Inspection system of high-density printed circuit
board based on eddy-current testing technique
with spin-valve giant magnetoresistance sensor
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Abstract

This thesis studied on inspection of high-density printed circuit board (PCB) inspection
based on eddy-current testing (ECT) technique. Defects on PCB conductor can be
investigated by eddy-current flow. The proposed ECT probe consisted of a planar
meander exciting coil and spin-valve giant magnetoresistance (SV-GMR) sensor is
developed. The utilization -of SV-GMR sensor as a magnetic sensor of the ECT probe
provides the feasibility of high-spatial resolution, high-sensitivity to low magnetic fields,
and high-operating-frequency range. From the SV-GMR advantage, inspection of
microdefect on microconductor can be performed by the proposed ECT probe. Inspection
of PCBs evaluates not only imperfections of the PCB conductor but also PCB conductor
dimensions and alignment. This kind of inspection is also performed by the proposed
method. The characteristics of the proposed ECT probe for high-density PCB inspection
are studies. Inspection results of high-density PCB model verify that applying of ECT
technique is able to perform accurate PCB inspection.

1. Introduction

Eddy-current testing (ECT) techmque is a well known method of nondestructive testing
that is, usually, applied to evaluate the material flaws without changing or altering of test
material. Generally, ECT technique is used as crack detection in piping systems of
nuclear power plants, as imperfect welding spot detection on aircrafts, and etc [1]. In
recent year, several kinds of magnetic sensors, such as Hall, Giant magnetoresistance
(GMR), Squid, and etc., have been successful in ECT technique for applying to
nondestructive testing to detect material cracks. Especially, the spin-valve giant
magnetoresistance (SV-GMR) sensor is very interesting because it provides a good
performance versus its cost. SV-GMR sensor has high sensitivity over board range of
frequency and high-spatial-resolution because it has small dimension [2]. Moreover, it is
inexpensive and able to operate at room temperature. From the features above, the
applications of SV-GMR sensor to ECT technique will provide the good inspection
signals that can easily identify the defect points.
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Bare PCB inspection is a new application of ECT technique that has been proposed [3-6].
Many kinds of inspection technique are usually used for bare PCB inspection such as
image scanning by CCD camera and conductive testing by pin probe. Image scanning
method has an advantage because it is a non-contact method. However, this approach can
inspect only visible defect. For conductive testing by pin probe, this approach is able to
inspect the short circuit and disconnection whereas inspection of imperfection on PCB
conductor can not be inspected. ECT technique is an interesting method for bare PCB
inspection because this method likes the combination of the above two methods. These
mean that ECT technique is a non-contact method and able to inspect not only conductor
disconnections and short circuits but also partial defects on PCB conductor track width
and thickness by eddy-currents. Moreover, the construction of bare PCB inspection
system by mean of ECT technique is uncomplicated and also inexpensive.

In this thesis, characteristics of high-sensitive micro ECT probe, composed of planar
meander coil and SV-GMR sensor, for applying to bare PCB inspection are studied. In
addition, inspection of high-density PCB model with 100 zm PCB conductor width and

gap is proposed to verify the capability of the proposed ECT probe applied for PCB
inspection.

SV-GMR le SV-GMR sensors

Meander coil ,/!\ Lift-off height

SV-GMR sensor iz A e : _—
00 %
E LY ; L W
l El
" g[% Polyimide Film —~ T rauer iR

PCB conductor

Au = 50 nm (coating)

5 515
Meander coil

(a) Top view _ (b) Cross section
Fig.1 Proposed ECT probe for printed circuit board inspection.
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Fig. 2 Characteristics of SV-GMR sensor used in the experiment
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2. Configuration of the proposed ECT probe

The proposed ECT probe structure is shown in Fig. 1. The probe consists of a planar
meander coil served as an exciter and SV-GMR array sensor. The SV-GMR array sensor
was mounted on the planar meander coil sandwiched by two films to separate the coil
from the SV-GMR array sensor and the PCB conductors. Therefore, the distance from the
SV-GMR sensor surface to the PCB conductor or lift-off height is at least 135 zm. Each
of SV-GMR sensors consists of 4 strips and each strip has dimension of 100 zm x 18 xm.
Therefore, total effective area of each of SV-GMR sensor is 100 pm x 93 gm with 7 gm
gap between strips. Normal resistance of the SV-GMR sensor is around 400 Q. As shown
in Fig. 2'(a), the SV-GMR sensor sensitivity in sensing axis is around 8.4 %/mT whereas
it is lower than 1 %/mT in the other axes.

The sensitivity of the proposed SV-GMR sensor in linear region is independent from
amplitude of applied magnetic fields as shown in Fig. 2 (b). However, high-hysteresis
loop obtains when the large external magnetic fields are applied while low-hysteresis loop
obtains when the external magnetic fields are low.

