line*/
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Record the highest gray-level of pixels on scan line(k)

End for

If each of the highest gray-level of the scan lines of wire(j) is as low as that of
background value

Then Mark wire(j) as a lost wire

Elseif some of the highest gray-levels of the scan lines of wire(j) are as low as
that of background value

Then Mark wire(j) as a broken wire

Elseif some of the highest gray-level of the scan lines of wire(j) are higher than
that of background value but lower than the maximum gray-level

Then Mark wire(j) as a sagged wire

End if

End for
End for

End algorithm 4

5-4 Shifted wire inspection

After inspecting the shorted, lost/broken/sagged wires, we continue to detect the last
possible case of shifted wire. To save calculation time, only the normal wires in pervious
inspection processes are to be inspected. A shifted wire is defined as the bonding wire
whose center line shifted away from the pre-defined position by a distance greater than the
allowance. Practically, the allowable shifting distance is generally set to be the diameter of
the bonding wire. Two scan lines are set in the two boundaries of a bonding wire to check
the reflective segment of the bonding wire for shifted wire inspection, as illustrated in
Figures 27. The gray-levels of the scan lines have to be checked pixel by pixel. If some part

of a bonding wire can not be found in between the two scan lines, then the bonding wire
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will be marked as a shifted wire, as illustrated in Figures 27(d) and 27(e).

(a) (b)

Reflective
segment

(d) (e)

Figure 27. Illustration of scan lines for shifted wire inspection with one diameter

specification of (a) a normaFwnre (b}a yylre shifted away by 0.5 * diameter, (c) a

..\.

wire shifted away by 1-* dname{éli !(d) a _11; shifted away by 1.5 * diameter and
4 -

,,_J. J_--'.

-u.‘
L]

e) a wire shifted awa h 2 % diameter
© R o £
) s ,-“h

P =

For larger allowance of the shifted'y wire, " the number of scan lines has to be increased

correspondingly. For example, if the allowance is set to be one and half times of the
diameter of the bonding wire, then three scan lines are required for the shifted defect
inspection, as illustrated in Figures 28. Once a bonding wire shifted by a distance greater
than two times of its diameter of the bonding wire, see Figure 28(e), it will be detected as a
shifted one. Only when the wire shifted away by a distance greater than the allowance will
be marked as a shifted wire, the others will be treated as the normal wires. The algorithm of

shifted wire inspection is described in algorithm 5.
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Figure 28. Illustration of scan lines for shifted wire inspection with one and half diameter

specification of (a) a normal wire, (b) a wire shifted away by 0.5 * diameter, (c) a
-1 AR
wire shifted away by 1 * diameter (d}afﬂwlre shifted away by 1.5 * diameter and
'f;. "' i

(e) a wire shifted away._h-y 2% dl’l_ et@,r

| "( e

e = -.l
'ﬁ.__JIJ

Algorithm 5: Shifted eremspecnon ": ;"_‘-’
1‘;"» "\.E'. _LL_ "“.

Input: four images of the bonding wn;és a_dal:awf' le of the bonding wires
Output: the index of shifted wire
Method
For i=1to 4 do
For j=1to Wdo /* W 1is the total number of bonding wire in image(i) */
If wire(j) is not marked as a lost or broken wire
Then Set the scan lines along the specified position of wire(j)
Record the gray-level of pixels of scan lines to verify whether the
bonding wire(j) is lying in between the scan lines
For k=1to S /*8S is the length of the scan line of wire(j)
If the gray-level of the pixel(k) on the scan lines are all lower than that

of background value
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Then Mark wire(j) as a shifted wire
Exit for
End if
End for
End if
End for
End for

End algorithm 5
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6. Experimentation and Result Analysis
6-1 Experimental environment setting

The experimental environment for wire bonding inspection is illustrated in Figure 29.
All the images of the bonding balls and bonding wires were grabbed by using a CIS
VCC-880A B/W camera of 1600 x 1200 resolution and a Matrox Meteor II grabber. A
telecentric lens in 1X optical rate was used and the physical width of one pixel was 4.5um.
The physical size of the inspection window was 7.2mm x 5.4mm. The inspection algorithms
were programmed using Microsoft Visual Basic 6.0 and Matrox MIL 7.0. The experimental

computer was powered by an Intel Pentium IV 1.7G CPU.

