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Effect of Hygrothermal Aging on Interfacial
Reliability of Silicon/Underfill/FR-4 Assembly

Xunging Q. Shi, Yanlie L. Zhang, Wei Zhou, and Xuejun J. Fan

Abstract—The reliability issues have been converted to the
underfill adjacent interfaces since the introduction of the un-
derfill to flip chip package in 1990’s. Both thermal cycling and
hygrothermal conditioning severely attack the interfaces to de-
laminate. The moisture migrating into the underfill decreases the
adhesion strength, swells to deform the assembly, and weakens the
mechanical and thermal properties of the material. In this study,
interfacial reliability of a silicon/underfill/FR-4 assembly exposed
at 85 °C/85%RH was studied using moiré interferometry and
micro-digital image speckle correlation (©-DiSC) techniques.
A thermal aging study was simultaneously performed to un-
derstand the long-term reliability of the assembly. The results
showed that the thermal aging relieved the stresses induced by
hygrothermal swelling mismatch between dissimilar materials
involved, whereas increased the strains induced by hygrothermal
swelling. It indicated the time effect is not negligible when the
assembly is subjected to the moisture conditioning, otherwise, the
deformation induced by the swelling could be overestimated. The
1-DiSC technique was applied to measure the critical interfacial
fracture toughness of the silicon/underfill interface. The results
showed that the moisture could significantly reduce the interfacial
strength due to the break of hydrogen bonding. By combining the
moiré and p-DiSC results, it was concluded that the hygrothermal
loading could increase the possibility of interfacial delamination
in a flip chip package. Finally, the morphologies of the fractured
surface were studied with the aid of scanning electron microscope.
Remarkable changes of the failure mode were observed.

Index Terms—Coefficient of thermal expansion (CTE), flip chip
on board (FCOB), input/output (I/0).

1. INTRODUCTION

LIP chip on board (FCOB) has been widely used because
Fof its merits, such as high input/output (I/O), and small
package size. The package is plastically underfilled by epoxy-
based material to minimize the coefficient of thermal expansion
(CTE) mismatch between the chip and substrate as well as to
protect the solder connections from the environmental attack.

Manuscript received February 26, 2005; revised October 30, 2007. This
work was supported by the National Natural Science Foundation of China
under Grants 10572010 and KM200610005013. This work was recommended
for publication by Associate Editor K. Zhang upon evaluation of the reviewers
comments.

X. Q. Shi is with the College of Mechanical Engineering and Applied Elec-
tronics Technology, Beijing University of Technology, Beijing 100022, China
(e-mail: xqshi@ieee.org).

Y. L. Zhang and W. Zhou are with the Precision Engineering and Nanotech-
nology Center, School of MPE, Nanyang Technological University, Singapore
639798 (e-mail: wzhou@cantab.net).

X. J. Fan is with the Department of Mechanical Engineering, Lamar Univer-
sity, Beaumont, TX 77710 USA (e-mail: xuejun.fan@lamar.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCAPT.2008.916801

The reliability issues have been converted to the underfill adja-
cent interfaces [1]. Although many efforts have been done to ad-
dress the reliability issues of the package, it was found that the
package remained susceptible under the environmental attack,
such as moisture conditioning especially under the elevated tem-
perature.

Moisture migrating into the plastic packages induces haz-
ardous effects on the package reliability. In general, the mois-
ture induced swelling, degradation of material properties, the
popcorn and the loss of interfacial strength aggravate the possi-
bility of interfacial delamination during the manufacturing pro-
cesses and operation conditions. Polymeric materials swell at
different rates upon absorbing moisture while the inorganic ma-
terial does not swell. The different swelling rates induce the
strain and stress, same as CTE mismatch [2]. Secondly, moisture
alters the thermal as well as mechanical properties of the organic
materials, such as CTE, T}, and Young’s modulus. This alter-
ation induces severe thermal stresses inside the plastic packages.
Thirdly, the vapor pressure is known to be responsible for the
eventual popcorn cracking of the plastic integrated circuit (IC)
packages. The stress generated by the vapor pressure during the
solder reflow can severely initialize the inherent defects, such as
void and weak joint, to delaminate at the interface [3]. The vapor
pressure evolution and model study have been well established
based on a micromechanics approach [3]. Last but not least,
moisture has an adverse effect on the interfacial adhesion, which
can accelerate the delamination by deteriorating the polymer in-
terfaces within the package [4]-[6]. A comprehensive review of
moisture induced failures in electronic packaging was presented
in [2].

