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Abstract
Magnetic induction heating is a promising heating approach for MEMS
processes and devices. This study has discussed the scale effect of induction
heating for thin-film microstructures through analytical and experimental
means. The results show that the temperature increase varies with the
in-plane surface area of the microstructure and the relative permeability of
thin-film materials. Moreover, the shape of the microstructure also leads to
the difference of temperature increase. In applications, localized heating and
various temperature regions can be simultaneously achieved on the substrate
by applying an external high-frequency magnetic field.
(Some figures in this article are in colour only in the electronic version)

1. Introduction
Magnetic induction heating is a simple yet cost-effective
heating approach. It is a popular technology to quickly
produce a temperature rise in some bulk materials [1]. This
technology has been extensively employed to heat electrically
conductive materials for various applications such as melting,
soldering and hardening of metals. As shown in figure 1(a),
the induction heating system consists of a high-frequency
power supply, an induction coil and the macro workpiece.
The ac power supply is exploited to drive the induction coil
to generate a magnetic field. As a macro workpiece is placed
in the magnetic field, the eddy current is induced close to
the surface of the specimen. Thus, most of the heat will be
generated within the macro workpiece due to the eddy current
loss and hysteresis loss, as indicated in figure 1(a) [2]. The
induction heating region in the workpiece is determined by
the skin effect [3]. In general, the macro workpiece to be
heated is larger than the induction heating region. Tuning the
dimensions of the macro workpiece will not influence the size
of the induction heating region.
Presently, magnetic induction heating has also
demonstrated applications in thin-film devices and
microelectromechanical systems [4, 5]. The dimensions of a
thin-film microstructure are much smaller than those of the
bulk one, hence the scale effect of induction heating needs to
0960-1317/06/071314+07$30.00

be investigated. Because of the skin effect, induction heating
is localized on the surface of the macro workpiece. However,
the thickness of a thin-film microstructure is even smaller than
that of the skin depth, as shown in figure 1(b). Figure 1(b)
also indicates that the surface area (in-plane dimensions) of
the micro workpiece is smaller than that of the magnetic
field. Thus, the eddy current will be induced not only near
the surface but also on the whole of the micro workpiece,
and magnetic induction heating will directly heat the whole
micro workpiece. Moreover, a variation of micro workpiece
dimensions will influence the size of the induction heating
region.
As a result, the in-plane dimensions of the micro
workpiece will significantly influence the heat flux and the
temperature change of induction heating. This study has
fabricated thin-film microstructures on silicon substrate to
act as micro workpieces. By varying the dimensions of
the micro workpieces, selective induction heating for thinfilm microstructures is investigated through analytical and
experimental means.

2. Concept
This study considers the induction heating of thin-film micro
workpieces, as illustrated in figure 1(b), in a magnetic field
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Figure 1. Schematic illustration of induction heating for (a) the
macro workpiece and (b) the micro workpiece. The workpiece was
placed inside a magnetic field provided by the coil underneath.
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Figure 3. The measured B-H loops using a vibrating sample
magnetometer for (a) Ni film and (b) Si substrate.
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Figure 4. The predicted variation of the skin depth with the
operation frequency of the magnetic field.
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Figure 2. The fabrication process to prepare the micro workpiece of
the present study.

with an operating frequency f and intensity H. In this case, the
micro workpiece is fully covered by the magnetic field, and As
is the in-plane surface area of the thin-film microstructures
orthogonal to the magnetic flux. Hence, the variation of
the surface area As of the micro workpiece will change the

induction heating region. The thin-film material has a relative
permeability µr, and an electrical resistivity ρ. By ignoring
the heat transfer between the thin film and the substrate, the
temperature increase T of the microstructure due to the
induction heating of time t is expressed as [6, 7]
µ2r 2 2
f H t,
(1)
ρ
where C is the geometry constant determined by the inplane shape (e.g. circle, square, triangle, etc) of the thin-film
microstructure.
According to equation (1), the temperature increase T
varies with the surface area As of the heating micro workpiece.
Thus, the temperature increase T can be tuned by varying
T ∝ CAs
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Figure 5. SEM photographs of some typical fabricated micro workpieces with (a) different thicknesses and (b) different in-plane shapes.

