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Process optimization of BCB polymer to silicon oxide bonding was investigated. The suitable bonding
temperature is about 300 �C, while bond failure of BCB-to-oxide bonding is observed starting from
400 �C. Bonding interface morphologies and bond strengths of BCB-to-oxide bonding were investigated
as well. PECVD oxide to BCB bonding has better bonding quality than that of thermal oxide to BCB bond-
ing. Si–O–Si bonds may be the reason of a strong BCB to oxide bonding. Water molecules link BCB and
oxide surfaces during the initial contact, while Si–O–Si bonds are formed during bonding. This proposed
mechanism of BCB-to-oxide bonding provides a guideline for polymer to oxide hybrid bonding technol-
ogy in 3D integration.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Three-dimensional integrated circuit (3D IC) is a promising solu-
tion for decreasing the total global interconnect length that can lim-
it IC performance. It refers to multiple conventional device layers/
chips/wafers may be stacked vertically and electrically intercon-
nected [1]. Based on current research and future outlook, 3D IC
has the potential to dramatically enhance chip performance, func-
tionality, and device packing density in integrated circuits (ICs)
and micro electro mechanical systems (MEMS) applications [2].

Bonding technology is one of the key technologies in 3D IC. Bond-
ing process in 3D integration can be performed for the structure
enhancement by oxide or polymer bonding, or the electrical connec-
tion by metal bonding. In order to maximize the advantages of both
bonding techniques, hybrid bonding, metal-to-metal bonding and
oxide-to-oxide (or polymer-to-polymer) bonding, becomes a prom-
ising bonding technology in 3D IC [1,3]. It can provide a strong
mechanical attachment and reduce the steps in the fabrication pro-
cess. Among material usage for hybrid bonding, oxide-to-polymer
bonding is a new concept in 3D IC without detailed studies.

In the choice of polymer material to bond with oxide, BCB
seems a good candidate for hybrid bonding because of its excellent
physical properties such as low dielectric constant, low moisture
absorption, low cure temperature, high degree of planarization,
low level of ionic contaminants, high optical clarity, good thermal
stability, excellent chemical resistance, and good compatibility
with various metallization systems [4,5]. The monomer structure
of BCB is shown in Fig. 1 [6]. In this research, we investigated the
process optimization and studied the bonding mechanism of
BCB-to-oxide hybrid bonding for 3D IC applications.
ll rights reserved.
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2. Experimental

In this research, three groups of materials, 2 lm thermal oxide
layer, 2 lm PECVD oxide layer, and 3 lm BCB polymer layer, were
deposited and coated on Si wafers, respectively. All wafers with
oxide and BCB layers were diced into 1.0 cm � 0.7 cm samples.
Oxide and BCB samples were then stacked face-to-face by ther-
mal-compression bonding. Based on oxide bonding mechanism
[7], two flat, clean and smooth wafer surfaces are brought into con-
tact and form bonds (Van der Waals bonds, covalent bonds, etc.). To
form Van der Waals bonds or covalent bonds, the distance of two
opposing surfaces must be less than 0.3–0.5 nm [7]. During the
BCB-to-oxide bonding, the high bonding temperature would
change BCB (thermal-setting epoxy) from solid phase to semi-
liquid phase [8]. This deformation may bring two material surfaces
in sufficient close contact and achieve bonding.

The surface contaminants may reduce the degree of the contact
between two surfaces. Therefore, surface preparations are the key
parameters for the bonding. To remove particles and impurities at-
tached on the surface, all wafers received a 30 min DI water rinse
plus spin dried. Then the oxide samples (the first and second
groups) were dipped in DHF for 10 s to remove the native oxide
followed by another 30 min DI water rinse and spin dried.

After surface preparation, PECVD oxide and thermal oxide
samples were bonded directly to BCB samples (face-to-face),
respectively, at 200 �C, 250 �C, 300 �C, 350 �C, and 400 �C for
30 min and 50 min. The bonding ambient was N2 or atmosphere.
All the bonding experiments were under a 50 N bonding force.
After bonding, the bonding quality and bond strength between
BCB and PECVD/thermal oxide were examined using razor test
and pulling test, respectively. The two surfaces of bonded samples
after razor/pulling test and bonded interfaces were analyzed by
optical microscope and scanning electron microscope.
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Fig. 1. BCB monomer chemical structure [6].
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3. Morphology investigations

