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ABSTRACT: Flip chip technology has greatly improved the performance of semiconductor devices, but relies heavily on the
performance of epoxy underfill adhesives. Because epoxy underfills are cured in situ in flip chip semiconductor devices,
understanding their surface and interfacial structures is critical for understanding their adhesion to various substrates. Here, sum
frequency generation (SFG) vibrational spectroscopy was used to study surface and buried interfacial structures of twomodel epoxy
resins used as underfills in flip chip devices, bisphenol A digylcidyl ether (BADGE) and 1,4-butanediol diglycidyl ether (BDDGE).
The surface structures of these epoxies were compared before and after cure, and the orientations of their surface functional groups
were deduced to understand how surface structural changes during cure may affect adhesion properties. Further, the effect of
moisture exposure, a known cause of adhesion failure, on surface structures was studied. It was found that the BADGE surface
significantly restructured upon moisture exposure while the BDDGE surface did not, showing that BADGE adhesives may be more
prone to moisture-induced delamination. Lastly, although surface structure can give some insight into adhesion, buried interfacial
structures more directly correspond to adhesion properties of polymers. SFG was used to study buried interfaces between
deuterated polystyrene (d-PS) and the epoxies before and after moisture exposure. It was shown that moisture exposure acted to
disorder the buried interfaces, most likely due to swelling. These results correlated with lap shear adhesion testing showing a
decrease in adhesion strength after moisture exposure. The presented work showed that surface and interfacial structures can be
correlated to adhesive strength and may be helpful in understanding and designing optimized epoxy underfill adhesives.
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1. INTRODUCTION

Applications of flip-chip technology have greatly advanced the
semiconductor industry in recent years. However, flip-chip
devices require the use of an electronically insulating underfill
adhesive, which is generally made of epoxy resin. Bisphenol-type
epoxies are the most common material used as underfills, and
additives such as aliphatic epoxies, SiO2 and TiO2 particle fillers,
and silane adhesion promoters are often also included in
formulations.1�6 The epoxies used in underfills are generally
cured with primary amines, forming hydroxyl groups in the cured
network that can participate in hydrogen bonding.7

The success of flip-chip devices largely depends on the
underfill adhesive. The underfill adhesive comes into contact
with a variety of substrates in semiconductor devices, including
metals, semiconductors and polymeric passivation layers. If the
adhesion of the underfill adhesive fails at any of these interfaces,
the flip-chip device can fail.3,4,8�11 Thus, it is extremely impor-
tant to understand the adhesion of epoxies used as underfills.

The adhesion of epoxy underfills can fail for a variety of reasons.
One major cause is interfacial stress due to a mismatch of coef-
ficients of thermal expansion between the substrate and adhesive.
Because epoxies contact a variety of different adherends in flip-chip
devices, this can be a significant problem.8�11 Another major cause
of adhesion failure of underfill epoxy adhesives ismoisture exposure,
which causes swelling and deformation.3,4,10,12

Sum frequency generation (SFG) vibrational spectroscopy
has been developed into an analytical technique to study surfaces

and buried interfaces. As a nonlinear optical technique, SFG can
probe both surfaces and interfaces that are accessible to light.13�17

SFG allows one to detect the presence, coverage, chemical environ-
ment, orientation, and orientational ordering of surface or interfacial
species. SFG has been extensively used to characterize polymer
surfaces and interfaces including polymer surface structures in air
and in water, surface structures of polymer blends and copolymers,
polymer�liquid interfaces, solid�polymer interfaces, and poly-
mer�biomolecule interfaces.18�41

Because adhesion mechanisms largely depend on interfacial
structures and interactions, SFG is an ideal technique to study the
buried interfaces between epoxy underfill adhesives and sub-
strates in flip-chip devices. Further, SFG can be used to examine
the effect of moisture on surface and interfacial structures to
monitor for evidence of water-induced interfacial structural
changes.

In this study, SFG was used to investigate model compounds
for epoxy resins used as underfills in flip-chip devices. First,
surfaces of model bisphenol-type and aliphatic-type epoxy resins
were studied. Uncured and cured samples were investigated on
two different substrates to determine how substrate affects the
deposition of epoxy underfills. As discussed above, underfill
materials contact many different types of materials in flip-chip
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devices, and if the underfill material deposits differently on
different substrates, adhesion could be affected. By comparing
surface structures of uncured and cured epoxies, any changes
during the cure process that may impact adhesion can be
elucidated.

The effect of moisture exposure on cured epoxy surfaces was
also investigated with SFG. As described previously, moisture
exposure leads to delamination of epoxies. Anymoisture-induced
delamination mechanism could distort the epoxy surface struc-
ture, altering the ability of the epoxy to participate in adhesion
mechanisms. Understanding how moisture exposure changes
epoxy surface structure may provide further information about
how moisture diminishes epoxy adhesion. Lastly, buried inter-
faces between deuterated polystyrene (d-PS) and cured model
epoxies were investigated. The d-PS was chosen as a model
polymer surface because it was fully deuterated, avoiding any
spectral confusion with the epoxies. The effect of moisture
exposure on buried interfacial structures was investigated. Lap
shear adhesion testing was performed on analogous samples to
connect adhesion strength to buried interfacial structure.