500

Figure 6. The typical measured temperature distribution displayed by the infrared microscope.

not only the power of the magnetic field (i.e. f and H) but
also the planar dimensions (length and width) of the micro
workpiece. However, the induction heating regions of the
macro workpiece will not be influenced by varying its size.
Thus, the temperature increase T from induction heating
can only be tuned by varying the power of the magnetic
field. Moreover, thin-film materials with different relative
permeabilities µr as well as electrical resistivity ρ have
different temperature increases during induction heating. In
short, selective heating on a silicon substrate can be achieved
1316

by means of tuning the in-plane pattern as well as changing
the materials of the thin films.
Moreover, the variation of temperature increase with film
thickness of the micro workpiece has also been investigated by
finite element simulation. The heat transfer between the micro
workpiece and the silicon substrate is considered in the finite
element model. According to equation (1), the film thickness
will not affect the temperature increase after ignoring the heat
transfer. However, for micro structures with the same surface
area, the thicker one will generate more total heat during
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Nickel sulfamate Ni(NH2SO4)2·4H2O
Nickel chloride NiCl2·6H2O
Bromic acid H3BO3
Stress reducer

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

induction heating. Thus, a micro workpiece with a thicker
film produces a higher temperature increase after considering
the heat transfer at the boundary of the film and the substrate.
Selective heating on a silicon substrate can also be achieved
by means of tuning the film thickness.
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Table 1. The recipe of electroplating solutions for the Ni film.
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In the experiment, LIGA-like processes were employed to
fabricate and pattern the thin-film microstructures on the
silicon substrate. As shown in figure 2(a), the process
began with photolithography of a 20 µm thick AZP-4620
resist. After that, the thin film was electroplated on the
top of the silicon substrate, as shown in figure 2(b). The
electroplated film formed the test micro workpiece after
removing the photo resist.
Nickel film (ferromagnetic
material) with higher relative permeability µr was selected
for the present test. To prepare the micro workpiece, the
nickel had various electroplated film thicknesses. In addition,
the nickel film was patterned into various in-plane surface
areas and shapes (including circles, triangles and squares). As
illustrated in figures 2(c)–(d ), this study also employed tape
to selectively deposit the test micro workpiece with different
thicknesses after the second electroplating. In the present
study, the thickness uniformity and surface roughness of the
electroplated film were carefully controlled by the current
density during the electroplating process [8]. The recipe of
electroplating solutions of nickel is shown in table 1. As a
result, the thickness variation of the electroplated film was
less than 0.2 µm. Moreover, the surface roughness of the film
was near 20–40 nm.
The measured B-H loops (or hysteresis curve) for the Si
substrate and the Ni film respectively using a VSM (vibrating
sample magnetometer) are shown in figure 3. It shows that
the Ni film has a much higher relative permeability than the
Si substrate. The operating frequency and the power of the
magnetic field were 82 kHz and 30 kW, respectively. Figure 4
shows the variation of skin depth with the operation frequency
of the magnetic field predicted by [9]. Consequently, the
skin depth of the nickel film (µr and 1/ρ are 100 and 1.16 ×
107 S m–1, respectively) associated with the operating
frequency of 82 kHz was 54 µm. The thickness of the
electroplated nickel film was selected to be 10 µm to prevent
the increase of skin depth. The substrate and nickel film
microstructures were then induction heated using the test
setup shown in figure 1(b). The temperature distribution of
the silicon substrate and the micro workpiece was measured
using an infrared microscope during the induction heating.
The spatial resolution ranges from 3 µm to 60 µm and the
temperature resolution of the infrared thermal microscope
is 0.1 ◦ C. Thus, the selective magnetic induction heating of
the micro workpiece can be characterized using these test
structures.
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Figure 7. The measured temperature increase of four different
square nickel patterns when induction heated by the magnetic field
(a) individually and (b) simultaneously.

4. Results and discussions
The SEM photographs in figure 5(a) show typical test
structures, and the thicknesses of these structures are 5.2 µm,
11.3 µm and 27.3 µm, respectively. The SEM photographs in
figure 5(b) show typical test structures with circles, triangles
and square shapes, respectively. The surface areas of these
micro workpieces are 9 mm2 and 16 mm2, respectively.
Figure 6 demonstrates the typical measured temperature
distribution displayed by the infrared microscope. In this case,
the colors represent the temperatures of the silicon substrate
and square nickel pattern array during induction heating.
Thus, the selective magnetic induction heating of the micro
workpiece on the silicon substrate was characterized.
4.1. Selective induction heating—material effect
According to equation (1), the temperature increase due
to the induction heating is significantly influenced by the
relative permeability µr of a material. In this experiment, the
ferromagnetic Ni film has µr of 100 and µr of a diamagnetic
Si substrate is slightly less than 1. The operating frequency
of the present induction heating was only 82 kHz to heat the
Ni film with high relative permeability; meanwhile the silicon
substrate had a smaller temperature rise. The measurement
results in figure 6 show that the high-temperature area (nickel)
was above 90 ◦ C and the low-temperature area (silicon
1317
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2.45 GHz in [10] to heat the silicon substrate.
This
characteristic can be exploited to perform a localized heating
source on the silicon substrate.
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4.2. Selective induction heating—geometric (size and shape)
effects
This study has characterized the variation of the temperature
increase T on the area As. The power output from the highfrequency generator was near 15 kW. Figure 7(a) indicates the
measured temperature increase of four different square nickel
patterns when they were induction heated individually. The
heating area As of these four patterns ranged from 6 mm2 to
16 mm2, and the heating time was 15 s. The measured results in
figure 7(a) agree with the linear relation of As and T predicted
in equation (1). Besides, the test to heat the chip containing
all these four nickel patterns was also available. Figure 7(b)
indicates the temperature increase of these nickel patterns after
they were induction heated simultaneously by the magnetic
field. The measured results indicate that each nickel pattern
experienced a significant temperature change, as compared
with the results in figure 7(a). This effect results from the
increase of the net magnetic flux density. The measurement
results regarding the variation of T with input power and
the area As of nickel patterns are summarized in figure 8.
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Figure 8. The measured variation of temperature increase T with
the input power and the area As of nickel patterns.

