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Since conventional mechanical punching technology for Flexible Printed Circuit Board (FPCB) drilling has
restricted via-hole size and depth control for multi-layer circuit boards, CO, and Ultra Violet (UV) laser
drilling technologies have been developed. However, the FPCBs for mobile phones and Personal Digital
Assistants (PDAs) require smaller via-hole diameters, since the development of thinner and higher circuit
density devices is demanded. Currently, UV laser systems are widely used for FPCB drilling of 75-105 pm
diameter via-holes and inspectors performs quality test manually using microscopes. We developed a
high-precision UV laser microfabrication system for next-generation FPCB drilling of 15 wm diameter
via-holes. The degrees of the precision of the microfabricated via-holes of 15, 35, 50 and 85 um were
mean absolute error rate of 4.4, 2.2, 2.3, and 2.2 which was fully satisfied with industrial inspection
specification +£10%. The drilling speed of the system of 2800 via-holes per second at stationary state
was achieved. In addition, we applied modified Greedy 2-opt algorithm to find out optimal drilling path
which reduced the total time of via-hole fabrication. We successfully reduced the production time by 25%
compared with the result obtained in the normal Greedy 2-opt algorithm. Moreover, we designed very
accurate inspection method using Canny edge detection and geometric pattern matching algorithms and
successfully applied it to the Automated Optical Inspection (AOI) module for the inspections of 15 um
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diameter via-hole which was required for the fabrication of high density FPCB.
© 2015 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The Flexible Printed Circuit Board (FPCB) laser drilling is widely
used for small electronic devices, like mobile phones, tablet PCs
and PDAs [1-4]. It is also important that tiny via-hole which was
fabricated on the FPCB as electronic device kept scaling for high
integration. For example, drilling technology through copper foil
layer and insulating layer with single laser is required for the rapid
growth of the mobile device industry [5-7].

The via-hole drilling capability is varied, depending on the
wavelength and characteristics of the processing laser [8,9].
Typically, diameter of via-holes using CO, laser fabrication is
larger than 50 um and the UV laser can drill via-hole diameters of
less than 35 wm [10,11]. Even though CO, laser is widely used in
various manufacturing processes, the laser is not appropriate for
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micromachining applications due to long wavelengths which cause
issues about energy coupling, feature size, and plasma [12-14].
Because the FPCB layers consist of copper and polyimide, the
absorption of the 10.6 wm wavelength CO, laser is less than 10%
for basic FPCB materials. On the other hand, the 355 nm wavelength
UV laser shows relatively high absorptions for the copper and poly-
imide materials compare with the one of the CO, laser [15]. While
CO, laser interacts with materials through the photo-thermal
effects, like heating and melting, UV laser processes the materials
based on the photochemical effects that disconnect molecular
binding [16-19]. This photochemical effect can be applied to both
copper and polymer materials. Consequently, the UV laser can
minimize thermal effect, and achieve more precisely fabricated
via-holes than the CO, laser [20,21]. Therefore, the UV laser is
more suitable for multi-layer FPCB processing [22,23]. Rapidly and
precisely drilling is also important as much as tiny via-hole fab-
rication. Therefore via-hole inspection and optimized algorithms
are needed to fabricate a tiny via-hole successfully [24]. In order
to reduce the cost and time in the industry, Automated Optical
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Table 1 Table 2
UV laser and beam specifications (AWAVE-355). Digital galvano scanner specification (intelliSCAN).
Items Specifications Items Specifications
Wavelength (nm) 355 Typical scan angle +0.35rad
Pulse width (ns) <50 (up to 100 kHz) Gain error <5 mrad
Average output power (W) 15 Zero offset <5 mrad
Pulse repetition rate (kHz) Single shot to 300 kHz Marking speed 3.0m/s
Beam roundness >90% Tracking error 0.12ms
Beam mode TEMOO Step response time 0.4ms
, Motorized Attenuator ';‘ablgﬁ3 (i fisi d illuminati
i ((1/2) Lambda wave plate) pecifications of vision camera and illuminations.
———— i Items Specifications
y i 7Y ‘ M1 Working distance 11 mm
=1 -y Depth of field 1.72 pm
Focal length 10.0 mm
UV Laser M3 e o ) Spot LED light Blue
Bea\nﬁpjander’ M2 quut ) Controllgr
Ring-guided LED 1W White

M4 ‘ ‘ M
‘ q
‘Working Table
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{F-theta lens
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Fig. 1. (a) Schematics of the UV laser drilling system. (b) Intensity profile of the laser
beam.

