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ABSTRACT The surface quality and long-term reliability of packaging substrates in microelectronic
packaging processes have become subjects of increasing concern as circuit board component density
increases while the pitches of these components decrease. As a result, packaging substrate morphology
inspection is becoming more crucial than ever before. This paper presents a noncontact measurement tech-
nology based on a shadow moiré technique to evaluate the surface quality and morphology of microelectronic
packaging substrates. Fringe pattern images of packaging substrates are acquired through the noncontact
measurement technology, and the resulting images are then analyzed using the phase-shifting technique to
determine the morphology and surface quality (specifically, the flatness) of the microelectronic packaging
substrates. A full-field morphology measurement system with adjustable sensitivity and measurement range
was developed. The measurement system was tested using three typical types of microelectronic packaging
substrate, a coin and a step made from two standard gauge blocks. The measurement system proved to be

both feasible and effective by the test results.

INDEX TERMS Morphology, microelectronic packaging substrate, phase-shifting, shadow moiré.

I. INTRODUCTION

As microelectronic packaging densities continue to increase
while component pitches decrease, the reliability of the pack-
aging substrates is becoming an increasingly important aspect
of microelectronic packaging. The surface quality of the
packaging substrate affects the overall quality of the assembly
of microelectronic components and poor surface quality can
lead to serious reliability problems, including misalignment
and interconnection failure between the chip and the sub-
strate. In microelectronic packaging and interconnection, the
thermomechanical behavior of the packaging substrate is crit-
ical for the long-term reliability of microelectronic devices,
and thermomechanical failure of microelectronic packaging
is usually in connection with material failure [1]. And the
coefficient of thermal expansion (CTE) mismatch can cause
substrate warpage, which then affects the reliability of the

microelectronic device. These issues mean that inspection
of the morphology and the surface quality of microelec-
tronic packaging substrates is more critical than ever before,
and on-line morphology measurement of these substrates
will become an essential part of microelectronic package
processing.

The deformation of printed circuit boards (PCB) and
ceramic, silicon or metal substrates as a result of CTE
mismatch is a major cause of defects and component failure
in microelectronic packaging [2]. As the packaging density
increases, surface morphology measurements of microelec-
tronic packaging substrates is essential for improving pack-
age reliability and inspection of the substrate morphology
should be an on-line process that is nondestructive to
the microelectronic components. Many optical measure-
ment methods are noncontact whole-field techniques, thus
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making them suitable for investigation of the morphol-
ogy and deformation of microelectronic packaging sub-
strates. Since the moiré topography technique was first
proposed in 1970 [3], [4], a wide range of geometric
moiré techniques [5] has been developed for investigat-
ing the surface morphology, deformation and mechanical
properties of chip or microelectronic packaging substrates.
These moiré techniques, which include in-plane moiré
interferometry [6]-[11], Fizeau interferometry [12], [13],
Twyman—Green interferometry [14]-[16], shadow moiré
[17]-[25], projection moiré [23], [26]-[29] and laser pro-
filometry [30], [31], have become increasingly important
in the characterization of electronic materials, components
and their base substrates. The shadow moiré method is a
noncontact full-field technique with high resolution that uses
simple optics; these characteristics make it very suitable for
on-line measurement applications, and it has been widely
used in the measurement of out-of-plane displacement, sur-
face topography, and impact deformation. When compared
with laser profilometry using a laser beam scanning sys-
tem, the shadow moiré method is faster for morphology and
deformation measurements. However, to be suitable for use
in the microelectronic packaging industry, the shadow moiré
method must demonstrate high sensitivity and reliability in
evaluating the surface morphologies of different types of
microelectronic packaging substrates. In the sections that
follow, a whole-field three-dimensional (3D) measurement
system based on the shadow moiré technique with phase-
shifting is proposed, and the morphology measurement of
microelectronic substrates is demonstrated.
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FIGURE 1. lllustration of the path of the white light in the proposed
system.

II. PRINCIPLES OF SUBSTRATE

MORPHOLOGY MEASUREMENT

A. SHADOW MOIRE TECHNIQUE

Figure 1 shows the path of the white light in the proposed
measurement system. The grating placed above the substrate
sample is used for reference. The white light lights up the
reference grating and the substrate surface at an incidence
angle o, and the reflected light scattered by the sample sur-
face is received by a charge-coupled device (CCD) camera
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located at a viewing angle 8. When the white light comes
in, the shadow of the reference grating is produced on the
substrate sample; for the different heights at different points
on the sample, the pitch of the substrate sample’s shadow
differs from that of the reference grating’s shadow’s and the
shadow of the substrate sample thus becomes deformed; the
shadows of both the substrate sample and the superimposed
reference grating are received by the CCD camera. The moiré
fringes can be formed through the interaction between the
shadows. And through analyzing these moiré fringes, the sur-
face morphology of the substrate sample can be determined.