Fig. 2a–c shows images of BCB surfaces after thermo-compres-
sional bonding process. The corresponding bonding conditions
are (a) BCB to thermal oxide bonding at 200 �C for 30 min; (b)
BCB to PECVD oxide bonding at 200 �C for 30 min; and (c) BCB to
PECVD oxide bonding at 400 �C for 30 min. BCB surfaces were
investigated by debonding the samples. In Fig. 2a, the BCB surface
after bonding with thermal oxide at 200 �C/30 min has no promi-
nent changes. It indicates that the BCB surface seems not interact
with the thermal oxide surface at this bonding condition. The
BCB surface after bonding with PECVD oxide at 200 �C/30 min,
which failed the razor test, clustered into many of lumps, as shown
in Fig. 2b. This phenomenon may represent that the BCB surface
began to bond with the oxide surface. Comparing the surface mor-
phologies in Fig. 2a and b, it is apparent that the change of PECVD
to BCB bonding surface is more prominent than that of thermal to
BCB bonding surface. Therefore, it is implied that ‘‘PECVD oxide to
BCB bonding’’ is more easily bonded than ‘‘thermal oxide to BCB
bonding’’ under the same bonding condition.

Fig. 2c shows the BCB surface after PECVD oxide to BCB bonding
at 400 �C for 30 min. The BCB surface also shows the similar lumps
in Fig. 2b. In addition, a peeling phenomenon is observed in the
upper right corner of this image. This peeling area indicates that
two surfaces in this area are already bonded and could not separate
by the razor. In addition, the change in BCB surface color1 (dark
brown) shows the BCB chemical structure has been changed at
400 �C. Dark brown color and the less robust structure are the evi-
dences that the bonding may fail under this bonding condition
(400 �C/30 min).

Fig. 3 shows the cross-sectional SEM image of BCB to PECVD
oxide bonding interface (bonding at 350 �C for 50 min). A well-
bonded BCB-oxide sample without voids, and defects in the bond-
ing interface area was achieved after this bonding condition.
Therefore, by comparing the results in Figs. 2b, c, and 3, the bond
quality does not always improve with the increase of bonding
temperature.
Fig. 2. OM images of BCB polymer surface after (a) BCB to thermal oxide bonding at
200 �C/30 min; (b) BCB to PECVD oxide bonding at 200 �C/30 min; (c) BCB to PECVD
oxide bonding at 400 �C/30 min.
4. Razor test analysis

To determine the optimum bonding temperature and duration,
a series of bonding experiments with various bonding parameters
were performed and investigated by the razor test and pulling test.
The results of razor test in Table 1 shows that the quality of BCB-to-
oxide bonding improves as the increase of bonding duration and
temperature up to 350 �C. Below 350 �C, when the bonding tem-
perature and time are increased, BCB does not flow yet, but already
softens to achieve sufficiently close contact with the oxide surface
to be bonded. After bonding, when temperature cools down, the
BCB may transform back from semi-liquid phase into solid phase
[7], but the BCB and oxide surfaces already form bonds and hold
two samples together.

Table 1 also shows that PECVD oxide to BCB bonding is possible
at 200 �C for 50 min bonding and at 250 �C for 30 min bonding.
1 For interpretation of color in Figs. 2, 4–6, the reader is referred to the web version
of this article.
However, the thermal oxide to BCB bonding fails at these bonding
conditions. It is suggested that ‘‘PECVD oxide to BCB bonding’’ is
superior than ‘‘thermal oxide to BCB bonding’’ under the same
bonding condition. The main reason for this phenomenon is that
PECVD oxide film has more pores than thermal oxide one. These
pores can provide sites for the gases, trapped after bonding



Fig. 3. SEM image of BCB to PECVD oxide bonding interface (350 �C/50 min).

Table 1
Panel A – Results of BCB to PECVD oxide bonding razor test. Panel B – Results of BCB
to thermal oxide bonding razor test.

200 �C 250 �C 300 �C 350 �C 400 �C

Panel A
30 min Fail Pass Pass Pass Fail
50 min Pass Pass Pass Pass Fail

Panel B
30 min Fail Fail Pass Pass Fail
50 min Fail Pass Pass Pass Fail

Fig. 4. FTIR diagram of BCB polymer surface structures annealed at 325 �C, 350 �C,
375 �C, 400 �C, 425 �C and 450 �C.
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process, escape from the bonding interface. Therefore, the bonding
strength is enhanced with the decrease of the number of bonding
voids in the bonding interface [9].