Inspection is an effective way. In this study, tiny via-hole was
fabricated on the FPCB rapidly and precisely. The via-hole diameter
of 15 wm is most tiny via-hole in current industry. In addition, the
Canny edge detection and geometric pattern matching algorithms
were used to increase error correction rate and drilling speed
[25-28].

2. Experiments

An UV laser, AWAVE-355(Advanced Optowave) was used to
fabricate tiny via-holes. The AWAVE-355 laser has average out-
put power of 15W, and wavelength of 355 nm. It also shows very
nice beam quality in beam roundness more than 90%. The laser
and beam specifications of the AWAVE are presented in Table 1.
The laser beam is delivered through an attenuator, mirrors, and
it is magnified through a beam expander. The energy of the UV
laser is controlled by the motorized attenuator. The FPCB fabrica-
tion was processed through UV scanner on a precise stage table.
The schematics of the laser beam delivery system are represented
in Fig. 1(a). The focal length of the f-theta lens was 55 mm and

beam spot size was 8 pum. We radiated single pulse of UV laser
on the testing copper plate and measured the diameter of the
spot under the microscope. In addition, the beam profile of the
UV laser is showed in Fig. 1(b). This profile demonstrates that the
intensity of the laser is symmetrical in the vertical and horizon-
tal dimensions. Typical layers of the FPCB for mobile phone are
illustrated in Fig. 2(a). It is composed of three layers: the upper
layer is 12 wm copper foil, the middle layer is 12 pm of polyimide,
and the lower layer is 12 um copper foil again. The via-hole was
designed to be fabricated through the first and second layers. It is
called blind via hole. The geometry of typical via-hole and defini-
tions of the blind via-hole structure for AOI process are shown in
Fig. 2(b). Because radiated laser energy is decreased near the side
wall boundary, diameter of the upper layer is always larger than
that of the lower layer. A digital galvano scanner intelliSCAN (SCAN-
LAB), which is used for patterning of the laser microfabrication, is
installed at the end of the beam delivery path. The specification of
the digital galvano scanner is presented in Table 2. We installed
intelliSCAN, an advanced digital scanner, on the system because
it is more accurate and stable from the thermal drift effect com-
pared with the conventional analog scanner. The illumination and
vision camera with proper lenses are very important components
because the system requires inspecting the defected via-holes visu-
ally. We used a spot LED and vision camera with ring-guide LED. The
specification of the vision camera and illuminations are shown in
Table 3.

Researchers began to use the Greedy 2-opt algorithm to find
out the optimal travel path and reduce the travelling time [29,30].
Flow chart for the Greedy 2-opt and modified Greedy 2-opt algo-
rithms were well presented [31]. The main improvement from the
Greedy 2-opt to modified Greedy 2-opt algorithms is “getting rid
of the crossings”. In this study, we applied the modified Greedy 2-
opt algorithm to figure out the optimal drilling path and reduce the
processing time.

Normally defections of the drilled via-holes are classified under
five categories which are resin residue, shifted, over processed,
missing hole, and eccentricity. The shapes of the normal and
defective holes are shown in Fig. 3. The ‘resin residue’ exists as
a remainder on bottom layer after the via-hole fabrication. The
‘shifted’ or ‘twisted hole’ is a shift processed hole because laser
is moved during fabrication. The ‘over processed’ is fabrication
through the third layer. The ‘missing hole’ is non-processed or miss-
ing, and the ‘eccentricity’ is dislocation of the via-hole center of the
upper hole and bottom. The detailed explanation of the defections
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Fig. 2. (a) Cross-sectional view of FPCB layers and blind via-hole. (b) Definitions of blind via-hole structure for AOI process.
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Fig. 3. Classifications of defected via-holes. Camera is focused on the upper layer of FPCB.
(a) Normal hole (b) Resin residue (c) Shifted (d) over processed (e) Missing hole (f) Eccentricity.

and other required inspection standard like mean absolute error Noise [ Finding the Intensity
rate of the via hole size on the top layer, roundness, and required reduction gradient of the image
taper angle are presented in Table 4.