The surface morphology of the microelectronic packaging
substrate is obtained based on the distance, denoted by z(x,y),
from the reference grating, as shown in Figure 1:

£ n(x.y) 1)

2xy) = (tan o + tan B)

Where z(x,y), the distance between the reference grating
and a point (x,y) on the sample surface, is the out-of-plane
displacement, g is the pitch of the reference grating,n(x,y) is
the fringe order of the point (x,y) on the sample surface,
o and B are respectively the incidence and viewing angle.
In our 3D measurement system, g, ¢, and 8 are constants,
s0 g/(tano+tanpB) is also constant. If the CCD camera’s view
is normal to the reference grating, then the viewing angle j
is 0°, and equation (1) can be reduced to:

2(x,y) = &n(x,y) @)

B. PHASE-SHIFTING TECHNIQUE

In optical interferometry methods (including moiré methods),
phase-shifting techniques are important and effective ways to
enhance measurement sensitivity [25], [28], [29], [32], [33].
In the proposed 3D morphology measurement system,
a phase-shifting method based on a harmonic representation
of the intensities of the moiré fringes [34] is used to achieve
high testing sensitivity. A series of phase-shifted images of
the substrate surface are obtained and analyzed to determine
the fringe order at each point on the substrate surface. These
images are obtained by moving the substrate up or down by
a specific distance and capturing the resulting patterns using
the CCD camera. In morphology measurements, each phase-
shifted intensity image can be defined by:

1(x,y) = Ip(x,y) + Im(x,y) cos [p(x,y) + o] 3
p(x.y) = 2mn(x,y) “)

Inequation (3), I (x, y) is the intensity of the image obtained
using the CCD camera, I(x, y) is the background intensity,
Iy (x, y) is the intensity modulation caused by the interference
fringe, and ¢ (x,y) is the phase information obtained from
the fringe pattern at point (x,y); o, which can vary from
0 to 27 as the sample moves, is the phase-shift for every
point (x,y), and N(x, y) is the fringe order of point (x, y).
In equations (1)—(4), when the fringe order N (x, y) or ¢ (x, y)
has been determined, the distance z(x, y) between the ref-
erence grating and the substrate can also be defined.
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In equation (3), Ip(x,y), In(x,y) and ¢ (x,y) are the three
unknown quantities. Therefore, a minimum of three intensity
images are required to evaluate the three unknown variables
and acquire the desired n(x, y) or ¢(x, y). When using phase-
shifting methods, three to five intensity images should be
obtained to calculate the phase and three-step and four-step
phase-shifting methods are commonly used. In a three-step
phase-shifting method, intensity images can be defined using
equation (5), and thus the phase data can be computed using
equation (6). In equation (5), 1,(x, y) denote the intensities of
the images at different phase angles (o = 0, 27 /3 and 47/3).
The denominator of equation (6) can sometimes be zero,
which is a significant disadvantage of this method, and could
result in the loss of some of the phase information and
reduced measurement sensitivity.

Li(xy) = Ib(x,y) + Im(x.y) cos [p(x,y) + (n — 1)27/3],

n=1,2,3 (5
_ ’\/g(ll(x’y)_l?l(xvy))
1
,Y) = 6
gl = tan [212<x,y)—11(x,y>—13<x,y> ©

In this work, the widely applied four-step phase-
shifting method, which uses a phase increment of 7/2, is
adopted [32], [33]. The intensities of the four phase-shifted
intensity images can be formulated as follows:

L(xy) = Ih(x,y) + In(x,y) cos [p(x,y) + (n — D)7 /2],
n=1,2,3,4 (7)
where ,(x, y) are the intensities of the images at differ-
ent phase angles (0, 7 /2, w, 37 /2). Using the four intensity

images, the phase information (¢ (x, y)) of the fringe pattern
at point (x, y) can then be described as:

I4(.X, )’) - 12(x7 )’)]
I](X, Y) - I3(.X, )’)

relationship between phase
and out-of-plane displacement

out-of-plane
displacement

p(x,y) = tan™! [ 8)

phase-shift .
e unwrapping
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shadow moiré moiré fringe
collecting moiré fringe phase diagram
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FIGURE 2. Measurement process flow chart for the system.