I
cCD
PC
'
a
=
- Grabber card
Lighting device 1/O card

Motion card
Irzlﬂ‘: -

X stage

Figure 29. The illustration of experimental equipments for wire bonding inspection

We used an IC chip with 100 bonding wires as the experimental example in this section.
The physical size of the experimental IC chip was about 6mm x 6mm and the bonding wires
surrounded the chip in the region about 9mm x 9mm. The pitch of the experimental IC, the
gap between the two adjacent pads, is about 30 um and almost reaches the minimum value

of the commercial product. That is, the resolution of the AOI system is good enough to deal
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with the available bonded IC chips. Each image to be inspected will cover 25 bonding wires
along one boundary of the IC chip. This inspected image is generated by connecting two
images grabbed consecutively. Figure 30 shows a synthesized image of the experimental IC

chip.

10mm >|

A

10mm

Figure 30. The synthesized image of the experimental IC chip

6-2 Experimental result of bonding ball inspection

An exemplified search model, consisting of 19 x14 pixels, for describing the bonding
ball inspection process is shown in Figure 31. According to the position of the calibrating
point on the substrate, and the file of the bonding data, we can calculate the approximate
region of each of the bonding balls in the image. This search model was used to search for
every bonding ball in these regions. Figure 32 illustrates the detected results of the bonding
balls of the images corresponding to Figure 24. Each cross-hair in the image represents the
determined center of each bonding ball. The correlation coefficient derived by the pattern

matching method represents the difference between the search model and the image of the
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detected result. All the correlation coefficients of the bonding ball obtained by the proposed
approach are higher than 70%. This level of correlation coefficient is qualified for detecting

the bonding ball in real practice.

Figure 31. The search model of an exemplified bonding ball (19 x 14 pixels, 4.5um/pixel)

Figure 32. The detected results of bonding balls of the images as shown in Figure 24. The ball

with a cross-hair mark means it was found by the proposed pattern matching

method.

6-3 Experimental result of shorted bonding wireinspection

In inspecting the bonding wire, we need to extract the threshold value of the
background of the image first. The bonding wire can then be distinguished from the grabbed
image. A region consisting of 100 pixel x 100 pixel without any wire or chip will be
selected. And then, the average u and standard deviation o of the gray-levels of all the
10000 pixels in this region are calculated. Figure 33 illustrate the grabbed and the binarized
images with u+30 and u+60 of the gray-level of the background as the threshold. We can
see that the image of Figure 33(c) has better thresholding result than Figure 33(b), and

hence the value of u+6¢ of the gray-levels of the background is used as a threshold in later
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experimentations.

(a) (b) (c)

Figure 33. (a) The grabbed image of bonding wires and (b) binarized image with u+30 of the
gray-level of background as the threshold and (c) binarized image with y+60 of the

gray-level of background as the threshold

After deciding the threshold.value, we cah inspect the shorted defect of the bonding
wires in the image. Figure 34(a) shows an image of bonding wires without shorted defect
while Figure 34(b) shows an image with'a‘man-made shorted defect between the 12-th and
the 13-th bonding wires. The meshed rectangular regions in the two images indicate the
projection regions which were formed by projecting in parallel with the wires. Once a
bonding wire was found lying on the projection region, the accumulative gray-level will be
higher than the threshold value (say u+6c of the gray-level of background * height of
projection region). That is, if one of the accumulative gray-level of the projection region is
lower than the threshold value of the background, then the first wire of the two adjacent
wires will be marked as a normal wire. The projection results of the two inspected wires of
Figure 34(a) and 34(b) are shown in Figures 34(c) and 34(d), respectively. The squares
indicate the accumulative gray-level of projection and the horizontal lines indicate the
threshold value of the background. Figure 34(c) shows that many accumulative gray-level

values are lower than the background threshold while Figure 34(d) shows all accumulative
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gray-level values are greater than the background threshold. That is, the 12-th and 13-th

wires in Figure 34(a) are normal wires without shorted defect; while the 12-th and 13-th

wires in Figure 34(b) are shorted wires.