With the aid of finite element analysis software, many studies
have been conducted to understand the hygrothermal behavior
of plastic packages. The results are irradiative to the knowledge
of moisture induced reliability problems. With an appropriate
thermal-moisture analogy, moisture diffusion in the polymeric
material can be modeled based on thermal diffusion function of
the finite element software, whose approach gave good predic-
tion of acceleration factors compared to the experimental values
[71, [8]. To solve the discontinuity of moisture concentration
between different adjacent materials, recently a more general
method so-called “direct concentration approach (DCA)” has
been developed to investigate the moisture absorption, desorp-
tion and diffusion during soldering reflow for a stack-die chip
scale package [7].

On the other hand, it was reported that the decrease of inter-
facial adhesion was up to 50% after long period of aging [4].
It is of interest that a limit exists on moisture induced strength
degradation beyond which no further degradation happens [9].
The possible answer is that the degradation is related to the na-
ture of moisture diffusion, which is Fickian.
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These efforts have remarkably improved the knowledge of
moisture induced interfacial problem. However, in order to
improve the interfacial reliability, apart from the numerical
analysis, it is necessary to realistically understand the failure
mechanism of the FCOB package under the hygrothermal aging
by using accurate experimental measurement technique. More-
over, in the author’s best knowledge, few studies have taken
the time effect into consideration even though the underfill
exhibits the viscoelasticity under hygrothermal aging, which is
normally carried out under the high temperature for long time.
The difficulties of experimental work may exist inherently since
the hygrothermal deformation is a three-dimensional problem
with the consideration of the nature of moisture diffusion.
However, it is estimated that, if the structure response under the
saturated condition with Cg,; can be understood, it is possible
to evaluate the reliability status of the assembly under the
varying unsaturated moisture concentration. Therefore, initial
study is required to be carried out based on two-dimensional
in-situ measurement with the assumption of saturated moisture
concentration on the in-plane surface, consistent with boundary
condition applied in the finite element analysis. Further, the
delaminated assembly has to be especially concerned since the
generation of delamination or the existence of inherent defects
is supposed to further degrade the thermal, mechanical and
electrical integrity of the package. However, fracture behaviors
under the moisture conditioning have not been well elaborated
so far. The experimental technique assorting with appropriate
fracture mechanics theory is thought to be a bottleneck in the
study of fractured package.

In this study, a developed moiré interferometry system with
interfacial fracture mechanics method was used to investigate
the fracture behavior of a silicon/underfill/FR-4 assembly
under the hygrothermal aging. In order to study the time effect
on the delaminated assembly, the thermal aging study was
simultaneously implemented. The representative deformation
and stress intensity factors (SIF) showed that the moisture
induced swelling played a crucial role on structure interfacial
reliability apart from the CTE mismatch between the materials.
It is more of importance that the isolation of the time effect and
the hygroscopic swelling effect indicated that the time effect
was beneficial to alleviate the fracture potentiality. The positive
aspect of the time effect implied that the conventional finite el-
ement analysis might overestimate the moisture-induced stress
and threat if the time effect was not included. Further, efforts
were made to measure the critical interfacial fracture toughness
between silicon/underfill using the micro-digital image speckle
correlation (u-DiSC) technique and to evaluate the possibility
of fracture after the hygrothermal loading. The results showed
the moisture content diffusing into the assembly had greater
potentiality on interfacial delamination compared to dry speci-
mens. Finally, the fracture morphologies were studied using a
scanning electron microscope (SEM), remarkable changes of
the failure mode were observed.

