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Abstract
This paper reports a new solder bonding method for the wafer level
packaging of MEMS devices. Electroplated magnetic film was heated using
induction heating causing the solder to reflow. The experiment results show
that it took less than 1 min to complete the bonding process. In addition, the
MEMS devices experienced a temperature of only 110 ◦ C during bonding,
thus thin film materials would not be damaged. Moreover, the bond strength
between silicon and silicon wafer was higher than 18 MPa. The step height
of the feed-through wire (acting as the electrical feed-through of the bonded
region) is sealed by the electroplated film. Thus, the flatness and roughness
of the electroplated surface are recovered by the solder reflow, and the
package for preventing water leakage can be achieved. The integration of
the surface micromachined devices with the proposed packaging techniques
was demonstrated.

1. Introduction
Movable and deformable structures are frequently involved
in MEMS devices such as accelerometers, pressure sensors,
optical scanners, RF switches, etc. In general, these MEMS
devices need to interact with the environment. Moreover,
the yield of the suspended micromachined structures after
experiencing the harsh environment of wafer dicing is another
consideration. Therefore, the concept and purpose for the
MEMS package cannot directly inherit from those of the
traditional IC package. Wafer bonding techniques, such
as anodic bonding and fusion bonding, are regarded as
promising approaches for MEMS packaging. However, most
of the existing bonding techniques are conducted at high
temperature, 1000 ◦ C, for the conventional fusion bonding
temperature, and at 300–500 ◦ C [1, 2] for anodic bonding.
These high-temperature processes may induce thermal effect
problems, and damage the micro structures or the integrated
circuits. In [3, 4], a localized heating approach by an
embedded heater was presented to prevent thermal problems
during bonding.
In addition to thermal considerations, it is difficult to
achieve a vacuum seal for a nonplanarized MEMS surface.
For instance, the typical case is the MEMS device that has
electrical interconnections with bond pads outside the vacuumsealed cavity [5]. In this regard, a special wafer bonding
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technique for the MEMS package is required [6]. The
reflow of organic photoresist has been employed to solve the
nonplanarized surface problem; however, an out-gassing effect
has occurred [7, 8]. Glass frit bonding is another approach to
overcome the nonplanarized surface; however, the feature size
of the structure is limited by the screen printing process [9].
Solder reflow bonding is another solution for hermetic sealing,
although the devices could be damaged by the global heating
process.
This paper reports on the induction heating solder bonding
approach for the integration of fabrication processes and wafer
level packaging of MEMS devices. Although this heating
approach has been very popular for bulk materials [10],
the induction heating efficiency for micro-scale thin film is
a primary concern. To demonstrate the feasibility of this
approach, electroplated Ni/Co magnetic film and low melting
point Pb/Sn solder were employed to realize a localized
induction heating process, preventing a thermal problem due
to bonding temperature. Additionally, the Sn/Pb solder reflow
technique solves the nonplanarized surface problem, achieving
an anti-leakage seal of the packaged device.

2. Concept and fabrication processes
Induction heating is a well-known technology for producing
a temperature rise in some materials very quickly [11]. This
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Figure 1. The schematic illustration for induction heating. The
sample was placed inside a magnetic field provided by the coil
underneath.

technology has been extensively employed to heat electrically
conductive materials in applications such as melting, soldering
and hardening of metals. As shown in figure 1, the induction
heating system consists of a high-frequency power supply, an
induction coil and the work pieces. An ac power supply drives
the induction coil, generating a magnetic field. Meanwhile,
an eddy current is developed in the work piece as it is placed
inside the magnetic field. This causes heat to be generated by
the work piece due to the eddy current loss and hysteresis
loss [12]. According to the characteristics of the heating
mechanism, the work piece can be noncontact and locally
heated in some particular regions. For instance, the composite
work piece in figure 1 consists of silicon, glass and metal parts.
Using induction heating technology, a higher temperature will
be generated at the metal parts, especially in the ferromagnetic
Ni/Co alloy. These ferromagnetic materials can be exploited
as a localized heating element for the composite work piece.
Wafer level packaging can be realized if the whole wafer can
be placed inside the magnetic field in figure 1.
This study has established the fabrication process required
to conduct the presented bonding technique for silicon
substrates.
In addition, fabrication processes used to
encapsulate the MUMPs devices by Si and glass covers by
the presented bonding method have also been accomplished.
2.1. Si–Si bonding processes
A 4-inch single-side polished silicon wafer was deposited
with 200 Å Cr as the adhesive layer and 200 Å Cu as the
seed layer, as shown in figure 2(a). A Ni/Co alloy was
electroplated on top of the seed layer to act as the spacer.
The solutions for the electroplating of the Ni/Co are listed in
table 1; in addition, the deposition rate was 0.1–0.2 µm min−1
and the current density was 1–5 ASD (ampere/dm2). Since
the Ni/Co alloy is a ferromagnetic material, it has a very
large permeability [11]. Thus, a much higher temperature
was generated by the Ni/Co spacer for a given driving current
during the induction heating. The Sn/Pb alloy solder was
electroplated on top of the spacer, as shown in figure 2(b). The
electroplating solutions of the solder are listed in table 1; the
deposition rate and the current density were 0.1–0.5 µm min−1
and 1–4 ASD, respectively. The composition of the Sn/Pb
solder was Sn–Pb (63/37), and its melting point was 183 ◦ C.

