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Abstract. This study demonstrates a novel approach to lift the inductor
from the lossy substrate by static magnetic field. The lift angle of the inductor, which tuned by a position stage, is employed to control the quality
factor of the inductor. The lifted inductor is then welded by localized induction heating using the ac magnetic field. Thus, the heating-induced thermal problem is prevented. In addition, the inductor is also simultaneously
packaged inside a Si capping by the alternating magnetic field. To demonstrate the feasibility of the proposed concept, the meander strip inductor
was fabricated and tested. The radio frequency performance of the inductor at various tilting angles away from the substrate (0, 45, and 90 deg)
was characterized by using a two-port vector network analyzer. The quality
factor has been improved from 4.2 (at the central frequency of 0.64 GHz)
to 7.9 (at the central frequency of 0.74 GHz), as the lift angle increased
from 0 to 90 deg. In other words, the central frequency of the inductor can
also be varied from 0.64 to 0.74 GHz. Measurement results also indicate
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that the bonded Si capping has a good shear strength of 23.5 MPa. 
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1 Introduction
The rapid development of wireless communication systems
requires the use of high-performance radio frequency (RF)
inductors in the design of both monolithic microwave integrated circuits and RF integrated circuits. Thus, the highperformance inductors are the key components for implementing critical building blocks such as low phase-noise
voltage-controlled oscillators (VCOs), low-loss impedance
matching networks, passive filters, and power amplifiers.
Critical parameters of the inductor include inductance value
(L), quality factor, self-resonant frequency (fres ), and the area
of the inductor. In order to evaluate the performance of the
inductor, the unique figure of merit of an inductor [(FMI),
i.e., FMI = Q* fres /inductor area] is proposed.1, 2 The highperformance inductor is with the large value of FMI. To
obtain a larger FMI, the inductor with a high-quality factor, a
high self-resonance frequency, and a small area are desirable.
Because of undesirable energy dissipation through substrate, the conventional planar on-chip inductors are with
low-quality factor. To enlarge the value of FMI, many reducing substrate loss methods, such as solder surface tension self-assembly,3 the inductor suspended over a deep cavity by using bulk etch,4 on-chip suspended-spiral inductor,5
and plastic deformation magnetic assembly,6 which, based
on the microelectromechanical system (MEMS) technology,
have been reported to create physical separation between
the inductor coil and the lossy substrate. Furthermore, tunable inductors can achieve the performance optimization
of intelligent RF front-end circuits, such as adjusting the
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central frequency of a bandpass filter, changing impedance
of a matching network, and tuning the oscillation frequency
of VCOs.7 The 3-D variable spiral inductor has been reported
by using metallic glass.8 The variable inductor embedded in
a Si CMOS chip is achieved by moving a metal plate above
the inductor.9 However, the integration of the inductor and
the positioning apparatus of metal-plate shielding is a critical
concern.
In spite of the various improvements of the inductor’s
quality factor brought by the aforementioned methods, how
to encapsulate the fragile MEMS inductor for protection and
stabilizing of RF characteristics is also a critical issue. Because of inherent self-alignment during the solder reflowing,
the solder bonding technique is one of the popular methods
for wafer-level packaging of MEMS devices; however, the
device needs to be heated up to 183◦ C to melt the solder for
packaging. This temperature can also damage the MEMS
structures with thin-film materials. The local heating method
for wafer-level packaging of MEMS devices is reported in
Ref. 10. The magnetic film (Ni) was electroplated under the
solder. By applying time-varying external magnetic field,
the magnetic film will be heated up due to the induction
heating and leads to reflow the solder. The experiment
results show that the temperature distribution in the MEMS
devices region is much lower than the one in the soldering
region. Thus, the MEMS structures would not be damaged
during the reflowing process. In this study, we presented
a quality-factor-controllable and self-assembly inductor
integrated with a local heating method for packaging.
Consequently, the RF performance of the inductor can
be enhanced and the packaging process is more cost
effective.
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Fig. 1 Scheme of the proposed design: the bird’s eye view of the
device and the top view of the device chip.