II. INTERFACIAL FRACTURE MECHANICS APPROACH

Interfacial fracture mechanics approach is usually employed
to determine the resistance of an interface to fracture [10]. For
the interface crack shown in the Fig. 1, the relative crack dis-
placement at a distance of r behind the crack-tip (6 = 7) [11]
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where 6, and 6, are the crack-tip opening displacements
(CTODs) in the X and Y direction, respectively; ¢ is related to
material properties defined in [12]. E* is the effective Young’s
modulus given by

2 1 1
Pty o 2
with B; = E;/(1 — v;) for the plane strain and E; = E; for
the plane stress. K’ is the nominal complex interfacial stress
intensity factor (SIF) defined as

K' = K| +iK}) 3)
where K{ and K} are the nominal mode I and mode II SIF,
respectively.

By solving (1), the individual SIF is obtained
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It is of importance that once the deformations around the
crack-tip are known, it is possible to deduce the K/ and KJ.
Noted that the K{ and K} derived in (4) are nominal SIFs with
respect to a distance r away from the crack-tip. The exact solu-
tions of K and K at the crack-tip are supposed to be acquired
through extrapolation according to nominal SIFs as a function
of distance r away from the crack-tip [13]. The effective stress
intensity factor K., is related to the mode I and mode II stress
intensity factors by [14]

Kepp =/ K7 + K3 (6)
and the phase angle is defined as
_1 (Im(KI%)
¢ = tan™! (—> . @)
Re(Kl%) 80
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Fig. 2. Schematic diagram of the M 2T system: 1: computer; 2: driver of phase
shifter; 3: microscopic imaging device; 4: phase shifter; 5: moiré interferometer;
6: temperature and humidity controller; 7: six-axis fixture; 8: miniature humidity
chamber; 9: chamber support; 10: ultrasonic humidity excitation; 11: optical
table.

Although the underfill used in this study exhibited significant
viscoelastic behavior, the previous investigation demonstrated
the validity of linear interfacial fracture mechanics for the inter-
facial strength analysis [15].

III. PHOTOMECHANICS MEASUREMENT TECHNIQUES

A. Moiré Interferometry

In this study, an integrated multifunctional micro-moiré inter-
ferometry (M?3I) system was developed, by combining moiré
interferometry (MI) technique with thermoelectric heating and
cooling technique (for thermal cycling), humidity system (for
hygrothermal aging), and microscopic imaging technique, to in-
vestigate the interfacial reliability of a silicon/underfill/FR-4 as-
sembly. The schematic diagram of M?>I system is shown in
Fig. 2. A miniaturized moisture chamber with ultrasonic hu-
midity excitation was developed to control the hygrothermal
conditions within the error of 0.1 °C and 1%RH.

With the system, U and V field moiré fringe patterns can be
obtained and the displacements and strains can be determined
by [16]
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where f is the frequency of specimen grating; N, (z,y) and
Ny(z,y) are the fringe orders in the U(z,y) and V(z, y) field
moiré patterns, respectively; €, (z, y), €y (2, y) and vz, (z, y) are

Fig. 3. Schematic diagram of the integrated p-DiSC system: 1: computer 1;
2: computer 2; 3: INSTRON micro tester; 4: Heater; 5: CCD camera; 6: light
source; 7: six-axis fixture; 8: microscope; 9: illuminator; 10: attemperator; 11.
pedestal.

the normal strain fields in « and y directions and the shear strain
field in the z—y plane, respectively.

