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Abstract Nowadays, wafer bonding is becoming a key
enabling technology for three-dimensional (3D) packag-
ing, micro-electro-mechanical systems (MEMS) encapsu-
lation and heterogeneous integration. This paper develops
and investigates entire Si wafer bonding based on thin Al
and Sn films. 500 nm-thick Al and 500 nm-thick Sn films
are sputtered onto silicon wafers. At bonding temperature
of 280 °C, the average shear strength of 11 MPa is achieved
at bonding time of 1 min. The dependence of shear strength
and fracture surface morphology on bonding temperature
and bonding time is illustrated. The physical mechanism
is proposed. It indicates that high bonding strength can
be achieved at appropriate low bonding temperature with
proper short bonding time.

1 Introduction

In recent years, metallic wafer bonding has become a key
enabling technology in three-dimensional (3D) packag-
ing and heterogeneous integration for providing electrical
interconnection and thermal path (Lapisa et al. 2011; Lin
et al. 2002; Tana et al. 2012). Metallic wafer bonding is
also applied to encapsulate MEMS device and achieve her-
metic sealing (Chanchani et al. 2011; Fischer et al. 2012).
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The total cost can be reduced effectively by packaging
devices at wafer level (Saha et al. 2013).

Recently, Al-based wafer bonding technology has been
presented and studied. Such technology has advantages of
non-sensitivity to wafer surface oxide, compatibility with
silicon IC industry, and high electrical and thermal con-
ductivity. Lin et al. (2008) demonstrated that hybrid SiO,
bonding with Al contact embedded in the SiO, to realize
electrical interconnections between MEMS and CMOS
devices on each bonded wafer. The mechanical support
and electrical interconnection are provided by SiO, bond-
ing and Al contact, respectively, in this case. The process
requires extra chemical mechanical polishing (CMP) to
create Al and oxide coplanar surfaces for the subsequent
bonding process. The obtained bonding structure may
suffer from electrical conduction failure due to the gap
between the bottom and top Al layers caused by Al dishing
during CMP.

Al-to-Al direct bonding is established to provide both
mechanical support and electrical interconnections, where
the critical limitation is the native Al oxide that prevents
Al-to-Al bonding. Yun et al. (2008) demonstrated Al-to-
Al direct bonding at 450 °C with large bonding force up
to 80 kN. Malik et al. (2014, 2015) further investigated Al-
to-Al direct bonding with varying bonding temperature of
400, 450, 550 °C and force of 18, 36 and 60 kN. The results
showed that the bonding strength increased with increasing
bonding temperature and bonding force. Although signifi-
cant progresses have been achieved, major efforts are still
needed to achieve Al-to-Al bonding at less harsh bonding
conditions.

Al-to-Al wafer bonding with intermediate Sn layer is
proposed with advantages of low bonding temperature,
low bonding pressure, and short bonding time in compari-
son with Al-to-Al direct bonding. Therefore, it can reduce
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damage to the functional devices on the bonded silicon
wafer. Chang and Lin (2010) reported Sn intermediate
layer bonding based on electroplated Al bonding ring for
MEMS packaging applications. Zhu et al. (2013) devel-
oped full wafer bonding of Al-coated silicon wafer with
2 pwm-thick bonding layer and the highest average bonding
strength of 9.9 MPa is achieved. It should also be noticed
that the bonding process still remains to be intensively
investigated to determine the impact of bonding tempera-
ture and bonding time on bonding strength. Further, the
physical mechanism of intermediate Sn layer bonding
needs to be clarified.

In this paper, the dependence of bonding strength on
bonding temperature and bonding time is investigated for
Al-to-Al wafer bonding with intermediate Sn layer. Scan-
ning electron microscope (SEM) morphologies of fractured
surface corresponding with the shear strength of different
bonding conditions are analyzed. The physical mechanism
for Sn layer bonding is also proposed. It indicates that high
bonding strength can be achieved at appropriate low bond-
ing temperature with proper short bonding time. At bond-
ing temperature of 280 °C, the average shear strength of
11 MPa is achieved at bonding time of 1 min.