2. EXPERIMENTAL SECTION

2.1. Materials. Bisphenol A digylcidyl ether (BADGE), 1,4-buta-
nediol diglycidyl ether (BDDGE), ethylene diamine (EDA) and poly-
styrene (PS, MV = 280 000) were purchased from Sigma-Aldrich, Inc.
Deuterated polystyrene (d-PS, MV = 207 500) was obtained from
Polymer Source, Inc. Deuterated polystyrene was used in SFG studies
to avoid spectral confusion in the C�H stretching region. All chemicals
were used as received.
2.2. Sample Preparation. Thin films of uncured BADGE and

BDDGE on fused silica substrates for both SFG and contact angle
goniometry analysis were prepared by diluting BADGE or BDDGE to
2 wt % solutions in chloroform (Sigma-Aldrich, Inc.). The diluted
solutions were spin-cast on fused silica windows (1-in diameter, 1/8-in
thickness, ESCO Products, Inc.) using a spin coater from Specialty
Coating Systems. The fused silica windows were cleaned by etching in
warm chromic acid solution prior to use. Thin films of uncured BADGE
and BDDGE on d-PS substrates for SFG and contact angle goniometry
analysis were prepared by first spin coating a 1 wt % d-PS solution in
toluene (Sigma-Aldrich, Inc.) onto fused silica windows that had been
cleaned by etching in warm chromic acid. The d-PS films were dried in
an oven for approximately 18 h at 120 �C and were cooled to room
temperature. Then, the 2 wt % solutions of BADGE or BDDGE in
chloroform were spin-cast on top of the d-PS film.

Thin films of cured BADGE and BDDGE were prepared for SFG
analysis by first mixing the BADGE or BDDGE and EDA curing agent in
a 2:1 molar ratio. The epoxy and curing agents were diluted to 2 wt %
solutions in chloroform. The dilute solutions were spin-cast on fused
silica windows that had been etched in warm chromic acid solution. The
samples were then cured in an oven for approximately 18 h at 80 �C and
were cooled to room temperature prior to analysis. For cured BADGE

and BDDGE samples that were exposed to moisture, the cured samples
were placed in deionized water for 18 h and dried prior to SFG analysis.

Buried interfaces of d-PS and cured BADGE or BDDGE for SFG
analysis were prepared as follows. Thin films of d-PS were prepared by
spin coating the 1 wt % solution of d-PS in toluene onto fused silica
windows that had been etched in chromic acid prior to sample
preparation. The d-PS films were dried in an oven at 120 �C for
approximately 18 h andwere allowed to cool. Then, BADGE or BDDGE
were mixed with the EDA curing agent in a 2:1 molar ratio. Thick layers
of the undiluted BADGE and EDA or BDDGE and EDA mixtures were
deposited onto the d-PS thin films. These buried interface samples were
cured in an oven at 80 �C for approximately 18 h and were cooled to
room temperature prior to SFG analysis. When exposed tomoisture, the
buried interface samples were placed in deionized water for 18 h and
were dried prior to SFG analysis.

Adhesion lap shear samples were prepared as follows. Glass micro-
scope slides (Fisher Scientific, Inc.) were cleaned by etching in warm
chromic acid solution. A thin film of PS was deposited on half the glass
slides by spin coating a 1 wt % PS solution in toluene on the slides. The
slides were dried in an oven at 120 �C for approximately 18 h and were
allowed to cool to room temperature. Cured BADGE and BDDGE were
prepared by mixing BADGE and BDDGE with the EDA curing agent in
a 2:1 molar ratio. Thick films of the BADGE/EDA or BDDGE/EDA
mixtures were applied to the d-PS films and a second glass slide was
placed on top of the BADGE/EDA or BDDGE/EDA thick film such
that there was a 1/2 cm bond length. The samples were cured in an oven
at 80 �C for approximately 18 h and were cooled to ambient temperature
prior to analysis. In lap shear testing, adhesion failure only occurred at
the PS/epoxy interface, not the glass/epoxy interface.

Structures of BADGE, BDDGE, and EDA are displayed in Figure 1.
3.3. SFG Experiments. The theory of SFG is well-developed and

has been detailed in the literature.13�17 Further, the experimental setup
used in these experiments has alaso been described in previous
publications.18,20,22�24 Briefly, the visible and infrared (IR) input beams
overlap spatially and temporally on the polymer surface, polymer/liquid
interface or the polymer/cured epoxy interface with input angles of 60
and 54�, respectively, and pulse energies of 200 and 100 μJ, respectively.
The beam diameters are approximately 500 μm. Prior results indicate
that SFG signals are dominated by polymer surface or interface with
negligible contribution from the polymer bulk or the polymer/substrate
interface. In this investigation, SFG spectra were obtained in the ssp
(s-polarized sum frequency output, s-polarized visible input and p-polarized
IR input), ppp, and sps polarization combinations.
3.4. SFGOrientation Analysis. SFG signal in the ssp polarization

combination can be used to probe χyyz
(2), and χyyz

(2) can be written as the
following:

χð2Þyyz ¼ χð2ÞR, yyz þ χð2ÞNR, yyz ¼ ∑
q

Aq, yyz
ωIR �ωq þ iΓq

þ χð2ÞNR, yyz ð1Þ

where χR,yyz
(2) is the resonant second-order nonlinear susceptibility

component, χNR,yyz
(2) is the nonresonant second order nonlinear suscept-

ibility component, and Aq,ωIR,ωq, and Γq are the strength of vibrational

Figure 1. Structures of compounds used in the study.
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mode q, the infrared frequency, the frequency of vibrational mode q, and
the damping constant of vibrational mode q, respectively.

The orientation of surface and/or interfacial functional groups can be
deduced by fitting SFG spectra obtained using different polarization
combinations of the input and output beams because of the relationship
between the second-order nonlinear susceptibility, χ(2), and the second-
order nonlinear polarizaibility, or hyperpolarizaibility, β(2) (we will use β
below in this article).

