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Abstract

Moiré interferometry technique was applied to the thermo-mechanical analysis of flip-chip packages. Thermal
deformations of two kinds of flip-chip structures, no-underfill and underfill flip-chip packages, were studied to
understand the macroscopic effect of underfill. The experimental results showed that there was no big difference in
the global thermal deformations between the two kinds of flip-chip structures except microscopic deformations
around the edges of silicon chip. The thermal deformations of the flip-chip packages were also simulated by finite
element analysis (FEA) to compare with the experimental results. The FEA results gave a good agreement with the
displacement field experimentally obtained, but a big difference with the v displacement field.
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1. Introduction

With the increasing demand for high mount density
in electronic products and systems, flip-chip packages
(see Fig.1) are drawing attention in microelectronics
industries because of their simplicity, smallness,
lightness and so on. Reliability of flip-chip packages is
directly related to the degree of thermal stresses caused
by the mismatch of coefficients of thermal expansion
(CTE) between the different materials that construct the
flip-chip package and assemblies. Therefore, it is
important to evaluate the thermally induced stresses in
controlling the structural reliability of flip-chip
packages. Thermal deformations of conventional
electronic packages, such as QFPs (Quad Flat Packages)
and CSPs (Chip Size Packages), have been studied well
from experimental and numerical points of view"™®.
However, thermal deformation of flip-chip packages has
not been studied thoroughly yet.

In most cases, underfill is usually introduced into a
gap between the silicon chip and the substrate. It has
been reported that the role of underfill is to adhere the
chip to the substrate and to encapsulate the gap. Another
role is to relax the CTE mismatch between them.
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However, it has not yet been fully verified
experimentally how the underfill influences the thermal
deformations of the package.

The aim of this study is to understand the
macroscopic  effect of wunderfill on the thermal
deformations of flip-chip packages. A thermal loading
was applied by cooling the packages from an elevated
temperature 100°C to room temperature 25°C. The
thermal deformations were measured by using moiré
interferometry, which is a high-sensitivity whole-field
method for in-plane displacement measurements’.
Finite element analysis (FEA) was also performed to
simulate the thermal deformations of the flip-chip
packages, and the results were compared with the
experimental results.
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Fig.1 Cross sections of flip-chip packages
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Fig.2 Principle of moiré interferometry

2. Experimental Method

2. 1 Moiré Interferometry

The principle of moiré interferometry is shown
schematically in Fig.2, where (a) and (b) illustrate the
optics before and after specimen deformation,
respectively. A fine diffraction grating is replicated on a
specimen surface at the testing area. This grating, called
specimen grating, is usually orthogonal cross-lined
grating. If collimated coherent beams A and B are
incident at an angle « given by

a = sin”" fs/l) Q)
where £, is the spatial frequency of the specimen grating
and A is the wavelength of the laser beam, lst-order
diffracted beams A4 and B, are generated perpendicular
to the specimen surface. The wave fronts of these
diffracted beams are parallel to the specimen surface, so
that the beams do not interfere each other.

The specimen grating is deformed together with the
specimen under an applied mechanical or thermal
loading (see Fig.2 (b)). Therefore, the deformation of
the grating represents the deformation of the specimen.
Due to the specimen deformation, the spatial frequency
of the grating changes. Thus, the directions of the two
diffracted beams A, and B4 change respectively, so that

Specimen
ra

A,

Uncured a@hesive
/A]ummum

/Glass mold

(a) Spread of adhesive at 100 C

Specimen
Uncured adhesive

/ / // / - Aluminum

Glass mold

(b) Cast at 100 °C

‘ Specimen
m(mm{ adhesive

< Aluminum

Glass mold

(c) Separation at room temperature

Fig.3 Cast of diffraction grating on specimen

the beams interfere with each other and produce moiré
fringes. The m-th order moiré fringe indicates
equi-displacement line. The displacement u is
determined by the following equation:

u=mf2f, @)

2. 2 Specimens and Experimental Procedure

Figure 1 shows the cross sections of two kinds of
flip-chip packages, no-underfill and underfill, where the
silicon chip is connected with the FR-4 substrate by
solder balls electrically. The size of the silicon chip is
10X15X0.6mm. The diameter of the solder balls is
0.Imm. To ensur¢ a two-dimensional deformation,
specimens of 2mm thickness were made by slicing the
flip-chip packages in the direction of the thickness.