The denominator in equation (8) is always nonzero [29].
Therefore, the out-of-plane displacement z(x,y) can be calcu-
lated using equations (1) or (2), and the substrate morphol-
ogy can be evaluated via phase unwrapping processing [35];
a flow chart for the measurement process is shown in Figure 2.
In the 3D measurement system, the level of each pixel in the
fringe pattern intensity image is identified; there are 256 lev-
els, ranging from dark to bright, and thus in theory, the system
sensitivity can be increased by a factor of 256 using this four-
step phase-shifting method. However, the typical sensitivity
improvement ranges from 10 to 100 times [24]-[26].
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IIl. 3D MEASUREMENT SYSTEM

Figure 3 illustrates the schematic of the proposed morphology
measurement system. The measurement resolution of the
system is 1 pum, the sizes of the samples to be measured
range from 3 mm x 3 mm to 80 mm x 80 mm and the angle
between the incident light and the observation point ranges
from 30° to 75°. There are three sub-systems: the white
light source subsystem, the position control subsystem, and
the image capture subsystem. All subsystems are controlled
using a central personal computer through custom software
that was designed at the Institute of Microsystems, School of
Mechanical Science and Engineering, HuaZhong University
of Science and Technology.

The light source subsystem includes a white light source
with an optical fiber guide, a collimating lens and an incident
light reflector. The power of the white light source can be
varied from O to 150 W, and the source produces steady,
persistent, and uniform light. To ensure that the illumination
light is a parallel beam with the appropriate spot size required
to illuminate microelectronic substrates, a specially designed
collimating lens is used; this lens also prevents ambient light
interference. The angle of the incident light reflector can be
adjusted to vary the angle of incidence « and thus change the
sensitivity of the system, and the incident light reflector can
also be moved to ensure that the measured object is within the
measurement range. The white light subsystem ensures that
the reference grating is lit with consistent soft light.

The position control subsystem has two translational
stages (horizontal and vertical) that can adjust the substrate
sample precisely (to within 0.1 wm) to the optimal position
required for testing. The vertical stage is used to produce
the phase displacement and can achieve positioning precision
of 0.125 um after subdivision, while the horizontal stage
is used to ensure that the measured object can be removed
easily. Both stages are composed of a guide rail, a ball screw,
a stepping motor and movement control cards. During the
morphology measurements, the microelectronic packaging
substrate under test can be fixed on a sample carrier, which
the horizontal translation stage can move underneath the ref-
erence grating (Ronchi rulings with 100, 250, or 500 Ipi) that
is located within the measurable range of the CCD camera.
The vertical translation stage can be precisely stepped up and
down to enable phase-shifting.

The image capture subsystem can produce the grating
shadow and records the fringe image on the computer.
To obtain the moiré fringe pattern of the substrate sample,
a grating for reference is placed above the substrate speci-
men. When the collimated light beam from the white light
source subsystem comes in, a shadow of the reference grat-
ing is formed on the surface of the measured object; the
CCD camera (CMOS, 2560 x 1920 pixels) can then acquire
images of the fringe pattern via the reflectors. To capture the
perfect moiré image, the CCD camera is equipped with a
telecentric lens. During the morphology measurements, small
variations in the moiré fringes (relative to the image of the
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FIGURE 3. Schematic of proposed morphology measurement system based on moiré technique.

FIGURE 4. (a) Optical image of a coin and (b) moiré fringe pattern of the
same coin.

reference grating on the substrate) are analyzed so that the
surface morphologies of the specimens can be determined and
reconstructed using custom software that was designed at the
Institute of Microsystems. In this subsystem, the locations
of the CCD camera and of some of the reflectors can be
modified to adjust the object distance such that it satisfies
the field size requirements for the different measured objects.
There are three possible locations for the CCD camera in
this system but, if necessary, the position of the CCD camera
can be made continuously adjustable by installing the CCD
camera on a specific guide. The test range increases as the
CCD camera is moved from position 1 to position 3. When
the CCD camera is installed at position 3, the test range
reaches its maximum (80mm x 80 mm), and when the camera
is in position 1, the minimum size of 3mm x 3 mm can
be measured. In the light transmission process, losses are
unavoidable and distortion is easily caused, so the object
distance should be as small as possible while ensuring that
the field size condition is met.
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FIGURE 5. Gray scale image of the coin.

Before testing, it is necessary to adjust for the system error.
The positions of the incident light reflector and the CCD
camera in the system can be determined and the system error
can be compensated using the software after the analysis of
a standard sample. Additionally, the system must be recali-
brated each time that the measured structure changes.

