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Abstract - Two micromachined integrated
inductors (bar-type and meander-type) are
realized on a silicon wafer by using modified,
IC-compatible, multilevel metallization
techniques. Efforts are made to minimize both
the coil resistance and the magnetic reluctance
by using thick electroplated conductors, cores,
and vias. In the bar-type inductor, a 25 um
thick nickel-iron permalloy magnetic core bar is
wrapped with 30 um thick multilevel copper
conductor lines. For an inductor size of 4 mm x
1.0 mm x 110 um thickness having 33 turns of
multilevel coils, the achieved specific inductance
is approximately 30 nH/mm? at 1 Mhz. In the
meander-type inductor, the roles of conductor
wire and magnetic core are switched, i.e., a
magnetic core is wrapped around a conductor
wire. This inductor size is 4 mm x 1.0 mm x 130
um and consists of 30 turns of a 35 um thick
nickel-iron permalloy magnetic core around a
10 pm thick sputtered aluminum conductor
lines. A specific inductance of 35 nH/mm? is
achieved at a frequency of 1 Mhz. Using these
two inductors, switched DC/DC boost
converters are demonstrated in a hybrid
fashion. The obtained maximum output voltage
is approximately double an input voltage of 3 V
at switching frequencies of 300 Khz and a duty
cycle of 50% for both inductors, demonstrating
the usefulness of these integrated planar
inductors.

I. INTRODUCTION

There is a large demand for the implementation
of a fully integrated switched DC/DC converter on
a chip or module. Applications for such converters
include distributed power supplies for electronic
systems or multichip modules as well as consumer
products such as cellular telephones. An additional
application area is integrated electrostatic
microactuators [1], which usually require a drive
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voltage of several tens of volts or more, which is
higher than commonly available integrated circuit
power supply levels.

Inductive-based switched DC/DC converters
are composed of switching control circuits and
flyback inductive components. In realizing a
DC/DC converter in an integrated fashion,
integrated circuits for the switching function are
already feasible; however, few planar integrated
inductive components which have a sufficient
quality factor (Q-factor) to act as a flyback
inductor are available. Thus, the major obstacle in
realizing an integrated switched DC/DC converter
usually comes from the feasibility of planar
integrated inductive components [2] with suitable
electrical and magnetic characteristics.

In recent years, new micromachining
techniques [1-3] have revolutionized the
conventional concept of microstructure fabrication.
These micromachining techniques provide several
approaches for miniaturization of magnetic power
components operated at high frequencies. Cores
and conductors of several tens to hundreds of
microns in thickness and width with good sidewalls
and dimensional control can be easily fabricated.
The higher electrical resistance of thin film
magnetic cores and conductors helps reduce eddy
current losses and skin depth losses. At the same
time, conductor resistances on the order of several
ohms or less is still achievable. In this study, by
introducing an electroplated nickel/iron
(Ni(81%)/Fe(19%)) permalloy [4] as a magnetic
core, low temperature, CMOS-compatible
fabrication is possible. The thin film nature of the
core reduces eddy current losses; alternatively, the
fabrication technique used is compatible with
integrated laminations. Thus, hysteresis losses in
cores which is a major concern in high frequencies
may be controlled.

Prior to implementing a fully integrated
DC/DC switched converter, a simple hybrid
construction of a switched DC/DC converter using
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the micromachined inductive components is
fabricated to easily assess the feasibility of the
integrated inductors. This hybrid prototype uses a
bipolar transistor as the switching device and a
diode as the complementary synchronized switch.
The performance of the converters are compared in
terms of the two inductors. Based on this
information, fully integrated converters using the
inductive components can then be designed.

II. FULLY INTEGRATED INDUCTORS

Since the fabrication technique of the
micromachined inductors presented here is
completely different from conventional methods
used in the macro scale, feasible geometries in the
micro scale are more limited. In addition,
fabrication compatibility with integrated circuits is
required to maximize the usefulness of the realized
inductive components. The typical integrated
circuit (IC) fabrication process constrains
microstructures to be planar, with patterns made
using various types of lithography. Consequently,
the general geometries of microstructures feasible
in the micro scale should be either 2-dimensional
or quasi-3 dimensional.