The methyl groups of BADGE can be considered part of an isopropyl
group. Here, a procedure first performed by Kataoka and Cremer42 was
used in which the entire (CH3)2C unit was treated as a single entity
rather than two separate methyl groups. The two methyl groups were
considered to have a fixed angle between them of 2R = 112�, and it was
assumed that the two methyl groups could rotate freely, leaving the
(CH3)2C group with quasi-C2v symmetry. As such, some nonvanishing
components of the second-order nonlinear susceptibility, χ(2) are

χyyz, sym ¼ Nðβaac � βcccÞfðcos R� cos3 RÞ
�ð5þ 3cos 2ψÞ � 2cos Rgðcos θ� cos3 θÞ
� 2ðcos R� cos3 RÞcos θþ 2Nβaaccos Rcos θ ð2Þ

χyzy, sym ¼ Nðβaac � βcccÞfðcos R� cos3 RÞ
�ð5þ 3cos 2ψÞðcos θ� cos3 θÞþ2cos Rcos θðcos2 Rþ cos2 θ� 2Þg

ð3Þ

χzzz, sym ¼ Nðβaac � βcccÞðcos R� cos2 RÞ½f2cos3 θ
� 3ð1þ cos 2ψÞðcos θ� cos3 θÞg � 2cos Rcos3 θ�

þ 2Nβaaccos Rcos θ ð4Þ

χyyz, asym ¼ Nβcaa½ðcos R� cos3 RÞf�2cos θ

þ 3ðcos θ� cos3 θÞð1þ cos 2ψÞg � 2cos3 Rðcos θ� cos3 θÞ�
ð5Þ

χyzy, asym ¼ Nβcaa½3ðcos R� cos3 RÞ � ðcos θ� cos3 θÞð1þ cos 2ψÞ
þ 2cos3 Rcos3 θ� ð6Þ

χzzz, asym ¼ 2Nβcaa½ðcos R� cos3 RÞf2cos θ
� 3ðcos θ� cos3 θÞð1þ cos 2ψÞg þ 2cos3 Rðcos θ� cos3 θÞ�

ð7Þ
where βaac, βcaa, and βccc are elements of the hyperpolarizability tensor
and N is the number density of the detected molecules. The angle R is a
constant of 56�. By detecting and fitting SFG signal in different
polarization combinations, ratios of the χ(2) elements can be calculated
and used to determine values of the tilt and twist angles, θ and ψ,
respectively. In the above equations, we assumed that both θandψ have
δ-angle distributions. Also in this study, the twist angle,ψ, was assumed
to have free rotation and thus was averaged. For these studies, the value
of βaac/βaac used was 3.4 and the ratio of χyyz,sym/χyzy,asym for the methyl
groups was used.42

To calculate the orientation of BDDGE methylene groups, we
performed a similar analysis for methylene groups. The nonvanishing
components of the second-order nonlinear susceptibility can be written
as the following:24,43�45

χyyz, sym ¼ 1
4
Nðβaac þ βbbc þ 2βcccÞ þ 2βccccos θ

þ 1
4
Nðβaac þ βbbc � 2βcccÞcos3 θ ð8Þ

χyzy, sym ¼ �1
4
Nðβaac þ βbbc � 2βcccÞðcos θ� cos3 θÞ � 0 ð9Þ

χzzz, sym ¼ 1
2
Nðβaac þ βbbcÞcos θ� 1

2
Nðβaac þ βbbc � 2βcccÞcos3 θ

ð10Þ

χyyz, asym ¼ �1
2
Nβcaaðcos θ� cos3 θÞ ð11Þ

χyzy, asym ¼ �1
2
Nβcaacos

3 θ ð12Þ

χzzz, asym ¼ Nβcaaðcos θ� cos3 θÞ ð13Þ
where βaac, βbbc, βccc, and βcaa are elements of the hyperpolarizability
tensor and N is the number density of the detected molecules. In the
current study, as the study above of BADGE methyl groups, a
δ-distribution of methylene groups was assumed.

Like the methyl group orientation analysis described above, the
orientation of methylene groups can be determined by fitting SFG
spectra obtained using different polarization combinations of the input
and output beams to determine elements of the second-order nonlinear
susceptibility. Ratios of the χ(2) elements can then be used to determine
orientation angle, θ. Here, the ratio χyyz,sym/χyzy,asym was used with a
βccc/βaac value of 0.14.

45

The orientation of the phenyl groups of BADGE can also be
determined using similar analysis. The phenyl groups of BADGE are
para-substituted, and therefore can be thought to have local C2v

symmetry. If it is assumed that the BADGE surface is azimuthally
isotropic, two angles must be considered: the tilt angle (θ) and the twist
angle (ψ). Like the methyl group analysis, we assumed that the twist
angle ψ has free rotation and therefore was averaged.

The components of the second order nonlinear susceptibility, χ(2)

can be written as the following for the A1 and B1 irreducible
representations46�49

χyyz,A1 ¼ Ns

8
½ βaac,A1cos θð3þ cos 2θ� 2sin2 θcos 2ψÞ

þ βbbc,A1cos θð3þ cos 2θþ 2sin2 θcos 2ψÞ þ βccc,A1ðcos θ� cos 3θÞ�
ð14Þ

χyzy,A1 ¼ Ns

16
½ � βaac,A1ðcos θ� cos 3θÞð1þ cos 2ψÞ

� βbbc,A1ðcos θ� cos 3θÞð1� cos 2ψÞ þ 2βccc,A1ðcos θ� cos 3θÞ�
ð15Þ

χyyz, B1 ¼ �Ns

8
βaca, B1ðcos θ� cos 3θÞð1þ cos 2ψÞ ð16Þ

χyzy,B1 ¼ Ns

8
βaca, B1½4cos θ� ðcos θ� cos 3θÞð1þ cos 2ψÞ� ð17Þ

The A1 irreducible representation consists of the ν2 and ν20a phenyl
modes while the B1 irreducible representation consists of the ν7b and the
ν20b phenyl modes. Using the bond additivity approach, ratios of the
nonzero β terms can be determined to be the following for para-
substituted phenyl rings:43,44,49,50