B. Digital Image Correlation (DIC)

Micro-digital image speckle correlation (u-DiSC) is a tech-
nique to measure displacement by correlating with a pair of
digital speckle patterns obtained at two different loading con-
ditions and searching for the maximum correlation coefficient
C[17]. Since the common coarse-fine search algorithm uses
the full-field search and tries many combinations of deforma-
tion variables, the calculation becomes time-consuming. Fol-
lowing our previous work [18], [19], a developed line search
algorithm were used to improve search accuracy and computa-
tional time, which made real-time measurement possible. Fur-
ther, the bicubic spline interpolation method was employed to
smoothen the surface of gray level distribution and determine
the maximum correlation coefficient C. The overall arrangement
of the experiment setup is schematically shown in Fig. 3.

IV. EXPERIMENTAL DETAILS

A. Specimen Preparation

In this study, silicon/underfill/FR-4 assemblies were prepared
as shown in Fig. 4. The solder joints were removed in order to
simplify the study, since it was reported that solder joints played
a small role in the warpage of underfilled flip chip package
while the underfill epoxy played a dominant role [20]. The at-
tention was drawn on the interfacial delamination behavior be-
tween silicon/underfill. The assembly consisted of three ma-
terials, namely, silicon, underfill and FR-4. A commercialized
epoxy based underfill material supplied by Loctite was used in
this study. The composition of the material was 60% epoxy with
40% silica filling sizing from 1 to 4 pm. The glass transition
temperature (T}) of the underfill was determined to be 105 °C
using differential scanning calorimeter (DSC) [21]. The mate-
rial properties for underfill, silicon and FR-4 are listed in pre-
vious paper [22]. For the underfill material, the linear relation
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Fig. 4. Schematic diagram of the assembly to be studied: (a) flip chip package
and (b) silicon/underfill/FR-4 assembly.

exists between hygroscopic stain and moisture concentration.
Therefore, the coefficient of moisture expansion (CME) of the
underfill is determined to be 0.31cc/g using thermal gravimetric
analyzer (TGA) and thermomechanical analyzer (TMA).

The dimensions of the assembly were 8 mm(L) x5 mm(W) x
1.8 mm(H). The thickness of the underfill was 0.5 mm. It was
demonstrated not to result in enhanced resistance to progres-
sive debonding under temperature loading [23]. A pre-crack was
prepared at the silicon/underfill interface by using a piece of sil-
icon rubber film with thickness of 20 pm. The length a and the
ligament of w ahead of the crack tip were respectively 2.7 and
5.3 mm, satisfying a,w > H + h + t, where H, h, and ¢ are
the thickness of FR-4, silicon wafer and underfill respectively.
The selection of these dimensions was to neglect edge effects
on loading. Under these situations, a steady state solution was
valid and the dependence of stress intensity factors (SIFs) on the
crack length can be eliminated [24].

A dispenser and a curing oven were employed to prepare the
assembly. By following flip-chip packaging process, an opti-
mized curing condition was defined to be 165 °C for 8 min.
Due to the capillary effect, underfill was dispensed into the gap
between the silicon and FR-4. When the specimen was partially
cured, the rubber was quickly removed from the specimen and
a sharp crack was fabricated. After fabrication, each assembly
was carefully polished with a fine SiC paper to remove exces-
sive underfill and to obtain the desired dimensions.

B. Measurement of Thermal and Hygrothermal Deformation

The M?3I system was employed to determine the deforma-
tion field around the interfacial crack-tip of the assembly subject
to thermal and hygrothermal loadings. Specimen grating with a
frequency of 1200 lines/mm was replicated onto the surface of
the assembly at room temperature. The assembly was then put
into the miniaturized moisture chamber with the hygrothermal
loading conditioned at 85 °C/85%RH for 168 h. The moiré
fringe patterns were captured at the times of 0, 1, 3, 7, 11, 24,
48, 96, and 168 h.
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Fig. 5. Typical digital speckle pattern of SBN at the crack tip.