2 Design and Concept
As discussed in Ref. 11, it is possible to increase the quality
factor of the inductor by reducing the dissipation of energy
from the substrate. In this regard, the approach to lift up
the micromachined structures from substrate using the dc
magnetic field12 is employed in this study. Thus, the substrate loss will be varied by lifting the inductor from substrate, and the quality factor of inductor can be controlled.
Figure 1 shows a schematic diagram of the proposed qualityfactor-controllable micromachined inductor. It consists of
two major components: the device chip and the capping chip.
The device chip can be further decomposed into a meander
inductor, two hinges, and two sets of ground-signal-ground
pads for RF characterizing. The inductor is free to rotate
around the hinges before the welding process. Moreover, the
solder defines the welding area for the inductor as well as
the bonding area for the capping chip. The magnetic field
consists of both ac and a permanent magnet, which was applied to the device after the capping chip had been placed
on the device chip. Thus, the inductor was lifted up from
the substrate by magnetic field that provided by a permanent
magnet; meanwhile, the inductor was welded on the substrate
and two chips were bonded together by the ac magnetic field.
Figure 2 shows the details of the lifted and welded inductor, and the bonded capping chip. Figure 2(a) shows the
top and side views of the substrate during the lifting of the
inductor. The inductor is designed to consist of a Ni/Cu/Ni
sandwich structure. The advantages of such a symmetrical
sandwich structure are to prevent oxidization of the copper
layer and to reduce thermal bending of the Ni/Cu/Ni structure. Because nickel is a ferromagnetic material, the Ni/Cu/Ni
inductor is under a magnetic force after applying a magnetic
field that was provided by a permanent magnet. As the side
view of the substrate shows in Fig. 2(a), the inductor will
rotate around the hinge until its equilibrium position is coincident with the magnetic field. In this study, the direction of
magnetic field is fixed and thus the tilting angle of the lifted
inductor θ with the silicon substrate can be precisely defined
by an angular position stage. After that, an ac magnetic field
is then applied on the substrate. As the top view of substrate
indicates in Fig. 2(a), the hinges are surrounded with Ni and
solder films. The eddy current will be induced in the Ni film
after applying the ac magnetic field.10 The Ni film will act
as the heater to heat and melt the solder. After removing the
magnetic field, the temperature of Ni film is dropped and
the solder will be solidified to weld the inductor. Finally, the
J. Micro/Nanolith. MEMS MOEMS

Fig. 2 The concept of this study: (a) the top and side views show
the lifting and welding of the inductor by magnetic field, and (b) the
bonding of inductor substrate and the capping wafer by ac magnetic
field. The welding of the lifted inductor and the bonding of the capping
wafer can be accomplished simultaneously by the ac magnetic field.

magnetic field can be removed. Thus, the welded inductor at
the tile angle θ is achieved. As the tilt angle θ of the inductor
is increased, less magnetic flux lines are associated with the
excitation current penetrate through the silicon substrate, resulting in a decrease of the inductive substrate loss, and then
the quality factor can be changed. Similarly, the Ni film for
localized heating is also electroplated under the solder for
bonding the capping chip, as shown in Fig. 2(b). Thus, welding of the lifted inductor and bonding of the capping chip are
accomplished simultaneously by the ac magnetic field.
3 Fabrication and Results
This study also established the process of demonstrating the
fabrication and packaging of the inductor. Figures 3(a) and
3(b) respectively illustrate the process steps to realize the
proposed inductor and the capping wafer. As illustrated in
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Fig. 3 Fabrication process steps for (a) the inductor and (b) the
capping wafer.