βccc, ν2
βaac, ν2

¼ 0:69,
βbbc, ν2
βaac, ν2

¼ 0:04,
βaca, ν7b
βaac, ν2

¼ 0:47

The only mode observed in SFG spectra of BADGE was the ν2 mode
at 3060 cm�1. For this mode, the appropriate χ ratio was calculated to be



1643 dx.doi.org/10.1021/am2001899 |ACS Appl. Mater. Interfaces 2011, 3, 1640–1651

ACS Applied Materials & Interfaces RESEARCH ARTICLE

the following:

χyyz, ν2
χyzy, ν2

¼ 25:4cos θ� cos 3θ� 11:3cos θsin2 θcos 2φ
ðcos θ� cos 3θÞð1� 2:82cos 2φÞ ð18Þ

3.5. Contact Angle Goniometry Experiments. Static water
contact angle goniometry measurements were performed using a CAM
100 Optical Contact Meter (KSV Instruments) contact angle goni-
ometer. Samples of uncured BADGE and uncured BDDGE on fused
silica and d-PS substrates were studied. Eight measurements were
performed for each sample.
3.6. Lap Shear Adhesion Testing Experiments. Lap shear

adhesion tests were performed using an Instron 5544 Mechanical
Testing System. Lap shear tests were performed using ASTM Interna-
tional Standard D3163_01 on cured BADGE before and after moisture
exposure and cured BDDGE before moisture exposure. Ten samples of
BADGE and BDDGE were tested for each set of adhesion tests.

3. RESULTS AND DISCUSSION

3.1. SFG and Contact Angle Goniometry Studies of Un-
cured BADGE and BDDGE on Fused Silica and d-PS

Substrates. As discussed in the Introduction, epoxies used as
underfills in flip-chip devices are deposited into the devices prior
to cure, and come into contact with a variety of substrates in the
devices. If the epoxies used as underfills deposit differently on
different substrates, their surface structures may be altered,
affecting how the epoxies adhere to other materials in flip-chip
devices. In this study, thin films of uncured BADGE and BDDGE
were deposited on fused silica and d-PS substrates. As stated in
the Introduction, d-PS was used as a model polymer for poly-
meric passivation layers used in flip-chip devices.
Figures 2 and 3 show fitted SFG spectra of uncured BADGE

on fused silica and d-PS, respectively. Further, Tables 1 and 2
show the fitting parameters used. The peak assignments in
the C�H stretching frequency region have been widely
reported.16,36,46,51�53 The SFG ssp spectrum of uncured
BADGE on fused silica was dominated by symmetric and
asymmetric methyl stretches at 2875 and 2970 cm�1, respec-
tively. There were also symmetric and asymmetric methylene
stretches at 2855 and 2912 cm�1, respectively, a Fermi resonance
(FR) at 2940 cm�1, and phenyl C�H stretching at 3060 cm�1.

Figure 2. Left: SFG spectra of uncured BADGE on fused silica in ssp (squares) and sps (circles). Solid lines are spectral fits. Right: Schematic showing
that BADGE surface methyl groups tilt at 15� vs the surface normal.

Figure 3. Left: SFG spectra of uncured BADGE on d-PS in ssp (squares) and sps (circles). Solid lines are spectral fits. Right: Schematic showing that
BADGE surface methyl groups tilt at 69� vs the surface normal.
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For both cases, the sps spectra were dominated by the asym-
metric methyl stretch at 2965 cm�1 and weak phenyl signal at
3055 cm�1. On d-PS, the uncured BADGE signal was dominated
by symmetric methyl signal at 2875 cm�1. Other peaks were the
symmetric and asymmetric methylene stretches at 2855 and
2920 cm�1, respectively, a Fermi Resonance at 2938 cm�1 and a
phenyl stretch at 3060 cm�1. Also interestingly, signal at
2995 cm�1 was observed when the uncured BADGE was
deposited on d-PS, and attributed to the symmetric stretch of
the epoxy ring.54 The surface epoxy rings stood up when BADGE
was deposited on d-PS. However, epoxy rings were either not
present on the surface or laid down on the surface when BADGE
was deposited on fused silica.
The spectra were fit according to eq 1 and the ratio of χyyz,sym/

χyzy,asym was calculated for surface methyl groups of uncured
BADGE on fused silica and d-PS. Orientation analysis of the
surface methyl groups was performed according to the procedure
described previously. Assuming a δ-distribution of angles, it was
found that on fused silica, the surface methyl groups of uncured
BADGE exhibited a 15� angle with respect to the surface normal
while on d-PS, the surface methyl groups of uncured BADGE
exhibited a 69� angle with respect to the surface normal. There-
fore, the orientation of the uncured BADGE methyl groups
changed significantly with substrate. On the hydrophilic fused
silica surface, the methyl groups stood up, whereas on the
hydrophobic d-PS surface, the methyl groups laid down more.
Further, the epoxy groups stood up on the d-PS surface, whereas
they did not on the fused silica surface.
The ssp SFG spectra of uncured BDDGE on fused silica and of

uncured BDDGE on d-PS are shown in Figures 4 and 5,
respectively. Also, Tables 3 and 4 show the spectral fitting
parameters. When deposited on fused silica, the uncured
BDDGE surface ssp spectrum was dominated by peaks at 2855
and 2915 cm�1, corresponding to the symmetric and asymmetric
methylene stretches, respectively. Further, an unassigned peak
was observed at 2830 cm�1, a Fermi Resonance was observed at
2935 cm�1, and the symmetric epoxy stretch was observed at
3000 cm�1. This indicated that in addition to the methylene
groups, the epoxy groups were also present and ordered at the
surface. When deposited on d-PS, the ssp spectrum of BDDGE
was very similar. The spectrum was dominated by the symmetric