2 Experimental

In this experiment, we used 4-inch n-type (100) polished
wafers with a thickness of 505-545 pwm and a resistivity of
2-4 Q cm. In order to remove organic particles, the bare
Si wafers were wet cleaned in H,SO,:H,0, (4:1) at 120 °C
for 10 min. A 500 nm-thick aluminum layer was sputtered
onto the wafers. The wafers were annealed in N, ambient
(450 °C) for 30 min to form solid adhesion between alu-
minum and silicon. The in situ Ar plasma sputter clean-
ing was performed to remove native aluminum oxide so as
to ensure good adhesion between aluminum layer and tin
layer. Then, a 500 nm-thick tin layer was sputtered onto
aluminum layer in the same vacuum chamber.

After that, in an EVG501 bonder, two Si wafers were
stacked. The wafers were pressed together at a pressure of
0.25 MPa in vacuum and heated to the bonding tempera-
ture. After bonding was finished, the bonded wafers were
taken out from wafer bonder at 200 °C which is below the
melting point of Sn. As shown in Table 1, the bonding con-
ditions applied in this paper are summarized. The bonding
temperatures applied here are higher than the melting point
of Sn. The bonded wafers were diced into 5 mm x 5 mm
dies for testing.

Then, a Dage Series 4000 shear machine was used to
measure the shear strength to debond the bonded dies for
the purpose of evaluating bonding strength. The die was
clamped to a substrate while a lateral force was applied
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Table 1 Process parameters of bonding experiments

Experiment no. Bonding temperature (°C)  Bonding time (min)

1 280 1
2 280 3
3 330 3
4 380 3
5 280 20
6 280 50

to the upper side of the bonded die until the specimen was
broken. The force at the failure of the sample was recorded.

After the shear test, the fractured surface was exam-
ined by optical microscope, SEM and energy dispersive
X-ray spectroscopy (EDS) so as to investigate the physical
mechanism.

3 Results and discussion

The dependence of shear strength on bonding temperature
and bonding time is illustrated in Figs. 1 and 2, respec-
tively. As the bonding temperature increases from 280
to 380 °C at bonding time of 3 min, the average bonding
strength decreases from 9.9 to 1.6 MPa. As is shown in
Fig. 2, the bonding strength decreases obviously with the
increase of bonding time at bonding temperature of 280 °C.
The highest average shear strength of 11 MPa is obtained at
bonding temperature of 280 °C and bonding time of 1 min.

The error bars are included in Figs. 1 and 2. Each error
bar was calculated from 10 test dies (5 mm x 5 mm) at
least. Much smaller errors can be found for 380 °C/3 min
in Fig. 1 and 280 °C/50 min in Fig. 2 and the errors vary
largely with bonding conditions. It seems that the errors
cannot be solely explained as statistical deviation due to
limited number of test dies or simply related to measure-
ment equipment or operation variation. We suppose that the
errors in Figs. 1 and 2 are related to the ununiformity of the
whole wafer bonding. It is obvious that the errors are larger
for higher average shear strength results in both Figs. 1
and 2. For 280 °C/1 min bonding shown in Fig. 2, shear
strength of some dies can be as high as 34.3 MPa, while
that of some other dies is as small as 3 MPa. The results
clearly show that with proper low thermal budget, we can
achieve higher average bonding strength, while the whole
wafer bonding strength ununiformity is more noticeable.
To deeply understand the change of bonding strength and
errors with bonding conditions, the analysis of the bonding
mechanism is necessary.

An intensive study is made on the morphology of Sn
film in order to investigate the underlying mechanism.
After the shear test, the Sn layer is observed by SEM and
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Fig. 1 Dependence of shear strength on bonding temperature. The
bonding time is 3 min
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Fig. 2 Dependence of shear strength on bonding time. The bonding
temperature is 280 °C

the images are shown in Fig. 3. Figure 3a shows that Sn
layer is continuous with almost no voids. Figure 3b shows
small voids in the Sn layer. Figure 3c shows several voids
larger than 10 wm in Sn layer, which can be attributed to
the melting of Sn layer during bonding. In Fig. 3d, the Sn
layer becomes discontinuous and shows a complex and
labyrinth-like pattern, which obviously indicates the melt-
ing of Sn layer. The microstructure illustrated in Fig. 3e—f
shows deteriorated Sn film as well. The pattern of Sn layer
in (e)—(f) is similar as that in (d). These SEM images show
that the Sn layer structure seriously deteriorates with the
increase of bonding temperature or bonding time.