Fig. 3(a), the processes began with the thermal growth of
1 μm silicon dioxide on a silicon wafer, and then the deposition of 500 nm of silicon nitride film by low-pressure
chemical vapor deposition. The silicon nitride film was used
as the protection layer for silicon oxide during the following Ti etching. After that, a 100-nm-thick titanium (Ti) film
and a 200-nm-thick gold (Au) film were evaporated onto
the silicon substrate as the adhesive and seed layers, respectively. As shown in Fig. 3(a1), after the photolithography of
a thick photoresist, the electroplating of nickel/copper/nickel
(2.5 μm/15 μm/2.5 μm) was employed to form a 20-μm
thick inductor. As shown in Fig. 3(a2), the photoresist was exploited to define the moving space for the hinge, and the electroplated Ni was employed to fabricate the hinge. As shown in
Fig. 3(a3), the photolithography and electroplating processes defined the dimensions and location of the solder
(Sn63/Pb37) on the Ni plate. As shown in Fig. 3(a4), after
removing the photoresist and the Ti/Au layers, the Ni/Cu/Ni
inductor was released from the substrate. The Ti and Au
films were respectively removed using the buffer oxide etcher
(BOE) and the etchant of KI/I2 /H2 O (KI:I2 :H2 O = 4:1:40).
Note that the anchor of hinge is undercut during the removal
of Ti/Au. The planar dimensions of the inductors and hinges
must be properly designed to shorten the releasing time of
inductor and to reduce the undercut of the hinge anchor.
Thus, the hinge can firmly anchor to the substrate after the
full release of inductor. As shown in Fig. 3(b1), the capping
wafer was evaporated with 20-nm Ti and 200-nm Au films as
the adhesive and seed layers, respectively. The electroplating
and lift-off processes were employed to pattern a 5-μm Ni
and 15-μm solder as the bonding area. After a 20-μm-thick
photoresist was patterned as the etching mask, deep reactive
J. Micro/Nanolith. MEMS MOEMS

Fig. 4 Image of typical fabrication results: (a) the SEM image of
the inductor before assemby, (b) zoom-in of the electroplated solder
before welding, (c–e) the self-assembly inductors, respectively, at tilt
angles of 0, 45, and 90 deg, and (f) the zoomed-in SEM image of the
hinge welded by solder.

ion etching was employed to define the space to allow the
inductor to be lifted vertically on the substrate, as shown in
Fig. 3(b2). As shown in Figs. 3(b3) and 3(b4), the Ti/Au
films were evaporated and patterned by the lift-off process
on both the front and back sides of substrate for metallization. The metallized surfaces of the cavity served both as a
good ground and as an electromagnetic shield to isolate the
inductor from its environment.13 As a result, the inductor in
Fig. 3(a4) was ready to be lifted and welded. Meanwhile, the
substrate in Fig. 3(a4) was also ready to be bonded with the
capping wafer in Fig. 3(b4).
To demonstrate the feasibility of the proposed inductor,
this study applied a strong dc magnetic field by a SmCo
permanent magnet to lift up the inductor from the substrate.
The magnet is 12.7 mm in diameter and 8 mm thick, and
has a maximum energy density 26.32 MGsOe. The magnet
is placed above the device chip and is 2 cm away from the
center of the chip. Moreover, this study employed commercial equipment (KSP SP-30KW, Proking Heating Technologies International Corporation, Taichung, Taiwan) to apply ac
magnetic field for induction heating. The operating frequency
ranged from 78 to 87 kHz, and the magnetic flux density was
0.012–0.027 Tesla. During the welding and bonding process,
the temperatures of electroplated solder achieved were in the
range of 200–240◦ C, as measured by a infrared thermometer.
Thus, the solder, which has a melting point of 183◦ C, melt
for welding and bonding.
The scanning electron microscopy (SEM) image in
Fig. 4(a) shows the fabricated inductor before assembly.
The zoomed-in SEM image in Fig. 4(b) shows the electroplated solder before welding process. Figures 4(c)–4(f) show
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4 Measurement and Discussion
The proposed inductor’s characteristics are measured by a
vector network analyzer using a ground-signal-ground probe
with a pitch of 100 μm. Figure 6 shows the scheme of the
experimental setup. On-wafer measurements are typically
calibrated using a ceramic impedance standard substrate that
offers high accuracy and low loss standards for two-port calibration procedures, such as short-open-load-through calibrations. Two-port S parameters are measured and converted to
Y parameters. As shown in Fig. 6(b), the open-pad structure
can be used to de-embed the parasitic of the device under
test. The Y parameters (Yind ) of the inductor [intrinsic inductor shown in Fig. 6(c)] were obtained from measured Y