and asymmetric methylene stretches at 2855 and 2915 cm�1,
respectively. There was also the unassigned signal at 2830 cm�1,
Fermi resonance signal at 2935 cm�1, and symmetric epoxy
stretching at 3000 cm�1. Therefore, from observing the SFG
spectra, it appeared that the BDDGE surface was largely un-
affected by substrate.
The orientation of the surface uncured BDDGE methylene

groups on fused silica and d-PS was deduced using the fitting
parameters and procedure detailed earlier, using the ratio ofχyyz,
sym/χyzy,asym. On fused silica, assuming a δ-distribution of methy-
lene orientation angles, the surface BDDGE methylene groups
was found to have an orientation angle of 29� with respect to the
surface normal. Likewise, on d-PS, the surface uncured BDDGE
methylene groups were also determined to have an orientation
angle of 29� with respect to the surface normal. That is, the
orientation of the uncured BDDGE surface methylene groups
was unaffected by substrate.
The BADGE surface structures were significantly altered by

deposition on the two different substrates, while the BDDGE
surface structures were largely unaffected by substrate. Specifi-
cally, the BADGE methyl orientation and the BADGE epoxy
orientation were different on the different substrates. The
BDDGE surface methylene orientation was largely unchanged
by substrate, and the epoxy groups were present at the BDDGE
surface on both substrates. Perhaps specific interactions between
the aromatic rings in BADGE and the surface aromatic groups of
d-PS caused the BADGE to orient differently when deposited on
that substrate, while such interactions did not occur between
BDDGE and d-PS because there were no aromatic groups in
BDDGE to interact with the d-PS.
The static water contact angle goniometry measurements for

uncured BADGE and BDDGE on fused silica and d-PS substrates
are reported in Table 5. The BADGE water contact angle was
different on the fused silica and d-PS substrates. This agreed with
SFG results showing that interactions between BADGE and d-PS
may have caused the BADGE to deposit differently on that
substrate. Conversely, the water contact angle for BDDGE was
not significantly different on the fused silica and d-PS substrates,
showing that the surface was not significantly altered by substrate.
To summarize, SFG and contact angle goniometry studies of

uncured BADGE and BDDGE on fused silica and d-PS substrates
showed that the bisphenol-type epoxy deposited differently on
the fused silica and d-PS substrates. The BDDGE surface struc-
tures were not significantly affected by substrate. BADGE
molecules contain aromatic groups, which may interact with
PS surface phenyl groups more favorably compared to the fused
silica surface; therefore BADGE exhibited different surface
structures deposited on d-PS and fused silica. Specifically, the
BADGE surface methyl orientation was affected by substrate.
Also, the BADGE epoxy groups stood up when deposited on
d-PS, while these groups either laid down or were not present on
the surface when BADGE was deposited on fused silica.

Table 1. Fitting Parameters for ssp Spectrum of Uncured BADGE on Fused Silica

ssp sps

frequency 2855 2875 2912 2940 2970 3060 2965 3055

strength 19.0 33.8 �20.2 46.0 �45.0 13.6 17.2 4.27

width 10.2 7.86 5.05 12.0 14.4 9.6 8.65 9.76

assignment CH2 sym CH3 sym CH2 asym FR CH3 asym phenyl CH3 as phenyl

Table 2. Fitting Parameters Used for ssp and sps Spectrum of
Uncured BADGE on d-PS

ssp sps

frequency 2855 2875 2920 2938 2994 3060 2965

strength �8.00 11.7 32.9 13.0 16.5 11.5 9.49

width 15.0 8.33 14.7 11.5 13.2 13.1 7.00

assignment CH2 sym CH3 sym CH2 asym FR epoxy sym phenyl CH3 as
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Conversely, BDDGE molecules do not contain aromatic groups
and therefore may have similar interactions with d-PS and fused
silica, so the surface structures were largely unaffected by

substrate. Often, specific epoxy underfill surface structures are
required for adhesion mechanisms to occur, and if the epoxy
surface structures are changed because of the substrate, adhesion
can be diminished. Therefore, the effect of the various substrates
encountered by underfills in flip-chip devices needs to be
considered when designing underfill materials.
3.2. SFG Studies of Cured Epoxy Surfaces and the Effect of

Moisture Exposure on Cured Epoxy Surface Structures.
Epoxies used as underfills are cured in situ in the flip-chip device.
Thus, any surface structural changes that occur during the cure
process can impact the adhesion of underfills to the various

Figure 4. Left: SFG spectrum of uncured BDDGE on fused silica in ssp (circles). Solid line is spectral fit. Right: Schematic showing that BDDGE surface
methylene groups tilt at 29� vs the surface normal.

Figure 5. Left: SFG spectrum of uncured BDDGE on d-PS in ssp (circles). Solid line is spectral fit. Right: Schematic showing that BDDGE surface
methylene groups tilt at 29� vs the surface normal.