In order to eliminate the time effect, i.e., creep of underfill
material, a thermal aging test was carried out on the same as-
sembly and the moiré fringe patterns were acquired at the time
intervals. The aging temperature was 85 °C. The humidity level
under the thermal aging test was 18%, which was expected to
cause negligible moisture absorption in the assembly.

C. Determination of Critical Interfacial Fracture Toughness

The DIC technique was combined with a sandwiched
brazil-nit (SBN) fixture for characterization of the critical
interfacial fracture toughness of silicon/underfill interface
under different mixed-mode loading conditions. The sandwich
structure was made of silicon/underfill/silicon with a 4 mm
pre-crack manufactured at the silicon/underfill interface. The
thickness of the underfill was chosen to be 0.5 mm, which
is consistent with the thickness in the moiré experiment. The
SBNs were aged under 85 °C/85%RH in a hygrothermal
chamber for 168 h beforehand. Artificial speckle patterns were
subsequently generated on the specimen surface using white
paint and carbon particles to create images with high contrast
of gray level, as shown in Fig. 5.

The interfacial fracture tests on the samples were conducted
with INSTRON micro-tensile machine at room temperature. A
high resolution CCD camera was used to capture speckle pat-
terns at different load levels. With the curve, the speckle pat-
tern at the load level where the interface crack opened could be
obtained. This pattern and the initial speckle pattern were used
as undeformed and deformed images. With the correlation soft-
ware, the displacement fields around the crack-tip could be de-
termined [18].

V. RESULTS AND DISCUSSION

A. Hygrothermal Displacement

The fringe patterns in both = and y-direction at the initial state
(t =0,85°C/dry) and different time intervals were presented in
Fig. 6. It was observed that the number of fringe orders increased
at the beginning. It was believed to be the result of the swelling
of the underfill material upon moisture absorption. When water
immigrated into epoxy-based underfill, it broke the interchain
bonds by forming hydrogen bonds with chain interruption [25].
The formation of hydrogen bonds permitted the resin network to
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Fig. 6. Fringe patterns during hygrothermal aging under 85 °C/85%RH.

expand through relaxation of the stresses produced by osmotic
pressure [26]. Afterwards, the increase of fringe orders was not
that significant. First, it was found from the experimental re-
sults that the absorption property of the underfill was Fickian as
shown in Fig. 7. Second, the modulus of underfill material grad-
ually decreased due to the viscoelasticity of underfill. The com-
bination of both factors lead to inapparent increase of moiré pat-
tern. The characterization procedures of the moisture properties
of the underfill have been described in detail in JEDEC standard
JEDEC 22-A120. Note that since the moisture diffusion of un-
derfill material in the sandwiched specimen was predominantly
one-dimensional, the moisture uptake was described with (10),
which was an asymptotic curve as a function of time [27]

M, 8
Msat ’/T

= D.t
g ™ +1 Xp|: p [(2n+1)7r]2 (10)

where D is the diffusion coefficient, zg is the total film thick-
ness, M, is total mass of the diffusing substance absorbed by
the sample at time ¢, and M is the equilibrium mass of the ab-
sorbed substance.

It was, therefore, thought that the initial majority of mois-
ture uptake caused most of swelling in the underfill. With the
slowing of moisture absorption for long period of time, the cor-
responding swelling induced deformation became inconspic-
uous. As an evidence, the normal and shear strains at the left-
ward edge of silicon/underfill interface were determined with
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Fig. 7. Weight gain and Fickian curve fit at 85 °C/85%RH for underfill.
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Fig. 8. Strain gradients at the leftward of silicon/underfill interface in hy-
grothermal aging (85 °C/85%RH) (a) &, and (b) Yay.