In this work, two types of inductive
components with closed magnetic circuits, the bar-
type inductor and the meander-type inductor, are
investigated. In particular, emphasis is placed on
low temperature- CMOS-compatible fabrication,
and high current carrying capacity of the fabricated
inductive component.

A. Planar Integrated Bar-Type Inductor

In the conventional toroidal inductor, conductor
wires wrapped around closed magnetic cores result
in low leakage flux. Such structures (hereafter
referred to as 'bar-type' inductors, since the core is
in the form of a bar) have been fabricated using
multilevel metal schemes to 'wrap' a wire around a
magnetic core or air core. To demonstrate the
feasibility of a planar toroidal inductor, such a
component was fabricated by manually wrapping
coils around a bar-type magnetic film core in [5].
It was verified from this structure that the
introduction of a permalloy thin film increased the
inductance value by a factor of 1000 when
compared with an air core. However, this device
was not fabricated in an integrated fashion.

In this work, microelectronic fabrication
techniques are used to fabricate bar-type inductors
with high current carrying capacity [2, 6]. The

proposed inductor structure is depicted in Fig. 1. A
feature of this inductor is that a closed (i.e.
toroidal) magnetic circuit is achieved, minimizing
the leakage flux and electromagnetic interference,
and increasing the inductance value and the Q-
factor. Thus, particular efforts have been made to
minimize the coil resistance by increasing the
thickness of the conductor lines and using
electroplated vias.

Fabrication process starts with an oxidized (0.6
pm) 2-inch <100> silicon wafer as a substrate. A
scanning electron micrograph of the fabricated
structure is shown in Fig. 2, which was taken after
dry-etching of the polyimide. In the bar-type
inductor, a 25 pm thick nickel-iron permalloy
magnetic core is wrapped with 30 pm thick
multilevel copper conductor lines, constructing a
conventional toroidal inductor in planar shape.

Upper conductor
Via contact

Polyimide

Magnetic core
Lower conductor

(a)

Fig. 1. Schematic diagram of the planar bar-type
inductive component: (a) schematic view; (b) A-A'
cut view.

Fig. 2. Photomicrograph of the fabricated bar-type
inductor.
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Fig. 3. Measured inductance of the fabricated bar-
type inductor as a function of excitation frequency.

For an inductor size of 4 mm x 1.0 mm x 110 pm
thickness having 33 turns of multilevel coils, the
achieved inductance was approximately 30
nH/mm? at a frequency of approximately 1 MHz,
corresponding to a core permeability of
approximately 800. The width of conductor line
and bar-core of this inductor are 80 um and 300
um respectively. The variation of the inductance
with frequency is shown in Fig. 3. The measured
dc resistance of the conductor line was approx-
imately 0.3 ohms. The stray capacitance of the
inductor was derived from the measured
impedance and phase as a function of frequency
using equivalent circuit analysis. From this
analysis, the stray capacitance was shown to be in
the several tens of pF region. The effect of the
inductance falloff at higher frequencies shown in
Fig. 3 is due to both the dependence of the
permeability of the iron-nickel core on frequency
and the effect of the stray capacitance. The
maximum steady DC current which can be
achieved in the bar-type is 2.5A, which gives a
maximum allowable current density of 1x103
A/cm2,

B. Planar Integrated Meander-Type Inductor

By interchanging the roles of the conductor and
magnetic core in the bar-type inductor, i.e., by
wrapping a magnetic core around a planar
conductor, an analogous inductive structure can be
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achieved. A schematic drawing of a section of the
integrated toroidal-meander type inductor [7-8],
where toroidal refers to the core geometry and
meander refers to the wrapping approach, is shown
in Fig. 4. This meander geometry has an advantage
over the bar-type geometry in that there are no
electrical vias that add resistance to the conductor

Conductor

Magnetic core

Currentl

(b)

Fig. 4. Schematic diagrams of the integrated
meander-type inductor and the more conventional
toroidal type inductor. The structure of the two
inductor schemes is analogous. (a) meander-type
inductor; (b) toroidal-type inductor.
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Fig. 5. Scanning electron micrographs of the
fabricated meander-type inductor.



coil, since the conductor is located in a single
plane. A disadvantage of the meander geometry is
that the total length of magnetic core (and therefore
the core reluctance) is approximately 5% longer
than the core length of an analogous bar-type
inductor.