Table 3. Fitting Parameters Used for ssp Spectrum of
Uncured BDDGE on Fused Silica

frequency 2830 2855 2915 2935 3000

strength 13.8 40.6 �39.1 60.7 15.5

width 10.0 13.4 7.92 15.0 8.44

assignment CH2 sym CH2 asym FR epoxy sym

Table 4. Fitting Parameters Used for ssp Spectrum of
Uncured BDDGE on d-PS

frequency 2830 2855 2915 2935 3000

strength 10.2 49.2 �76.5 71.2 22.5

width 8.65 15.0 13.3 15.0 8.54

assignment CH2 sym CH2 asym FR epoxy sym

Table 5. Static Water Contact Angle Goniometry Results for
Uncured BADGE and BDDGEDeposited on Fused Silica and
d-PS Substrates

BADGE angle

(deg)

BDDGE angle

(deg)

water contact angle with fused silica substrate 47.8( 11.5 30.3( 1.5

water contact angle with d-PS substrate 79.0( 5.6 21.3( 7.7
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substrates in flip-chip devices. For example, if the surface
structure of an uncured epoxy allows a specific adhesion mechan-
ism to occur, any change in that surface structure after the cure
process would diminish the ability of the epoxy to participate in
that mechanism. Here, SFG was used to probe the surface
structures of BADGE and BDDGE surfaces after they were
cured with EDA. Further, the effect of moisture exposure on
the surface structures of the two epoxies was investigated.
Moisture exposure is known to cause delamination of epoxies.
Studying how surface structures of cured epoxies are affected by
moisture exposure can help further explain how moisture ex-
posure affects epoxy adhesion.
Figure 6 shows SFG spectra of BADGE after it was cured.

Table 6 show the fitting parameters used for the ssp and sps SFG
spectra. From observing the spectra, it is apparent they were
different than those of the uncured BADGE. The ssp spectrum
has peaks at 2855 cm�1 and 2915 cm�1, corresponding to the
symmetric and asymmetric methylene stretches, respectively.
Further, there are peaks at 2870 and 2970 cm�1 from the
symmetric and asymmetric methyl stretches. There is also Fermi
resonance signal at 2940 cm�1, phenyl stretching signal at
3062 cm�1, and symmetric epoxy stretching at 3000 cm�1.
The signal at 3000 cm�1 indicated that the sample was not
completely cured. However, the signal at 3000 cm�1 was quite
weak and indicated that only a very small amount of uncured
epoxy remained. In the sps polarization combination, signal was
observed at 2965 cm�1, corresponding to the asymmetric methyl
stretch and at 3055 cm�1, corresponding to a phenyl stretch.
The SFG spectra were fit according to eq 1, and orientation

analysis of the surface methyl groups was performed. The ratio of
χyyz,sym/χyzy,asym was calculated and the angle of the methyl

groups with respect to the surface normal was deduced,
assuming a δ-distribution of methyl angles. It was calculated that
the cured BADGE surface methyl groups were at a 31� angle with
respect to the surface normal. Interestingly, this orientation was
different than that of the uncured BADGE methyl groups on
either fused silica or d-PS, indicating that the surface methyl
groups reoriented during the cure process.
Figure 7 shows SFG spectra of cured BADGE after moisture

exposure, and Table 7 shows the fitting parameters used for the
ssp and sps spectra. After moisture exposure, the ssp spectrum
contained peaks at 2869 and 2965 cm�1, corresponding to the
symmetric and asymmetric methyl stretches, respectively.
Further, peaks were observed at 2912 cm�1, from the asymmetric
methylene stretch, 2940 cm�1 from a Fermi resonance,
3000 cm�1 from the epoxy symmetric stretch, and 3060 cm�1

from phenyl stretching. Interestingly, after moisture exposure,
the phenyl signal was much stronger than it was before moisture
exposure. Therefore, moisture exposure caused the phenyl
groups to reorient such that they were standing up more. A
similar phenomenon was observed using SFG for a phenolic
resin. In the phenolic resin study, it was believed that water
formed hydrogen bonds with the oxygen atoms near the aromatic
rings, dragging the aromatic rings toward the surface normal.47

This surface restructuring could diminish adhesion if the struc-
ture after moisture exposure was not favorable for adhesion
mechanisms. The sps spectrum was dominated by signal at
2965 cm�1 from the methyl asymmetric stretch and weaker
signal at 3055 cm�1 from a phenyl stretch.
The spectra were fit according to eq 1, and the ratio of χyyz,sym/

χyzy,asym for the surface methyl groups was calculated after
moisture exposure. When orientation analysis was performed,

Figure 6. Left: SFG spectra of cured BADGE in ssp (squares) and sps (circles). Solid lines are spectral fits. Right: Schematic showing that BADGE
surface methyl groups tilt at 31� vs the surface normal.

Table 6. Fitting Parameters Used for ssp and sps Spectrum of Cured BADGE

ssp sps

frequency 2855 2870 2915 2940 2970 3000 3062 2965 3055

strength 1.78 41.5 �34.6 3.11 �3.27 11.9 5.78 18.8 4.86

width 15.0 15.0 14.5 4.52 4.24 13.7 7.64 10.0 6.66

assignment CH2 sym CH3 sym CH2 asym FR CH3 asym epoxy sym phenyl CH3 as phenyl
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assuming a δ-distribution of surface methyl orientation, the
surface methyl groups were found to be at a 47� angle with
respect to the surface normal. This showed that the surface
methyl groups laid down more after being exposed to moisture.
This change in surface orientation could affect adhesion proper-
ties after moisture exposure. The ratio of χyyz,ν2/χyzy,ν2for the
phenyl ν2 stretches were also calculated using the fitting para-
meters from the cured BADGE and from the cured BADGE after
moisture exposure. The ratio for cured BADGE before moisture
exposure was 1.04 while the ratio for cured BADGE after
moisture exposure was 2.27. We attempted to perform the
phenyl orientation analysis. However, the ratios from the experi-
mental results were out of the range of the calculated orientation.
This indicates that twist angle is not random and cannot be
averaged.51 The one measurement obtained with SFG is not
enough for the accurate determination of the twist angle and tilt
angle at the same time, and thus we cannot provide a detailed,
quantitative description of the phenyl group orientation here.
The SFG spectrum of cured BDDGE is shown in Figure 8, and

its fitting parameters are shown in Table 8. The cured BDDGE
ssp spectrum was dominated by symmetric and asymmetric
methylene stretching at 2855 and 2915 cm�1. There was also
unassigned signal at 2830 cm�1 and Fermi resonance signal at