A N T L TP T Jyid
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Figure 34. Experimentation of shorted wire inspection: (a) The grabbed image of the bonding
wires in the north side of IC chip without shorted defect (b) the image with a
man-made shorted defect. The meshed rectangular regions indicate the projection
regions and the chart in (c) and (d), respectively, illustrates the projection result of
Figures 34(a) and 34(b). The squares indicate the accumulative gray-level of the
projection region and the horizontal lines indicate the threshold value of the

background.
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6-4 Experimental result of lost wireinspection

Figure 35(a) shows an image with normal bonding wires while Figure 35(b) shows an
image with a man-made wire lost defect in the 6-th wire from the right. The horizontal lines
in the two images indicate the scan lines for lost/broken/sagged wire defect inspection.
Once a bonding wire disappeared on the scan line, the gray-level of each of the pixels of the
bonding wire should be lower than the threshold value (say u+6c of the gray-level of
background). To save the inspection time, we only record each of the maximum gray-level
of the pixels on each scan line. If each of the maximum gray-level of the scan lines is lower
than the threshold value, then the inspected wire will be marked as a lost wire. The
maximum gray-levels of the wires on the scan lines are shown in Figures 35(c) and 35(d).
The squares indicate the maximum gray-levels of the wire on the scan lines and the
horizontal lines indicate the threshold value of the background. Figure 35(c) corresponds to
Figure 35(a) in which every maximum gray-level is 255. Figure 35(d) corresponds to Figure
35(b) in which every maximum. gray<level7is lower than the threshold value of the
background. That is, the 6-th wire from theright in Figure 35(a) is a normal wire; while the

6-th wire from the right in Figure 35(b) is a lost one.
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Figure 35. Experimentation of lost wire inspection: (a) The grabbed image of the normal
bonding wires in the north side of IC chip and (b) the image with a man-made lost
defect in the 6-th bonding wire from the right. The horizontal lines indicate the
scan lines for lost/broken/sagged wire defect inspection. The (c) and (d),
respectively, illustrates the maximum gray-levels of the wires on the scan lines in
Figure 35(a) and 35(b). The squares indicate the maximum gray-levels of scan

lines and the horizontal lines indicate the threshold value of the background
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6-5 Experimental result of broken wireinspection

Figure 36(a) shows an image with a man-made broken defect in the 5-th wire from the
right. The horizontal lines in the image indicate the scan lines for lost/broken/sagged wire
defect inspection. If some of the maximum gray-levels of the scan lines are lower than the
threshold value, then the inspected wire will be marked as a broken wire. The maximum
gray-levels of the wire on the scan lines are shown in Figure 36(b). The squares indicate the
maximum gray-levels of the wire on the scan lines and the horizontal line indicates the
threshold value of the background. In Figure 36(b), some of the maximum gray-levels are

lower than the threshold value of the background. That is, the 5-th bonding wire from the

right in Figure 36(a) is a broken wire.
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Figure 36. Experimentation of broken wire inspection: (a) The grabbed image of a broken
defect in the 5-th bonding wire from the left and the corresponding scan lines for
lost/broken/sagged wire defect inspection. (b) the maximum gray-levels of the
wire on the scan lines in Figure 36(a), the squares indicate the maximum
gray-levels of scan lines and the horizontal line indicates the threshold value of

the background
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6-6 Experimental result of sagged Wire I nspection

Figure 37(a) shows a grabbed image with two sagged wires and we take the most left
one as the example to illustrate the experimentation. The horizontal lines in the image
indicate the scan lines for lost/broken/sagged wire defect inspection. If each of the
maximum gray-levels of scan lines is higher than the threshold value and some of the
maximum gray-levels are lower than 255, the inspected wire will be marked as a sagged
wire. The maximum gray-levels of the wire on the scan lines are illustrated in Figure 37(b).
The squares indicate the maximum gray-levels of the wire on the scan lines and the
horizontal line indicates the threshold value of the background. In Figure 37(b), the first
four maximum gray-levels are lower than 255 but higher than the threshold value of the

background. That is, the most left bonding wire in Figure 37(a) is a sagged wire.
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Figure 37. Experimentation of sagged wire inspection: (a) The grabbed image of a sagged
defect in the most left bonding wire and the corresponding scan lines for
lost/broken/sagged wire defect inspection. (b) the maximum gray-levels of the
wire on the scan lines in Figure 37(a), the squares indicate the maximum
gray-levels of scan lines and the horizontal line indicates the threshold value of

the background
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6-7 Experimental result of shifted wireinspection