(9). The results were plotted in Fig. 8. As seen, the strains in-
creased as time increased. Both normal strain and shear strain
showed similar trends, which was in asymptotic manner. They
were analogous to the moisture diffusion in underfill since mois-
ture absorbed in the underfill has physical reaction with inter-
chain bonds and therefore causes swelling [25]. This observa-
tion was also physically, apart from chemical point of view,
proved that the swelling of underfill was related to the concen-
tration of moisture diffusion at a certain extent.
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B. Thermal Deformation

The study of thermal deformation was performed to under-
stand the time effect on the reliability of the assembly under
the hygrothermal aging. The representative fringe patterns under
different intervals were shown in Fig. 9. The normal and shear
strains at the leftward of silicon/underfill interface were plotted
in Fig. 10. It can be seen from Fig. 9 that, analogous to hy-
grothermal aging effect, the time effect was significant at the
beginning. The strains reduced fast since the stresses caused by
thermal mismatch of dissimilar materials were initially large.
As the time going on, time effect became not that obvious. Up
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to 60% to 70% decrease of strains occurred at the beginning
3 h, while the remainder released within a relatively long pe-
riod due to the stress relaxation. Therefore, it was believed that
the thermal aging, which was related to stress relaxation during
aging under the high temperature, helped to gradually reduce the
magnitude of deformation of sandwiched structure. Wang et al.
[28] presented similar results observed that a FCOB assembly
without pre-crack exhibited significant time effect under high
aging temperature, and stress relaxation happened rapidly at the
very beginning of several hours.

The superposition principle has been widely used to separate
the deformation caused by thermal aging from that caused by
the hygroscopic swelling [1]. With the consideration of stress
relaxation, the actual swelling induced strains were expected to
be greater than those measured in hygrothermal aging, as shown
in Fig. 11. In the figure, the losses of strains induced by thermal
aging were added to the strains measured in hygrothermal aging.
As aresult, the values of swelling induce strains were enlarged
20%-30%. 1t is therefore thought that the time effect should be
considered in case of hygrothermal aging, which is beneficial
to assembly reliability since it reduces the strains induced by
material swelling during moisture immigration. Also it is of ne-
cessity to include the time effect when finite element simulation
is performed; otherwise the hygrothermal effect might be over-
estimated in reliability evaluation.
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C. Fracture Parameters Under Hygrothermal Aging

It is widely reported that the adhesion of interface can
markedly reduce after moisture conditioning [29], [30]. In
case the interface toughness was measured as a result of hy-
grothermal aging, it is convenient to quantitatively evaluate the
potential of fracture propagation by comparing with the critical
interfacial fracture toughness and thus understand the reliability
of silicon/underfill interface under the moisture attack.

Based on the displacement fields obtained by the moiré test,
the nominal K| and K) can be determined using (1) to (7)
for any given distance r away from the crack-tip. According
to (1) to (4), K} and K} are proportional to /7, as shown in
Fig. 12. It is noticed that the value of the nominal K7 increased
as the square root of distance /7 decreased, while K| remained
changeless. The K; and K at the crack-tip can be obtained
using extrapolation method based on nominal K| and K} with
respect to various distance r away from the crack-tip [13]. As
seen in Fig. 12, the nominal SIFs showed an approximate linear
relationship with /7. The extrapolation method can then be em-
ployed to determine the interface toughness at the crack-tip [18].
By curve fitting, the experimental results were extrapolated to
r = 0, representing the interface toughness K7 and K> at the
crack-tip.

With this method, the values of SIFs at different hygrothermal
aging times were determined and the results are presented in
Fig. 13. It can be observed that the majority increase of interface
toughness occurred at the early stage of aging, which is the same
as the strain gradients calculated at the interface. K increased
33% and K> increased 23%, respectively. Both K; and K> in-
creased in the asymptotic manner, which were similar to the
moisture diffusion nature in the underfill material. On the other
hand, the asymptotic curve suggested that the change of the frac-
ture behavior induced by moisture absorption was gradual rather
than instant, although the in-plane surface measured was in the
boundary condition of saturated moisture concentration.