In addition, porous oxide can help water molecules generated
during bonding diffuse into the silicon. In general, silicon oxide
layer is terminated by Si–OH on the surface. For silicon oxide to sil-
icon oxide bonding at high temperature, the chemical reaction can
be written as [9]:

Si—OHþ OH—Si! Si—O—SiþH2O:

Since the pores provide sites for water molecules continue mov-
ing from bonding interface, the chemical reaction can further con-
tinue. It means that the Si–OH group can continue interacting and
producing the new stronger Si–O–Si bonds [9]. This mechanism
can be applied to BCB to oxide bonding. Therefore, these results
in Table 1 not only suggest that the formation of Si–O–Si bonds
is easier for porous PECVD oxide to BCB bonding than for thermal
oxide to BCB bonding, but also give a hint that the Si–O–Si is the
main bond to connect two surfaces.

5. Pulling test analysis

Samples of BCB to thermal oxide bonding with bonding condi-
tions of 250 �C/50 min, 300 �C/50 min and 350 �C/50 min were
investigated with the pulling test. Samples bonded with 250 �C/
50 min and 300 �C/50 min conditions show bond strengths of
4.51 kgf and 40.08 kgf, respectively. However, although sample
bonded at 350 �C for 50 min passes the razor test, its bonding
strength is not strong enough to produce the pulling test data, as
shown in Table 2. The strength of 300 �C bonding one is much lar-
ger than that of 250 �C bonding one. Therefore, it is suggested that
Table 2
Results of thermal oxide to BCB bonding pulling test.

250 �C/50 min 300 �C/50 min 350 �C/50 min

Bonding strength 4.51 kgf 40.08 kgf Fail
the BCB polymer surface has a strong interaction with the silicon
oxide surface during the temperature around 300 �C.
6. Mechanism of BCB to oxide bonding

To determine the bonding mechanism of BCB to oxide bonding,
BCB samples were annealed between 250 �C and 475 �C with the
spacing of 25 �C, and then analyzed by FTIR. Wavenumber region
below 2000 cm�1, the so-called fingerprint of the whole molecule,
of BCB were investigated. Due to relatively large BCB molecule, the
fingerprint region contains numerous partially overlapping peaks
[10]. Because the FTIR spectrums of BCB between 250 �C and
325 �C remain the same, only FTIR analysis of BCB samples an-
nealed between 325 �C and 475 �C are shown in Fig. 4.

As the temperature increased from 325 �C to 450 �C, the two
dominant peaks located at wavenumbers of 805 cm�1 and
1263 cm�1, which correspond to epoxy rings, decreased sharply
[11]. As the temperature reached 400 �C, the epoxy ring in BCB al-
most dissociated [11]. This indicates that the cross-linking be-
tween two adjacent monomers in BCB had almost disappeared at
400 �C, which may affect the bonding quality at this temperature.
In Table 1, it is evident that BCB-to-oxide bonding would fail when
temperature reaches 400 �C.

Fig. 5 shows the Fourier transform infrared spectroscopy (FTIR)
analysis of BCB samples as the temperature increased from 375 �C
Fig. 5. FTIR diagram of BCB polymer surface structure annealed at 375 �C, 400 �C,
425 �C, 450 �C and 475 �C.



Fig. 6. The proposed reaction of BCB polymer surface to silicon oxide surface
bonding.
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to 475 �C. Contrast to the dissociation of epoxy rings in Fig. 4, it is
clear that wavenumber 1080 cm�1, representing Si–OR bonds [11],
became dominant with the increase of temperature. Results from
Figs. 4 and 5 suggest that the BCB structure in the temperature
range would start to discompose but with the appearance of Si–
OR bonds. Similar to the mechanism of silicon oxide bonding
[12], when BCB surface and silicon surface contact together ini-
tially, the water molecules become bridges between the surfaces.
During bonding, weak silanol bonds (Si–OH) are replaced with
strong siloxane-covalent bonds (Si–O–Si) by the condensation
reaction. The proposed reaction of BCB surface bonding to the
oxide surface is shown in Fig. 6.

7. Conclusions

In summary, the suitable temperature range for BCB to oxide
bonding is around 300 �C. The proposed mechanism of BCB to
oxide bonding is due to the formation of Si–O–Si bonds of BCB.
However, the decomposition of epoxy rings above the 400 �C re-
sults in the disappearance of the cross-linking between the BCB
monomer and failures of bonding. In addition, PECVD oxide to
BCB bonding is found to have better quality than that of thermal
oxide to BCB bonding.
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