During testing, the 3D morphology measurement system
must be mounted on a vibrationless stage to ensure that
the surface inspection of the microelectronic packaging sub-
strates is not disturbed by external vibrations. Similarly,
the external ambient light should also be minimized during
testing.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

To validate the test results and establish the capabilities of our
3D morphology measurement system, five specimens were
selected: these comprise a coin with a diameter of 19 mm,
a step made from two standard gage blocks, and three typ-
ical microelectronic packaging substrates. The dimensions
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FIGURE 6. Morphology of the entire back (flower) surface of the coin.

FIGURE 7. (a) Step made from two standard gage blocks with thicknesses of 1.02 and 1.04 mm and (b) complete

morphology of the step.

TABLE 1. Repeated measurements of total warpage of 39mm x 39 mm microelectronic packaging substrate.

Number 1 2 3 4 5 6

7 8 9 10 Mean Standard deviation

Warpage (pm) 524 523 512 517 522 527

521 510 516 511 5183 5.66

of the three packaging substrates are: 39mm x 39mm,
51mm x 51mm and 28mm x 25.3mm respectively. The data
that were obtained from these specimens are discussed below.

We first used the morphology measurement system to
examine the back “flower” face of the coin. Figure 4(a)
shows an optical image of this face, and Figure 4(b) shows
the moiré fringe patterns of the coin when the same coin
face is placed within the range of the CCD camera. Through
resolution and analysis of the moiré fringe patterns by
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four-step phase-shifting method, the corresponding distri-
bution of the pixel intensities (or a gray-scale distribution
diagram) and the morphology of the entire sample can be
obtained. Figure 5 shows the gray scale image, which pro-
vides the surface morphology information. The contour map
shown in Figure 6 accurately depicts the complete morphol-
ogy of the flower face of the coin.

For further testing of the 3D morphology measurement
system, a step formed from two standard grade-0 gage
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FIGURE 8. (a) Optical image of 39mm x 39 mm microelectronic packaging substrate and (b) moiré
fringe patterns from 39mm x 39 mm microelectronic packaging substrate.

FIGURE 9. Deformation of 39mm x 39 mm microelectronic packaging substrate.
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FIGURE 10. Displacement of 39mm x 39 mm microelectronic packaging substrate measured: (a) from the top-left corner to the
bottom-right corner and (b) from the bottom-left corner to the top-right corner.

blocks was measured. The thicknesses of these blocks were plate that acts as the reference plane gives a 0.020-mm-high
1.02 and 1.04 mm, as measured to within +0.12 pm. step, as shown in Figure 7(a). The morphology of the
Placement of these two blocks side by side on a white flat complete step is shown in Figure 7(b). The step height is
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FIGURE 11. (a) Optical image of 51mm x 51 mm microelectronic packaging substrate and
(b) moiré fringe patterns from a 35mm x 35 mm area of the above microelectronic

packaging substrate (effective coverage).

FIGURE 12. Unwrapped image of microelectronic packaging substrate
with dimensions of 35 mm x 35 mm.

FIGURE 13. 3D deformation of 35mm x 35 mm area of 51mm x 51 mm
microelectronic packaging substrate.

clearly shown in the contour plot, thus demonstrating the
micrometer-scale precision of the measurement system.

In microelectronic packaging processing, small packag-
ing substrate deformations can greatly reduce the reliability
of the microelectronic devices and components on the sub-
strate, which means that evaluation of the surface morphology
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FIGURE 14. Optical image of array of DBC substrates.

and the deformation of microelectronic packaging substrates
is becoming indispensable. In this work, the surface mor-
phologies and small deformations of several substrates with
different dimensions were investigated to demonstrate the
practicality of the proposed 3D morphology measurement
system.

Figure 8(a) shows a 39mm x 39 mm microelectronic
packaging substrate; Figure 8(b) is an example moiré fringe
pattern that was obtained during inspection of the surface
morphology of this substrate. The pattern is very clear,
which means that measurement of the morphologies of indus-
trially used substrates is feasible when using this system.
After unwrapping and image analysis [35], the morphol-
ogy and the deformation of this type of packaging substrate
is obtained from the four-step phase-shifted images of the
moiré fringe patterns and the results are shown in Figure 9.
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FIGURE 15. Complete morphology of the array of DBC substrates.

FIGURE 16. Morphology of selected DBC substrate.