Figure 2. The concept and fabrication process for the present study.
Table 1. The plating solution for the electroplating of (a) Ni/Co and
(b) Pb/Sn solder.
(a) Electroplating of Ni/Co
Nickel sulfamate Ni(NH2SO4)2·4H2O
Cobalt sulfamate Co(NH2 SO4)2
Nickel chloride NiCl2·6H2O
Boric acid H3BO3
Stress reducer

450–550 ml l−1
15–25 ml l−1
2–7 g l−1
30–50 g l−1
2–10 ml l−1

(b) Electroplating of Pb/Sn solder
Tin
12–18 g l−1
Lead
1.5–2.5 g l−1
pH value
3.0–5.0
Specific weight
1.1–1.2

The spacer and solder provided more than 50 µm of space
to allow for a large range of motion of the MEMS devices.
As shown in figure 1, the induction coil, driven with
high-frequency ac current, provided the wafers with a
magnetic field. After the two silicon wafers were aligned,
the magnetic field was employed to heat the thin film Ni/Co
magnetic spacer, as illustrated in figure 2(c). In this study,
the process was performed at atmospheric pressure (1 atm).
The induction heating temperature is significantly influenced
by the magnetic field, the material property (permeability) and
the area of the magnetic layer [11]. Hence, a large area Ni/Co
alloy and a higher driving frequency were required for microscale induction heating. The driving frequency and current
of the magnetic coil were 100 kHz and 25 A, respectively.
Moreover, the width of the electroplated Ni/Co bonding ring
is about 600 µm. It took only 15 s for the magnetic spacer
to reach 200 ◦ C using induction heating, at which point the
solder on top of the spacer began to reflow. Thus, the two
silicon wafers were bonded together through the solder.
The SEM photograph in figure 3(a) shows the typical
result of silicon substrates after bonding. The sample was
purposely broken so that the space provided by the spacer
395
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Figure 3. The SEM photographs of (a) the silicon substrates after
bonding, and (b) the close-up of the bonded specimen in the dashed
box region.

(a)

(b)
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Figure 5. The SEM photographs of the integration of surface
micromachined devices and the spacer (a) a 4 × 4 mirror array
inside the 50 µm height Ni/Co spacer, (b) conducting wires and
bonding pads of mirrors and (c) the microscopic section of the
bonding region.

2.2. Integration of MUMPs and bonding processes
Figure 4. Fabrication process to integrate the surface
micromachined devices with the present bonding method.

and solder could be clearly observed. The close-up SEM
photograph in figure 3(b) shows a typical cross section of the
bonded silicon–silicon test sample as indicated by the dashed
box in figure 3(a). There are three different layers, including
two Ni/Co spacer layers and one Sn/Pb solder layer, between
the silicon substrates. According to the characteristics of
solder reflow, no interface was observed in the bonded Sn/Pb
layers.
396

It is easy to integrate the presented localized bonding technique
with other fabrication processes. Moreover, it is possible to
employ this technique to bond silicon and glass. This study
established a process, depicted in figure 4, to demonstrate
the feasibility of integration of 1-poly surface micromachined
structures with the presented packaging techniques. As
shown in figure 4(a), the fabrication started with a 2-poly
surface micromachined process. The first poly-silicon (poly0)
acted as the conducting/grounding layer and the second polysilicon (poly1) acted as the structural layer. As illustrated
in figure 4(b), the Cr and Cu films were then evaporated and
patterned to perform as the electroplating adhesive layer and
the seed layer, respectively. It was necessary to properly
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Figure 6. The experiment set-up in this study for induction heating.
The sample was placed on top of a magnetic coil. The temperature
distribution of the sample was inspected by an infrared microscope.

cover the conducting wire formed by the poly0 layer using the
Cr/Cu films. As shown in figure 4(c), a thick photoresist was
spun on and patterned using photolithography. The patterned
photoresist was exploited as a mold to electroplate the thick
Ni/Co alloy spacer. Since the poly0 layer was properly
covered by the Cr/Cu films, the step height of the conducting
wire could be sealed by the electroplated Ni/Co spacer. After a