The procedure shown in Fig.3 was used to replicate
a cross-lined grating of 1200 lines/mm on the specimen
at an elevated temperature 100°C. First, a ULE (Ultra
Low Expansion) glass grating mold coated with thin
aluminum layer was prepared. Second, Epoxy adhesive
was spread thinly on the mold surface (see Fig.3 (a)).
Third, the specimen and the mold were pressed together
and maintained at 100°C until the adhesive was cured
(see Fig.3 (b)). Finally, the specimen was separated
from the mold at room temperature 25°C (see Fig.3 (c)).
Since the specimen was cooled from 100°C to 25°C, the
grating profile on the specimen surface had the
information of the thermal difference AT=—75C.
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Fig.4 Optical arrangement for moiré interferometry

The optical arrangement for moiré interferometry is
shown in Fig.4. Two-beam moiré setup was used to
determine u displacement field. v displacement field was
observed by rotating the specimen at an angle of 90 deg.

3. Experimental Results

Moiré fringe patterns of the no-underfill and
underfill flip-chip packages are shown in Figs.5 and 6,
respectively. Each moiré interference fringe represents a
constant displacement with a sensitivity of 417
nm/fringe.

The symmetric moiré patterns in Figs.5 and 6
suggest that the flip-chip packages deformed
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Fig.5 Moiré fringe patterns of no-undefill flip-chip
package
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Fig.6 Moiré fringe patterns of underfill flip-chip
package

symmetrically. In the silicon chip with low CTE, coarse
fringe patterns, i.e. small displacements, were obtained.
Different numbers of fringes can be seen at the upper
and lower surface of the silicon chip, indicating that the
deformation of the silicon chip is influenced by the
substrate with high CTE. In the substrate, on the other
hand, dense fringe patterns can be seen. This indicates
the displacement of the substrate was much larger.
Zigzag fringe patterns in the substrate were not caused
by optical noise. This is caused by the natures of FR-4
substrate, layered composites of glass-fiber/epoxy with
different CTEs. .

No big difference can be seen in the global fringe
patterns between the no-underfill and underfill flip-chip
packages. To study the effect of the underfill precisely,
microscopic deformations around the solder balls have
to be examined.

4. FEA Results

Finite element analysis (FEA) was performed to
simulate the thermal deformations of the flip-chip
packages. For simplicity, two dimensional stress
condition and linear elastic material properties were
assumed for the structures of the packages. The
structures were divided into 6 nodes and triangular
elements, and the material properties are shown in Table
18~19 The FEA results are shown in Figs.7 and 8. To
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Fig.7 Displacement fields of no-undefill flip-chip
package by FEA
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Fig.8 Displacement fields of underfill flip-chip
package by FEA
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Table 1 Material properties in FEA

CTE Young’s Poisson’s
[ppm/°C] | modulus [GPa] ratio
Silicon chip 3.50 130 0.280
FR-4 17.0 12.0 0.165
Solder ball 24.7 374 0.410
Underfill 22.0 10.5 0.261

make a comparison with the experimental results, the
displacements are represented by lines with the intervals
417nm. ‘

Figure 9 exaggeratedly shows the difference of the
macroscopic thermal deformations between the two
flip-chip packages. Different curvatures can be seen in
the silicon chip and the substrate without underfill. The
similar curvatures are illustrated when the silicon chip is
underfilled.

5. Discussion

The FEA results were compared with the
experimental results to examine its validity. A good
agreement was obtained for the # displacement fields as
shown in Figs.5—8. The assumptions employed in the
FEA are validated for the u displacements. However,
there was a big discrepancy in the v displacement fields
especially in the substrate. This may be primarily due to
the anisotropic' and heterogeneous natures of FR-4.
Therefore, these natures should be included to analyze
the deformation of the substrate quantitatively.

The FEA results suggested that there existed a
difference in the curvatures of the silicon chip and the
substrate without underfill. However, such difference
was not obtained in the experimental results. This reason
can be ascribable to the assumptions employed in the
FEA especially for the material property of FR-4. Hence,
to analyze the thermal deformations of flip-chip
packages and the effect of underfill precisely, the
material property of the FR-4 substrate has to be
determined from microscopic viewpoint.

6. Conclusions

The thermal deformations of two kinds of the
flip-chip packages, without underfill and with underfill,
were studied by moiré interferometry. A thermal loading
was applied by cooling the specimens from an elevated
temperature 100°C to room temperature 25°C. Moiré
fringes were obtained to determine the u and v
displacement fields. The macroscopic effect of underfill
was examined. FEA was also conducted and the
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Fig.9 Schematic thermal deformations of flip-chip
packages by FEA

following conclusions were obtained:

(1) A big difference cannot be observed in the global
thermal deformations of the no-underfill and
underfill flip-chip packages. The microscopic effect
of underfill should be examined more precisely by
measuring the fringe patterns around the edges of
the silicon chip.

(2) The FEA results agreed well with the u
displacement fields experimentally obtained in the
no-underfill and underfill flip-chip packages.
However, there was a discrepancy in the v
displacement fields experimentally obtained,
especially in the area of the FR-4 substrate. To
predict the v displacement ficld, material property
of FR-4 substrate should be determined more
accurately.
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