Meander coil — Exciting current
Exciting magnetic fields
\
Y {
X SV-GMR sensor

PCB conductor — S22 Conductor disconnection
Magnetic fields from eddy-current flow

Fig. 3 Basic principle of ECT technique for printed circuit board inspection.

‘Eddy-currents Eddy-currents

S

Fig. 4 Eddy-current paths in case of partial defect occurring on PCB conductor in
width (left) and thickness (right).
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3. Basic principle of ECT probe for high-density PCB inspection

High-frequency exciting currents are fed to the planar meander coil to generate the
magnetic fields distributed over the PCB conductor as shown in Fig. 3. The exciting
currents normally flow in z axis or scanning direction and generate magnetic fields only
in x and y axis. An eddy-currents flowing in the PCB conductor are induced by the
applied magnetic fields and also flow in z axis or scanning direction. Because of skin dept
effect, the eddy-currents flow very close to surface or boundary of the PCB conductor.
Whenever the defect or the PCB conductor boundary that perpendicular to scanning
direction is found, the eddy-currents will change its path and flow in x direction. These
eddy-currents generate the magnetic fields B, therefore the defect on the PCB conductor
or the conductor boundary can be identified if the magnetic fields B, are detected.

For partial defects, these defects, both partial defects occurring on PCB conductor track
width and track thickness, also have the effect to the eddy-current path. As show in Fig. 4,

small amount of eddy-current flow in x axis and these eddy-currents generate magnetic
fields B, although the magnetic fields are not too strong.

Measurement of magnetic fields B, seems to be more difficult than the measurement of
magnetic fields B,, because magnetic fields B, appears in a very short distance from the
test PCB conductor, and it’s value is not as high as of magnetic fields B,. However, the

Ref. line

Scanning & sensing Scanning & sensing S Scanning & sensing
direction (B g direction (B) ZP direction (B
(a) Conductor (b) Partial defect on track  (c) Partial defect on
disconnection. width. thickness.

Fig. 5 Eddy-currents flowing in PCB conductor at difference type of defect.
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Fig. 6 Magnetic field distribution (B,) over the ref. line on PCB conductor from A to
B, as shown in Fig. 5, that they are generated by eddy-current flow.
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magnetic fields B, appears only in specific cases - together with defects or at boundary of
PCB conductor. In case of a defectless PCB conductor, there is no magnetic fields B,
generated by the test PCB conductor. The output signal does not have to be extracted
from others signal as in case of the inspection of the magnetic fields B,. The magnetic
sensor moving above the test PCB conductor is not penetrated by the magnetic fields B,
until it encounters a defect. Therefore, the magnetic sensor is less susceptible to noise in
the output signal. This is a big advantage of the proposed ECT probe and main reason for
its high sensitivity.

4. Eddy-currents flow in PCB conductor and its magnetic field distribution
The Maxwell programs, finite element method (FEM) program for electromagnetic
analysis, were used to analysis the magnetic field distribution obtaining from eddy-
currents flowing in the PCB conductor. Three types of defect on the PCB conductor that
are conductor disconnection, partial defect on PCB conductor track width and on PCB
conductor track thickness are analyzed. Disconnection length of 50 zm is allocated on the
conductor disconnection model. For partial defect, the disconnection region also is set at
50 4m and it has the disconnection region only 50% of the PCB conductor track. Eddy-
currents flowing in PCB conductor when the defect is found on the PCB conductor are
“shown in Fig. 5. Eddy-currents usually flow along scanning direction whenever there is
the defect or soldering point occurred on the PCB conductor, the eddy-currents change its
path and the magnetic fields in the scanning direction (B,) generated as discussed above.
Moreover, eddy-currents, also, distribute very close to the PCB conductor boundary

because of skin dept effect. Therefore, peak values of magnetic fields in the scanning
direction (B,) appear over the defect point region or the PCB conductor boundaries.

The magnetic field distribution in the scanning direction (B,) obtained from FEM analysis
is shown in Fig. 6. For conductor disconnection, the magnetic fields in the scanning
direction (B,) fluctuates at the defect point or displacement distance at 0 mm. The wider
PCB conductor generates higher magnetic field variation in scanning direction (B,) than
the narrow PCB conductor because of high-density eddy-current flow. For partial defect
on the PCB conductor track width, the magnetic. fields in the scanning direction (B,) also
fluctuates at the defect point or displacement distance at 0 mm as shown in Fig. 6 (b).
Magnitude of magnetic field variation at partial defect on PCB track width is not differs
from that at conductor disconnection point. For partial defect on PCB thickness, the
magnetic field in the scanning direction (B,) varies at the defect point or displacement
distance at 0 mm as shown in Fig. 6 (c). This type of defect generates lowest magnetic
field variation because of low-eddy-current flow. However, the magnetic field variation
is enough high to detect by the magnetic sensor.
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5. ECT probe characteristics for high-density PCB inspection
5.1 Detection of defect on PCB conductor