2
1
0
-1

Fig. 5 Photos of typical bonding results: (a) one inductor chip bonded
with a capping chip, (b) zoomed-in image of the capping chip, and
the capping chip surrounded with the lifted and welded inductors is
observed.

the fabricated inductors after assembled. As indicated in
Figs. 4(c)–4(e), the inductors are respectively welded with
tilt angles of 0, 45 and 90 deg. In addition, the zoomed-in
SEM image in Fig. 4(f) shows the inductor hinge welded by
solder after assembly. Figure 5(a) further shows the substrate
with a lifted inductors array, and one of the lifted inductors
is bonded with a capping chip. As demonstrated in Fig. 5(b),
the capping chip is surrounded by inductors with a lifted angle of 90 deg. The solder bumps after reflow by the induction
heating process are also observed.
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Fig. 7 Measured inductances at different tilt angles.

parameters (Ymeas ) and Y parameters (Ypad ) of the open pad,
Y ind = Y meas − Y pad .

(1)

After de-embedding the parasitic of the probe pads, the quality factor and inductance can be obtained by calculating the
following:


1
1
(2)
L = Im − ind ,
ω
Y11


Im − Y1ind
 11  .
Q=
(3)
Re − Y1ind
11

Figure 7 shows the measurement result of inductance as tilt
angle θ between the inductor and the substrate, varying from
0 to 90 deg. Because of the skin effect, inductance decreases
with increasing frequency. However, the θ has no significant
influence on the inductance. Typical measurement results
indicate the quality factor can be controlled within 4.2 (at
the central frequency of 0.64 GHz) to 7.9 (at the central
frequency of 0.74 GHz) by assembly, as shown in Fig. 8. In
short, as the inductor tilt angle changes from 0 to 90 deg,
the quality factor was improved by 88.5%. The quality factor
was improved by 64.6% when the tilt angle moved from 0 to
45 deg. Moreover, the central frequency of the inductor can
be varied from 0.64 to 0.74 GHz, as the lift angle increased
from 0 to 90 deg.
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Fig. 8 Measured quality factors at different tilt angles.

Fig. 6 Experimental setup.
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Fig. 9 Scheme of shear strength testing and the measurement
results.

The shear strength of the bonded capping chip was measured by using a commercial shear tester. The bonding
area was 0.23 mm2 . The measurement result is shown in
Fig. 9. The typical bonding strength is 403 g when the capping chip is with a displacement of 20 μm (from 38 to
58 μm). The bonding shear strength measured for three different tests ranged from 17.2 to 23.5 MPa. After the shear
test, the broken area of either the device or capping chips occurred at the silicon substrate instead of at the solder bonding
region. Similar results have also been observed in Ref. 10.
Referring to the shear strength measurement, solder bonding
by the local heating technique can provide enough strength
for the package application.
5 Conclusions
This study demonstrates a novel approach to lift the inductor
from a lossy substrate by static magnetic field. Furthermore,
the lifted inductor is then welded by localized induction heating using the ac magnetic field. Because the inductive loss
depends on the tilt angle of the inductor, the quality factor
and central frequency of the inductor can be easily tuned
by varying the tilt angle. In addition, the inductor is also
simultaneously packaged inside a Si capping by the alternating magnetic field. Because the local induction heating
technique is employed for welding and bonding, the thermal
problems induced by heating are prevented. In applications,
the meander strip inductor was fabricated and tested. Experiment results indicate the quality factor of inductor has been
improved from 4.2 to 7.9, as the lift angle increased from 0
to 90 deg. Moreover, the central frequency of inductor can
also be varied from 0.64 to 0.74 GHz. Measurements also
indicate that the bonded Si capping has good shear strength.
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