The values of SIF under the thermal aging were determined
and the results are plotted in Fig. 14. It is noted that both of
the K1 and K> reduced faster at the beginning. It was thought
that the creep behavior of underfill and solder joints greatly re-
lieved the part of stresses and thereby prevented interfaces from
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cracking [28]. Likely, it was observed in this study, for an as-
sembly with crack, the time effect could play a considerable role
on interface toughness although the change of the CTODs were
in the small scale.

Therefore, both strains and SIFs showed that the time effect
was significant in the hygrothermal aging, especially at the high
temperature. In addition, it can be seen that the magnitude of
stresses or fracture parameters on time effect was comparable
to that on hygrothermal induced swelling. Therefore, the results
indicated that the interface toughness induced by the moisture
swelling was possible to be overestimated if the time effect was
not considered. Since the interface toughness is an important pa-
rameter to evaluate the life of assembly during thermal cycling,
the greater value of the interface toughness will result in shorter
reliability life eventually. Therefore, if the overestimated inter-
face toughness is used to calculate the fatigue life under mois-
ture conditioning, the reliability issues tend to be more severe
and give improper estimation. As a result, it is obvious that vis-
cosity (time-temperature behavior) of underfill is of necessity to
be included in the reliability study.

D. Critical Interfacial Fracture Toughness

Since the values of interface toughness under hygrothermal
aging were understood, it was easy to quantitatively estimate the
possibility of fracture propagation by comparing with the crit-
ical interfacial fracture toughness. Based on the p-DiSC system
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Fig. 15. Critical interfacial fracture toughness of dry and wet (85 °C/85%)
SBN specimen.

and interface fracture mechanics, the CTODs obtained in the
fracture test were calculated to critical interfacial fracture tough-
ness with respect to different phase angles. Brazil-Nut-speci-
mens were used to achieve this variety. The linear extrapolation
method was also examined and subsequently used to obtain SIFs
at the crack-tip. The measured results are presented in Fig. 15. It
can be seen the critical interfacial fracture toughness K¢ and
K¢ followed the ellipse law with respect to different phase
angles. By varying the loading angles, different mode mixities
were achieved. However, the K¢ decreased slowly when K¢
increased by changing the loading angle from 90° to 20°. This
indicated that the K¢ plays a more critical role in the determi-
nation of critical interfacial fracture toughness than K»c. After
the hygrothermal aging, the critical interfacial fracture tough-
ness decreased significantly compared with the critical interfa-
cial fracture toughness of dry specimen tested at the room tem-
perature [31]. After 168 h of exposure at 85 °C/85%RH, the
interfacial adhesion was decreased on average 34.9% for the
silicon/underfill interface. Other authors also observed the sig-
nificant decrease [4], which indicated that the moisture could
invade into the defects and remarkably decrease the interfacial
strength by intercepting the inter- and intra-molecular hydrogen
bonding provided by the hydroxyl groups [25]. Therefore, it
demonstrated that the hygrothermal loading would increase the
possibility of interfacial delamination in a flip chip package.
More decrease happened in mode I (36% for pure mode I frac-
ture and 32% for pure mode II fracture), which means that more
severe reliability issues lie in the opening mode. The possible
explanation of this phenomenon is due to a displacement type
reaction where water molecules displace the polymer chain in
the Van-der Waals bonding of the polymer adhesive to the glass
surface [32]. In order to demonstrate it, the fracture morphology
was to be studied in Section V-E.

Based on the interface toughness K; and K- measured by
the moiré experiment and critical interfacial fracture toughness
Kic and K¢ measured by the p-DiSC system, it is easy to
assess the failure possibility by combining the results together.
As seen in Fig. 16, the interface toughness fell inside the area
defined by the boundary of the critical interfacial fracture tough-
ness and x and y axes, indicating the interface was safe under
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Fig. 16. Failure assessment based on interface toughness and critical interfacial
fracture toughness.
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Fig. 17. Fracture morphology of interfacial delamination: (a) interfacial de-
lamination of dry specimen under 125 °C and (b) interfacial delamination of
hygrothermal aged specimen under the room temperature.

the 168 h exposure in 85 °C/85%RH hygrothermal environ-
ment. However, the figure, on the other hand, indicated that
the possibility of the interface delamination increased accompa-
nied with the interface toughness increased around 24.9% after
168 h aging and critical interfacial fracture toughness decreased
34.5%.