2935 cm�1. Of note, the peak at 3000 cm�1 was absent after cure,
indicating that the BDDGE surface was largely cured.
Spectral fitting and orientation analysis was performed by

calculating the ratio ofχyyz,sym/χyzy,asym for the surface methylene
groups and using this ratio to determine the angle of the
methylene groups with respect to the surface normal, assuming
a δ-distribution. Here, the orientation angle of the methylene
groups was calculated to be 28�. This was nearly identical to the
methylene orientation calculated for uncured BDDGE, showing
that the BDDGE methylene structure did not change signifi-
cantly after the system was cured.
Lastly, the cured BDDGE thin films were exposed to moisture,

and this spectrum and its fit are shown in Figure 9 and the fit
parameters are seen in Table 9. After moisture exposure, the
cured BDDGE surface was still dominated by symmetric and
asymmetric methylene stretches at 2855 and 2915 cm�1, respec-
tively, as well as an unassigned peak at 2830 cm�1.
Spectral fitting and orientation analysis of the BDDGE meth-

ylene groups revealed that after moisture exposure, the BDDGE
methylene groups exhibited a 28� angle with respect to the
surface normal. This orientation angle is nearly the same as
the cured and uncured BDDGE. Therefore, BDDGE methylene
orientation was largely unaffected by curing and by moisture
exposure.
The studies of cured BADGE and BDDGE showed that the

surface structures of epoxies can change with cure. The orienta-
tion of the BADGE surface methyl groups changed with cure.
The spectra of the cured BDDGE surface showed evidence of the
curing reaction occurring at the surface, because the epoxy ring
signal disappeared. However, the orientation of the BDDGE
methylene groups did not change significantly with cure. These
studies demonstrated that SFG can be used to monitor surface
cure reactions and cure-induced structural changes that may
affect the adhesion of underfills in flip-chip devices.
Further, these studies demonstrated the effect of moisture

exposure on cured epoxy surfaces. Understanding how moisture
affects epoxy surfaces is of great importance because moisture
exposure can cause adhesion failure. While the BDDGE sur-
face structure did not significantly change after moisture exposure,
the BADGE surface did restructure, in that the methyl orienta-
tion changed and the phenyl groups reordered toward the surface

Table 7. Fitting Parameters Used for ssp and sps Spectrum of
Cured BADGE after moisture exposure

ssp

frequency 2869 2912 2940 2965 3000 3060

strength 46.7 61.8 16.0 �39.3 26.4 24.3

width 12.4 15.0 12.0 9.28 15.0 11.9

assignment CH3 sym CH2 asym FR CH3 asym epoxy sym phenyl

ssp

frequency 2965 3055

strength 30.6 10.8

width 10.5 12.0

assignment CH3 as phenyl

Figure 7. Left: SFG spectra of cured BADGE after moisture exposure in ssp (squares) and sps (circles). Solid lines are spectral fits. Right: Schematic
showing that BADGE surface methyl groups tilt at 47� vs the surface normal.
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normal. The restructuring of the BADGE surface with moisture
exposure could affect how it could participate in adhesionmecha-
nisms and needs to be considered when formulating underfills.
3. SFG and Lap Shear Adhesion Testing Studies of the

Buried Interfaces Between d-PS and Cured Epoxies and the
Effect of Moisture Exposure on the Buried Interfaces Be-
tween d-PS and Cured Epoxies.While the earlier studies were
important in developing a fundamental understanding of the
surface structures of BADGE and BDDGE, they were not
sufficient to understand the adhesion of epoxies used as underfills
in flip-chip devices. Interfacial mechanisms between adhesive and
adherend largely define adhesion, so the buried interfacial
structures between the two materials need to be understood.
These buried interfacial structures can be different from the
adhesive surface structures due to interactions with the adherend.
Here, studies of the buried interfacial structures between d-PS

thin films and thick cured BADGE or BDDGE films were
investigated with SFG. Before that research, SFG studies were
conducted of the buried interfaces between d-PS thin films and
thick uncured BADGE or BDDGE films. However, no SFG
signal was observed for any of these buried interfaces (not
shown). It was concluded that the buried interfaces between
d-PS and uncured BADGE and BDDGE were disordered. That
is, the uncured BADGE and BDDGE adopted random interfacial
structures.
The effect of moisture on the d-PS/cured BADGE and d-PS/

cured BDDGE interfaces was also investigated. SFG spectra of
the buried interfaces were obtained after moisture exposure to
determine if and how moisture affects any ordered buried
interfacial structures at the d-PS/cured epoxy interface. Any
moisture-induced changes in buried interfacial structure may
help to further explain why moisture causes epoxy underfill
delaminanation in flip-chip devices.

Lastly, lap shear adhesion testing was performed on PS/cured
epoxy interfaces to determine how moisture exposure affected the
adhesion strength between PS and the epoxies. Adhesion strength,
asmeasured by the adhesion strength inMPa for lap-shear adhesion,
was correlated to buried interfacial structure of the epoxies.
Figure 10 shows SFG spectra in the ssp polarization combina-

tion of the d-PS/cured BADGE buried interface before and after
moisture exposure. In Figure 10, in the spectrum with closed
circles, weak signal between 2910 and 2940 cm�1 can be
attributed to methylene signal from the d-PS/cured BADGE
buried interface. Unlike the uncured BADGE, the cured BADGE
appeared to have some orientational order at the buried d-PS
interface. However, the signal decreased after the d-PS/cured
BADGE buried interface was exposed to moisture , as seen in the
spectrum with the open circles. Because of moisture absorption,
the buried interface became deformed and the interfacial orienta-
tional order of the BADGE was lost. This was most likely due to
moisture-induced swelling of the epoxy.
Figure 11 shows ssp SFG spectra of the d-PS/cured BDDGE

buried interface before and after moisture exposure. Prior to
moisture exposure, signal at 2850 cm�1 was attributed to the
methylene symmetric stretch of the BDDGE at the buried
interface. While the uncured BDDGE did not order at the
d-PS buried interface, after the cure process, the cured BDDGE
did exhibit some interfacial ordering, showing interfacial struc-
tural changes during the cure process. This interfacial ordering
may contribute to adhesion. Further, after the d-PS/cured
BDDGE buried interface was exposed to moisture, the sym-
metric methylene signal decreased significantly. Like the d-PS/
cured BADGE interface, moisture exposure caused the buried
interface to become disordered, most likely because swelling
deformed the epoxy.
The lap-shear adhesion testing results are shown in Table 10.