Figure 38(a) shows a grabbed image with a wire shifted defect in the second wire from
the top. The two parallel lines in the image indicate the associated two scan lines for shifted
wire defect inspection while the shifted allowance is set as one diameter of the wire. The
two scan lines are set in the specified position of the two boundaries of a bonding wire, as
described in Section 5-4. Figure 38(b) illustrates the gray-levels of the pixels on the two
scan lines, the squares indicate the gray-levels of the pixels on scan line 1, the dots indicate
the gray-levels of the pixels on scan line 2 and the horizontal line indicates the threshold
value of the background. The gray-levels of the pixels on the two scan lines are lower than
the background threshold in the middle segment. That is, the inspected wire is a shifted wire

and the shifted distance is greater than the allowance, which is the diameter of the wire.
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Figure 38. Experimentation of shifted wire inspection with the allowance in one diameter of

the wire: (a) the image with a shifted bonding wire in the second from the top and
the two parallel lines indicate the scan lines for shifted wire defect inspection. We
enlarge the middle segment of the wire for clear representation. (b) The gray-level
of the pixels on the two scan lines, the squares indicate the gray-levels of the
pixels on scan line 1, the dots indicate the gray-levels of the pixels on scan line 2

and the horizontal line indicates the threshold value of the background
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According to Section 5-4, we need to increase the number of scan lines for shifted wire
inspection for larger allowable shifted distance. If the allowance of shifted distance is set as
one and half times of the diameter of the bonding wire, the number of scan lines is set in
three. The middle scan lines are set in the center of the specified position of the bonding
wire. The distances between each two adjacent scan lines are also set as wide as the
diameter of the bonding wire. Figure 39(a) shows a grabbed image with a shifted wire,
which is the same one in Figure 38(a). The three parallel lines indicate the three scan lines
for shifted wire inspection while the shifted allowance is set as one and half diameter of the
wire. Figure 39(b) illustrates the gray-levels of the pixels on the three scan lines, the squares
indicate the gray-levels of the pixels on scan line 1, the dots indicate that on scan line 2, the
triangles indicate that on scan line 3 and the horizontal line indicates the threshold value of
the background. The bonding wire,was found lyingon the scan line 3 in the middle segment,
that is, this bonding wire will not be marked as'a shifted wire with the larger shift allowance,

which is one and half of the diameter of thewire:
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Figure 39. Experimentation of shifted wire inspection with the allowance in one and half
diameter of the wire: (a) the same photo in Figure 38(a) and the three parallel lines
indicate the three scan lines for shifted wire defect inspection. The middle
segment of the wire is enlarged for clear representation. (b) the gray-level of the
pixels on the three scan lines, the squares indicate the gray-levels of the pixels on
scan line 1, the dots indicate the gray-levels of the pixel on scan line 2, the
triangles indicate the gray-levels of the pixels on scan line 3 and the horizontal

line indicates the threshold value of the background
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7. Conclusionsand Further Studies

7-1. Conclusions

In this dissertation, a machine vision system for the auto-inspection of wire bonding
was first presented. A novel lighting environment, which can highlight the feature of the
sagged bonding wire in the 2D image for 3D inspection purposes, was also first presented.
By using the proposed lighting system, all the defects of bonding wire can be inspected in

single 2D image.

A pattern matching method was developed to detect the position of the bonding ball. A
set of inspection algorithms were developed to filter out all possible 2-D type error of
broken wire, lost wire, shifted wire, shorted swvire and the 3-D type error of sagged wires.
Experimental results showed that'the préposed. machine vision system for wire bonding
auto-inspection was very efficient and effective. The inspection speed of this system is fast

enough for practical total inspection.on-line.

7-2 Contributions

1. The reflection models of bonding ball and bonding wire are analyzed to search the
proper lighting environment. A proper lighting device was proposed which can improve
the quality of inspection image by omitting the background removing process. The
reflection models can be applied to similar reflective objects, such as the weld points, on
PCB.

2. A structured lighting system was proposed which enables a 2D image vision system to
inspect the 3D defect of bonding wire. The inspection time for 3D wire defect can be
greatly shortened to match with the bonding machine.

3. A set of efficient and effective algorithms for wire bonding are proposed. All the defects

of bonding ball and wire can be inspected and classified accordingly in a very short
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time.

7-3 Further Sudies

Few IC chips need special design, the multi-layer bonding wire, to connect more wires
with the substrate. In the multi-layer IC chip, the bonding wires of various layers will cross
in the top-view image and be inspected as shorted wires. By using the structured lighting
system, the AOI system may grab the image of the bonding wires in single layer once and
inspect the bonding wires successively. We will try to get the real sample of multi-layer IC

chip to verify the effectiveness of the proposed structured lighting system.

The bonding program is the template in the inspection of bonding ball and wire. The
bonding program is adjusted and modified from original CAD file by human operator and
some error may occur. To ensure the correctness, a program is required to check the bonding
program with the original CAD file. Replacing the human operator by an auto-adjust

program is another solution.
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