E. Reliability of Silicon/Underfill Interface

It was found that the fracture modes were generally interfa-
cial delamination with respect to all loading angles, which were
similar to those of dry specimen tested at 125 °C [31]. However,
in the microscopic view, the morphologies of interfacial delam-
ination were surprisingly different. For the delamination hap-
pened at 125 °C, it was observed that granular bulges distributed
over the whole fractured interface of the underfill part of the
dry sample, as shown in Fig. 17(a). It indicated that the chem-
ical bonding was destroyed by high stresses-at-break, which
exceeded the local yield stress of underfill material. However,
for hygrothermal-aged sample, its fracture morphology showed
smooth surface without granulae, as shown in Fig. 17(b). It indi-
cated that the stresses causing debonding were not large enough
to make the underfill material yield locally. It is evidence from
mechanical point of view that the moisture leads to bonding
interception. This observation also demonstrated that moisture
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could hydrolyze the chemical bonding between underfill and sil-
icon apart from making epoxy-based underfill swell as reported
in the moiré experiment.

VI. CONCLUSION

In this study, the developed multifunctional micro-moiré
interferometry (M3I) system was used to investigate the
deformation as well as the interface toughness of a cracked
silicon/underfill/FR-4 assembly during 168 h of exposure at
85 °C/85%RH. The thermal aging test at 85 °C was carried
out to separate two time-effect, i.e., moisture diffusion induced
swelling and stress relaxation caused by the viscoelasticity
of underfill. The critical interfacial fracture toughness after
hygrothermal aging was characterized using the micro-digital
image speckle correlation (u-DiSC) technique. The corre-
sponding fracture mechanism was studied by scanning electron
microscope (SEM).

In strain calculation at the interface of silicon/underfill, it was
found both hygrothermal loading and thermal aging had signif-
icant effect. It was also found that thermal aging relieved the
stresses induced by hygrothermal mismatch between dissimilar
materials involved. As a result, thermal aging effectively pre-
vented interfaces from the fracture propagation. Further study
on fracture parameters presented the same trend as the con-
clusions made in strain gradients study. Since the magnitude
of strains and SIFs of thermal aging and hygrothermal loading
were quantitatively comparable, time effect was supposed to be
considered in hygrothermal aging. The viscoelasticity nature of
underfill was beneficial to assembly reliability since it reduced
the strains and SIFs induced by material swelling during mois-
ture immigration. In case of simulation of hygrothermal condi-
tioning, the creep behavior of underfill material, i.e., viscoelastic
properties of underfill material should be included to alleviate
the potential fracture threat since time effect can do positive im-
pact on reliability of the assembly.

The measured critical interfacial fracture toughness showed
that moisture significantly reduced the interfacial strength with
the comparison of our previous study. The interception of the
inter- and intra-molecular hydrogen bonding provided by the
hydroxyl groups was thought to take place with respect to wide
range of mode mixity. By combining the interface toughness
and the critical interfacial fracture toughness, it was concluded
that the hygrothermal loading would increase the possibility of
interfacial delamination in the flip chip package. From fracture
morphology study, it was observed that granular bulges dis-
tributed over the whole interface of underfill part at 125 °C
in our previous study. However, the surface without granula
was seen for hygrothermal aged specimen tested under ambient
condition. The observation indicated that moisture severed the
chemical bonding, e.g., hydrogen bonding, between silicon/un-
derfill and decreased the debonding stresses lower than yield
stresses of underfill material locally.
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