PCB model with 9 #m PCB conductor thickness made from Cu coated by 0.05 zm Au
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Fig. 10 Complex plane of ECT signal obtained from scanning over PCB conductor,
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was used in the experiment. Three kinds of defect were allocated on the model to study
the characteristics of the ECT probe for PCB inspection. The first is conductor

disconnections and the second and third are partial defects on the PCB track width and
track thickness respectively.
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As shown in Fig. 7, the SV-GMR sensor can detects the magnetic field variation at defect
points and provides variation of signals both amplitude and phase. The variations of

signal are directly proportional to the defect size and they also depend on conductor width
whereas noise signal, defined in Fig. 7, are constant with less than 0.6 4V as shown in
Fig. 8. The signal is larger than noise around 2 times although the thin PCB conductor
with 70 4m width and 50 gm disconnection length is inspected. Inspections of partial
defects on PCB track width and track thickness are also performed by the proposed ECT
probe as shown in Fig. 9. The partial defect effects to decreasing of signal variation,
comparing with the signal variation in the case of conductor disconnection.

5.2 Lift-off height effect

Distance between PCB conductors and sensing level is very important for the inspection
of bottom-layer PCB conductor. The complex plane is convenience to represent the
variation of signals both amplitude and phase at defect points as a real and imaginary
component as shown in Fig. 10. Inspection results obtained from scanning over PCB
conductor with 100 pm width. Conductor disconnections ranged from 500 to 50 zm were
allocated on the PCB conductor. The results show that the proposed ECT probe is able to
inspect the defects on the PCB conductor with 235 um lift-off height although the signal
variations are very small. It means that the probe is capable of inspecting the defects at
the bottom-layer if the distance between PCB conductor and sensing level is not over
200 pm.

6. High-density PCB inspection results

Fig. 11 presents the single layer PCB photograph with dimension of 5 mm x 5mm and
scanning results after image processing was applied. Numerical gradient technique is a
simple image processing technique that is used to eliminate signal offset and to enhance
 the signal at the defect points. The smallest conductor disconnection was only 20 um.
Furthermore, different kinds of partial defects were located on this model. The scanning
results present that the proposed ECT probe is able to inspect the defects on the PCB
conductor. The defects on PCB conductor are not difficult identification although the
images are not clear.
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Fig. 11 Single layer PCB model (area of 5 mm x 5 mm) inspection example
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Fig. 12 Double layer PCB model (area of 5 mm x 5 mm) inspection example

High-density double-layer PCB model and it inspection results is shown in Fig. 12. The
PCB conductors that parallel to x-direction are the top-layer conductor and the others are
the bottom-layer conductor. The disconnection and partial defects are also allocated on
both the top- and the bottom-layer of the PCB model. 2D-images reconstructed from ECT
signal obtained from scanning over the top-layer of the PCB model in x- and y-direction
are shown in Figs. 12 (b) and (c), respectively. The 2-D images show that the probe is
capable of inspecting the defect clearly although the defect points are allocated on
bottom-layer PCB conductor.

7. Conclusion

This thesis concentrated on the development of an ECT probe for high-density PCB
inspection and studied on the possibility and performance of the proposed ECT probe for
this purpose. Because ECT technique has advantages of high-sensitivity with crack or
flaw, non-contact method, capable of microcrack detection by using proper magnetic
sensor, and simple structure, ECT technique was selected for the purpose of high-density
PCB inspection. The proposed ECT probe with SV-GMR sensor is capable of defect
detection on PCB conductor with width of 70 4m and thickness of 9.05 um. Three kinds
of defect were tested in the experiment. The first was conductor disconnection, the second
was partial defect on PCB track width, and the third was partial defect on PCB thickness.

The results also show that the well inspection results can be performed by the proposed
ECT probe.

Inspection of high-density single and double layer PCB models were demonstrated.
Inspection of the PCB model with conductor width and gap of 100 um was performed by
the proposed ECT probe. In case of double layer PCB inspection, the probe is capable of
inspecting the defects at the bottom layer if the distance between PCB conductor and
sensing level is not over 200 xm. Moreover, dimension and alignment of PCB conductor
can also examined. Consideration the peak of magnetic field density that usually occurs at
boundary of PCB conductor is useful for investigation the PCB dimension and alignment.
The inspection results represented that the proposed ECT probe is able to examine the
PCB conductor dimension and alignment.

In future research, how to apply the proposed technique to PCB manufacturer is an
importance. The research should concerns about improving the inspection capability and
decreasing time consuming. :
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