The Canny edge detection algorithm was used to develop accu-

rate AOI process. The Canny edge detection algorithm is an image Tracing edges through the R
processing algorithm that finds the edge of an object. We used this Output “““gt; a"ﬁ ';ﬁ?te'es‘s - suppression
. . . resholdin
algorithm to categorize laser-processed holes as well-fabricated L
holes or defective holes. A flowchart of the algorithm is shown in - . ) . - .
. . . . X R K . Fig.4. Canny edge detectionalgorithm used in automated optical inspection process
Fig. 4. In this algorithm, input image A is filtered using a Gaussian for via-hole in FPCB.
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Table 4

The criterion of defect inspection.

Inspection items

Status

Inspection standard

Holes missing
Hole size

Eccentricity

Over process

Resin residue
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Fig. 5. An example of output image after running the canny edge detection algo-
rithm in 2nd quadrant. Input image is converted to bit ‘0’ and ‘1’, which indicate

selected edge pixel and discarded pixel, respecti

Hole Diameters(um)

(®)

Non-processed or missing
Supervising hole sizes

Dislocation of upper hole
and bottom hole.

Hole over processed
through the bottom
surface

Resin residue in bottom
hole

Shift processed of holes
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Check through microscope
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Bottom: 70% over than
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Fig. 6. (a) Experimental results of the relationship between laser fluence on logarithmic scale and hole diameters
(b) Microscopic and SEM pictures of the drilling holes according to the laser power of 0.48 W. (c) 0.67 W. (d) 1.14W.
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Fig. 7. (a) Microscopic image of the 15 wm via hole on upper layer (b) Cross-sectional view.

matrix to reduce the noise. This is done through 2-dimension
convolution as follows [32].

2 4 5 4 2

L |49 12 9 4
B=1z5 |5 12 15 12 5| xA 1)

4 9 12 9 4

2 4 5 4 2

After this step, the Gaussian filtered image B is differentiated
through x and y-axis by convolution with sobel mask. Matrixes used
in these steps are expressed as follows [32,33].

101 1 2 1
Gx=|-2 0 2|xB, Go=|0 0 0 |xB 2)
101 1 -2 -1

where the Gy and Gy are magnitude of each pixel on x and y-axis.
The input image has magnitude G and direction 6 after convolution.
The equations for these values are shown as below.

G=4/G2+G2, O=tan" i (3)
G

Then we must choose the pixel which has biggest magnitude
among the adjacent pixels and link them together. These lines
become the edge of the input image. The edge of the object will
be shown in white and this will be zero bit, and the other pixels
are expressed with a 1 bit after being processed by the edge detec-
tion algorithm. An example of the output image after running the
Canny edge detection algorithm is expressed in Fig. 5. Only 2nd
quadrant part of the output image is presented in the figure. The
pattern matching algorithm is an image comparison algorithm and
performed after Canny edge detection. The image that is processed
by the Canny edge detection algorithm is used as inputs. It ana-
lyzes the pixels of the input image, and compares them with those
of the other image, to calculate the pixel matching percentage, R.
Equation is shown below.

_ Z Z {[Xnka ymk] + [ana .le]}
nm— Z Z [Xik,J’jk]

where n and m are the number of pixels in x and y-axes. The suffix
k indicates the reference input image and [ indicates the image of
the comparison target. Therefore, x,,, means the nth pixel on the
x-axis of the reference (k) input image, and y,,; is the mth pixel on
the y-axis of the comparison (I) target image. The denominator in
Eq. (4) is the number of white pixels, which indicate edges, and
the numerator is the number of white pixels after comparing the
target image with the reference image. This algorithm analyzes the

R (4)

difference of each input image by comparing the location and shape
of the hole, which is expressed in white pixels.

3. Results and discussions

The fabrication is processed using an AWAVE-355 UV laser
and digital scanner. The experimental results of the relation-
ship between laser fluence and hole-diameters were presented
in Fig. 6(a). The beam spot size of the UV laser was 8 um and
pulse width was 10 ns. A single pulse percussion drilling method
was applied to implement fast drilling speed. The diameters of
the via-holes were logarithmically increased according to laser flu-
ence. Moreover, microscopic and SEM images of the drilling holes
according to the laser power of 0.48W, 0.67W, and 1.14W were
shown in Fig. 6(b). The diameters for each laser energy were 18.8,
20.0, 21.6 wm. The average roundness of the 15 wm via-hole was
95% which was satisfied with the industrial inspection standard
when we calculated the average value of the 100 sample holes.
Microscopic image of the 15 wm via-hole on upper layer and cross-
sectional view were also presented in Fig. 7. The average taper angle
was 84 degree with same samples which was also satisfied with the
industrial inspection standard. The measured diameters and mean
absolute error rates of the fabricated via holes are shown in Fig. 8.
Designated via-hole diameters on upper layer were 15, 35, 50 and
85 wm and averaged mean absolute error rate of fabricated via-hole
diameters are 4.4, 2.2, 2.3, and 2.2%. Mean absolute error rate is
average of the absolute diameter difference values between target
hole and actual fabricated hole. All these data are satisfied because
the specification for industrial inspection standard is +10%. Beside
the drilling speed is 40% faster than UV laser drilling system, Elec-
tro Scientific Industries 5330 (ESI 5330), which has drilling speed
of 2000 holes per second.