substrate) was near 45 ◦ C after induction heating for 10 s.
Thus, heating selectivity between the silicon substrate and
the deposited films is obtained. As a comparison, induction
heating was operated in a frequency range of 13.6 MHz to
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Figure 9. (a) Thermal images and (b) variation of the temperature increase with time of nickel patterns with three different in-plane shapes
measured by the infrared microscope.
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Figure 10. The temperature increase of nickel patterns with five
different thicknesses.
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infrared microscope. The surface area As of these patterns was
20.25 mm2, and the thickness h was 10 µm. The temperature
increase in these three patterns is 115 ◦ C (circles), 111 ◦ C
(squares) and 108 ◦ C (triangles), respectively, after heating for
90 s. As a comparison, the geometry constant of these patterns
was Ccircle > Csquare > Ctriangle; hence, the measurement
results in figure 9(b) roughly followed the trend predicted by
equation (1).
Finally, the variation of film thickness and temperature
increase has also been studied. In this experiment, nickel
films with thicknesses ranging from 4 µm to 53 µm were
electroplated. The temperature increase was characterized
after the test structures were induction heated for 20 s.
The power of the high-frequency generator was 30 kW.
Figure 10 indicates the temperature increase of nickel patterns
with five different thicknesses. The trend in figure 10
follows the results predicted by finite element simulation.
Moreover, the test nickel patterns contained two different
surface areas (16 mm2 and 9 mm2, respectively). Once
again, the pattern with a larger surface area had a higher
temperature increase.
Figure 11 shows the words of
‘TRANSDUCERS 2005’. The words in figure 11(a) have the
same electroplating thickness of 34 µm and their measured
temperatures were all 174.53 ◦ C after induction heating.
However, the thickness of the words in figure 11(b) is 10 µm
(for ‘2005’) and 34 µm (for ‘TRANSDUCERS’), respectively.
The measured temperatures were 161.71 ◦ C for ‘2005’
and 172.47 ◦ C for ‘TRANSDUCERS’ after the induction
heating.

(b)
34 µm

172.47 °C

161.71 °C

10 µm

Figure 11. Measured thermal images of the words
‘TRANSDUCERS 2005’ (a) with the same thickness of 34 µm and
(b) 10 µm thick for ‘2005’ and 34 µm thick for ‘TRANSDUCERS’.

It indicates that the temperature increase of induction-heated
microstructures can be tuned by varying the area of As or by
adjusting the power of the high-frequency generator. These
characteristics can be exploited to provide selective induction
heating on the silicon substrate.
The variation of temperature increase with the in-plane
shape of the nickel pattern was also investigated. This study
designed three patterns with the same area As but different inplane shapes (including circles, squares and triangle shapes),
as shown in figure 5(b). However, it is expected that the
shape of the nickel pattern will influence the path of the eddy
current. This characteristic has been taken into consideration
in the geometry constant C of equation (1). Figure 9(a) shows
the thermal images of these nickel patterns measured by the

5. Conclusions
Magnetic induction heating is a rapid and non-contact heating
technology. This study presents the selectivity of magnetic
induction heating for thin-film microstructures. The relative
permeability of a material is the most important characteristic
to tune the heating selectivity. Thus, localized heating
can be easily realized on the silicon substrate (diamagnetic
material) by means of ferromagnetic thin films (Ni, Fe, etc).
Moreover, the surface area of the micro pattern orthogonal
to the magnetic field would dominate the magnetic flux
in the microscale. In this regard, the in-plane dimensions
of the thin-film microstructure will significantly influence the
temperature change of induction heating. The shape of the
microstructure will also influence the path of the eddy current,
so as to vary the temperature increase of induction heating.
These characteristics can be exploited to tune the temperature
increase of microstructures by merely varying their in-plane
dimensions. Since it is easy to employ the photolithography
process to define the planar dimensions of microstructures,
selective magnetic induction heating is easily achieved for
micro devices.
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