It is obvious that the deteriorated Sn film with many
voids decreases the effective bonding area. The voids in
Sn layer and serious deterioration of Sn layer result from
dewetting of molten Sn on Al surface during bonding.
When a liquid layer is on the surface of a non-wetted solid,
the liquid film is not stable and tends to expose voids due to
dewetting, as discussed by Seemann et al. (2001).

The molten Sn flow driven by dewetting can be schemat-
ically illustrated in Fig. 4. In this model, it is assumed that
the Al surface is flat, and there is no slip between molten
Sn and Al surface. The fluid velocity profile is supposed to
be the form shown in Fig. 4.

In consideration of incompressible, steady, two-dimen-
sional laminar, viscous molten Sn flow between two
wafers, we obtain

Ve  0p
H 9y ox

ey

where p is the absolute viscosity of the fluid, V; is the
velocity of the fluid, and p is the pressure in the fluid at x.
The following formula can be achieved:

hty cos6
R=\/— 2)
3up

where R is the radius of the void, 4 is the distance between
Al layers, and 6 is the contact angle. Equation 2 indicates
that R increases with Sn flow time. The results in Fig. 3a—f
can be explained as that voids enlarge as bonding time
increases, and large voids merge with each other, result-
ing in a complex and labyrinth-like structure. Figure 3b—d
shows the enlargement of voids in Sn film by increasing
the bonding temperature. According to Rozhitsina et al.
(2011), the viscosity of molten Sn decreases as temperature
increases and thus the increase of temperature also induces
void elongation according to Eq. 2.

The adhesion energy between metal and metal can be
characterized by the contact angle presented by research-
ers such as Murr (1981). The Al/Sn adhesion energy can be
given as:

Waag = os,(1 + cos6) 3)

where oy, is the surface energy of Sn, 6 is the contact angle.
By careful observation through SEM of the debonded sam-
ples, we found that the contact angle of Sn island is larger
than 90 degree. This indicates that the melting of Sn dur-
ing bonding may decrease the adhesion energy due to
dewetting.

Figure 3a, b show small voids, which indicates less dam-
aged and more continuous Sn layers after bonding. On
the other hand, even there is no obvious voids in Sn lay-
ers, it is still possible that the dewetting of molten Sn can
largely weaken the adhesion strength between Sn layer and
Al layer in some area of the wafer because of ununiformity
of interface morphology across the wafer or impurity con-
tamination in some area. That’s why the errors are obvious
for higher average shear strength such as the shear strength
of 280 °C/1 min and 280 °C/3 min shown in Figs. 1 and 2.

From above analysis, the deterioration of bonding
strength is summarized as follows. Firstly, the void caused
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Fig. 3 SEM image of Sn layer.
The serial number (a—f) cor-
respond to bonding experiment
No. 1-6, respectively
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Fig. 4 Schematic diagram of molten Sn flow driven by dewetting

by dewetting would largely decrease the bonded area. Sec-
ondly, Al/Sn adhesion strength is reduced due to dewetting
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confirmed by contact angle observation. With proper low
thermal budget, i.e. low bonding temperature and short bond-
ing time, bonding strength can be improved, as is illustrated
in Figs. 1 and 2. This can be attributed to reduced radius of
the void in Sn layer and possible decrease of adhesion energy.

4 Conclusion

This paper researches silicon wafer bonding with Al and Sn
thin film under low bonding temperature and short bonding
time for application of 3D packaging and heterogeneous
integration with small thermal budget. At bonding tempera-
ture of 280 °C, the average shear strength of 11 MPa can be
achieved at bonding time of 1 min. Average shear strength
decreases dramatically with increase of bonding tempera-
ture or bonding time.
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