After cure, both the BADGE and BDDGE showed adhesion to
PS, as measured by the adhesion strength in MPa for lap-shear
adhesion. The adhesion correlated to more ordered buried
interfacial structures. It is possible that the buried interfacial
orientational ordering of the epoxies promoted stronger adhe-
sion. After moisture exposure, the adhesion decreased for both
epoxies. The BDDGE adhesion strength decreased to negligible
amountswhile theBADGEadhesion strength decreased significantly

Figure 8. Left: SFG spectrum of cured BDDGE in ssp (circles). Solid line is spectral fit. Right: Schematic showing that BDDGE surface methylene
groups tilt at 28� vs the surface normal.

Table 8. Fitting Parameters Used for ssp spectrum of cured
BDDGE

frequency 2830 2855 2915 2935

strength 16.92 24.51 �22.93 20.42

width 15 11.04 10.62 15

assignment CH2 sym CH2 asym FR
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as well. This correlated to the loss of buried interfacial ordering of
the epoxies seen after moisture exposure.
To summarize, buried interfaces between d-PS and the epoxies

were probed with SFG. It was found that the uncured epoxies
formed disordered interfaces with d-PS and therefore did not
yield SFG signal. However, SFG spectra of the cured samples
including both BADGE and BDDGE showed evidence of the
epoxy methylene groups ordering at the buried interface. The
formation of ordered buried interfaces was correlated to improved
adhesion via lap shear tests. Additionally, moisture exposure was

shown to decrease the order of the buried d-PS/cured epoxy
interfaces, and this was correlated to decreased lap shear adhesion.

4. CONCLUSIONS

Developing an understanding of the adhesion of underfills in
flip-chip devices is critical for designing improved underfill
formulations to maximize flip-chip device performance. In these
studies, SFG was used to study the surface structures of uncured

Figure 9. Left: SFG spectrum of cured BDDGE after moisture exposure in ssp (circles). Solid line is spectral fit. Right: Schematic showing that surface
methylene groups tilt at 28� vs the surface normal.

Table 9. Fitting Parameters Used for ssp Spectrum of Cured
BDDGE after Moisture Exposure

frequency 2830 2855 2915

strength 7.83 73.3 �54.6

width 10.8 15.0 13.0

assignment CH2 sym CH2 asym

Figure 10. SFG spectra (ssp) of d-PS/cured BADGE buried interface
before moisture exposure (closed circles) and after moisture exposure
(open circles).

Figure 11. SFG spectra (ssp) of d-PS/cured BDDGE buried interface
before moisture exposure (black circles) and after moisture exposure
(open circles).

Table 10. Lap Shear Adhesion Testing Results from the
d-PS/BADGE and d-PS/BDDGE Interfacesa

BADGE/PS

interfaces (MPa)

BDDGE/PS

interfaces (MPa)

cured 4.47( 0.45 3.08 ( 0.57

cured after water exposure 3.45( 0.53 n/a
aNote n/a refers to an interface with negligible adhesion.
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and cured epoxies used as underfills, as well as the buried
interfaces between a model polymer and the underfill epoxies.
It was found that an uncured bisphenol-type epoxy deposited
differently on fused silica and polymeric substrates while an
aliphatic-type epoxy did not. When epoxy-based underfills are
deposited into flip-chip devices prior to cure, the underfill
material comes into contact with a variety of substrates, and
needs to be accounted for when designing underfill formulations.

Further, it was shown that the epoxy surface structures
changed after they were cured. This has important implications
for underfill design. Underfills are cured in situ in flip-chip
devices. If specific surface structures are needed for the epoxy
underfill to participate in specific adhesion mechanisms, any
change in epoxy underfill surface structure during cure would
affect adhesion, and needs to be understood. The effect of
moisture exposure on epoxy surfaces was also investigated, and
it was found that moisture caused surface reorientation of
bisphenol-type epoxies but not aliphatic-type epoxies. Because
moisture is known to cause delamination of epoxy underfills in
flip-chip devices, it was important to determine how moisture
exposure affected epoxy surface structure.

Lastly, the studies were expanded to buried interfaces between
d-PS and the epoxies both before and after moisture exposure to
better understand the structures at adhesive interfaces. It was
shown that buried interfaces between d-PS and uncured epoxies
were disordered. However, the buried interfaces between d-PS
and cured epoxies did exhibit BADGE and BDDGE methylene
ordering, and these interfaces adhered. Interfacial molecular
ordering of the epoxy methylene backbones may be necessary
for an adhesion mechanism to occur. Further, after moisture
exposure, the interfacial epoxy ordering decreased, and adhesion
strength diminished, most likely due to swelling-induced epoxy
deformation.

This work explored surface and buried interfacial structures of
epoxies used as underfills in flip-chip technology. It was shown
that surface and buried interfacial structures could be correlated
to adhesion strength, which could aid in the design of optimized
underfills for flip-chip devices.
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