10 µm thick solder was electroplated on top of the Ni/Co alloy,
the sacrificial layer was etched away to release the poly-silicon
surface structures. As shown in figures 4(d) and (e), the silicon
substrate with surface micromachined devices was covered
with a glass cap after the localized bonding process. Hence,
the poly0 conducting wires acted as feed-through cables.
The SEM photograph in figure 5(a) shows the
electroplated Ni/Co spacer on the substrate, and a 4 × 4
micro-torsional-mirror array inside an 850 µm × 550 µm
region. The spacer was 50 µm in height, allowing for a large
space in the out-of-plane direction for the torsional mirrors.
The close-up photograph in figure 5(b) shows the conducting
wires and the mirror bonding pads. The conducting wires acted
as feed-through cables to connect the pads and the mirrors
after encapsulation of the mirror array. In addition, the SEM
photograph in figure 5(c) shows the microscopic section of the
bonding region. It is found that the 0.5 µm step height poly0
conducting wire was perfectly sealed by the Ni/Co spacer.

3. Testing
According to the basic principles of induction heating, heating
efficiency should significantly decay in micro-scale thin film
[10]. This study has conducted four different tests, including
temperature distribution, bonding strength, leakage and feedthrough, to evaluate the performance and feasibility of the
bonding process.

(a)

(b)

Figure 7. The measured temperature of the test sample during induction heating (a) spatial distribution, and (b) temporal distribution.
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(a)

Figure 8. The experiment set-up for evaluation of bond strength.
The sample was under a tensile test.

(b)

Figure 9. The SEM photograph of the specimen and its bonding
region after striped away.

Figure 10. The liquid leakage test for the chip after the 1 h test
using color ink.

3.1. Temperature distribution

maximum temperature outside the bonding region was only
approximately 90 ◦ C.

The measurement set-up for the localized heating process
is shown in figure 6. Briefly, the substrate was placed on
top of the induction coil. Because the whole wafer can be
placed inside the magnetic field, the wafer level packaging
can be realized. An infrared thermal microscope was used
to monitor the temperature distribution during heating. The
spatial resolution ranges from 3 µm to 60 µm and the
temperature resolution of the infrared thermal microscope is
0.1 ◦ C. Figure 7(a) shows typical measurement results. The
measured temperature distribution of the sample was displayed
by colors. The temperature distribution of the specimen during
bonding can be characterized as the following three regions:
device region, bonding region and outside bonding region.
Figure 7(b) shows the quantitative temperature distribution
measured from these three regions during the heat-up and
cool-down processes. Moreover, figure 7(b) also shows the
variation of the specimen temperature with the heating and
cooling time. It took 15 s for the bonding region to exceed
a temperature of 200 ◦ C, so as to enable the solder to reflow.
Under such a circumstance, the Si–Si or the Si–glass will
be bonded by the solder. Since the bonding process was
completed within a few seconds, the temperature rise of the
device region due to thermal conduction was not significant.
Accordingly, the temperature of the device region surrounded
by the spacer was only 110 ◦ C, so that the thin film devices
inside this region would not be damaged. In addition, the
398

3.2. Bond strength and leakage/feed-through test
The mechanical strength of the bonded specimen was
measured using a tensile test. As shown in figure 8, the
size of the test sample was 10 mm × 10 mm. The bonded
area as indicated in the figure was 12 mm2. During the test,
the sample was fixed between two socles by epoxy and then
loaded by a mechanical force, as shown in figure 8. The
bonding strength measured for eight different tests ranged
from 10.6 MPa to 18.3 MPa. After the tensile test, the broken
sample was examined under SEM, as shown in figure 9. It
was found that the sample was not separated at the solder
bonding region. Moreover, part of the damaged region was at
the silicon substrate as indicated in figure 9.
A bonded sample was also immersed in color ink to
conduct the leakage test of liquid. Figure 10 shows that
no leakage occurred for the 1 h test. The test results show
that this bonding approach can be exploited to protect the
micromachined structures during the dicing process. The
results also indicate that the step height of the conducting
wires was perfectly covered by the electroplated Ni/Co alloy.
In addition, the rough surface of the electroplated Ni/Co was
fully filled with the solder after reflow. A helium leakage
test is required to further demonstrate the hermeticity of the
packaged device.
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(a)

In summary, four advantages are available through this
approach. First, the magnetic induction coil will only heat
up magnetic materials, such as nickel and cobalt, to a very
high temperature within several seconds. Hence, localized
heating is realized. Second, the low temperature electroplating
process can integrate with various fabrication processes, such
as MUMPs and CMOS. Third, the electroplated nickel and
cobalt alloy can also perform as a spacer for MEMS devices.
Fourth, the step height of the feed-through wire is sealed
by the electroplated film, and the flatness and roughness
of the electroplated surface are recovered by the solder
reflow. Thus, the package for preventing water leakage could
be achieved.
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