We drilled 32,604 via-holes and checked out the processing
time. When we applied the Greedy 2-optalgorithm, it took 162 s. On
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Fig. 8. Mean absolute error rate of the fabricated via hole diameters of 15, 35, 50,
and 85 pm.
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the other hand, it took 122 s for processing time applying the mod-
ified Greedy 2-opt algorithm. This means 25% system performance
improvements. We successfully applied the modified Greedy 2-opt
algorithm for UV-laser drilling optimal path.

The via-hole images through vision camera under the conditions
of three different light sources which are ring guided light, axial
illumination and ring guided illumination with axial light were
tested. The incidence angle of the ring guide light is about 15° and it
induces distraction of the light, and causes a decline in image qual-
ity. An axial illumination minimizes the distracted light, because it

11~ . ; . : : ; .
@ 1.0 .-.i'-.l.'-' e .‘.'
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Fig. 10. Matching percentages at each via-hole sample after AOI process for diam-
eter of (a) 50 wm (b) 15 wm. Points inside the ellipse means defected via-holes.
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Fig. 9. (a) Target via-hole image (b) Edge detection image after applying the Canny edge detection algorithm for normal hole and (c) Defected hole.

is perpendicularly installed on the FPCB, with an incidence angle
of 0°. The image with using both axial illumination and the ring
guide light is the most vivid image, and is most suitable to apply
for the AOI process. A normal hole shows good roundness after
the algorithm, while a defective hole shows an output image with
a rough edge. With each output image, we applied the geometric
pattern matching algorithm. The results of the AOI process are pre-
sented in Fig. 9(a)-(c). The figure shows the via-hole edge detection
image of the target hole. After applying the Canny edge detection
algorithm for normal via-hole and defected one. We drilled 200
via-hole samples and intentionally created 5 defected holes for test-
ing of the AOI process. The matching percentages at each via-hole
sample after AOI process for diameter of 50 pm and 15 pm were
presented in Fig. 10. Normal holes that were fabricated properly
show a matching percentage, R, of more than 90%. Defective holes,
which have abnormal shapes, have a matching percentage lower
than 75%. Points inside the ellipse means defected via-holes. We
successfully tested the AOI process through this experiment.

4. Conclusions

The fabrication of tiny holes on FPCB have become significant
issue in the mobile device industry, since the development of thin-
ner and higher circuit density devices is in demand. In this study,
tiny via-hole was successfully fabricated by using UV laser system
with high speed drilling. The drilling speed of 2800 holes per sec-
ond is faster than current industrial standard; other one has speed
of 2000 holes per second. In addition, we achieved via-hole diame-
ter of 15 pm which shows 95% of roundness and 84° of taper angle.
Microfabricated via holes has diameter of 15, 35, 50 and 85 um
using the UV laser system and obtained averaged mean absolute
error rate less than current industry standard specification. More-
over, the modified Greedy 2-opt algorithm was applied to UV-laser
drilling to find out optimal drilling path which reduced the total
time of hole fabrication. We minimized the number of path inter-
sections in the applied version, compared to the result obtained
in the normal Greedy 2-opt algorithm. As a result, we successfully
reduced the production time by 25%. In addition, the Canny edge
detection algorithm and pattern matching algorithm were used to
detect the defective micro via-holes automatically. The result of
the pattern matching algorithm showed a lower matching percent-
age in defective via holes. We detected defective via-holes using
the pattern matching and Canny edge detection algorithms. In this
manner, we successfully applied the AOI process using the geomet-
ric pattern matching algorithm rather than finding the defective
holes manually by visual inspection as currently done in the laser
drilling industry.
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