The fabrication process also starts with
oxidized (0.6 um) 2-inch <100> silicon wafers as
a substrate. Fig. 5 shows a scanning electron
micrograph of the fabricated meander-type
inductor. The total inductor size is 4 mm x 1.0 mm
x 130 wm, i.e. the same inductor area as the bar-
type; the coil has 30 turns; u, is 500; and the cross
sectional areas of the magnetic core and the
conductor coil are 300 pm x 35 pum and 50 pm x
8 um respectively. The magnetic material used
was electroplated Ni(81%)-Fe(19%) permalloy [4],
and the conductor material used was sputter-
deposited aluminum.

The measured inductance values as a function
of frequency are plotted in Fig. 6. A fairly flat
response through a frequency of 10 Mhz
(approximately the limit of the impedance analyzer
used) is observed. At a frequency of 1 Mhz, a
specific inductance of 35 nH/mm? was achieved.

In this integrated inductor, the maximum
current flowing through the conductor was
measured as 2 A, which gives an attainable
maximum current density of 5x105 A/cm?2. These
values are 102-103 times larger than the values in
the macro scale [9], which probably represents the
large difference in surface-to-volume ratios of
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Fig. 6. Measured inductance of the meander-type
inductor as a function of frequency.

conductors in the macro and micro scale, or the
easy dissipation of the generated heat in the
conductor because most of the meander conductors
are exposed near the surface of the wafer.

The stray capacitance was shown to be in the
pF region, and shown to have a negligibly small
effect over the frequency ranges used. The effect
of the inductance falloff at higher frequencies
shown in Fig. 6 is due almost entirely to the
dependence of the permeability of the iron-nickel
core on frequency as described above.

III. SWITCHED DC/DC BOOST
CONVERTERS

A prototype of a non-isolated, switched DC/DC
boost converter [10] is shown in Fig. 7, which has
a single transistor switch configuration. The duty
ratio D is defined as the ratio of the switch-on time
interval to the total switching interval T. In this
converter, the output voltage is controlled by
regulating the duty ratio of the switching bipolar
transistor Q.

If the circuit shown in Fig. 7 is idealized by
neglecting the internal resistances of the inductor,
the transistor, and the diode, the theoretical voltage
conversion gain is. expressed as

Vo_ 1 . (1)
vi 1-D

In the designed DC/DC boost converter, an
input voltage of 3 volts will be boosted up to 6
volts with D=0.5 at approximately 300 KHz. To
choose the values of electrical parameters in the
converter, it is assumed that the configurations of

Fabricated inductor

R 3

Ci1=C2 =100nF

Fig. 7. Circuit diagram of the conventional
switched DC/DC boost converter.
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the designed converter are as follows: the output
power is 40 mW (this power is comparable to the
power required to operate an electrostatic
microactuator), which requires a maximum output
current of 6.7 mA.

However, the inductor, transistor, and diode
shown in Fig. 7 actually include internal
resistances denoted as r, r, and r4 respectively,
the theoretical voltage conversion gain expressed
in Equation 1 is not appropriate in this case. Thus,
the voltage conversion gain [11] can be written as

_Vi=(DVo1+D'Vp) R

Vo= ;
0 D

(€))

where ri=r+ry, ro=r+rq, D' =1-D, and
Vo1 and Vp denote the voltage drops at the

transistor 1 and the diode Dj respectively.

The load resistance is varied from 5 ohms to
1.2 Mohms, and other electrical parameters are
assumed as: r=12 ohms; ri=ry=0.5 ohms;
V01=0.45 V; and Vp=0.65 V. As predicted

and discussed in [11], an instability arises if the
load resistance is less than 20 ohms, and then the
dc output voltage jumps down to a lower level
although the duty ratio increases. However, when
the load resistance is much larger than the internal
resistance, the output voltage is rapidly increased
as the duty ratio increases, as shown to be in Fig. 9.