The deformation of the microelectronic substrate can be eas-
ily seen. For further evaluation of this deformation, two linear
paths were followed across the contour plot, from top left to -
bottom right and from bottom left to top right, as shown
in Figure 10. The deformations and surface morphologies
measured along these two paths differ significantly.

The repeatability of test results is very important for
any measurement device. To assess the repeatability of the
proposed measurement system, the warpage of the same
39mm x 39 mm substrate was measured for ten times and
the results are shown in Table 1. The average of the warpage
measurements was 518.3um, and the standard deviation was
5.66pum. The repetition error of the system is only 1.09%,
which demonstrates the excellent repeatability and consis-
tency of the proposed 3D morphology measurement system.
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Measurement of the morphology of larger area packag-
ing substrates requires some changes to the 3D morphology
measurement system, including reduction of the angle of
incidence and changing the position of the CCD camera.
Measurements were performed on a 51 mm square microelec-
tronic packaging substrate, which is shown in Figure 11(a).
And an example moiré fringe pattern that was obtained by the
image capture subsystem from a local area (35 mm square)
of this substrate is shown in Figure 11(b); the moiré fringe
patterns are very distinct, which indicates that the unwrapped
image should be perfect. Figure 12 shows an image of this
local area after phase-shifting and unwrapping calculations.
The morphology of this large area substrate can then be recon-
structed. Figure 13 shows the three-dimensional deformation
of the 35mm x 35 mm local area of the larger substrate;
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FIGURE 17. The cross-section of the whole DBC substrates: (a) from top left to bottom right corner and (b) form

bottom-left to top-right corner.

this local area is clearly convex, with the maximum sub-
strate warpage reaching 720 pum. In Figure 13, the maximum
deformation is shown to be located at the center of the large
area substrate; this often occurs in microelectronic packaging
substrates.

Another advantage of this 3D morphology measurement
system is that the test range of the 3D measurement can be
adjusted. In this subsystem, the locations of the CCD camera
and of some of the reflectors can be modified to adjust the
object distance such that it satisfies the field size requirements
for the different measured objects, which means that it can
detect the whole specimen and then explore the results at a
specified location on a specimen in detail. Figure 14 shows
an optical image of an array of direct bonded copper (DBC),
produced by directly sintering of a copper layer on an alumina
substrate where one of the single DBC substrates is framed by
four red lines. After measurement using the 3D morphology
measurement system, the complete morphology of the DBC
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substrates is shown in Figure 15 and the morphology of
the specific DBC substrate is shown in Figure 16. What’s
more, through the analyzing of the data of the whole DBC
substrates, the morphology of the specific part can also be get.
And the height change of the plane along the diagonal of both
the whole DBC substrates and the specific DBC substrate is
shown in Figure 17 and Figure 18, from which we can see
that the substrates around the whole DBC substrates warping
upwards (Figure 17) and the height of the specific DBC
substrate is roughly 40.5 microns (Figure 18). Therefore, it is
quite convenient to obtain the details of the entire specimen
using this process.

The tests described above show that the 3D morphol-
ogy measurement system can reproducibly characterize the
surface morphology and deformation of a substrate with
micrometer-scale accuracy. Very clear moiré fringe patterns
were obtained from a range of specimens, including a small
area substrate, a large area substrate, a step composed of
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FIGURE 18. The cross-section of the specific DBC substrate: (a) from top left to bottom right and (b) form bottom left to

top right.

standard gage blocks, and a coin with a complex surface
configuration. The surface morphologies and deformations
of these specimens could be clearly determined from these
patterns.

V. CONCLUSIONS

In this work, a 3D morphology measurement system based
on the shadow moiré technique was presented. A four-step
phase-shifting technique that eliminates the problem of zero
denominator values that can occur in the three-step phase-
shifting method is used; interference from ambient light is
prevented by a collimating lens placed between the white
light source and the reference grating. A telecentric lens
allows the system to capture clear moiré fringe patterns.
During measurement of the morphology, the positioning of
the CCD camera and the angle of incidence of the white light
are adjustable; this allows the system to evaluate microelec-
tronic packaging substrates with different areas. Similarly,
the sensitivity of this 3D measurement system can be varied
for different applications. Test data from specimens with
different areas showed excellent repeatability and consis-
tency when evaluating the surface morphologies and defor-
mations of different microelectronic packaging substrates.
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The 3D morphology measurement system that is proposed
in this work can investigate the surface morphologies and
deformations of entire microelectronic packaging substrates,
but can also be used to explore details of parts of the whole
specimen through direct measurement or datum processing.
All tests demonstrated the good performance and reliability
of the proposed measurement system.
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