IV. DC/DC CONVERTER PERFORMANCE
AND DISCUSSION

DC/DC boost converter circuits are then
constructed in hybrid fashion using the fabricated
inductive component as well as switching
components described in Fig. 7.

The plot of output voltage variation for the
various load resistances is shown in Fig. 8, where
the switching frequency is 300 KHz, the duty cycle
is 50 %, and the applied input voltage is 3 V. In
both cases, the obtained output voltages for the
various load resistance are increased and approach
6 V as the load resistance is increased.

The measured and the calculated output
voltages as a function of duty cycle are plotted for
both inductors in Fig. 9, with an input voltage of 3
V. The calculated output voltage is evaluated from
Equation 2 using the electrical parameters

R+(Dr+D'ry)/ (D)
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Fig. 8. Output voltage variation for the various load
resistances, where the switching frequency is 300
KHz, the duty cycle is 50 %, and the input voltage
is3 V.
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Fig. 9. Measured and calculated output voltages as
the function of duty cycle at the input voltage of 3
V, where the calculated values are evaluated from
the Equation 2 with the meander-type inductor.

measured from the meander-type inductor. The
measured current flowing through the inductors is
proportional to the duty cycle of the converter as
shown in Fig. 10. This current reaches
approximately 150 mA at a duty cycle of 50 % in
the bar-type and the duty cycle of 70 % in the
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Fig. 10. Current flowing through the inductors as
the function of duty cycle.

meander-type inductor. From the core geometries
and the B-H characteristics of both inductors,
inductor currents of 150 mA in the bar-type
inductor and 180 mA in the meander-type inductor
produce a flux density of 0.8 Tesla in the inductor
cores. As reported in [3, 12], the permalloy core
used in this study shows saturation above 0.8
Tesla. Thus, it is understandable from Fig. 9 that
output voltages with the bar-type and the meander-
type start to saturate above duty cycles of 50 % and
70 % respectively. Above a duty cycle of 50 %,
the achievable output voltage with the meander-
type inductor is higher than that with the bar-type
inductor due to this magnetic flux saturation in the
cores [12]. Since the output voltage can be
continuously controlled as the duty cycle is
adjusted, this integration feasible DC/DC boost
converter has a high application potential for low

voltage and micropower sources in an integrated
fashion.

V. CONCLUSION

In this study, two planar integrated inductive
components, a bar-type and a meander-type, are
realized using micromachining and multilevel
metal fabrication techniques. These components
are suitable for magnetic micropower applications
including miniaturized DC/DC converters. By
using these two realized inductors, switched
DC/DC boost converters are demonstrated in
hybrid fashion.

In the bar-type inductor, an inductor size of 4
mm x 1.0 mm x 110 pm thickness having 33 turns
of multilevel coils is realized, with an achieved
specific inductance of approximately 30 nH/mm? at
1 Mhz. In the meander-type inductor, an inductor
size of 4 mm x 1.0 mm x 130 um thickness having
30 turns of multilevel cores is realized, with an
achieved specific inductance of 35 nH/mm? at 1
Mhz. The fabrication sequence of these inductors
is entirely compatible with post-processing of
standard bipolar and CMOS circuitry, as well as
the fabrication of multichip module substrates, thus
enabling the integration of the inductor structure
with control circuitry for applications such as
filters, sensors, magnetic microactuators, and low-
power voltage converters.

The inductors were evaluated in a prototype
switched DC/DC boost converter. The obtained
maximum output voltage is approximately double
an input voltage of 3 V at a switching frequency of
300 Khz and a duty cycle of 50%, demonstrating
the usefulness of these integrated planar inductors.
The performances of DC/DC boost converters
using both inductors are also compared. The
feasibility of an integrated switched DC/DC
converter using the micromachined inductive
components has been demonstrated in this study.
As the inductor realized in this research can
potentially be integrated onto a chip or module, full
DC/DC converter integration can be envisaged.
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